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Coatings are often used on critical components in machines and engines to reduce wear and to
provide low friction in order to reduce energy losses and the environmental impact.
A triboactive coating not only provides this desired performance, it also actively maintains
the low friction by a structural or chemical change in a very thin top layer of these already
micrometer thin coatings. This so-called tribofilm is often 5-50 nm thick and can be formed
either from the coating itself or by a reaction with the counter surface or the surrounding
atmosphere, i.e. gas, fuel, oil, etc. The tribofilm will maintain the wanted performance for as
long as the system is not chemically disturbed.
This thesis provides a detailed overview of the functionality of triboactive low-friction
coatings, in many different systems. The majority of the tribofilms discussed, formed in very
different environments, are built up by tungsten disulfide (WS2), which is a material similar
to graphite, with a lamellar structure where strongly bonded atomic planes may slip over each
other almost without resistance. The major difference is that WS2 is an intrinsically triboactive
material, while graphite is not. However, graphite and other carbon-based materials can be made
triboactive in certain atmospheres or by addition of other elements, such as hydrogen.
The remarkable affinity and driving force to form such WS2 low-friction tribofilms, regardless
of the initial states of the sulfur and tungsten, and even when the forming elements are present
only at ppm levels, is a recurrent observation in the thesis.
Addition of an alloying element to sputtered coatings of WS2 can improve its mechanical
and frictional properties significantly. Several promising attempts have been made to find good
candidates, out of which a few important ones are investigated in this thesis. Their achievable
potential in friction reductions is demonstrated.
By reducing friction, energy losses can be avoided, which also results in lower particle and
exhaust emissions, which directly reduces the environmental impact. Triboactive coatings are
shown to be a promising route to significantly improve tribological applications and allow more
environmental friendly and energy efficient vehicles.
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Foreword

I slipped into the world of tribology on a banana skin. I was going to be a
particle physicist or a string theorist. I didn’t even know what the word
tribology meant, and it sounded boring. But it sure wasn’t. I soon realized
that the subject was vast and you worked with applications very close to
industry. Instead of working with things no one would ever know for sure if
they existed or that most people wouldn’t care about, I had the chance to
work with things that often could impact our everyday lives and economy.
Tribology for me is about bridging the gaps between the industrial scale,
component scale, micro scale, and nanoscale. It is a multidisciplinary
subject, and that is what attracted me. To take an industrial scale problem,
isolate the system, study and understand the mechanism, scale down and
investigate the system, i.e. surfaces, materials, environment, mechanics,
chemistry, etc. at the micro scale. Identify the problem. Then try different
ways to get around the problem, either by changing the chemistry, the
physics of the contact, or if necessary, change the design. Test the suggestion
at a lab scale, scale it up and see how it works. Make corrections. Hopefully
you have solved the problem. Often there are industrial/environmental
aspects where every small improvement could save a huge amount of money
or drastically reduce environmental effects. As a scientist you can be present
all the way, from atomic scale to machine scale, and even in economy. You
know the whole line, and that is what is so attractive about tribology to me.
Most other research disciplines are either too far down or too far up to cover
more than a narrow part of the understanding. The development and
evolution of spectroscopy together with computer simulations and
theoretical modeling have enabled us to understand the nature of surfaces
and the mechanisms and reactions that occur when two surfaces are moving
against each other. It is fascinating to be able to study mechanisms on the
nanoscale and even at the atomic scale and use these finding to solve a real
problem on the industrial scale.
This is how a tribologist in many cases works. And it´s far from as boring as
I thought it would be!
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Introduction

Tribology - Friction, wear and lubrication
The actual definition and meaning of the word “tribology” is the science and
engineering of interacting surfaces in relative motion, involving the topics
friction, wear and lubrication.
Friction is a part of our everyday life. Without friction we wouldn’t be able
to walk, drive cars or light matches. When two surfaces in contact are
moving relative each other, like a shoe against the ground or a car tire
against the road, friction is the resistive force that is counteracting the
motion. To quantify friction, the friction coefficient µ is used, which is the
ratio between the resisting tangential friction force and the applied normal
load, see Fig. 1.

Figure 1. The upper body is sliding on top of the lower body. The friction
coefficient is defined as µ = Ff/Fn.

Friction is often necessary, but in many machine or engine components, it
results in higher energy consumption, i.e. fuel or electricity, which will force
us to produce more energy, which, in the end, will have devastating effects
upon our nature. Also, friction will induce heat due to the interaction
between the surfaces, i.e. for a machine component a significant amount of
the energy used to put the system in motion will be lost as heat. The strive to
reduce such losses is one of the main goals of this thesis, since reductions of
only a few percent of the energy consumption in a machine or engine could
lead to significant savings in terms of energy, money and environmental
impact.
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Wear is often an effect by friction. It can be defined as the removal or
displacement of material on a surface resulting from the mechanical action
of the opposite surface. This doesn’t mean that friction and wear always
correlates. There are cases of high friction and low wear as well as situations
with low friction and high wear.
Lubrication is traditionally a way of reducing wear and friction by separating
the surfaces. Fluid lubricants have however many purposes in a mechanical
system, for example:
i)
ii)
iii)

it prevents direct contact between the surfaces of two components,
completely or partially, thus reducing wear and friction.
it cools the surfaces, both directly by transporting away heat formed in
the contact and indirectly by reducing friction.
it helps transport away wear debris that otherwise could remain in the
contact, possibly increasing the wear and friction.

Oils of today are complex chemical systems containing additives designed
retain its properties over wide temperature intervals. But more importantly,
they contain molecules that will stick to the component surfaces, inhibit
corrosion, protect from wear and reduce friction. In lubricated contacts, one
differentiates between different lubrication regimes depending on the load,
sliding speed and viscosity of the lubricant. This is often displayed in a
Stribeck curve, see Fig. 2.

Lubricant

Figure 2. A typical Stribeck curve.
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At high loads, low sliding speeds or low viscosity, the fluid will not be able
to separate the surfaces. This regime is called boundary lubrication, and the
majority of the load is carried by the surface asperities but with the lubricant
present. This is the regime where the additives have the most important
function, to form wear protecting and friction modifying films on the
surfaces. At higher speed, if the viscosity is sufficient, and the load not too
high, the lubricant will be able to build up a film that carries the load and
separates the surfaces. At thin films when the surfaces are only partly
separated, the regime is called mixed lubrication. At higher speeds and
viscosity the separating lubricant film is thicker and the solid surfaces are
totally separated. As long as they remain separated no wear will occur.
Friction will still be generated by the viscous shear resistance of the fluid.
This regime is called hydrodynamic lubrication. The point of lowest friction
is found within the mixed regime. Despite this, the full film regime is always
preferred due to the risk of experiencing a steep friction rise in the mixed
regime, if the viscosity of the oil falls due to a temperature increase.

Motivation for tribological coatings
Machine and engine components are preferably run in the hydrodynamic
regime due to the low friction and the lowest wear. But in applications where
there are many start and stop cycles, such as for cars and trucks in cities, or
in applications running at low speeds or extreme pressures, such as injection
plungers and pumps, the components will often run in the boundary
lubrication regime. Today mechanical systems and components are pushed
to perform at higher loads and for longer duty cycles. Environmental
legislations have, in the quest for reduced emissions, forced the removal of
environmentally hazardous lubricant additives. In many systems working in
the boundary lubrication regime, such additives are necessary for the
performance. At the same time, lubricants are pushed to operate under
harsher conditions, which have the effect of moving more and more
applications into the mixed and boundary lubrication regime. This puts
extremely high stress and demands on the components, which forces
engineers to develop and design new types of high-performing systems. This
is where the need for protective coatings comes into the picture. Putting a
few micrometers thin protective coating on top of the components subjected
to the highest loading have proven to improve the wear-life of components
manifold.
The first priority of coatings is often to be wear resistant, but today one of
the major roles of coatings in mechanical systems is also to reduce friction.
The coating can then be considered a solid lubricant. If friction is reduced, so
are the energy losses due to formation of heat when two surfaces interact, for
15

example during sliding. This can have tremendous effects on energy savings
such as fuel consumption, electrical power, cooling, and so on. Lower
friction often results in significant reductions in wear, which in turn will lead
to longer duty cycles, fewer stops in production, reduced particle emissions,
etc. All these and many more factors will lead to huge savings in energy,
money and environmental impact. Even small energy reductions in for
example an engine would lead to enormous savings when considering the
enormous number of vehicles in the world today.
Secondary effects are that the coatings enable the use of other materials for
components, e.g. lightweight, cheaper or less wear resistant materials. Also,
coatings have enabled the development of more complex designs where fluid
lubrication for practical reasons is not applicable. In many environments are
coatings necessary, but fluid lubrication would be considered a contaminant,
such as in optical systems or in the food industry. Other conditions when
fluid lubrication would not be possible include vacuum and space
applications, and mechanical components working at extreme temperatures.
Consequently, research and development of low-friction coatings is an
important and highly motivated subject in many ways.
One must not forget that fluid lubricants also cool the surfaces and remove
wear particles, which a coating cannot do to the same extent. This fact
among others makes the total elimination of lubricants highly unlikely. Also,
it is certainly not economically or technically possible to coat all
components. Coatings are often used on critical or expensive components
and for worst case scenarios. If for example unexpected oil starvation would
occur, the engine or machine should preferably be able to continue to run for
a while, without destroying any vital components.

Mechanisms of lubrication for thin solid coatings
Bowden and Tabor introduced a model for metallic friction that can be
applied for coatings. The frictional force Ff can be expressed as:
Ff = Ar·S + Fp,

(1)

Where Ar is the real area of contact, S is the shear strength of the interface
between the surfaces, and Fp is the frictional contribution from plowing. To
reduce friction, it is obvious that one must minimize the area of contact, the
shear strength of the contact interface, and the plowing. A hard substrate
reduces the area of contact and minimizes the plowing due to lower
deformation, while a soft film reduces the shear strength [1], see Fig. 3.
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Figure 3. The lubricating mechanism of thin coatings.

Low-friction coatings normally have a thickness around a few µm. Thinner
coatings will allow surface asperities to break through the coating, resulting
in metal-metal contact, which will increase the friction. Thicker coatings
instead results in increased friction due to ploughing. Thicker coatings also
more easily get adhesive failure, resulting in removal of large parts of the
film.

Triboactive component coatings
A triboactive coating is a coating that in a tribological contact spontaneously
give, and actively maintains, low friction by the formation of a beneficial
layer in the interface between the surfaces. This layer is called a tribofilm
and often consists of a mixture of the original material in the contact and the
environment, e.g. oxygen or lubricant additives. These types of films can
also be formed on uncoated steel surfaces by chemical reactions with
lubricant additives. However, for a triboactive coating it is the coating that is
responsible for the formation of such tribofilms. The formed tribofilm often
have a different chemistry than the original coating, but it can also be just a
structural change, resulting in lower shear strength of the top part of the
coating. In these cases the low-friction mechanism is the same as the one
shown in Fig. 3, but with the coating now having the role of the hard
substrate and the tribofilm taking the role of the low shear strength coating.
This film is then responsible for the low friction of the system, i.e. the
friction is controlled by the interfacial film formed during sliding, and not by
the bulk shear properties of the coating.
A triboactive component can be thought of as a phase, an element or a
particle added to the coating during the deposition; that in the tribological
contact actively forms low-friction tribofilms by physical or chemical
interactions. Ideally, these tribofilms should be self-sustaining as long as
there are no larger chemical or mechanical change in the system and as long
as there are sufficient amounts of material present to enable this formation.
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In contrast, a tribologically passive coating is a hard wear-resistant coating
that remains relatively inert in the contact, e.g. many ceramic coatings
including transition metal nitrides, oxides and carbides.
Most of the experiments here are tested in unlubricated contacts. This was
done to find solid lubricant materials that provide low friction without the
addition of a fluid such as oil. This is an important quest, since there is an
increasing demand for unlubricated sliding low-friction systems. The tests
performed in special atmospheres such as nitrogen and argon are mainly
performed to gain knowledge and understanding for the mechanisms.
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Aims of the thesis

The growing popularity of low-friction coatings and the increasing need for
technical solutions that can replace traditional lubrication where it is
unwanted or intolerable motivates the search for promising candidates of
triboactive low-friction coatings.
The two major groups of low-friction coatings and the types investigated in
this thesis are Diamond-Like Carbon (DLC) and Transition Metal
Dichalcogenides (TMD). DLCs have wide commercial use and exist in many
different types while TMDs only have a few commercial coating types,
mainly based on MoS2.
DLC coatings are used in many oil-lubricated contacts and also lubricated by
fuels. However, their tribological response in the wide range of modern oils
and fuels (often based on renewable products) is little investigated and
understood, and limited data for proper selection of coating types for the
various fluids is available.
Alternative TMDs such as WS2 and MoSe2 are very promising, but so far
relatively unexplored, coating candidates. Versions of these have shown
low-friction behavior under certain unlubricated conditions, but also many
limitations. Further development, e.g. by alloying with other elements, could
improve their tribological properties and widen the conditions in which they
offer beneficial wear and friction properties.
The enormous technical, environmental and economic gains resulting from
the potential tribological improvements, motivates the search for a deeper
understanding of these triboactive coating systems.
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Diamond-Like Carbon (DLC)

Structure and classification
Carbon occurs naturally in many forms. The most common are diamond,
graphite and amorphous carbon. Diamond is a crystalline form where the
carbon atoms are coordinated in a tetrahedral arrangement. Each carbon
atoms is bonded to four neighboring atoms, see Fig. 4. All four valence electrons are occupied in this C-C bonding, which is called sp3 hybridization or
sp3 bonding. This three-dimensional structure gives a very strong material
and is one reason why diamond is one of the hardest materials existing. In
graphite, each carbon atom is bonded to three other carbon atoms. Here only
three of the four valence electrons are occupied in bonding, called sp2 hybridization or bonding, and forms a trigonal planar arrangement with strong
bonding in one plane. The forth valence electron is considered a dangling- or
non-terminated bond. Together with another unoccupied electron from a
nearby atom in an adjacent plane it forms a weaker bonding directed normal
to the plane. This is the reason for the lamellar structure of graphite, see Fig.
4, and the for fact that graphite is a relatively weak and fragile material.
Amorphous carbon is a mixture of sp2 and sp3 bonding, in a random network
without long-range ordering of the atoms, and is represented in nature as
coal and soot. To a very small fraction carbon also exist naturally in
nanostructures such as fullerenes [2], which are bent sheets of single layered
graphite (graphene) containing hexagonal and pentagonal rings to form
structures such as “bucky balls”. These are today synhesized, together with
other structures such as nanotubes. The carbon nanostructures often have
very interesting electronic, thermal and mechanical properties and are
proposed for a broad range of applications, including tribology.

a)

b)

c)

d)

Figure 4. Crystal structure of a) diamond, b) graphite, c) carbon fullerene, d) carbon
nanotube [3].
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Diamond-like carbon coatings is a class of multifunctional coatings,
containing varying amounts of sp2 and sp3 bonding, and are used in many
areas. They are widely used in tribological applications since their
mechanical properties as well as their chemical reactivity can be tailored.
DLC coatings are built up by a mixture of sp2 and sp3 bonding, which leads
to an amorphous carbon structure (a-C).
The mechanical properties such as hardness and elastic modulus for DLC
coatings are determined mainly by the carbon sp3 bondings, which are
metastable and often stabilized with the addition of hydrogen (a-C:H). DLCs
can be arranged in a ternary phase diagram. The fractions of sp3, sp2, and
hydrogen decide what subfamily the coating belongs to. This classification is
the most commonly accepted and divides DLC coatings into four types of
films; a-C (amorphous carbon), a-C:H (amorphous carbon with a substantial
amount of sp2 bonding), ta-C (tetragonal amorphous carbon) and ta-C:H
(tetragonal amorphous carbon for which sp3 bonding dominates), see Fig. 5.

Figure 5. Ternary phase diagram of the C-H system [4][5]. The different subfamilies
of DLCs are a-C, a-C:H, ta-C, and ta-C:H.

Hydrogen is needed to stabilize the random covalent network and prevent it
from collapsing into graphite. It also gives a high electrical resistivity [6].
The hydrogen content and the ratio between sp2 and sp3 carbon hybridization
is controlled in the deposition process, such that a higher amount of H gives
a higher proportion of sp3 bonding [4]. The carbon hybridization has a high
influence on the mechanical and tribological properties. a-C:H coatings
typically have hardness within the range 7-30 GPa, while a-C coatings have
lower hardness, typically 12-18 GPa. ta-C and ta-C:H coatings are generally
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significantly harder; 28-65 GPa; thanks to the higher proportion of sp3
bonding [7]. These coatings have significantly less practical applications, so
the focus in this section will be on a-C and a-C:H coatings. DLCs typically
have high compressive internal stresses that limit their thickness; and as a
result these coatings are typically only 1-3 µm thick.
Generally, DLC coatings have a reputation of being hard and chemically
inert, and to provide high wear resistance and low friction in most
environments. This is not always true. By alloying them with other elements
their chemical reactivity can be altered, often leading to beneficial reactions,
but sometimes detrimental. Alloying of DLCs is also performed to further
improve their mechanical, electrical and tribological properties [8]. When
making DLC coatings, first a thin metallic layer of which metals such as Cr
or Ti is commonly deposited to improve adhesion to the substrate. Its
thickness is typical around 0.5 µm. Then the actual DLC coating of typically
1-2 layers, sometimes more, is deposited to a full thickness of about 1-2 µm.
Alloying of a middle region often improves the load carrying capacity and
the toughness, keeping the typical a-C:H top layer. This is the most common
commercial DLC coating. If the chemical reactivity of the coating is to be
changed, a fully alloyed top coating is often seen. The majority of alloying
elements are transition metals, but also light elements and non-metals are
used, see Fig. 6. When alloying with a metal, the coatings are often termed
a-C:Me or a-C:H:Me, where Me is the added metal. Alloying has been
shown to influence the tribological properties and the surface reactivity, not
always in a positive manner. However, careful choice of alloy element has
been shown to overcome some of the tribological limitations in certain
environments. The largest benefit from alloying with metals is the
improvement of toughness and the reduction of internal compressive
stresses, resulting in significant improvements in practical adhesion. Another
important property is the formation of carbides, which improves the
resistance to abrasive wear.
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Figure 6. A scheme of often used doping elements for DLC coatings and the
properties they can improve [8]. Many of the elements have several functions and
the positions of the elements in the scheme should be taken lightly.

Tribological performance in dry contacts
The tribological performance of DLC coatings vary significantly with the
type of DLC and on the environment. The most commonly used types of
films are a-C:H and a-C:H:Me. In a tribological contact, temperatures may
locally increase to high levels, due to shear at high pressures. This often
leads to graphitization on the surface of the DLC coating and a transfer film
is likely to form on the counter surface and the sliding continues between
two graphitic carbon films [9]. This formation of a transferred tribofilm on
the countersurface is important, since graphite as such is not an intrinsic
lubricant. In order to exhibit super-low friction, the sliding needs to take
place between two carbon films, where each outermost layer is hydrogen
terminated [10][11]. The dangling bonds on DLC surfaces can be terminated
by H, OH and alcohols [12][13]. Further, if the graphitic planes are aligned
in the sliding direction, it has been shown that they undergo incommensurate
sliding, which minimizes the interaction between the planes and lowers the
friction [10][14][15].
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In humid air, for hydrogen-free DLCs the presumptive dangling bonding
stretching out from the graphite planes are terminated by water molecules.
This reduces the interaction between the planes, resulting in an easilysheared structure that gives a relatively low friction coefficient; typically in
the range 0.07-0.15 [16]. Hydrogenated DLCs (a-C:H) generally exhibits
slightly higher friction levels in humid air; 0.15-0.2 [17]. Often oxidation of
metal counter surfaces is the limiting factor for low friction, inhibiting the
adherence of a transfer film and resulting in high wear. To keep the friction
and wear low, the sliding needs to take place between two hydrogen
terminated graphite surfaces, so the formation of a transfer film on the
counter surface is crucial [9][18].
In non-humid environments or in vacuum, the intrinsic properties of the
material are responsible for the frictional behavior. When no hydrogen or
water is present no termination of the dangling bonds occurs in the graphite
structure. This leads to strong interactions between the mating planes, and
very high friction coefficients and severe wear. This is what happens for
hydrogen-free DLCs. Hydrogenated DLCs can sustain super-low friction
(<0.01) for a while, but will eventually be depleted of hydrogen with a
resulting increase in friction and wear [10]. However, DLCs containing more
than 30 at.% H has shown very long wear-lifes. Here, again the formation of
hydrogen terminated graphite-like tribofilms on both surfaces is necessary to
maintain low friction. Once such saturation has occurred, the surfaces are
chemically stable and the wear rate is generally very low [19][15].
Hydrogenated DLC coatings are limited in their use at elevated
temperatures, since the network breaks down at approximately 300oC due to
a transition of the sp3 bonding to sp2, leading to graphitization of the
material. Here, doping with for example Si has been shown to improve the
thermal stability of a-C:H coatings [20]. However, the coatings are oxidized
at 450-500oC when heated in air [5]. Hydrogen-free DLC coatings, a-C, also
starts to graphitize around 300oC, but a significant increase in wear occurs
already once the temperature raise above 100oC, when the adsorbed water is
vaporized.
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Tribological performance in lubricated contacts
In the presence of a lubricant many different behaviors for DLCs have been
observed. The tribological performance has been shown to depend on for
example the type of base oil and the amount and type of additives present
[21][22], but also just as in dry contact; on the coating characteristics; such
as the hydrogen content and any alloy element present in the top layer of the
coating [21]. Here, the focus will be on automotive applications, since the
coatings studied in this thesis are intended for such systems. In an engine,
the components that are coated with DLC coatings mostly run against a steel
surface, and sometimes against another coated surface, with the lubricant
flowing between the surfaces. Often, the surfaces subjected to the highest
impact are the ones that are normally coated. DLC coatings have shown to
significantly increase the wear life of components and protect from plastic
deformation in the case of lubricant loss or when the lubrication by some
reason is starved [23][24]. It has for example been seen that for some DLCs
the formation of a tribofilm on the coating occurs after a reaction with oil
additives, while for others no reaction occurred. Many tribochemical
reactions between DLCs and Extreme Pressure or Anti Wear additives, such
as MoDTC or ZDDP, have been observed in literature, forming either wearprotective or low-friction tribofilms on the surface. Many papers have
reported upon the formation of MoS2 that lowers the friction significantly,
but there are reports showing that this may also alter the wear, mainly by
forming MoO3 [25–28]. Another reaction, similar to the ones seen in this
thesis, is the reaction of W-doped DLC with the same additives, forming
WS2 in the contact that lowers the friction and wear. However, for certain
combinations of surface roughness, amounts of additives and coating
chemistry, the friction and wear could also increase [29][30]. It has been
shown that the contact situation, the amount and ratio of additives present, as
well as the properties and the surface chemistry of the DLC coating all
influence the reactivity in lubricated contacts. Beneficial as well as
detrimental tribochemical reactions have been seen for DLCs in lubricated
contacts [23] and again indicates that the coating properties must be tailored
to fit the system it is supposed to work in. It is the combination of extreme
mechanical properties and weak surface interactions that is responsible for
the low friction and high wear resistance of DLC coatings and also the
reason for their high popularity in tribological applications [7].
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Transition Metal Dichalcogenides (TMD)

Structure and classification
Transition-metal dichalcogenides (TMD) are a large group of compounds
with varying properties, and the compounds often appear in several
crystallographic structures. However, the ones of interest for low-friction
tribological applications are hexagonal, which give the material a lamellar
structure. However, to achieve the lowest possible shear resistance, a certain
electronic structure is also required [31–33], which limits the number of
candidates down to Mo and W disulfides and diselenides. Ditellurides could
also be included, since MoTe2 has the same electronic structure, but it is
extremely rare and has not yet been that tribologically explored. WTe2 is of
semi-metallic character and does not have the same electronic structure [34].
Their layered crystal structure gives them highly anisotropic properties.
They are often considered as stacked sandwiches, with one layer of the
transition metal stacked between two layers of chalcogenides [31][35]. Each
metal atom is coordinated with six chalcogenide atoms, three on each side of
the metal “plane”, with one metal atom and three chalcogenide atoms
located at the corners of triangular prisms, see Fig. 7.

a)

b)

c)

Figure 7. a) Crystal structure of Mo and W - S2 and –Se2 [35]. b) More detailed
image, showing the electron orbitals positioned inside the structure in the center of
the trigonal prisms. c) TMDs have also, like carbon, been synthesized into various
kinds of nanostructures. A multi-walled nanoparticle of MoS2, which consists of an
onion-like closed structure of MoS2 planes absent of dangling bonds, is shown [36].
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The metals atoms have strong covalent bonding to each other within their
plane, with chalcogenide atoms sticking out of either side of the plane.
Since all molecular orbitals are filled, there are only weak interactions with
the chalcogenide atoms in the adjacent planes. Also, the structure contains
no unsaturated or dangling bonds, except at the edge of a plane or at defects.
Since the electrons are preferentially located close to the metal atoms, the
negative charge is contained within the layers, see Fig.7 b and Fig. 8, which
creates a net positive charge on the surface of the layers. This results in an
electrostatic coulomb repulsion between the planes, which gives the material
a low shear strength. The only TMDs that have this structure are MoS2,
MoSe2, MoTe2, WS2 and WSe2. The other TMDs, for example NbSe2, have
only one out of two electrons in their dz2 molecular orbital therefore have
their electrons differently distributed. This half-filled orbital result in an
interaction between electrons in adjacent planes. It produces a negative
charge that extends outside the layers and is attracted to the positive charge
in the holes between the chalcogenides of the adjacent layers, resulting in a
strong attraction and a structure that is difficult to shear, see Fig 8. Despite
having the apparently similar crystal structure as for example MoS2, they are
not materials with intrinsic low-friction properties [35][37].

Figure 8. Comparison of the electronic structure of a good lubricating TMD such as
MoS2 and a poor lubricating TMD such as NbSe2. MoS2 has filled molecular orbitals
and the metal atoms are not stacked on top of each other from one plane to another,
while NbSe2 has not filled all its molecular orbitals which leads to a stronger
bonding between the planes [35].
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Tribological performance in dry contacts
In a sliding contact TMD coatings are often worn initially, with transfer of
wear debris to the counter surface [31,38–40]. The transferred material
forms a film similar in composition and structure to the original coating.
During this process the basal planes become oriented parallel to the surface
in the outermost parts of both surfaces, resulting in a very low shear strength.
The low-friction properties are thus due to intercrystalline slip between these
two surfaces [41,42]. In vacuum, with no contaminants present, these
materials have shown extremely low friction coefficients; of the order of
0.002 for MoS2 [43] and only slightly higher for WS2 [44]. Once this wellordered structure is formed, it has been shown to generate incommensurable
sliding [45], meaning that the planes slips over each other such that the
atoms will not interact with atoms of the adjacent planes [46]. If perfectly
aligned the friction virtually vanishes. In the presence of contaminants, such
as water in humid air, the low-frictional properties are gravely disturbed.
Water attacks dangling bonds at edge sites or at defects, changing the
electronic structure and the layers will attract each other [43,47–49],
resulting in higher shear strength and thus high friction and wear.
TMD coatings are mainly deposited using PVD magnetron sputtering and
depending on the deposition parameters coatings with different
microstructures can be achieved [50–54]. Since TMDs need to be oriented
with their basal planes aligned parallel to the surface for optimal lubrication,
many attempts have been done to deposit them with such morphology, so
called type II films. This should reduce the running-in process including
reorientation of the top surface towards the sliding direction. However, the
attempts often lead to a high concentration of defects in the films and poor
adhesion to the substrate since the aligned basal planes are relatively inert.
Coatings have also been deposited with their basal planes perpendicular to
the surface; type I; in order to achieve better adhesion. This type of films
forms a columnar structure with the highly reactive edge sites exposed.
However, they generally exhibit poor tribological properties, since the
columns will detach rather than becoming reoriented at the surface.
Amorphous TMD coatings have also been deposited, mainly at low
temperatures, not allowing the formation of larger crystals. This has shown
varying results, and often substoichiometric compositions are reached, which
results in poor lubricating properties [55–57].
TMDs have also proven to work excellent at increased temperature due to
the removal of adsorbed water from the surfaces, thus reducing the shear
strength [58,59]. However, they start to oxidize at approximately ~350400oC in air, while in vacuum they perform well at much higher
temperatures, as high as ~1000oC [59].
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Effect of alloying
By alloying TMDs, the microstructure is often changed, in many cases
resulting in nanocrystalline or completely amorphous coatings that are much
denser. Also, better mechanical properties, such as stronger adhesion and
higher hardness is often a result of successful alloying [60]. However,
varying results have been seen on the frictional properties and the resistance
towards humidity attacks, depending on the added elements. The use of
metals has in some cases been promising, mainly in low-humidity
environments [61–65]. The most successful coating, MoS2 alloyed with Ti,
has also shown improved resistance towards oxidation and has been
commercialized [56] . Non-metal elements, such as carbon, has shown
improved mechanical properties, and also promising results in humid air
[67]. Multi-elemental alloying has resulted in interesting effects. Synergistic
effects have been seen when alloying Mo, W, S, Se and Te with each other
to produce e.g. Mo-W-S-Se coatings. They display increased crystallinity
and larger separations between the basal planes with improvements in the
performance compared to single-phase TMDs [68]. Also, improved
performance at elevated temperatures has been seen for WS2/MoS2
multilayer coatings and when adding Te to MoS2 [69,70].

Tribological performance in lubricated contacts
MoS2 is the by far most investigated and used TMD material and has been
used as additive in oils and greases for decades. In boundary lubricated
contacts it may form films on both surfaces that protects the surfaces and
reduce friction and wear dramatically [71]. In the case of formulated oils
containing many other additives there will be a competition between a
number of different reactions, so the functionality cannot easily be predicted.
Moreover, the outcome depends not only on what type and the amount of
additives that are present, but also on the contact conditions, such as contact
pressure, sliding speed, temperature and surface material parameters such as
roughness, hardness, chemistry, etc. The use of TMD coatings in lubricated
contacts is not very common; since they are soft and, consequently, give
very low wear resistance against abrasive wear. Their low friction properties
are not utilized very effectively unless they are allowed to form a transfer
film that enables interfacial sliding between two TMD surfaces. This
mechanism will often be greatly disturbed in the presence of other additives.
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Effect of load on the performance of TMDs
An important property for TMDs is that they exhibit lower friction
coefficients at higher normal loads. For soft coatings on hard substrates the
Bowden-Tabor friction model [1] suggests:
µ = Ff/Fn = S·Ar/Fn,

(2)

where S is the shear strength of the contact, Ar the real area of contact, Fn the
applied normal load and Ff the friction force. Normally the real area of
contact increases proportionally to the load, so that µ is not influenced by the
load [72]. But for these types of coatings, deviations appear. The most
accepted theory is the Hertz expansion of the Bowden - Tabor friction model
[72–74], which suggests that the extremely low friction coefficients only
results in a very small contribution to the shear stress from a static Hertzian
contact at the substrate surface. Due to this, the Hertzian pressure approach
is believed to be valid during sliding as well [73,75]. Also, it has been
proven that the shear strength of a solid depends on the contact pressure as:
S = S0 + αP,

(3)

where S0 is the initial shear strength, P the contact pressure and α is a
constant which is the minimum µ for the material, e.g. for WS2 ~0.001. This
leads to the following expression:
µ=S0/P + α

(4)

As long as the contact remains within the elastic limit of the substrate and
the counter surface, P can be expressed as the mean Hertzian pressure, which
for a ball sliding against a coated flat would result in the following
expression for the friction:
µ=S0·π·(3·R/4E´)2/3·L-1/3 + α,

(5)

where R is the ball radius, E´ the contact modulus and the rest as above. The
equation indicates that the µ is proportional to L-β, with β = 1/3 for initial
point contacts as long as the surfaces are within the elastic deformation
region. For line contacts, the pressure distribution gives β = 1/2 [76] . If
plasticity occurs, β is expected to decrease. But a problem with the model is
that as soon as wear occurs, the contact is not Hertzian anymore. However,
recalculated for the modified surfaces in steady state, this model has been
shown to fit well for these types of anisotropic materials.
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Lately, there have also been results from WS2 alloyed with C, suggesting
that the friction mechanism is different for alloyed TMDs [77]. There µ
was seen to decrease as ~L-1/2 with an initial point contact, which deviates
from the above mentioned theory.

Comparison between DLC and TMD coatings
DLCs do not show intrinsic lubricating properties, as the TMDs do, but their
interfacial shear strength can be controlled by the atmosphere. Generally,
DLCs have much higher mechanical properties than TMDs, but
doping/alloying of TMDs have in some cases resulted in the same hardness
levels as those of DLCs. However, this is often at the cost of losing the
excellent low-friction potential. DLCs have shown to promote the formation
of lubricant additive films in formulated oils, while TMDs are more suitable
for dry contacts. TMDs show excellent intrinsic tribological properties in
vacuum environments, while DLCs are dependent upon the presence of
hydrogen in the coating and once the reservoirs are depleted they will suffer
high friction and wear. TMDs will show hardly any wear and maintain
extremely low friction levels in vacuum and low humidities unless disturbed
by contaminants or water vapor. TMDs have been shown to be able to
replenish the contact in parts where failure has occurred; thanks to a
continuous transfer of material between the surfaces [40,78]. This property
has not been observed for the DLCs to the same extent.
It appears that the two types of coating systems have different applicability,
complementing each other. Several attempts have been tried to league them
together and synergistic effects have been seen when mixing graphite and
MoS2 [79]. One route has been to develop multifunctional coatings that
would work excellent in many different environments and coatings with
suggested adaptive “chameleon behavior”, for example mixtures of DLC and
WS2 where the DLC would act in humid air and WS2 in non-humid
environments [80,81]. So far, there exists no “supercoating” working
excellent in all applications. However, for applications subjected to
environmental changes multifunctional coatings are of major interest. There
are other promising approaches, such as multilayer coatings and
nanocomposites [82,83]. For example alternatively using thin layers of
materials with low and high elastic modulus, extreme synergistic properties
have been achieved, and coatings with hardness much higher than the two
separate phases have been produced this way. Similar results have been seen
for nanocomposite coatings, where small nanometer size grains of a hard
phase has been implemented in a soft matrix, resulting in a large increase in
toughness, wear-resistance as well as low friction [82].
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Deposition of low-friction coatings
Low-friction coatings can be produced in many ways, but the most robust
techniques used for commercial coatings are Physical Vapor Deposition
(PVD) and Chemical Vapor Deposition (CVD). TMDs are almost
exclusively deposited by PVD, while DLCs are deposited by both.
In PVD, a solid source of material is evaporated inside a vacuum chamber,
often by bombardment of ions. A non-reactive gas such as argon is
introduced into the chamber, that by an applied potential will be ionized and
form a plasma. The ions will be attracted towards the negatively biased
target where they evaporate atoms that will adhere to the inserted
components. In some processes a reactive gas is introduced, which reacts
with the vaporized material and becomes deposited on the components. The
many PVD methods mainly differ in the way the evaporation is achieved.
The temperature inside the chamber and hence for the components is
normally 150–500°C, but some depositions are performed even at room
temperature. Using low temperatures lowers the mobility of the atoms, and
enables the formation of non-equilibrium or metastable phases.
In CVD, gases are introduced into a chamber (not in vacuum) and reacts on
the component surface, growing a coating. These reactions require high
temperatures, typically between 500-1100°C. The mobility is high, often
resulting in higher deposition rates than in PVD. For complex shapes, CVD
is much better at achieving even thicknesses over the whole component. The
major drawback of CVD is the much higher temperatures needed, since most
materials used for components, most often steels, are temperature sensitive.
Therefore PVD dominates for machine and automotive components.
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Surface analysis and coating characterization

Analytical work
I will summarize my contribution to the analytical work done in this thesis
by motivating the methods that I have used. Their acronyms will be
explained further down in the text. At the end of the section, practical
information about the spectroscopic methods is summarized in Table 1.

Surface analysis and characterization techniques
Scanning Electron Microscopy (SEM)
SEM was used in all the presented papers as a standard tool for
investigations of the worn surfaces. Various modes and detectors have been
used to acquire different information. In the SEM a focused beam of
electrons is scanned over the surface and either secondary electrons formed
by interactions with the sample or directly backscattered electrons are
detected to form an image. The majority of the work was performed in a
Zeiss Leo 1550 equipped with a Field Emission Gun (FEG), and in a Zeiss
Leo 440, with a LaB6 filament.
Secondary electrons
The standard mode used for imaging. Secondary electrons are as the name
implies ionization products by the incoming electron beam. Their energy is
relatively low and hence a low mean free path, so they can only escape from
a few nanometers in the material, which is the main reason for the high
resolution that can be achieved. The acceleration voltage has been varied
from 0.1 to 20 kV. Using higher acceleration voltage increases the resolution
by reducing the effect of lens aberrations, e.g. due to shorter wavelength of
the electrons, but it also leads to a larger interaction volume and thus larger
information volume from where secondary electrons can be produced. This
often results in the loss of small topographic surface features. Therefore, in
many cases lower acceleration voltage has been used.
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Back-scattered electrons
The detection of back-scattered electrons gives information about either
compositional or topographical differences, depending on the settings for the
detector. Since the electrons recorded are elastically scattered from the
surface the signal is strongly dependent on the atomic number (Z) of the
imaged area of the sample. Heavier atoms have a higher probability to
elastically scatter the electrons. This produces images where areas of a
higher mean atomic number become lighter. Since there will be more
electrons scattered back to the detector from a surface that is facing toward
the detector (brighter in the image) than from a surface facing away from the
detector (darker in the image) this information can be used to produce
images with a topographical contrast. With the use of several detectors, these
contrasts can be distinguished into separate images with either compositional
or topographical information. These methods were mainly used to provide
information about the homogeneity of the tribofilms with respect to their
composition, and to get an impression of the surface topography.

Energy Dispersive X-ray Spectroscopy (EDX)
The two SEMs mentioned were both equipped with EDX detectors, allowing
elemental analysis. Several different systems and detectors were used, but
the Oxford X-Max SDD was the only system allowing high efficient
acquisition at lower acceleration voltages. The electrons ionize the atoms,
that when relaxing to its initial state will promote X-ray photons that are
characteristic for each element. The detector will collect the X-ray photons
as the electron beam scans over the surface, keeping track of which X-ray
photons that are emitted from which point of the sample. This enables
elemental mapping over the scanned area, producing a map for each element
detected. The information volume from which the X-rays are emitted
depends highly on the acceleration voltage. Higher acceleration voltages
produce X-ray photons from a larger volume and depth, decreasing the
lateral resolution, since it is less certain from where inside this volume the
X-ray photon is ejected. Lowering the acceleration voltage results in a
smaller interaction volume, and thus higher spatial resolution, but at the cost
of reduced signal intensity. With an efficient detector, the lowest possible
acceleration voltage is desired, but the acceleration voltage needs to be
sufficient to ionize the atoms. For heavier elements it is not possible to
excite the inner shell (K) electrons in a SEM. Their binding energy is higher
than the energy of the incoming electrons. In this case (L) or (M) shell
electrons can be used for the analysis instead. However, these electrons
generate much lower signal due to an increased probability to generate an
Auger electron instead of an X-ray. Also, electrons with very low energy are
easier adsorbed. The highest probability to excite an electron is when the
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incoming electron energy E0 is 2.5 - 4 times higher than the binding energy
EB, and the probability decreases significantly if E0/EB < 2. The probability
also decreases if E0 is much larger than EB, but less dramatically. Once the
elements of interest are determined, the proper acceleration voltage should
be determined so that E0 > 2 EB for the highest binding energy. For lighter
elements Z ≤ 11, the probability to produce X-rays decreases and the
emission of Auger electrons is favored. This makes EDX less suitable for
lighter elements. By mapping (L) and (M) shell X-ray photons a lower
acceleration voltage can be used. Thus a higher spatial resolution in the maps
and a higher surface sensitivity can be obtained. This allows EDX to be
performed at 2-3 kV. EDX was mainly used qualitatively in this work.

Focused Ion Beam (FIB)
A FEI Strata DB235 FIB was used to produce cross sections and for
preparation of samples for transmission electron microscopy (TEM). A dual
beam FIB allows imaging of a sample with both electrons and ions
simultaneously. The electron column and the ion column are positioned in a
52 degrees angle with respect to each other. The electron source is a field
emission gun (FEG) and the microscope also has an EDAX EDX system.
Cross-section TEM samples were produced using the in-situ lift out
technique. 30 kV Ga ions were used for cutting out the sample. Such highly
energetic ions accelerated directly at the surface interact strongly with the
atoms, resulting in displacement of material in the sample. The ion beam can
be controlled in the same manner as for an SEM, thereby enabling controlled
etching and removal of material within the sample on the nanometer scale.
The surface area of interest can be protected by depositing a metal-organic
Pt precursor. To avoid any damage of the initial surface, a thin Pt layer is
initially applied by using the electron beam with 3 kV. On top of this layer
an additional protective layer is deposited using the ion beam, having a
current density of approximately 2-6 pA/µm2 to get a high deposition rate.
A cross-sectional sample approximately 20 µm wide, 2 µm thick and of a
few µm depth is cut out by ion milling. It is attached to a micromanipulator,
i.e. an extremely sharp needle by which it is transferred and attached to a
microscope grid. It is then thinned down to an electron transparent lamellae,
typically 20-100 nm thick. In the last step in the thinning, each side of the
cross-section is carefully polished with a 5kV Ga ion beam at an incoming
angle of 5-8 degrees to remove the outermost material that was damaged by
the higher energy ions. All TEM lamellae investigated in this thesis were
produced by FIB so that with very precise positioning and resolution, as in a
SEM, the area of interest could be carefully selected from the worn areas.
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Transmission Electron Microscopy (TEM)
In TEM, an electron transparent sample is needed since it is the transmitted
electrons that are of interest. Generally, when an acceleration voltage of 300
kV is used, a lamellae thickness not exceeding 50-100 nm is required.
Sometimes it is necessary to decrease the acceleration voltage of the
electrons, for example to reduce knock-out beam damage. In these cases
even thinner samples are required, since the mean free path of the electrons
decreases for lower acceleration voltages. This is challenging.
Several TEMs were used in this work, with the majority of the work done
using a FEI Tecnai F30 ST equipped with an EDAX EDX detector and a
Gatan Imaging Filter (GIF 2000) allowing Electron Energy Loss
Spectroscopy (EELS) and Energy Filtered TEM (EFTEM). Two FEI Titan
80-300 were used, equipped with an EDX detector, a GIF Tridiem postcolumn energy filter, and a TEM image corrector. Also used was a FEI Titan
80-300 Cubed, equipped with EDX, a GIF Tridiem post-column energy
filter, a monochromator and a STEM probe corrector.
High Resolution (HR) TEM Imaging
In HR TEM mode a parallel beam is used and the transmitted electrons that
have interacted with the sample are recorded with a Charged Coupled
Device (CCD) camera. This will give information about the crystallographic
structure of the sample. However, due to phase changes of the electron wave
that depend on the current aberrations as it passes through the lenses and on
the thickness of the sample the information is not a direct representation of
the crystallographic structure. The crystallographic symmetry is correct, but
it is for example not possible to say if a bright spot represents an atom
column or not. For this simulations are needed along with knowledge of the
exact conditions of the microscope aberrations. Such a simulation was
performed for one sample in paper III to understand the phase contrast and
interpret the images correctly, e.g. when searching for possible intercalated
elements in the structure. HR TEM at 300 kV was the mode used in all TEM
images in the work, unless stated otherwise. A useful tool assisting in the
interpretation of the images is Fast Fourier Transformation (FFT) of the
whole or parts of the image. This gives crystallographic information, similar
to electron diffraction, but the result is disturbed by lens aberrations, giving
significantly lower resolution than in a diffraction pattern.
Selected Area Electron Diffraction (SAED)
SAED is a useful technique to get crystallographic information from small
areas. The information region depends on the size of the selected area
aperture. A practical limit is around a few hundred nm in diameter. SAED
was the technique used in papers II-IV to determine crystallinity and what
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phases were present in the coatings. The information region depends on the
size of the Selected Area aperture, but the practical limit is around a few
hundred nm in diameter.
Electron Energy Loss Sepctroscopy (EELS)
In EELS the energy that the transmitted electrons have lost due to inelastic
scattering in the sample is recorded in a post column spectrometer. This
energy loss arises not only from ionization of atoms, but also for example
from phonon and plasmon excitations. In this work only information
regarding atom ionizations, i.e. excitations of electrons have been studied.
These energy losses are characteristic of the binding energy of the electrons,
which give information of not just what element that is present, but also
about its chemical surrounding, i.e. bonding state. Characteristic features
appear in the spectrum for different electronic, structural and chemical
states, similar to a fingerprint. EELS works best for the elements 6 ≤ Z ≤ 30,
since these exhibit sharp well-defined excitation edges in their spectra. Still,
most elements can be detected, even H. The energy resolution determines the
amount of features that are visible in the EELS spectrum and the energy
resolution is determined by the stability of the spectrometer, the microscope
high tension and electron source. Using a monochromator a narrower energy
distribution of the incoming electrons is achieved, resulting in higher energy
resolution.
Energy Filtered TEM (EFTEM)
In EFTEM, a narrow part of the EELS spectrum is selected by a slit and
retransformed to an image in which the contrast will depend on the number
of electrons with the selected energy loss in that area of the sample.
Elemental maps of specific features in the EELS spectra can thus be
produced, using a narrow enough slit. The size of the slit controls the energy
resolution, and a practical limit is around 1 eV. Background removal is of
importance and due to the relatively low signal to noise ratio, the practical
detection limit of an element using this technique is about 5 at.%. When
using the Tecnai microscope, this technique was best suited for acquiring
elemental maps. EFTEM results are displayed in papers I, II, III, V, and
VIII. All maps were acquired at 300 kV.

Scanning Transmission Electron Microscopy (STEM)
In STEM, the electron beam is focused into a small probe that scans over the
specimen to form an image. The electrons will scatter due to strong coulomb
interaction with the atomic cores as they pass through the sample. The
scattering angle will be larger when interacting with a heavier atom and this
is what is used to form the contrast in the STEM image. A High Angle Dark
Field Detector (HAADF) is positioned as a ring around the transmitted
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beam, collecting only electrons that have been scattered to higher angles.
When using low camera length the contrast is approximately proportional to
the atomic number (Z) of the detected atoms, as Z2, and heavier atoms will
be brighter. When appropriately configured on well-prepared samples, the
position of atoms can be directly interpreted from STEM images,
circumventing the need for complex simulations. I performed all the STEM
work in this thesis, but with some assistance during some of the acquisitions.
STEM EDX
EDX is generally used in STEM mode, to be able to acquire elemental maps
of the area of interest, similar as to in the SEM. There is a major difference
in the resolution, however. Using STEM it is possible to detect elemental
information about single atoms. The lateral resolution mainly depends on the
thickness of the sample and on the beam spot size, which as mentioned
earlier, depends on many different parameters. The extremely thin samples
used in TEM results in an interaction volume significantly lower than in
SEM, which is a critical reason for the improved resolution in TEM EDX
compared to SEM EDX. The high acceleration voltage makes the E0/EB very
high, resulting in very low signals. However, the signal to noise ratio is
much higher than in SEM, so this is not a major issue. STEM EDX results
were presented mainly in paper I, since it is an efficient way to produce
elemental maps over large areas when the elements present are unknown. All
STEM EDX was performed using 300 kV.
Spectrum Imaging (SI)
Using a focused probe having the same or smaller diameter than the atoms,
combined with fast electronics it is possible to acquire multiple signals
simultaneously when using STEM. This is called spectrum imaging, and it
can for example record an HAADF image, an EDX spectrum and an EELS
spectrum from each pixel when scanning the sample using STEM with
atomic resolution. In this thesis, only EELS SI was performed, with results
presented in papers I, III and IV. The Titan Cubed microscope was used with
a probe corrector and a monochromator at 80 and 200 kV. There are many
benefits when using EELS SI compared to EFTEM. It is possible to process
all the data post acquisition. An individual EELS spectrum is recorded from
each point making it easy to investigate differences in composition and
chemical phase between different pixels/areas of the sample, providing the
energy resolution is sufficient. The practical limit of energy resolution today
(2013) is in the range of 10´s of meV, allowing fingerprinting of very small
changes in chemical or electronic structure. This can be compared to
EFTEM, where the practical resolution is around 1 eV.
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Raman spectroscopy (Raman)
In Raman spectroscopy, the sample is illuminated by monochromatic light,
usually from a laser. Some of the laser photons interact with the molecules,
resulting in an energy exchange and will then be inelastically scattered and
collected in a detector. The majority of the photons will scatter elastically,
but these are filtered out. Since the energy of the light is less than what is
required to promote the molecules into an excited electronics state, a virtual
excited state is created. This virtual state has a very short lifetime. After the
interaction they can either have transferred a small amount of energy to the
molecule or been given a small amount of energy from the molecule. The
difference in energy from the outgoing photons corresponds to a change in
vibrational or rotational energy of the molecule and gives information about
its energy levels. In order to be Raman active, the molecule must get a
change in polarizability during the interaction with the laser photons. This
means that there must be an asymmetry in the dipole moment when the
molecule is vibrating or rotating. Raman was performed using a Renishaw
micro-Raman with a laser wave length of 514 nm. The spotsize, which
determines the spatial resolution was 1-3 µm in diameter and the laser power
was kept low to avoid beam damage or build-up of carbon in the spot. If the
molecules are relatively large and well-ordered, i.e. have the same spatial
rotation, the peaks will be sharp. If they are very small and with only short
range order, the peaks will be broadened and less sharp. The intensity of the
peaks (after background removal) are directly related to the concentration of
the compound. The penetration depth of the laser in the material depends
mainly on the adsorption of the light in the respective material and on the
laser wavelength. For metals this adsorption is very high and for semiconductors it is generally low. Typical penetration depth for the materials
investigated here with the 514 nm laser should therefore be from 10´s of nm
to 100´s of nm. Raman was used in most of the papers to search for the
formation of Raman active compounds in the contacts. It was also used to
verify the formation of a well-ordered TMD phase in the tribofilms and to
compare relative amounts of different phases/compounds present in the
spectra.

X-ray Photoelectron Spectroscopy (XPS)
For XPS a PHI Quantum 2000 system was used. Monochromatic Al Kα Xrays are used to irradiate the area of interest. The X-rays interact with the
material through the photoelectric effect and a photoelectron is emitted with
an energy that is coupled to the binding energy of the electron. In an
interatomic bonding the electron distribution depends on the involved atoms,
changing the energy of the electron. Therefore the energy will be a
fingerprint to identify the chemical bonding in the material. The emitted
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electrons can only escape from the top 3-10 nm, which makes the method
very surface sensitive. Since the thickness of the native oxides and
contaminations always present on a surface exposed to humid air is within
that range, the surface needs to be cleaned prior to analysis. This is
performed by sputtering with Ar ions inside the vacuum chamber prior to
analysis. Sputtering with Ar ions is also used to acquire depth profiles.
However, artifacts may appear due to this sputtering, as has been described
in several of the papers regarding WS2 in this thesis. Preferential sputtering
of sulfur was a main problem which results in emitted electrons with
energies corresponding to W-S or W rather than WS2. The effect can be
reduced by using lower acceleration voltage for the ions when sputtering,
here 200 V. Therefore the S peaks had to be used to confirm the presence of
WS2 in most cases. XPS was used to identify the chemical bonding in the asdeposited coatings, but also for identification of possible tribochemical
reactions in the transfer films and for the wear tracks on the coatings.
However, the information area is relatively large, normally 200 µm in
diameter, resulting in an average of the whole investigated area.

Auger Electron Spectroscopy (AES)
AES was performed with a PHI 666 scanning microprobe using an
acceleration voltage of 10 kV and a beam current of 200 nA. Depth profiles
were obtained using 3.5 kV Ar ion sputtering. The sputter rate was calibrated
by measuring the time it took to sputter down to the interface of a sample
with 30 nm thick Ta2O5. Auger mapping was performed in the 2-point mode,
i.e. the difference between the peak intensity and the background divided by
the background, in order to reduce topographically induced intensity
variations. The take-off angle, i.e. the angle between the central axis of the
Cylindrical Mirror Analyzer (CMA) detector and the surface, was 60°. The
AES is using an electron gun to irradiate the sample, which also allows
imaging just like in an SEM, resulting in high spatial resolution. The
electron beam interacts with the material, emitting core level electrons. This
vacancy is filled by an electron from an outer shell, which in turn loses a
specific amount of energy since it is transferring to a lower energy state.
This excess energy can results in the emission of another electron, a so
called Auger electron, which is detected. The energy of the Auger electron,
which is a result of several transitions, is characteristic and can be assigned
to the original element. Just like in XPS, chemical shifts will appear in the
spectra corresponding to the chemical bonding, but it is less straight-forward
than in XPS. Mapping was performed in Papers II and V, after only removal
of the surface contaminants to a depth of 3 nm. Depth profiles were
performed in Paper II, but not quantitatively, so the high ion energy was not
a large issue since no chemical information was obtained.
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White light interferometry
A WYKO NT 1100 optical profiler was used for measurements of surface
roughness and for determining the wear on coatings and balls. The sample is
illuminated by white light. The light will reflect from different heights,
resulting in an interference pattern that will be transformed into a
topographical image. The vertical resolution is a few nanometers, while the
lateral resolution is on the micrometer scale. This was used in almost all
papers. For measurement of the ball wear, the difference between the
measured shape and the initial spherical shape was used to estimate the wear
volume.

Nanoindentation
A CSM Ultra Nano Hardness Tester with a Berkovich diamond tip was used
to measure hardness and Young´s modulus for the as-deposited coatings in
most papers, and for measuring hardness of the tribofilms formed in the wear
tracks in Paper V. Nanoindentation enables indentation to very shallow
depth, so that minimal influence from the substrate is achieved. The
indentation force and the indentation depth is controlled and logged during
loading and unloading. This allows accurate measurements of the hardness
and Young´s modulus using the method proposed by Oliver and Pharr [84],
as long as the surfaces have low roughness.
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Table 1. A simple comparative summary of the different spectroscopy methods used
for characterization of tribofilms
Analysis method

Information acquired

Lateral resolution

Depth resolution Restrictions/Comments

SEM EDX
mapping

Elemental distribution

0.3-3 µm, ( i)

0.2 -3 µm, (i)

Generally not H-Be
Less accurate for low Z

STEM EDX
mapping

Elemental distribution

0.1-10 nm
(ii), (iii)

10-100 nm (ii)

Generally not H-Be
Less accurate for low Z

1-5 nm (iii)

10-100 nm (ii)

Less accurate for high Z

EFTEM mapping Elemental distribution
Chemical phase
distribution
STEM EELS SI

Chemical phase
0.1-2 nm (iii)
distribution and bonding
Electronic properties

10-100 nm (ii)

Less accurate for high Z
Small regions. Best for
6 ≤ Z ≤ 30. Can detect H.

XPS

Chemical bonding

0.1-1 mm

3-10 nm

Preferential sputtering cause
problems. UHV. Only nonmagnetic samples, 3≤ Z
Less accurate for low Z

AES

Chemical information

1-5 nm

1-5 nm

UHV, 3 ≤ Z ≤ 50,
Less accurate for high Z
Only conductive samples

Raman

Chemical bonding and
crystallographic
orientation

1-5 µm

0.01-1 µm (iv)

Only molecules with
anisotropic polarizability.
No sample preparation
necessary

(i)
(ii)
(iii)
(iv)

Depends on the used acceleration voltage
Depends on the thickness of the TEM sample
Microscope specific parameters influence
Depends on wavelength of the laser and on the material

Tribological testing
In tribological testing one tries to simulate the type of contact situation that
is expected for the intended component, rather than the action of the actual
component or component system. It is also important to use a setup where
different parameters are easily varied and can be studied individually, for
example different loads, speed, environments, etc. The idea is to isolate the
problem and to be able to study tribological mechanisms in a fast, simple
and controlled manner. The tribological tests used in the papers presented in
this thesis were ball-on-disc and two reciprocal sliding test setups.
Ball-on-disc is a configuration where a stationary pin, often a ball bearing
ball typically 6-10 mm in diameter, is positioned on top of a flat specimen.
In all cases studied here the flat specimen was always the coated part.
A normal load Fn is applied on the ball. The flat specimen is fixed upon a
rotating disc. This will make the ball slide in a unidirectional circle on the
coated flat specimen, see Fig. a. The radius of the wear track is variable, but
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a radius of 2.5 mm was typically used in order to be able to do many tests on
each coated sample. The resulting tangential friction force Ff pushes the ball
in the sliding direction, but the ball holder is fixed to a load cell that
continuously measures Ff. The friction coefficient is then calculated as µ =
Ff/Fn. A sealed hood covering the setup was used for testing in controlled
atmospheres. Dry air, water vapor, N2 or Ar was then flushed in to the
chamber meanwhile monitoring the relative humidity.
In the reciprocal sliding, a coated flat specimen was forced to slide against a
stationary ball bearing ball of typically 6-20 mm in diameter, see Fig. 9.
A normal load was applied to the ball. The friction force was measured from
the elastic deflection of the ball holder, which was equipped with strain
gages. The friction coefficient was then calculated as above. In one test
configuration a small container equipped with a heating stage was used,
allowing the coated specimens to be tested in lubricants.

Figure 9. The principles for tribological test setups for a) ball-on-disc b) reciprocal
sliding

Wear of the coatings were assessed using white light interferometry. The
worn cross sections of the wear tracks were measured in several positions
and then averaged. For the ball-on-disc test the total volume (V) removed
was calculated as:
V = 2π·R·A,

(6)

where R is the radius of the wear track in the disc and A its measured
average cross sectional area. Specific wear rates (K) were calculated using
the Archard wear equation:
K = V/S·L,

(7)

where S is the sliding distance calculated as 2π·R·(number of laps), and L is
the applied normal load. This results in:
K = A/[(number of laps) ·L]

(8)
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Contributions

The papers are not put in chronological order, but in an order to get a better
line of argument and a smooth overlap between the different papers. It starts
with an investigation of an alloyed MoSe2 coating in different environments,
where some mechanisms that also are seen in other papers are introduced. It
is followed by three papers that are investigating different approaches for
improving the properties of WS2 coatings. Then a pure WS2 coating is
compared with a coating containing WS2 nanoparticles tested in dry contact
in different environments. This is followed by a paper that compares the
behavior of the nanoparticle coating with other commercial coatings of both
TMD and DLC types in different environments. Then a few TMD coatings
are compared with DLC coatings in a contact lubricated by fuels, followed
by a deeper investigation of two DLC coatings doped with tungsten. The last
paper included investigates the behavior of different doped or alloyed DLC
coatings in heated engine oils. Last the most important findings are
concluded together put into a larger perspective.

Evaluated coatings
The coatings that has been tested and analyzed have been both commercial
and experimental. Presented here is a summarizing overview of the coatings
evaluated in the papers. An important note is that the properties presented
here are specific depositions and not necessarily the most representative for
the coating. There are variations between different batches and for different
applications. A summary about the properties for all the tested coatings
presented in the papers can be seen in Table 2.
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Table 2. A summary of the coatings evaluated in the papers
Coating name
as occurring in
the
Papers I-IX

Coating
type

Composition and
structure, except adhesion
layer [at.%]
(H = Hydrogen)

MoSe-47C I

TMD

Mo: 14, Se: 25, C: 61

Thickness Hardness
[µm]
(H) and
Young´s
modulus (E)
[GPa]
2.8
H: 2.1

MoSe-61C I

TMD

Mo: 20, Se: 33, C: 47

2.0

H: 3.2

WSN II

TMD

2.3

WSC-Cr0 III

TMD

W: 29, S:25, N: 34,
O: 12
W: 23, S: 30, C: 42,
Cr: 0.6, O: 4

1.7 - 2.7

H: 7.7
E: 80
H: 4.9

WSC-Cr7 III

TMD

W: 20, S: 26, : C: 39,
Cr: 7, O: 8

1.7 - 2.7

H: 5.5 – 6.2

WSC-Cr13 III

TMD

W: 18, S: 23, C: 37,
Cr: 13, O: 8

1.7 - 2.7

H: 6.4 -7.1

WSC-350 IV

TMD

W: 48, S: 36, C: 16

~1

WSC-350-Ti IV

TMD

~1

WSC-750 IV

TMD

W: 19, S: 23, C: 15,
Ti: 43
W: 37, S: 31, C: 32

WSC-750-Ti IV

TMD

H: 4.1
E: 84
H: 18
E: 222
H: 6.9
E: 100
H: 8.3
E: 149
H: 3-6

~1

Ni-P +IFL WS2 TMD

W: 16, S: 20, C: 28,
Ti: 36
Ni-P: 30, IFL-WS2: 70

PVD WS2 V

TMD

W: 37, S: 58, O: 5

3-4 V
4-10 VI
2.5

MoST
MoS2 VII
MoSe2 VII

TMD

Mo: 32, S: 56, Ti:12

1.3

H: 7.5

TMD

2.2

H: 4.4

Balinit C VI

DLC
Multilayer
DLC

Mo: 17, Se: 29, C: 50,
O: 4
a-C:H/a-C:H:W,
H:15-17, W:10-12
a-C:H:Cr, Cr: 5, H: 10-17

1

H: ~1.5*

2.5

H: ~1.5*

1 VII
1.7 VIII
1.7 IX
1.5

H: 16.7 VII,
14.7 VIII, IX
E: 150
H: 34.3

1.1 VIII
2.7 IX
3.1

H: 19.6
E: 204
H: 7, E: 150
(top layer)

2.1

H: 18.6
E: 170

V, VI

VI

Graphit-iC VI
DLC 1 VII
DLC C VIII
W-C DLC IX
DLC 2 VII

DLC

a-C:W + a-C:H,
H: 15-18

DLC

a-C:Cr + a-C:H, H. 5-12

DLC 3 VII
CrN –DLC IX
DLC W VII
ML-W DLC IX

DLC

CrN + a-C:H, H: 15-17

DLC
Multilayer

Si DLC IX

DLC

a-C:H +
(a-C.H:W + a-C:H) x7
+ a-C:H:W, H: 10
a-C:H:Si, H:8, Si: 6

~1

H: 3.4

*Not measured
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Nanocomposite coatings based on diselenides
as low-friction materials in humid air (Paper I)

Background and motivation
The majority of studies on TMDs have treated disulfides (MoS2 and WS2).
An alternative route towards low friction in humid air is the development of
coatings based on Se, e.g. MoSe2 and WSe2. These diselenides have shown
better temperature stability and lower sensitivity to humidity than the
corresponding sulfur based materials [58,59,85,86]. Carbon has been the
dominant, and the most successful, alloying element added to achieve both
good mechanical and tribological properties in humid air for both sulfides
and selenides [67]. However, in the sliding interface any element except the
TMD phase increases the friction and should be avoided to achieve the
lowest friction. The main aim of Paper I was to investigate the role of the
atmosphere on the unlubricated sliding of nanocomposite Mo-Se-C coatings,
particularly the effect of humidity on the friction and wear. Also, the role of
carbon as alloying element was investigated.

Experimental
Two sets of coatings with different amounts of carbon were deposited,
containing 47% and 61% carbon, respectively. The coatings were tested
against 6 mm diameter steel balls in a ball-on-disc setup at three loads in
four different atmospheres; Ar, dry N2, dry air (relative humidity, RH < 1%),
and humid air (RH 55-60%). A few wear tracks and counter surfaces of
special interest were further analyzed to get deeper insight into the dominant
friction mechanisms.
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Results and discussion
For the coating containing the highest carbon content, MoSe-61C, the
friction coefficient was generally lower at higher loads, see Fig. 10. The
lowest friction (0.012) was measured in Ar at the highest load. However, the
friction was very low also in humid air (0.05) at the same load. The
significant difference between dry and humid air indicates a detrimental
influence of the humidity on the friction, whereas the effect of oxygen was
minimal, as shown by the relatively small difference in friction between dry
air and N2.
b

0.1

Ar

0.08
N2

0.06
0.04

Dry air

0.02
0
2N

5N

10 N

Humid air
(RH 55%)

Specific wear rates
(10-6 mm3/Nm)

Friction coefficient

a

2.5
2
1.5
1
0.5
0
2N

5N

10 N

Figure 10. Tribological results of the MoSe-61C coating sliding against steel balls at
three loads in the four atmospheres. (a) Coefficient of friction at steady state.
(b) Specific wear rate.

The wear rate of the MoSe-61C coating was very low in all tested
atmospheres. Surprisingly, the wear rate in humid air and Ar significantly
decreased with increasing load, whereas no such dependence was observed
in N2 and dry air. The lowest wear rate was achieved in humid air at the
highest load.
The coating with the lower carbon content, MoSe-47C, showed slightly
higher friction coefficients, without a clear dependence on the load. In humid
air at the highest load this coating had a higher friction and wear rate, which
could be related to partial failure of the coating in the center of the wear
track. With this exception, the wear rate was generally similar to that of the
MoSe-61C coating.
The contact area on all tested balls was covered by a relatively thick, welladhering transfer film. In dry air, at all loads and for both coatings, the wear
tracks showed a striped or patchy appearance in the optical images. Similar
patterns also appeared in humid air and N2, but then only in smaller areas.
Backscattered electron images of such a wear track and the corresponding
transfer film on the steel ball are shown in Fig 11.
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EDX and Raman analysis helped prove that the brighter stripes in Fig. 11
consisted purely of well-ordered MoSe2. The other areas had a composition
and structure similar to the as-deposited coating. These areas were also
found to be at lower levels, indicating that they had not been in contact and
that the MoSe2-rich areas had been smeared out by the ball along the sliding
direction in the wear track.

Topo

Compo

20 µm

20 µm
Compo

20 µm

Topo

20 µm

Figure 11. Backscattered compositional (Compo) and topographical (Topo) images
of the wear track (upper) and the corresponding transfer film on the steel balls
(lower) for the MoSe-47C tested in dry air at 10 N. Sliding direction of the ball is
indicated by an arrow in all images.

XPS analysis of transfer films from the MoSe-61C coating tested at 10 N
load in humid air and in Ar showed almost no molybdenum oxide. Further,
the transfer films formed in both atmospheres were chemically similar. TEM
cuts from the transfer films and also from the two wear tracks on the
coatings also showed very similar structures. In the wear tracks, tribofilms
consisting exclusively of well-ordered MoSe2 had formed to a depth varying
from a few nm to 20 nm, see Fig. 12. EFTEM maps confirmed the Raman
results showing that the top layer of the tribofilm was almost free from
carbon, see Fig 12 b.
The transfer films on the balls were considerably thicker, consisting mostly
of crystalline MoSe2. In STEM, the strong atomic number contrast revealed
particles or agglomerates with sizes up to a few hundred nanometers. The
darker contrast indicated that the mean atomic number is lower than that of
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the surrounding MoSe2. STEM EDX mapping confirmed that the transfer
film mainly consisted of Mo and Se with only small amounts of carbon, and
proved that the particles or agglomerates contained mainly oxygen and
molybdenum, see Fig. 13. No iron and only low amounts of carbon was
detected in the transfer film.

a

Surface protecting Pt/C

b

Pt/C
Tribofilm
Coating

C map

Se map

Figure 12. Cross-section of the wear track on the MoSe-61C coating tested in humid
air at 10 N load. Cut perpendicular to the sliding direction. a) HR TEM showing that
a clear structural change has taken place down to a depth of 20 nm. The change
involves formation and alignment of MoSe2 planes parallel to the sliding surface.
b) Zero-Loss filtered TEM image of the same region and EFTEM maps of the film,
showing a depletion of carbon and an enrichment of Se in the structurally changed
region closest to the surface.
HAADF

Mo

Se

O

C

Fe

100 µm

Figure 13. STEM HAADF image and XEDS maps of the transfer film. The darker
areas in the HAADF image only give signal from Mo and O.

These particles are not expected to influence the friction to any larger extent
since they were never found close to the sliding interface. Considering wear,
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MoO3 particles are known to be capable of causing abrasive wear of
tribofilms [43,75]. However, the wear rate in this work was almost identical
when sliding in Ar and humid air. Since molybdenum oxide particles were
not observed in the transfer film formed in argon atmosphere, these particles
were probably either removed from the contact by the same mechanism as
for carbon, or remained embedded in the transfer film. The composition at
the sliding interface was identical in Ar and humid air, almost exclusively
MoSe2, with optimal crystallographic orientation to achieve the lowest
friction. It was proposed that the detrimental effect of the water molecules is
primarily due to their presence in the MoSe2 sliding interface, where they
temporarily increase the interfacial shear strength [43]. A higher load could
then produce a structure with less defects and vacancies, leaving less room
for the water molecules, and as a result decrease the friction coefficient.
To arrive at the presented compositional variation, we suggest that coating
material is first transferred to the ball surface where the carbon is separated
from the MoSe2 and transported towards the sides of the wear scar. The now
MoSe2 enriched and structurally optimized material then becomes
transferred back to the coating surface. No carbon was observed at the
sliding interface, so carbon does not seem to play any significant role in the
sliding. This agrees well with the findings in Paper III, where carbon was not
found on the wear track surfaces. The very low friction coefficients in argon
and nitrogen support these observations, since hydrogen-free amorphous
carbon films are known for high friction in these environments and would
result in higher friction if present in more than very small amounts [17,87].
Why did the MoSe-61C coating, with higher carbon content, show lower
friction coefficients than the MoSe-47C coating? For this family of coatings,
carbon has proven to increase the hardness, and correspondingly the shear
strength increases, which could be expected to increase the friction. The
answer lies in that after the tribological contact, the much softer, pure MoSe2
totally dominates the sliding interface for both carbon contents. In this way,
the more ideal friction situation is achieved for the harder coating. The
higher hardness leads to a smaller contact area to shear, while the interfacial
shear strength is the same, in both cases determined by the very easily
sheared MoSe2.
This transformation is rather remarkable: it includes the preferential
elimination of carbon from the structure, accumulation of the small MoSe2
structures into larger crystals, and finally an efficient orientation of these
crystals into the ideal angle with the easy shear planes parallel to the sliding
direction. An interesting question is then how the carbon is so efficiently
depleted. In the present cases 47% and 61% carbon, respectively, has been
virtually eliminated. Outside the wear mark, the carbon rich debris is
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distributed much like it would have been by a snow plough, indicating that it
is first pushed in front of the ball and then gradually moved to the sides until
it eventually falls outside the plough, resting either on the coating or on the
ball.
One possible mechanism behind this preferential removal would be if
carbon-rich debris has a stronger tendency to be ploughed away rather than
enter into the narrow gap between the ball and the flat. This tendency would
be stronger for larger particles and less easily sheared particles (i.e. those
more resistant to become squeezed between the surfaces). Carbon-rich
particles should be expected to be harder, and therefore less easily sheared.
Since microscopic wear particles are continuously created, and then
repeatedly “sorted” at each passage of the ball, the suggested mechanism
could lead to a gradual removal of more carbon rich material, corresponding
to a gradual enrichment of Mo and Se. With less surrounding carbon, the
original microscopic MoSe2 platelets have a better possibility to sinter
together. In this way they can form much more extensive planes, eventually
leading to the well aligned structures revealed in the TEM.

Main conclusions
Lower friction coefficients were achieved for the MoSe-61C coating with
higher carbon content. The wear rate was very low for both coatings,
independently of the testing conditions and the carbon content. Although the
friction in argon was 5 times lower than in humid air, the wear rate was
almost identically low. Extensive analysis of worn surfaces did not indicate
any correlation between the friction coefficient and the wear rate. During
sliding, the interfaces were depleted in carbon, and the relatively unordered
structure became much more crystalline, resulting in almost exclusively
well-aligned MoSe2 with its easy shear basal planes oriented along the
sliding direction. Oxygen was not observed in the contact area, and it is
suggested that the humidity only affects the structure by increasing the shear
strength, not by oxidizing the MoSe2 to any significant extent.
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Approaches for improving the properties of
WS2 coatings (Papers II-IV)

Background and motivation
The main drawback for low-friction coatings of the TMD type is their
sensitivity to humidity and poor mechanical properties, i.e. low hardness,
adhesion and load-carrying capacity. Alloying with metals or carbon has
become a way to improve their mechanical properties, and to some extent
the performance in humid air.
To achieve even better mechanical properties, hopefully without losing the
excellent frictional properties, two new approaches were investigated. In
paper II, nitrogen was added to form hard phases of W-N. This had been
attempted before, but without success in tribological performance [88,89]. A
second route was taken in Papers III and IV; WS2 was co-sputtered with both
a metal and carbon. Chromium (Paper III) and titanium (Paper IV) are both
known to form hard carbides, and to improve adhesion when used as
metallic interlayers.

Experimental
The W-S-N coating was produced by reactive sputtering with a Ti interlayer
to improve adhesion. The W-S-C-Cr and W-S-C-Ti coatings were deposited
with magnetron sputtering. The W-S-C-Cr coatings had a Cr interlayer for
improved adhesion, while the W-S-C-Ti coatings were deposited directly
onto steel substrates. The W-S-N coating contained ~34 at.% N, was
completely amorphous, had a hardness of 7.7 GPa, and consisted of W-N,
W-O and W-S phases. It was tested in a ball-on-disc setup against 6 mm
steel balls under various loads in dry N2 and in air with a relative humidity
(RH) of ~10%. The W-S-C-Cr coatings were deposited with 0.5, 7 and 13
at.% Cr, respectively They became denser and more amorphous with
increasing Cr content. Also, the hardness increased with more Cr; from 5 to
7 GPa. These coatings were tested in the same setup in dry air (RH <1%)
and in humid air (RH~55%) and in a second ball-on-disc setup in humid air
(RH~40%). Four W-S-C-Ti coatings were chosen for tests with either 0 or
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~40 at% Ti, and ~15 or ~30 at.% C. The coatings exhibited varying
microstructures, and hardness values from 4 to 18 GPa. The Young´s
modulus increased similarly, from 84 to 222 GPa. The hardest coating had a
high Ti content, but low carbon content, which was explained by the
formation of a hard Ti-C phases and a denser and more amorphous structure.
The W-S-C-Ti coatings were tested in the same ball-on-disc setup as the
others, with only the results from dry air (RH <1%) displayed.

Results and discussion
Alloying with nitrogen
The W-S-N coating performed extraordinarily well, with friction coefficients
at the same level (0.003) as previously only observed in vacuum for WS2 and
MoS2. The wear rate was also very low, involving mainly some initial
transfer to the ball counter surface. Even with this initial wear included, the
wear rate of the coating corresponded to approximately one atomic layer
every 500 laps. The wear track was extremely smooth. TEM analysis of the
tribofilm showed a thin layer of crystallized WS2 basal planes aligned
parallel to the surface. Beneath this layer, a few nanometers small WO3
grains were mixed into the WS2. The transfer film consisted of a thick,
mainly disordered structure, also consisting of WS2 and WO3. It has been
shown that oxygen present at such low levels as observed here is not harmful
to the friction properties [90]. As long as the interface mainly consists of
well-ordered WS2, the friction will remain low. In the outermost layers of the
tribofilm, i.e. close to the interface, only well-ordered WS2 basal planes were
observed. Nitrogen was only observed in very small amounts in the
tribofilms, despite constituting more than a third of the coating. The nitrogen
is believed to be released from the interface as a gas.
In several tests where the friction coefficient was less stable and slightly
higher (µ ≈ 0.01). It was observed that the coating had failed adhesively in
large parts of the wear track. The underlying adhesion layer was visible over
as much as 20-30% of the wear track. Closer investigation of the removed
areas showed that a thin film was smeared out on top of the exposed Ti
interlayer, see Fig. 14.
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50 µm
Figure 14. (Upper) Friction curves for a non-damaged wear track tested for 100 000
laps in dry nitrogen (red curve, furthest down in the graph) and for damaged wear
tracks (blue and green curves), tested under the same conditions. The initial unstable
appearance of the friction curves from the damaged parts indicates that the majority
of the adhesive failure occurred relatively early. (Lower) SEM image of the adhesive
damage of one of the mentioned wear tracks. Note the replenished thin film covering
the centre of the damaged area.
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Analysis with Raman and TEM revealed that this smeared film actually was
replenished WS2, retransferred from the ball. This re-deposited film again
consisted of well aligned WS2 basal planes and was only a 10´s of nm thick.
This thin film was capable of holding high loads for 100 000´s of laps with
only a marginal increase in friction coefficient (the average over the whole
track increased from 0.003 to 0.01). The wear track outside the adhesive
failures was not worn significantly more than in tests where no failure
occurred.

Alloying with carbon and Cr or Ti
In humid air the W-S-C-Cr coatings exhibited friction coefficients between
0.28 and 0.07, with higher values for lower loads and higher Cr content. The
wear rate followed the same trend as the friction, with low wear rates for the
coating with the lowest Cr content and at higher loads. Analysis showed that
the tribofilm formed on the coating consisted mainly of oxides of Fe-, Wand Cr, with WS2 occurring only in small amounts. Further, transfer films
were not formed to any large extent, but WS2 was found in some areas of the
wear scar on the ball; together with iron oxide. Similarly as observed in
Paper I, while only very small amounts of carbon were observed within the
wear scar, the wear debris around it contained almost exclusively carbon.
In dry air the W-S-C-Cr coatings performed well, exhibiting friction
coefficients below 0.02. Slightly higher values were observed for lower
loads and higher Cr content. The wear again followed the same trend as the
friction. Here, the tribofilm formed on the coating containing 7 at.% Cr
showed two clearly separated layers. The surface was first covered by an
approximately 20 nm thick, well-ordered WS2 layer, see Fig. 15.
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Figure 15. TEM cross sectional view of the tribofilm formed in the wear track of the
W-S-C-Cr coating with 7 at.% Cr tested against a steel ball in dry air.

Between this layer and the as-deposited coating, a layer of similar thickness
consisting of amorphous Cr-oxide was observed. Very low amounts of
carbon were found in this tribofilm, despite the fact that the coatings
contained 35-40 at.% carbon.
Aberration corrected HR TEM was performed on the top layer to investigate
whether any Cr was present in the structure. Simulations were carried out to
understand the phase contrast in the images and together with diffraction it
was concluded that the tribofilm contained only WS2, as shown in Fig. 16.
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Figure 16. Aberration corrected HR TEM image of the outermost layer of the
tribofilm formed in the wear track on the W-S-C-Cr coating with 7 at.% Cr tested in
dry air. The inserted atom model shows how the image should be interpreted.
Yellow larger atoms are sulfur and the red smaller atoms are tungsten.

The transfer film formed on the ball in dry air was thick, consisting mainly
of disordered oxides and some occasional WS2 platelets. However, at the
outermost surface, a 5 nm thin well-ordered WS2 layer was present. Further,
the transfer films were not totally covering the ball and investigations
indicated that transfer occurred in both directions between the two surfaces.
The mechanism behind this composition and structure of the tribofilms is
suggested to be a constant intermixing of the interfaces, where carbon, which
has a high shear strength and weak interaction with the other elements,
becomes removed from the contact, similar to what was discussed in paper I.
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The reason for the oxide particles to remain is not known, but possibly has
some connection to chemical bonding to the WS2. As sliding goes on, the
WS2 will locally be transferred to the counter surface, exposing the oxide,
which could then either be worn off or again covered with a back-transferred
WS2 layer. In areas where exposed oxide particles in both parts meet, the
friction will become high.
The W-S-C-Ti coatings performed poorly in humid air (RH 40-55%), with
higher friction coefficients and high wear, often due to adhesive failure. The
W-S-C-Cr coatings generally showed better adhesion than the W-S-C-Ti
coatings, but the Cr layer did not improve the adhesion as much as expected.
In dry air, the W-S-C-Ti coatings exhibited friction coefficients around 0.02,
except for the coating containing high carbon and titanium content, which
exhibited a much more unstable friction.
Alloying with Ti generally resulted in much more unstable friction, probably
due to a weaker ability to form the low-friction tribofilms of well-ordered
WS2, as was confirmed by Raman. The W-S-C-Ti coating with the lower
carbon content performed best in dry air. The tribofilm formed on the
coatings after a longer test consisted mainly of TiO2 and WS2 plus small
amounts of WO3, TiC and iron particles, see Fig. 17. In major parts of the
surface, a few planes of well-ordered WS2 phase were positioned outermost,
similarly as for W-S-C-Cr. The presence of iron particles indicates that the
steel ball is still being worn, even after such long period. This supports the
assumption that in large parts of the contact area no protective tribofilm is
formed, which would also explain the instabilities in friction.
The initial friction coefficient was very high for both coating systems, as
high as 0.3 for the Cr containing coatings, and as high as 0.7 for the Ti
coatings. This was explained by the presence of a superficial metal oxide
layer that resulted in high friction. When the oxide layer was removed, WS2
could start forming in the contact. During the early high-friction stage, the
tribofilm contained a mixture of oxides from W, Ti and Fe, together with
TiC, but hardly any sulfur (or WS2).
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Figure 17. STEM image, with corresponding ELS spectra of the Ti L and O K egdes
for a typical position of the tribofilm, and extracted maps from STEM-EELS-SI of
the tribofilm formed in the wear track for the W-S-C-Ti coating with the lower
carbon content. The maps should not be compared quantitatively. The fine structure
of the Ti L edge proved that the majority of Ti was bonded as TiO2.

The as-deposited coatings were generally amorphous. Such unordered
structures are more sensitive to oxidation, which explain the high initial
amount of oxides present on the surface. The W-S-C-Ti coating with high C
content was crystalline, but had a porous and columnar structure, which also
should be highly sensitive to oxidation. When the oxides have worn off and
the WS2 basal planes are aligned, the possibilities to oxidize the structure
should be reduced. However, for the W-S-C-Cr and W-S-C-Ti coatings with
high metal content, the fraction of metal that is fed into the contact was too
high, resulting in a high amount of oxides. For W-S-N, this was not an issue,
possibly due to that the nitrogen reacts with the oxygen, thereby reducing the
oxidation.
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Main conclusions
Alloying WS2 with metals and carbon did not result in any improvement of
the frictional properties or the sensitivity to humidity, even though the
mechanical properties were improved. Including Ti led to significantly
higher hardness compared to the addition of most other elements seen in the
literature. Alloying WS2 with nitrogen improved both to a certain extent.
The extremely low friction coefficients observed for the W-S-N coating can
be explained by the formation of a super smooth contact together with a
crystallization of WS2 oriented with their hexagonal easy-slip basal planes
aligned in the sliding direction. The soft thin tribofilm is supported by the
underlying (unmodified) harder amorphous coating, which keeps the area of
real contact small. The role of nitrogen is mainly to create the supporting
fundament, by promoting the formation of the amorphous structure with
nanocrystalline tungsten nitrides.
The fact that nitrogen due to the tribological contact is removed from the
interface results in the formation of an almost pure, ideally oriented WS2
phase with extremely low shear strength. This results in an ideal situation
with almost no wear.
Addition of carbon and Ti and Cr also produced amorphous and dense
coatings in most cases. The adhesion was not significantly improved by
alloying with Cr and using Cr as an interlayer. However, for these coatings
the tribological performance was impaired by the addition of the metal, both
in dry and humid air. The major obstacle was the formation of metal-oxides,
which remained in the contact. These led not only to higher shear strength,
but also seemed to inhibit the formation of well-adhering low shear strength
transfer films, resulting in unstable friction and relatively high wear. A
strong intermixing of material between the surfaces was observed, and most
of the carbon was preferentially removed from the contact. In many cases,
WS2 still managed to come out on top and provide lubrication for long
periods.

The presence of WO3 in the tribofilm for the W-S-N coating indicates
that this oxide is not as detrimental as the other metal oxides. When
adding higher amounts of other metals than W, the ratio of oxides in
the tribofilms becomes too high leading to oxides sliding against
oxides, which results in higher friction and wear. As long as the oxide
is only present embedded into the WS2 film, the shear strength of the
tribofilm should only be affected locally, and the sliding takes place in
an adjacent plane instead.
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Tribology of pure tungsten disulfide (WS2)
coatings and WS2 nanoparticle coatings;
comparative studies (Papers V and VI)

Background and motivation
Close nested fullerene-like nanoparticles of MoS2 and WS2 have been
proposed to have better oxidation resistance due to their closed form, absent
of dangling bonds [91,92]. Here they are tested as bonded in a metal matrix
coating. In Paper V the coating was investigated together with a sputtered
WS2 coating in dry unlubricated sliding and the mechanisms for friction and
tribofilm formation were compared. In Paper VI the nanoparticle coating
was also tested and compared to commercial PVD coatings of both TMD
and DLC type.

Experimental
Inorganic Fullerene-Like nanoparticles of tungsten disulfide (IFL-WS2) were
mixed into an electrolytically deposited nickel-phosphorous coating on
stainless steel. The top part of the coating contained approximately 70%
nanoparticles, see Fig. 18. The coating was tribologically tested under
various loading and humidity conditions and compared with a sputtered WS2
coating. The effect of humidity on the friction behavior of the two WS2
structures and their tribofilm formation mechanisms were investigated in
Paper V. Further, a comparison with state-of-the art commercial low-friction
coatings was performed in Paper VI.
The nanoparticle coating was much rougher and somewhat softer than the
sputtered WS2 coating. In paper V, these two coatings were tested in
unlubricated sliding against 6 mm diameter 100Cr6 steel balls under various
loading and humidity conditions using a ball-on-disc setup. In Paper VI, the
IF-WS2 nanoparticle coating was compared with three commercial coatings;
one TMD type and two DLCs. The TMD type was a Ti-alloyed MoS2
coating (MoST), and the DLCs were of the type a-C:H:Me, alloyed with W
(Balinit C) and Cr (Graphit-iC). The same test was employed, now in dry air,
humid air, and lubricated with PAO.
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Figure 18. Overview of the IFL WS2 nanoparticle coating. Note the inhomogeneity
with respect to thickness and distribution of nanoparticles. a) SEM image of a FIB
cross section through the coating. b) SEM image of the surface viewed from above.
c) TEM image of a single IFL WS2 nanoparticle inside the coating.

Results and Discussion
Both WS2 coating types showed similar frictional response to load and
humidity variations (Paper I). The coefficient of friction was lower at higher
loads and higher in higher humidity. The PVD coating showed lower µ in
humid air than the nanoparticle coatings while the nanoparticle coating
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exhibited slightly lower µ than the PVD coating in non-humid environments
at higher loads. The wear mechanisms and tribofilm formation were,
however, completely different. In non-humid atmospheres the PVD coating
was worn by removal of small wear particles that were picked up by the ball.
On the ball they tribosintered, thereby forming a transfer film with a
structure and properties similar to those in the wear track on the coating. A
similar process has been observed and thoroughly investigated for the isostructural MoS2 [38,40,48].
The nanoparticle coating instead formed sheets of tribosintered fragments of
damaged nanoparticles. The nanoparticles are believed to become ripped
apart, smeared out and subsequently sintered by the contact against the ball.
A similar film was observed covering the ball surface, see Fig. 19.

Figure 19. SEM images of tribofilms formed in the wear track on the nanoparticle
coating after tests at 5 N load. a) Tribofilm formed in dry N2. b) Tribofilm formed
in humid air. c) Higher magnification of a “sheet” formed in dry N2. d) Higher
magnification of a “sheet” formed in humid air. Note the different appearance of the
tribofilms formed in the different environments.

At higher loads the tribofilm contained less oxygen and a thicker WS2 film
oriented with its basal planes parallel to the surface was generated. Further,
the basal planes were observed to be aligned closer to completely parallel,
indicating even lower shear strength of the interface at higher load [42], see
Fig. 20.
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Figure 20. HR TEM images of tribofilms from the wear tracks of the nanoparticle
coating after tests in dry N2. Both cuts are taken perpendicular to sliding, and in the
center of the wear track, where the contact pressure should be the highest.
a) b) The wear track formed at 5 N load. c) d) The wear track formed at 50 N load.
Note the higher degree of parallel alignment and that the orientation took place to
larger depths when the higher load was applied, by comparing b) and d).

In humid air the tribofilm was less beneficial. The wear particles did not
form smooth films; instead more brittle films with numerous cracks were
formed with both coating types. This behavior agrees with other results
reported for MoS2 and WS2; that in humid the re-coalescence of wear debris
that form the tribofilm is prevented and wear occurs [43,48,93,94]. This type
of mechanism is believed to operate here for the PVD WS2 coating. For the
nanoparticle coating, the same mechanism was observed, but at a larger
scale. Here the interaction between the nanoparticle fragments in the
formation of the smooth sheets was clearly disturbed in the humid
atmospheres, leading to friction coefficients one order of magnitude higher.
TEM showed that a tribofilm was still formed in humid air, while the
structure was disordered with much more defects than that formed in dry N2.
The resulting structure was not an easy sheared low-friction interfacial film.
EFTEM as well as AES confirmed the presence of high amounts of oxygen
in the topmost surface. Also, the planar distances of the WS2 basal planes
were larger at the top surface than further down in the film, see Fig. 21.
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Figure 21. TEM images from a wear track on the nanoparticle coating tested in
humid air at 5 N load. The cross section was cut parallel to the sliding direction and
the sliding direction is from left to right. a) The tribofilm contains a significant
amount of defects and the basal planes formed show no long range ordering.
Crystalline areas corresponding to WO3 are marked in the image. b) Zero-Loss
filtered TEM overview together with EFTEM elemental maps for oxygen and nickel
show that the top film contains high amounts of oxygen, but very little nickel.

This could be due to the presence of defects or vacancies in the structure, or
to intercalation by oxygen or water. Both possibilities have been shown to
increase the interplanar distance of WS2 [95,96]. Intercalated water has also
been shown to increase the shear strength of the material, even if oxidation
does not occur [43].
At 5 N load in N2 the coating was only slightly deformed. At 50 N the
coating was extremely deformed and the tribofilm was harder, indicating that
the material in the wear track becomes densified (less vacancies and
defects), and thus the tribofilm achieves a more close-packed hexagonal
structure. This should contribute to stop water or oxygen from penetrating
deeper down into the structure.
Nickel was observed in parts of the wear track in the AES maps, exposed in
parts of the tribofilm where the coating probably was the thinnest. In TEM
no crystalline Ni was identified in the sliding interface, but it was clearly
present in the tribofilm. Several studies have shown that Ni promotes the
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crystallization of WS2 and MoS2 [97], [98], so it is possible that Ni has a
catalytic role in the tribofilm, but this was not further investigated.
In comparison to the commercial coatings in paper II, the nanoparticle
coating exhibited promising frictional properties, with friction coefficients
similar to that of the MoST coating in both humid and dry air. The carbonbased coatings exhibited higher friction in both environments, and extremely
high friction coefficients in dry air. When lubricated with PAO, the
nanoparticle coating did not form a transfer film on the counter surface,
resulting in an even rougher contact, and the highest friction coefficient of
all the coatings.

Main conclusions
Surprisingly, based on the common rule that low-friction coatings must be
very smooth to behave well, the nanoparticle coating showed remarkably
good properties in low humidity. Despite being very rough and
inhomogeneous, it formed very smooth tribofilms and displayed friction
coefficients below 0.01, which were even lower than that of the PVD
coating. Despite very different formation mechanisms, the tribofilms were
similar on the nanoscale. The closed form of the nanoparticles was broken in
the contact and small fragments of crystalline basal planes were somehow
transported through the tribofilm and reoriented in the interface. The PVD
coating exhibited only short range ordering, but crystallization occurred at
the interface and long range ordered basal planes became oriented parallel to
the sliding surface in the process.
In humid air, the tribofilms for both coatings were more brittle and
incoherent, giving significantly higher friction. For both coatings, the wear
particles were less prone to form smooth cohesive tribofilms. At the
nanoscale, the basal planes from the nanoparticles were clearly less easily
aligned in the sliding direction and the tribofilm contained a lot of defects
and possibly intercalations of water or oxygen.
Coatings based on incorporation of nanoparticles in an electrolytic metal
coating clearly constitute an interesting alternative to PVD coatings. The
deposition technique needs further improvement, but should be able to
develop into a valuable technique for large or complicated structures or for
structures that by other reasons are difficult or too expensive to coat with
PVD. The coating type could be suitable e.g. for engine applications, where
electrolytic coatings are already used and a further valuable friction
reduction could be gained by the incorporation of nanoparticles, for example
on cylinder liners or piston rings.
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Performance of low-friction coatings in fuels
(Papers VII and VIII)

Background and motivation
There is a continuous strive towards reducing the energy consumption and
environmental impact of mechanical components, and at the same time
increasing their performance and life time. These are very important factors
in the design of new tribological systems for automotive applications [99].
Tribological components in contact with the fuel include injection pumps
and plungers. Many heavy-duty components or particularly exposed surfaces
are coated with diamond like carbon (DLC) for protection and to improve
the overall tribological performance [100,101]. TMD type coatings have
shown interesting properties in lubricated contacts. Further, TMDs are often
added to greases and oils in the form of small particles, and also formed
from oil additives in the automotive contact [4]. This background motivated
the comparison of the tribological performances of TMD coatings and
commercial DLC coatings in fuels which was performed in Papers VII and
VIII.

Experimental
In paper VII, six different thin film coatings were evaluated, including three
commercial DLC coatings and three TMD-based coatings. The Mo-Se-C
coating was similar to those evaluated in Paper I, and the MoST and the WS2
nanoparticle coatings also appeared in Papers V and VI. An uncoated steel
reference sample was tested for comparison. In Paper VIII, the DLC coating
(DLC1) that showed beneficial tribochemical reactions, was further studied
and compared with a multilayer DLC coating with a softer top layer of aC:H:W.

67

In both Paper VII and VIII the coatings were evaluated using reciprocating
ball-on-flat test setups, where 10 mm diameter steel balls were sliding
against the flat coated steel specimens. Both traditional and alternative fuels
were used, see Table 3.
In Paper VII the initial mean contact pressure was ~0.7 GPa. The sliding
speed was chosen to keep the full stroke in the boundary lubrication regime,
even for the fuel with the highest viscosity. Fuel was applied during testing
using a syringe pump with a flow rate adjusted to match the evaporation rate,
so that the contact would always be immersed in fuel. In Paper VIII the
coatings were evaluated in a similar setup, but with slightly different test
parameters. Most importantly, a lower initial mean contact pressure of ~0.31
GPa and a lower sliding speed were used.
Table 3. The fuels
Fuel

Description

Petrol 95

The most commonly used fuel for passenger cars. In the Nordic
region Petrol 95 octane dominates.

Diesel EC1

A petroleum-based fuel which is harder to ignite. The
Environmental Class 1 (EC1) has a lower sulphur and aromatic
content than the standard Diesel and contains no RME as a blended
component.

White spirit

Also petroleum-based. Here used as a substitute for kerosene jet
fuel due to the similar properties. It is also used as a blending
component in petrol.

FAME/RME

Fatty Acid Methyl Ester/Rapeseed Methyl Ester. Hard to ignite, so
mainly used mixed with Diesel, merchandised as BioDiesel. RME
is one type of FAME and the FAME used here was 100% RME.

E85

Denatured ethanol (70-85% depending on season) mixed with
petrol

Results and discussion
When taking all the tribological performance aspects – friction, coating wear
and counter surface wear – into account, none of the coatings stood out as
superior. Also, the most promising coating candidates differed between the
fuels.
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Generally, the TMDs showed very low initial friction, but were severely
worn in most tests. The wear resulted in higher friction when the underlying
steel substrate was exposed. Clearly the TMDs generally showed very
promising results, but in their present form they did not offer sufficient wear
resistance in the severe contact situation evaluated. Contrastingly, the
counter surfaces generally suffered less wear against the TMDs than against
the DLCs.
Overall, the DLCs showed higher initial friction than the TMDs, but
performed much better in the long run. They exhibited extremely low wear,
but wore the counter surface in all tests. The DLCs, even though having very
different hardness and composition, often behaved like a homogenous group.
This could be expected; as long as their top layers were not worn through,
they had very similar surface chemistry.
In Diesel the TMDs showed promising results, despite being significantly
worn. It is possible that the mating contact surfaces were replenished by
formation of protecting low-friction tribofilms.
In RME, there were also indications that the MoST coating formed lowfriction tribofilms on the surfaces, but that these eventually were worn off.
In E85, the TMDs initially showed promising friction, as always, but did not
survive for long, while the DLCs performed excellently. In E85 the need for
a coating was obvious, due to the high wear of the unprotected surfaces, see
Fig. 22.
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Figure 22. Friction coefficients (upper graph) and wear cross section areas for the
coatings (middle graph) and the balls (lower graph) for the various coatings in E85.
The graphs show average values over different stroke intervals. The TMDs exhibited
low friction initially, but then increased to very high and unstable values. The
exception was the IF-WS2 coating, which showed high and unstable friction from
the start The DLCs all showed low friction. The TMDs suffered high wear and also
wore the counter surfaces severely, while for the DLC no wear was measurable even
after the long tests.
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In some tests, the top layer of mainly DLC1 was worn though, exposing a
sub layer of tungsten alloyed amorphous carbon. This exposure often lead to
a significant decrease in friction, as exemplified in Fig. 23, possibly due to
formation of a low-friction tribofilm. This was most prominent in Petrol 95
and White spirit.
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Figure 23. Friction coefficients for the various coatings in Petrol 95. The graph
shows average values over different stroke intervals. Note the initially low but
increasing friction trend for the TMDs and the opposite trend for the DLCs. The
substantial decrease in friction for DLC1 is believed to be due to a beneficial
tribochemical reaction occurring when the top layer of the coating is worn through,
exposing a tungsten-containing sub layer. The uncoated reference exhibited the
highest friction.

This was further studied in Paper VIII, where DLC1 (there called DLC C)
was again tested and compared with a multilayer DLC having a softer
tungsten containing top layer (DLC W). Thus it was possible to investigate
potential tribochemical reactions of a DLC with W in its top layer. The DLC
W generally showed lower friction than DLC C, but not in all tests due to
large variations between the different tests. The lowest friction was observed
for DLC W in Fatty Acid Methyl Ester (FAME). The DLC C coating showed
hardly any wear in any test, while the DLC W was worn in most tests, except
in Petrol 95. The softer DLC W protected the counter surfaces from wear in
most tests, except in E85. DLC C instead showed high counter surface wear
in Diesel and FAME, see Fig. 24.
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Figure 24. Specific wear rates for the uncoated counter surfaces worn against the
two coatings in the four fuels. Note the large wear rate differences between the
coatings in Diesel and FAME.

The surfaces were investigated with SEM, EDX, Raman and XPS. The
contact area of the balls run in Diesel and FAME against DLC W were
generally much rougher, despite being much less worn. It was found that the
DLC W coating was much rougher, with a significant amount of protrusions
remaining from the coating deposition process. These are believed to have
caused the rough surface on the balls run against this coating. EDX
identified tungsten and carbon transferred to the wear scar on the steel ball;
mainly distributed in streaks, see Fig. 25.

Figure 25. Appearance of the wear scar on a ball tested against DLC W in FAME
(SEM) and corresponding EDX maps showing the distribution of tungsten and
carbon, acquired at 10 kV acceleration voltage.

Such transfer was not observed to occur in Petrol95 and E85. Raman
analysis showed that WS2 was locally formed on the balls run in Diesel and
FAME, while on the balls run against Petrol 95 and E85, only Fe2O3 was
identified. The formation of WS2 on the ball run in FAME, showing the
lowest µ, was confirmed by XPS analysis.
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A TEM cross sectional sample was prepared perpendicular to the sliding on
the same ball. Layered crystalline structures were discovered having
interplanar distances corresponding to WS2, and also EFTEM confirmed the
finding. A thin carbon film, approximately 10-20 nm was also covering
larger parts of the surface in the investigated area, see Fig. 26.

Figure 26. Cross section TEM analysis of the ball run against DLC W in FAME,
showing the presence of WS2. Zero-loss filtered TEM image and Energy filtered
elemental maps.

These WS2 streaks were clearly higher than the surrounding ball surface and
were therefore believed to be formed in areas where the majority of the load
was carried. The DLC W was designed to improve running-in by transfer of
a sacrificial softer top layer. This material transfer is believed to offer the
wear protection of the counter surface while the formation of WS2 is
believed to have the major role in giving the lower friction. But how was
WS2 formation possible?
Formation and alignment of this well-known low-friction material has been
reported for other systems [30,102]. However, here the supply of sulfur is
very low, compared with that in engine oils. The tested FAME and Diesel
contained less than 10 ppm sulfur, according to the manufacturer, who also
claims that these amounts are well controlled. The FAME tested, was 100%
Rapeseed Methyl Ester (RME). Obviously, very small amounts of sulfur are
sufficient to form the WS2 film, which is very thin and not fully covering.
The coating contained no sulfur and the steel ball contains sulfur to levels
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similar stated for the fuels, but much less accessible. We therefore propose
extraction of sulfur from the fuel as the most probable mechanism. In the
contact, the small amounts of sulfur was extracted and bonded to the
tungsten transferred to the ball. The total area covered by WS2 is very small
compared with the total contact spot, but compared with the real area of
contact it is a much higher fraction.

Main conclusions
In a contact boundary lubricated with fuel, the hard DLC coatings exhibited
excellent wear resistance, but in most cases caused substantial wear of the
counter surfaces. It was shown that very low friction coefficients as well as
low wear of both surfaces can be achieved by choosing the chemical
composition of the top layer wisely. The TMD coatings showed a high
potential with exceptionally low friction in many cases, as well as low wear
of the counter surface. They did not, however, offer sufficient wear
resistance in the severe contact situation. The major issue was adhesive
failure, but if this issue can be controlled these coatings should be promising
future candidates.
Adding a softer tungsten containing carbon top coating to the DLC structure
enabled the formation of WS2 in the contact when sliding in Diesel and –
most prominently – in Fatty Acid Methyl Ester. We propose a mechanism
based on transfer of the soft top layer to the ball where it extracts sulphur
from the fuel, forming WS2 in the spots carrying the major part of the load.
The films formed protected the surfaces from wear and lowered the friction
coefficient considerably.
It is interesting to note the clear friction advantage of the DLCs over the
TMDs in E85. E85 is ethanol with an addition of around 15% petrol. The
fact that all the TMDs initially gave low friction in Petrol 95, but
consistently higher friction in E85 indicates that it is the ethanol that is
detrimental. The OH-groups of the ethanol probably oxidize the TMDs,
resulting in rapid wear and increase in friction. For DLCs, on the other hand,
OH-groups have been shown to lubricate, which is assumed to be the reason
for the virtually non-existing wear and the relatively low friction levels in
E85.
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DLC coatings in heated engine oil (Paper IX)

Background and motivation
Demands from both governments and customers for vehicles with lower fuel
consumption and less environmental impact, necessitates an intensified
search for low-friction components in the engine and drive line. At the same
time the customers ask for prolonged service intervals. To solve this
challenging combination of reduced friction losses and increased lifetime,
thin protective low-friction coatings, mainly in the form of DLC have
become more and more common on critical components [99,100,103]. The
uppermost layer of the coating has a direct impact on the chemical situation
in the contact and is therefore a very important part of modern multilayer
coatings. The motivation of Paper IX was to investigate how the chemistry
of the top layer influences the reactions with the different additives when the
oil is at a temperature typical of many vehicle components, and when
different contact pressures are applied.

Experimental
Four commercially available DLCs with different alloying elements, all
designed for automotive components, together with an uncoated reference
were tested in high performance commercial engine oils heated to 90°C at
two different initial contact pressures. The tribological testing was
performed in a reciprocation ball-on-flat equipment. The reciprocating
coated flat specimen is mounted in a container, which allows it to be
submerged into a liquid. Ball bearing steel balls (100Cr6) with a diameter of
10 mm and 20 mm were loaded with 4 N and 8 N to give initial mean
Hertzian contact pressures of 0.63 GPa and 0.31 GPa, respectively. The test
parameters were selected to maintain boundary lubrication throughout the
stroke.
The DLC coatings differed in hardness and composition. Two coatings had a
traditional a-C:H top layer, the third a a-C:H:Si top layer and the forth
coating had a softer a-C:H:W top layer of the same hardness as the steel ball.
The other coatings were significantly harder. Four different oils were tested;
two commonly used fully formulated engine oils (Oil A and Oil B). The
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third oil was a used Oil B and the fourth; as a reference; a synthetic base oil
(PAO) without additives and with a matching viscosity (at the tested
temperature).
After the tests the wear of both surfaces was measured with white light
interferometry. For further analysis of possible chemical reactions, XPS was
performed on the wear scars formed on the balls and in the wear tracks on
the coatings. Additionally, the unaffected area outside the wear tracks on the
coating was analyzed, to investigate the possible formation of thermal films
that could provide information about the affinity of the additives to the
coatings and the steel surface.

Results and discussion
The different coatings and lubricants showed several dissimilar friction
trends. A qualitative overview is given in Table 4. The initial behavior
varied somewhat between the different coatings.
Table 4. Qualitative trends for the coefficient of friction over 10 000 strokes for all
20 combinations of coating and lubricant. Each curve represents the average of
three individual tests with 20 mm diameter balls. Note the variations in the running
in behavior.

Oil A

Oil B

Used Oil B

PAO

ML-W
W-C
Si
Uncoated
CrN-C

Generally, it was found that the friction coefficient and also the specific wear
rate were lower when tested at higher load. This is suggested to be due to
depolymerization of the formed tribofilms which reduces the chain length,
creating a harder and tougher tribofilm that has been demonstrated to reduce
both the wear and the friction [104]. In this investigation the doubled initial
contact pressure resulted in approximately 20% lower friction on all
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combinations, and could be explained by a more beneficial tribofilm
formation during the initial phase of the tests [104,105].
The frictional behavior of Oil A and Oil B was similar in most of the high
load tests, but when tested at the lower load, the friction varied. The Used
Oil B consistently showed the highest friction coefficients for the higher
initial contact pressure. Compared to the unused Oil B, the friction was up to
30 % higher. Interestingly, the wear rate was reversed; a lower wear rate was
seen in the used oil, despite the higher friction, with exception for the aC:H:W coating. This was observed to correlate with more sulfate formation
with Used Oil B than with the fresh Oil B, which in turn formed a higher
portion of sulfides.
Generally the wear of all coatings was extremely low. Most of the wear
occurred on the ball side of the contact. This could be expected since the ball
is softer. Surprisingly, the highest wear of all was seen on the ball that had
run against the a-C.H:W coating, with the softest top layer. This layer was
deliberately made soft as a sacrificial layer to improve the running-in and
reducing the initial wear of the countersurface. However, the coating showed
particularly high surface peaks, which may have had a strong impact on the
initial wear of the ball, since these harder protrusions may act abrasively.
The high peaks could also explain the high initial friction, see table 1.
The primary factor in controlling the wear seems to be which coating that
can make best use of the oil additives. The most wear resistant coating was
the a-C:H:Si coating which, better than the other coatings, promoted the
build-up of additive rich films on both contacting parts. Thereby both
surfaces became protected from wear. The a-C:H:W coating suffered more
wear than the other coatings, probably due to its top layer with
approximately the same hardness as the ball. Also, there were no traces of
additives in the wear tracks, irrespective of the oil used, which also could be
an influencing factor.
In all cases, no or very limited amounts of additive film formed on the
coating side outside the wear track. Similarly, no additive films were
observed on the uncoated steel outside the wear marks. This suggests that the
90°C temperature alone is not sufficient to create a protecting reacted or
chemisorbed film by activating the additives. However, there may still have
been weakly physisorbed additives on the surfaces which were removed
when the samples were cleaned in hexane.
The lowest stable friction values were observed for the a-C.H:W coating in
PAO. Closer investigation using EDX and XPS revealed a high amount of
tungsten transferred to the ball, present both in metal form, as oxide, and as
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WS2. Since no sulphur was known to be present in the system, the latter was
surprising. It is suggested that WS2 was formed by a reaction between W in
the coating with some unexpected sulfur containing contaminant in the PAO
oil, resulting in a substantial decrease in friction [30]. However, the presence
of WS2 did not protect the surfaces from wear.
In the fully formulated oils, Oil A, Oil B, and Used Oil B, the friction against
the a-C:H:W coating was initally very low, but then slowly rised to a higher
level. After tests in these oils, where the sulfur was a lot more abundant, no
WS2 was found on the surfaces. After the completion of these tests, strong
signals from all the additive elements were detected on the balls, which
suggest thick additive films [30]. Here, the competition between the
additives for the bare metal surface sites was obviously finally won by the
anti-wear additives. This correlated with higher friction as well as wear of
the coating top layer.
It may be suggested that WS2 was formed initially in these tests, explaining
the low friction, but once the anti-wear additives starts to build up on the
steel surface, WS2 cannot attach but instead easily becomes sheared off and
the friction rises. This results in repeated formation of WS2, which leads to
wear of the W-doped coating that probably slows down first when either the
W or S becomes depleted, or when the contact pressure becomes reduced
due to growth of the wear scar on the ball. The larger contact area may
spread out the frictional heating to a level where it is insufficient to break the
bonds in the additive to extract sulfur.
The ample supply of oil and the fact that the tungsten-containing upper layer
was not worn through, indicates that the supply of new material was not
limiting in the present tests, and therefore the growing contact area seems to
be the most likely mechanism.

Main conclusions
The different DLC coatings performed quite similarly with respect to the
stable friction level reached after running in. In none of the engine oils, the
coatings managed to reduce the friction compared with the uncoated steel
reference. The coated surfaces generally were given good protection, but
caused more wear to the countersurface than did the uncoated reference. The
silicon-doped coating promoted formation of protective tribofilms (by
activating the additives) and showed the overall best wear resistance.
Further, it did not cause more wear of the counter surface than the uncoated
steel reference.
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Doubling of the initial contact pressure decreased the friction coefficient
with approximately 20% for all coating/lubricant combinations and at the
same time reduced the wear with over 50% for some of the combinations.
When testing in Used Oil B the tribofilms formed contained less sulfides and
more sulfates than in the fresh Oil B. This resulted in up to 30% higher
friction. The sulfates formed from the Used Oil B protected the surfaces
better than the sulfides, with exception of the tungsten doped coating.
The small amount of sulfur present as contamination in PAO in combination
with the tungsten supplied from the ML-W DLC coating was enough to
build up a WS2-film that significantly reduced the friction.
The tungsten doped a-C:H:W coating showed the highest total wear, but
initially very low friction levels. These observations are believed to be
connected, and explained by the formation of the low-friction compound
WS2 (S extracted from the ZDDP additives combined with W from the
coating transferred to the ball surface). Due to the concurrent formation of an
anti-wear film on the ball, the WS2 cannot stick but is easily worn off.
The presence of sulfides correlated with low friction, but also with higher
wear of the coating.
Oil additives are mainly designed to work with iron based surfaces and not
with DLC coatings. Since the additive packages in commercial engine oils
are designed to function with many different surfaces within the engine and
the coatings only cover a few, it is not very likely that the additives will be
optimized for the coatings. Such an optimization is a very demanding task
since the tribologically active additives have so many different functions
within the engine, and also must be balanced with all the other types of
additives.
The present results are therefore very encouraging by indicating that DLC
coatings possess a large potential for further optimization of the tribological
interaction with current commercial engine oils.
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Conclusive summary

This thesis provides a detailed overview of the functionality for triboactive
low-friction coatings of Transition Metal Dichalcogenide (TMD) and
Diamond-Like Carbon (DLC) types, in many different systems. Several
important mechanisms and material structures are deeper investigated using
a wide range of high-resolution analytical tools, and several new
mechanisms are proposed.
The perhaps most important, and very interesting, difference between the
two coating families is that TMDs are intrinsically triboactive, but this
beneficial property may be lost by the presence of chemical factors such as
humidity and oil additives, while DLCs are not intrinsically triboactive, but
can become triboactive by the presence of the same chemical factors.
DLCs are today well developed and used on a wide scale for components.
The results of the thesis point out that by tailoring the top layer chemistry to
the application, improved performance and beneficial tribochemical
reactions can be achieved. With a balanced amount of additives and a
carefully chosen design of the coating, there is still room for many
improvements in the quest for lower emissions and better fuel economy.
The majority of the tribofilms discussed in the thesis are built up by WS2,
interestingly even for the DLCs. Recurrent for the presented results is the
remarkable driving force to form such low-friction tribofilms, regardless of
the initial states of the sulfur and tungsten, and even when the forming
elements are present only at ppm levels. This has led to that the mechanism
studies performed here are all on TMDs.
WS2 in its pure form is not suitable as a coating due to its poor mechanical
properties, its sensitivity to humidity and poor adhesion to the substrate.
Therefore addition of an alloying element is necessary to improve or
overcome these properties. For MoS2, alloying with Ti has given very
successful results and has been commercialized, while for WS2 and MoSe2
there are still no commercial alloyed systems. Several promising attempts
have been made to find good candidates, of which a few important ones are
investigated in this thesis. The selected alloyed TMD coating types
demonstrate the achievable potential.
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Triboactive coatings are better
Systems capable of forming low shear strength tribofilms during tribological
contact are smart. The complex set of mechanisms and unique properties
motivating this statement can be summarised as in the following:

The friction reducing mechanisms of the triboactive coatings
•
•
•

Relatively hard load carrying sub layer (offering small area of real
contact).
Thin easy-shear top layer (offering low shear stress) This is the
classical ideal combination, leading to a low friction force.
Transformation of the counter surface into a low-friction surface by
transfer of the easy-shear material.

If the same low shear strength material is used in bulk form or through the
whole coating, the shear stress will of course be low, but the low shear
strength also means that the hardness will be low, and the real contact area
correspondingly large. The friction will therefore be higher. Furthermore, the
risk of delamination of the whole coating will be high.

Key steps in the formation of the easy shear-film
The alloyed as-deposited coating already has the needed hardness, but
several mechanisms are involved in the transformation of this hard material
into easy-sheared tribofilms. Typically several steps are needed.
Typical step for the nanoparticle coating
• Disintegration of the relatively hard, crystalline nanoparticle structures
into small crystalline fragments.
Typical steps for the PVD coatings
The as-deposited amorphous or nanocrystalline structures become modified
by:
• Removal of hardness increasing alloying elements from the outermost
surface (carbon, nitrogen, metals other than Mo and W).
• Crystallisation of the now refined tungsten or molybdenum
+ sulphur or selenium composition into the layered TMD structure.
Steps common to both coating types
• Ideal alignment of the crystalline, layered structures with the easy
shear-planes parallel to the sliding direction.
• Growth and long-range ordering of this crystalline structure.
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•

Wear debris (in different scales) becomes tribosintered in the contact,
thereby forming wider continuous films.

Steps when forming in fuels and oils
• Triboinduced reaction between sulphur (extracted from sulphurcontaining molecules in the fluid) and tungsten (extracted from the
tungsten-containing DLC coating) deposits a film on the uncoated
counter surface

Tribological advantages of the triboactive coatings
•
•
•
•

Low friction without the need for external supplies (such as oil for
metals or water/hydrogen molecules for diamond).
Almost negligible wear.
Friction levels much lower than boundary lubricated contacts and
competitive also with full film lubrication.
No friction increase at start and stop (after the first time running-in),
very low friction also at very low speed.

Special advantages of this triboactive concept compared to
passive coatings (i.e. coatings offering the low friction without
the active mechanisms)
Only very small wear particles
• The thickness of possible wear particles is restricted to the very thin
easy-shear layer. (This weak layer naturally protects the stronger,
underlying coating from being exposed to high shear stresses).
Self-healing by both friction-induced tribofilm generation and recycling
• Local loss of the whole easy-shear layer will locally increase the
friction, which automatically leads to new tribofilm generation.
Without the active regeneration, this type of 5-50 nm thick easy-shear
layers would quickly be lost.
• The transfer and recycling of thin layers of the tribofilm between the
surfaces acts to replace lost easy-shear layers on the coating.
• The transfer and recycling of the thin layers of tribofilm also works
outside the coated surfaces in the system, i.e. both on the uncoated
counter surface, and on parts where the coating may have become
detached.
Mechanical robustness through recycling of very thin transfer layers
• Locally in a short time perspective these tribofilms are very unstable,
while globally and in a longer time perspective they are stable.
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• The extremely weak top layer is easily removed from the surfaces, but
the loosened fragments stay in the system. Locally, small thin film
fragments frequently are transferred back and forth between the
surfaces. The net loss of material becomes very low. This leads to an
on-going intermixing of material where the local shearing will take
place in the interface where the shear strength at that moment happens
to be lowest.
• The resulting “jumping” of the sliding interface will constantly create
new mating surfaces. This action will help removing high shear
strength particles from the layer and results in a well-ordered tribofilm
free from contaminants.
• The ability to carry extremely high loads as compared with their shear
strength and the response that both the friction and wear decreases
when subjected to higher loads are extremely rare properties.

Main challenges
The sensitivity to the chemical environment is very high. Although robust in
the presence of many reactive elements, the presence of water molecules,
some lubricants, and fuels may disturb the process to a degree where the
friction becomes much higher and the wear life becomes extremely short. Is
it possible to develop a coating material that is capable of performing the
“key mechanisms” also in the presence of the water molecules, fuels and
lubricants?
The majority of the failures under well performing conditions were adhesive
failures. This is a crucial factor to overcome before these coatings can be
commercialized.
As always in tribology one must be careful when extrapolating results
obtained in simplified lab tests. Just because the coatings worked well in
some of the tests, there are no promises that they would work well in a real
application, which always involves another set of conditions. Analogously a
coating may perform excellently in a real application and still fail in the
tests.
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Future outlook
The results in this thesis have proven that there are very good opportunities
to achieve significant technical development in tribological applications.
In the near future, environmental and health related legislations will become
even stricter than today. The demands for even further improvements in fuel
economy and reduced exhaust gas and particle emissions will rise. Machines
must be quicker, lighter and less energy consuming. Many components will
have to cope with higher stresses due to the necessary elimination of some of
the best protecting but most aggressive lubricant additives. Other
components must be able to operate totally without addition of lubricants.
This scenario cannot be successfully solved without a wide range of
technical improvements, where triboactive component coatings may offer
one important contribution.
The present thesis will hopefully provide an important piece of increased
understanding and constitute a good fundament for the continued research
and development within this field.
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Summary in Swedish

Triboaktiva lågfriktionsbeläggningar,
provning och mikroanalys av tribofilmer
Den ökande strävan att värna vår miljö och hälsa har bland annat lett till
ökade krav på minskade utsläpp av växthusgaser och partiklar ur fordon och
kraftig minskning av miljöbelastande tillsatser i oljor och drivmedel. När
dessa tillsatser, som har viktiga funktioner i motorer och maskiner, tas bort
medför det högra påfrestningar för många kritiska komponenter. Samtidigt
vill användarna ha minskad bränsleförbrukning och ökad motoreffekt. Den
utveckling av oljor och bränslen detta medfört, ofta med tillägg av
förnyelsebara och biologiskt nedbrytbara tillsatser, gör att det finns ett behov
av en ökad förståelse för hur de beter sig ur friktions- och nötningssynpunkt.
En minskning av energiförlusterna och utsläppen på bara några få procent
ger enormt positiva konsekvenser, om man ser på hur många fordon som
finns i världen idag.
De nämnda faktorerna har lett till att ingenjörer tvingas söka nya lösningar
för att upprätthålla goda prestanda för många produkter. En möjlighet att
tillgodose dessa krav är utvecklingen av lågfriktionsytbeläggningar.
Ett par mikrometer tunna skikt som fysiskt eller kemiskt beläggs på ytan på
komponenter kan öka nötningsbeständigheten och sänka energiförlusterna
drastiskt. Sådana ytbeläggningar används idag på regelbunden basis för de
komponenter som utsätts för högst påfrestningar och inte får tillräckligt
skydd av smörjmedlen, som t ex pumpar, kolvringar och insprutningsventiler. På grund av den relativt höga kostnaden så är beläggningarna
begränsade till de viktigaste och mest utsatta komponenterna i vanliga
personbilar, medan man inom t ex racing belägger motorkomponenter till en
väsentligt högre grad för att klara de enorma påfrestningar de utsätts för
under ett lopp. Det finns även ett växande intresse för att kunna ha torra,
osmorda glidande kontakter i mekaniska system. Det finns många drivkrafter
för detta, t ex att kunna få till en smidigare design där det är för trångt att
tillföra flytande smörjmedel eller i känsliga system där oljorna riskerar att
kontaminera kringliggande ytor. Det finns också många andra fall där
flytande smörjmedel inte fungerar, t ex vid extrema temperaturer och i
vakuumsystem.
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Idag utgörs nötningsbeständiga och friktionsreducerande ytbeläggningar
främst av en typ av hårt, amorft kol kallat diamond-like carbon, förkortat
DLC, som har visat sig robusta och välpresterande.
Ett intressant koncept som undersökts i den här avhandlingen är
ytbeläggningar som i en tribologisk kontakt aktivt skapar gynnsamma
förutsättningar för att få låg friktion. De har därför fått namnet triboaktiva
ytbeläggningar.
En grupp av triboaktiva lågfriktionsbeläggningar är kalkogener av
övergångsmetaller, kallade TMD. Främst har man hittills utvecklat
molybden- och volframdisulfider samt motsvarande diselenider.
Molybdendisulfid (MoS2) är ett välkänt lågfriktionsmaterial som ofta
används som tillsats i fetter, oljor och som den aktiva substansen i fasta
smörjmedel. Det förekommer även kommersiellt som ytbeläggning.
Volframdisulfid (WS2) har undersökts till viss del i litteraturen, medan
diseleniderna är väsentligt mindre undersökta. Gemensamt för TMDmaterialen är att de har en lamellär struktur som består av starka plan som
med väldigt lätt kan skjuvas och glida över varandra. Den viktigaste
skillnaden mellan DLC och TMD är i detta sammanhang att TMD är
intrinsiska triboaktiva lågfriktionsmaterial, men denna egenskap kan
försämras rejält av kemiska faktorer som fuktighet och vissa tillsatser i oljor,
medan de kolbaserade DLC inte är intrinsiskt triboaktiva lågfriktionsmaterial, men kan fås att bli det med tillsats av samma kemiska faktorer.
Användningen av TMD som ytbeläggningar är liten, främst pga att de i sin
rena form har svaga mekaniska egenskaper. De är mjuka och porösa och
väldigt känsliga för fuktighet. I praktiken har detta begränsat dem till
användning till miljöer med väldigt låg fuktighet eller i vakuum. I sådana
miljöer kommer deras intrinsiska egenskaper väl till användning. I många
fall har försvinnande låga friktionskoefficienter uppvisats (under 0.01), med
ett minimum vid 0.001-0.002 i högvakuum. Detta är kanske en hundradel av
friktionen utan TMD-skiktet, och även lägre än vad de flesta smorda
kontakter ger. En metod för att förbättra de mekaniska egenskaperna för
TMD-skikten är att legera dem med olika element. Detta har visats ge
hårdare, mer kompakta ytbeläggningar som i olika grad visat sig mer
beständiga vid högre fuktigheter.
I de flesta fall bestäms den låga friktionen av det absoluta toppskiktet av
dessa redan tunna ytbeläggningar. En kemisk eller strukturell omvandling till
en så kallad tribofilm i ca 5-50 nanometer (motsvarande något tiotal till
hundratal atomlager) räcker i många fall för att ge en enorm
friktionssänkning.
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Den här avhandlingen ger detaljerade insikter och en överblick över
funktionen hos tribologiskt aktiva ytbeläggningar av typerna TMD och DLC.
Flera viktiga mekanismer för uppbyggnaden och funktionen för dessa
supertunna tribofilmer har undersökts och beskrivits på djupet med hjälp av
ett stort omfång av högupplösande analytiska tekniker.
Resultaten som presenteras i avhandlingen poängterar att genom att kemiskt
skräddarsy toppskiktet för applikationen – på dessa redan mikrometertunna
beläggningar – så kan man ökad prestanda och erhålla fördelaktiga
tribokemiska reaktioner. Även för DLC, som redan är välutvecklade
materialsystem, finns det fortfarande utrymme för utveckling och
förbättringar i jakten på minskade utsläpp av partiklar och växthusgaser och
minskad bränsleförbrukning i motorer. Denna utveckling kan innefatta val
av en balanserad mängd oljeadditiv och noggrant valda legeringar av
beläggningen.
I vissa fall är det så att de tunna tribofilmer som skapas i toppskiktet på t ex
volframlegerade DLC-skikt är av typen TMD. Då är det dessa supertunna,
mjuka och lättskjuvade tribofilmer ovanpå en hård och stöttande
ytbeläggning som erbjuder den kombination av låg skjuvstyrka och liten
kontaktarea som ger minimal friktionsförlust.
Uppbyggnaden av tunna tribofilmer av just WS2, oavsett det initiala
tillståndet hos svavel och volfram, är ett återkommande resultat. Det är
anmärkningsvärt att trots den kemiska känsligheten för främst vatten, så
finns det i många fall en stark drivkraft att bilda WS2 på den yttersta ytan.
Man får tack vare den starka drivkraften ytterst låg friktion till och med när
svavlet bara förekommer i halter på några miljondelar, och i närvaro av
många andra reaktiva element. Även när WS2 bara bildas i en liten del av
kontaktytan ger det en signifikant friktionssänkning.
Den starka drivkraften att bilda just WS2, i kombination med studier av flera
nya experimentella ytbeläggningar där WS2 legerats med andra element, har
lett till att mekanismerna som studerats i avhandlingen nästan uteslutande
handlar om TMD.
Avhandlingen visar bla att i luft med låg fukthalt kan WS2 legerat med kväve
ge så extremt låg friktionskoefficienter som 0.003, vilket i princip matchar
de rekordnivåer som tidigare endast uppmätts i vakuum.
En ytbeläggning bestående av nanopartiklar av WS2 i nickel gav superlåga
friktionsnivåer i fuktfri miljö, till och med lägre än ytbeläggningar helt i
WS2.
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Undersökningar av ytor i kontakt med olika kommersiella bränslen, både
traditionella och förnyelsebara, har visat ett flertal lovande materialsystem.
Liknande tester i motorolja upphettad till samma temperaturnivå som i en
motor har också påvisat att man med rätt kemisk design kan skapa en
gynnsamm kombination av ytbeläggning och tillsatser i oljan för att skapa ett
triboaktivt system där friktion och nötning av komponenter kan minskas.
TMD-skikten har även visat sig ha förnämliga, självläkande egenskaper.
Detta sker genom att mikroskopiska, tunna flak av tribofilmen ständigt
överförs fram och tillbaka mellan de två materialen i kontakt. Om skiktet
lokalt försvinner, kommer de små flaken snabbt bygga upp en ny tunn film,
utan någon större försämring av friktionen.
Förmågan att kunna bära extremt höga laster i förhållande till sin skjuvstyrka
och att i gensvar till ökad last fortsatt minska friktionen och nötningen är
extremt sällsynta egenskaper.
Avhandlingen påvisar att det finns stor potential att kringgå de svagheter
som TMD eller främst WS2 har, genom smarta legeringar.
Miljö-, klimat- och hälsorelaterade regleringar kommer att bli ännu striktare
än idag. Bränsleförbrukningen och utsläppen från våra fordon måste alltså
minskas. Maskiner måste bli snabbare, lättare och mindre energislukande.
Många komponenter kommer att ansträngas än mer av den nödvändiga
elemineringen av de bäst skyddande men mest aggressiva smörjmedelstillsatserna. Andra komponenter måste kunna fungera helt utan smörjmedel.
Detta scenario kan inte lösas på ett framgångsrikt sätt utan en rad tekniska
förbätringar, där tribologiskt aktiva ytbeläggningar erbjuder ett viktigt
bidrag.
Avhandlingen ger förhoppningsvis sådana viktiga bidrag till en ökad
förståelse som kan utgöra en stark grund för fortsatt forskning och
utveckling och så småningom en större spridning av högpresterande
lågfriktionsbeläggningar.
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gånger jag varit vilse och för din ovärderliga förmåga att ta fram det bästa ur
mina resultat.
Urban, du fick en parentes då du inte varit så delaktig som handledare förrän
vid enstaka tillfällen och nu på slutet. Jag uppskattar dock din förmåga att
snabbt sätta dig in i ett problem och ta fram kärnan i det. När du väl är på
plats och har tid så har du varit till stor nytta.
Sture, för ditt ständigt goda humör och din öppenhet för djupa diskussioner
om mekanismer och för att du trodde på mig från början.
Åsa, Micke och Patrik: Tack för många intressanta diskussioner och för att
ni alltid ställer upp när man ber om hjälp.
Peter: Många dagar och nätter har vi tillbringat i samma rum..
Det har varit ett sant nöje och ett gynnsamt samarbete där vi kompletterat
varandra bra.
Julia: Det var du som lurade hit mig och jag är glad över att få ha jobbat och
umgåtts tillsammans med dig.
Benny: Det har varit en hel del galna upptåg under våra många resor. Det har
varit roligt och givande att få jobba med dig.
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Johanna O: Du är grym på att peppa folk och din optimism saknas här på
avdelningen.
Frida, Janna, Harald, Martina, Maria och Petra: Ni har varit ett glatt gäng
och jag är glad att ha få umgåtts och jobbat med er.
Viktor: För en bra insats med Rock-Olgan, vilket ledde till många bra
resultat.
Svahn: För att du introducerade mig för TEM och hjälpte till i början.
MIM-gruppen: Det har varit intressant och trevligt att tillhöra samma
avdelning och få se er grupp växa upp.
Håkan: Tack för din hjälp med att få mig till Kanada och för mycket annat.
Kathryn: Tack för att du tog hand om mig när jag hade lunginflammation i
USA och för all din hjälp med min vistelse i Kanada.
Erik: Det har varit grymt kul att ha en fellow brädåkare på avdelningen och
du tackar sällan nej till att göra roliga saker.
ÅSTC och MST: Det har varit många trevliga tillfällen både på och utanför
arbetstid. Ni har bidragit till en stimulerande arbetsmiljö.
Timo: För all din hjälp med FIB ochTEM där vi haft ett bra samarbete för att
utveckla metodiken. Och för många givande diskussioner, både på jobbet
och privat.
Tom: För att du hjälpte mig att lyfta mitt TEM:ande till en högre nivå och
för din hjälp med att åka till Dresden.
Jill: För många långa och trevliga dagar i renrummet tillsammans och för all
hjälp med ESCAn.
Fredric E: För ditt tålamod när instrumenten gått sönder och för din
entusiasm att lära ut hur mikroskop etc fungerar.
Janne: För all hjälp med att fixa saker som gått sönder och för ditt tålamod.
Du har varit ovärderlig. Ångström kommer inte bli sig likt den dagen du
slutar.
Bagge: För ovärderlig hjälp med alla datorrelaterade problem och för många
roliga fikaraster och Mombasas.
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Uffe: För all hjälp med Auger och för många intressanta diskussioner.
Greger H, Mattias L och Susanna W: Tack för att ni alltid ställt upp och
hjälpt till med att fixa fram belagda prover.
Tack till alla administratörer och ekonomiansvariga med Ingrid och Eva i
spetsen, för all hjälp med personalfrågor, fakturor, etc.
Tack till alla doktorander och professorer inom forskarskolan för tribologi.
Det har varit många roliga och givande kurstillfällen.
Tack till alla som kommit och gått genom åren som tillfört mycket till både
stämningen på avdelningen men också gett värdefull hjälp i labbet eller
genom diskussioner, t ex Primateria och ANS.
Ett stort tack till alla er som hjälpte till med korrekturläsning. Det uppskattas
och jag ställer självklart upp för en liknande gentjänst!
Thanks to all the people at CCEM and McMaster, but mostly to Gianluigi,
Glynis, Matthieu, David (and Jill), Andrew, Nicolas, Steffi, Mosén, Andreas,
and Andy for all the help and for making me feel welcome. I miss the
Phoenix and the softball games.
Thanks to Tomas Polcar and Albano Cavaleiro for a fruitful collaboration
and for my stay in Coimbra. There have been many interesting discussions,
especially with Tomas.
Thanks to André Hieke for a very interesting collaboration and for supplying
coatings and oils.
Sist men inte minst, ett stort tack till alla vänner som varit med på färden och
som berikar mitt liv. Och till min familj, som alltid trott på och stöttat mig.
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