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Abstract
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Comprehensive Summaries of Uppsala Dissertations from the Faculty of Science and
Technology 1187. 76 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-554-9065-2.

The use of low-friction coatings on machine elements is steadily increasing, and they are
expected to play an important role in the reduction of fuel consumption of future motorized
vehicles. Many low-friction coatings function by transformation of the outermost coating layer
into tribofilms, which then cover the coating surface and its counter surface. It is within these
tribofilms that sliding takes place, and their properties largely determine the performance. The
role of the coating is then not to provide low friction, but to supply support and constituents
for the tribofilm.

In this thesis, the formation of such tribofilms has been studied for a number of different low-
friction coatings. The sensitivity of the tribofilm formation towards changes in the tribological
system, such as increased surface roughness, varied surrounding atmosphere and reduced
availability of the tribofilm constituents has been given special attention.

For TaC/aC coatings, the formation of a functioning tribofilm was found to be a multi-step
process, where wear fragments are formed, agglomerated, compacted and eventually stabilized
into a dense film of fine grains. This formation is delayed by a moderate roughening of the
coated surface.

Coatings based on tungsten disulphide (WS2) are often able to provide exceptionally low
friction, but their use is restricted by their poor mechanical properties and sensitivity to humidity.
Large improvements in the mechanical properties can be achieved by addition of for example
carbon, but the achievable hardness is still limited. When titanium was added to W-S-C coatings,
a carbidic hard phase was formed, causing drastically increased hardness, with retained low
friction. Titanium oxides in the tribofilms however caused the friction to be high initially and
unstable in the long term. In a study of W-S-N coatings, the effects of humidity and oxygen
were studied separately, and it was found that the detrimental role of oxygen is larger than often
assumed.

Low friction tribofilms may form by rearrangement of coating material, but also by
tribochemical reactions between constituents of the coating and its counter surface. This was
observed for Ti-C-S coatings, which formed WS2 tribofilms when sliding against tungsten
counter surfaces, leading to dramatic friction reductions.
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1. Introduction 

Since the dawn of civilization, friction in machines, tools and vehicles has 
been a problem, and efforts have always been made to lower it. A famous 
example is the use of water to lower friction when large rocks were moved 
on wooden sleds across desert sand to build pyramids in ancient Egypt1. 
Another major breakthrough from approximately the same period was the 
invention of the wheel, which dramatically decreased the energy needed to 
transport objects. Basic phenomena of friction were studied and described 
already by da Vinci, and with growing intensity a few centuries later, in the 
decades before the onset of the industrial revolution. At this time, Amonton 
formulated a number of laws of friction, which are still taught today2. 

The efforts towards reducing friction have continued, and friction is still a 
major concern in any mechanical system. Today, the reduction of friction in 
vehicles is perhaps the most obvious example. The demands on energy 
efficiency in vehicles are ever increasing, and with them the efforts to reduce 
the use of energy. Still, as calculated in a recent study by Holmberg et al., 
the energy put into a petrol fuelled car in the form of fuel is used to about 1/3 
to overcome friction losses. Approximately half of this is losses related to 
the propulsion, i.e. rolling resistance and braking, which together with the air 
drag make up about 1/5 of the total energy input. The other half of the 
friction losses are spent on overcoming friction in the engine and 
transmission. Reduction of these losses not only directly saves energy, but 
also reduces the amount of energy lost in earlier stages, making the savings 
approximately threefold. 

One potential method for friction reduction that is pointed out as 
promising is the use of low-friction coatings on selected engine components. 
This can directly lower the friction losses of the coated component, but 
perhaps even more importantly it can reduce its dependence on the 
protection provided by oil lubrication. This would in turn allow for the use 
of a lower viscosity lubricant, leading to further reductions of the viscous 
losses in the engine. 

This thesis is devoted to the study of a number of low-friction coatings 
that could be candidates for such applications and is aimed at providing 
further insights into their properties and function. The coatings studied here 
achieve low friction by forming thin layers, so called tribofilms, within the 
sliding interface. It is within these tribofilms that sliding ultimately takes 
place, and it is their properties that determine the performance of the 



 10 

low-friction coatings. Low-friction coatings whose function depends on the 
formation of tribofilms are often called triboactive, indicating that they are 
activated and change their properties when exposed to a tribological contact. 

The formation of tribofilms during initial use of the coatings has been 
studied in some detail, in order to determine what aspects are critical for the 
coatings to reach the desired low-friction state. The influence of the 
composition, structure and mechanical properties of both the as-deposited 
coatings and the counter surface on the initial formation and long-term 
function of the tribofilms has also been studied. 

The intended outcome of the thesis is an increased knowledge of the 
mechanisms that make low-friction coatings provide low friction, and of 
how a tribological system should be optimised to facilitate the use of them, 
and to ensure the maximum benefit from them. 
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2. Background 

General considerations for low friction 
Amonton’s laws state (1) that the friction force is directly proportional to the 
applied load and (2) that the friction force is independent of the apparent 
area of contact2. These laws may seem counter intuitive at first, and it should 
be pointed out that they are not valid in all situations. Still, they make up a 
good starting point for understanding friction. 

When two surfaces are brought into contact, their mechanical contact will 
be limited to a small number of contact spots, in the points where their 
respective topographies first meet. For most technical surfaces, the initial 
contact will be so concentrated that asperities of the softest material reach a 
pressure where they are plastically deformed (this pressure is directly related 
to the hardness of the material). Any further increase in normal load will 
thus be accompanied by an increased size and number of the contact spots. 
This allows a simple estimation of the real contact area, Ar, as: 

 =  (1) 

 
Here, FN is the normal load and H the hardness of the softest material in the 
contact. The notion that the real contact area is directly proportional to the 
normal load makes the observation that the same is true for the friction force 
easier to understand. It also explains why the apparent area of contact does 
not influence the friction, since a large apparent contact area will only mean 
that the contact spots will be distributed over a larger area. 

In order to achieve low friction, one must reduce the contributions to the 
friction force as much as possible. The friction force between two solids in 
relative motion may be attributed to either adhesive or abrasive (ploughing) 
forces, which are always at play at different proportions. This division of the 
origin of friction forces was first introduced by Bowden & Tabor in the early 
1940s to describe the friction of metals3. According to this division, the 
friction force may be written as: 

 = ℎ + = ∙ + ∙  (2) 
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Here, τ is the shear strength of the contact bridges formed in the patches of 
real contact and Ar is the real contact area in which the shear takes place. The 
product of these represents the adhesive component of the friction force. H is 
the pressure needed to cause flow of the ploughed material, for which the 
indentation hardness is a good approximation (although it is not identical by 
definition). The ploughed area is denoted Ap and represents the cross section 
of the scratches formed by ploughing asperities. 

Achieving low friction is a matter of minimizing the four contributions in 
equation 2, and can be summarized as: 

 
1. Minimizing the interfacial shear strength in the contact spots. 
2. Minimizing the real contact area, so that the sheared area is as small as 

possible.  
3. Minimizing the resistance to abrasion (if it occurs) by assuring that it can 

be accommodated in a soft material. 
4. Minimizing the extent of abrasion, by ensuring that the harder surface is 

smooth, with low and flat asperities. 
 

Minimizing the shear strength is a matter of supplying a material that is as 
easily sheared (i.e. as soft) as possible within the contact spots. As seen in 
equation (1) however, decreased hardness of the softest contacting material 
will also lead to an increase of the real contact area (and possibly also of the 
scratched cross section), which will reduce the benefit of the lower shear 
resistance. Achieving low adhesive friction thus involves a paradox, in that 
the ideal material should be both hard and soft, simultaneously. 

The by far most common solution to this paradox is the use of a lubricant, 
liquid or solid, which acts as an easily sheared layer in the contact, without 
significantly influencing the real contact area. 

Another solution is to tailor the outermost surface of the material to fulfil 
the wish for low shear strength, but to make this soft outer layer so thin that 
it does not influence the size of the real contact area. This is the working 
mechanism of many tribological coatings, a topic that will be introduced 
more thoroughly in the coming section. The work presented in this thesis 
about the development of novel low-friction coatings can to a large extent be 
said to deal with the minimization of each of the four listed contributions to 
friction. 

Coating of surfaces 
In this section, the idea of using coatings to reduce friction and wear will be 
introduced, along with an introduction to the concept of tribofilms and the 
types of coatings studied in the thesis. 
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Friction reduction by coating of surfaces 
It was mentioned in the previous section that one requirement for low 
adhesive friction is that the material in the contact spots has low shear 
strength, but that this requirement contradicts the requirement that the 
sheared area (i.e. the real contact area) should be small. One solution to this 
problem is to produce the tribological components from a hard material, but 
supply one of the interacting surfaces with a thin coating of a material with 
much lower shear strength. This idea was studied in the 1940s by Bowden & 
Tabor4, who observed that it was possible to achieve coefficients of friction 
below 0.1 between two steel surfaces by applying a thin layer of In or 
another soft metal on one of the surfaces. They also concluded that the soft 
metal coating should be rather thin, around 1 µm, to give truly low friction. 
If the coating is thin enough, the real contact area will still be determined by 
the hardness of the substrate material, and will thus remain small. For thicker 
coatings, the real contact area will be increased, and for too thin coatings, 
surface asperities will protrude through the coating and increase the friction. 

The situation is illustrated in Figure 1, showing the change in asperity 
contact situation when one side of a tribological system is exchanged. The 
cases of exchanging a hard counter surface to a soft one is compared to 
applying a soft coating to the hard counter surface. In the same figure, a 
typical contact situation for the coatings studied in this thesis is shown, 
which will be discussed further in the following section. 

 
Figure 1. Illustration of the influence of hardness and shear strength on the adhesive 
friction. The figure illustrates the contact between an upper surface asperity of a 
hard material, in contact with different lower asperities. Lower asperities of a hard 
material, a soft material, a hard material with soft coating, and a hard material with a 
triboactive coating that has formed a tribofilm are indicated, respectively. 

The addition of a soft metal coating to reduce friction indeed works, but has 
severe limitations in terms of wear life, and is thus mainly applicable for 
applications where the number of sliding cycles is low (such as for 
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prevention of seizure of screw joints) or where the coating is meant to come 
in to contact only in the event of lubrication failure or excessive loading. 

The concept of tribofilms and triboactive coatings 
In order to achieve a long wear life of a coating, it is necessary to increase its 
hardness, so that it is not macroscopically sheared in the tribological contact, 
which is what happens for softer coatings. Still, it is necessary to maintain 
the low shear strength of the outermost layer of the coating, if the friction is 
to remain low. A solution to this dilemma is presented by the triboactive 
coatings studied in this thesis (and other common coatings) and is based 
upon the formation of easily sheared layers within the tribological contact. 
Such layers go under several names, where tribofilm will be the preferred 
term in this thesis. The terms tribolayer, transfer film and third body are 
often used to describe the same phenomenon, but may also have other 
meanings. In this thesis, coatings that provide low friction by forming 
tribofilms are referred to as triboactive. Other authors have used the terms 
self-lubricating or self-adaptive to describe the same behaviour. 

When functioning as intended, tribofilms make up an almost ideal 
situation for achieving low friction. The real contact area is kept small by the 
hard base materials (i.e. the bulk of the counter surface and “bulk” of the 
coating), which also possess a good resistance to wear. At the same time, the 
shear strength is made very low, to ensure a low friction force, but only on 
those parts of the interacting surfaces where this is actually needed, i.e. 
where mechanical contact takes place. Those parts of the surface which are 
not involved in the tribological contact remain in their original state, 
characterized by a higher stability. A schematic view of the intended 
function at the asperity level is shown at the far right of Figure 1. 

This thesis is devoted to the study of tribofilms formed in the sliding 
contact of a number of low-friction coatings. It covers the build-up of 
tribofilms from coating constituents in the case of TaC/aC and WS2-based 
coatings, where tribofilms are formed by rearrangement of the coating 
material. It also deals with tribofilms formed through tribochemical reactions 
between constituents from the coating and its counter surface, exemplified 
by Ti–C–S coatings sliding against W counter surfaces. 

An interesting aspect of triboactive coatings is that it is not the intrinsic 
properties of the coating material that determine their tribological 
performance. Instead, it is the properties of the tribofilms formed once the 
coatings are “activated” in a tribological contact that are critical. It is often 
not obvious from the coating material itself that it will provide low friction, 
since the desired properties of the non-activated coating are widely different 
from those of an ideally functioning tribofilm. 
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Tribochemical formation of tribofilms 
As mentioned, low-friction tribofilms can form not only by rearrangement of 
a surface, but also by chemical reactions between constituents with different 
origin. A common example is tribofilm forming lubricant additives, such as 
ZDDP and MoDTC/MoDTP, which decompose in tribological contacts to 
form seizure-preventing or friction-reducing layers. Lubricant additives may 
also form tribofilms by reactions with the lubricated surface. This is the 
operating mechanism of sulphurised extreme pressure (EP) additives, which 
react with lubricated steel surfaces to form seizure-preventing iron sulphide 
films. 

Tribochemically formed low-friction tribofilms consisting of transition 
metal dichalcogenides are presented in this thesis. This is not a new topic as 
such, and several possibilities for such formation exist. Bowden et al. 
performed experiments during the 1960s where different Mo and W 
compounds were tested in sliding friction under vacuum5. Dramatic friction 
reductions where seen in the sliding friction as H2S gas was introduced into 
the test chamber, and post-test analysis showed the formation of MoS2 and 
WS2, respectively. The effect was particularly strong at high temperature. 
Later, Sawyer & Blanchet performed similar tests with H2S gas and W/Mo-
containing surfaces, but under ambient conditions6. Again, dramatic friction 
reductions were observed in the presence of H2S and the formation of 
sulphides of Mo and W was confirmed, showing that these reactions can also 
take place at room temperature and when the H2S is mixed with other gases. 

Zaitsev & Pleskachevsky were able to show that WS2 and WSe2 could be 
formed tribochemically by supplying S and Se powder in the sliding contact 
of a self-mated WC–Co alloy7, i.e. with both constituents in the solid state, 
and that this resulted in low friction. 

Podgornik et al. observed tribochemical formation of WS2 in the contact 
between a WC/C PVD coating and steel, lubricated with oil containing a 
sulphurised EP additive8. Friction and wear decreased, both compared to the 
same material combination tested in pure base oil and compared to uncoated 
steel rods tested in additivated oil. 

The tribochemically formed tribofilms presented in this thesis represent 
another route to the formation of TMD tribofilms, where both constituents 
are supplied from solid surfaces, one of them being a Ti–C–S coating. 
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Types of materials studied in this thesis 
Carbon based coatings 
Low-friction coatings based on carbon are those which have received the by 
far largest research interest in the recent decades. There are also several 
examples of successfully commercialized carbon based coatings. 

Carbon based coatings, often referred to as diamond-like carbon (DLC) or 
amorphous carbon coatings, are a large family of coatings with a very wide 
range of properties. Their hardness, as one example, can vary in the range 
from 5 to 90 GPa. DLC coatings can be produced by a large number of PVD 
and CVD methods, and the chosen method will have a large impact on their 
properties. The deposition method, the deposition conditions and the source 
of carbon will influence the way in which the carbon atoms are bonded to 
each other. The atoms can be held together by sp3 or sp2 hybridized bonds, as 
found in diamond and graphite, respectively. A high degree of sp2 bonding 
typically gives soft and tough coatings, whereas coatings with mainly sp3 
bonding are usually harder, stiffer and more brittle, i.e. more diamond-like. 
In some deposition processes, where carbon is supplied in the form of a 
hydrocarbon gas (usually methane or acetylene), the resulting coatings may 
have a high content of H. This usually gives softer coatings, but their 
tribological properties are often excellent9. 

As for the mechanical properties, the tribological performance of DLC 
coatings varies dramatically between the different types of coatings, so 
giving one general description of their behaviour is not possible. To further 
complicate the matter, other elements are often added to DLC coatings, in 
order to modify their properties. A large number of elements have been used, 
both metals and non-metals, with varying results. As a very general trend, 
successful metal dopants result in improved adhesion of the coatings, 
lowered friction with less sensitivity to the testing atmosphere, but increased 
coating wear rate10. 

Carbon based coatings in this thesis 
The carbon based coatings studied in paper I–II of this thesis were produced 
by magnetron sputtering, using elemental carbon targets as the carbon 
source, and are thus expected to have a low H content. To produce the 
TaC/aC coating, a carbon target partially covered by Ta foil was used. This 
coating was developed during a previous doctoral work by Nilsson, and was 
produced following the descriptions given in his work11. 

The TaC/aC coating is a good example of the possible improvements 
from doping of DLC coatings. In the first report of its properties, a reduction 
of the coefficient of friction from 0.22 to 0.04 was seen when 15 at% of Ta 
was added to a pure carbon coating, deposited under identical conditions12. 
Two mechanisms for friction reduction were identified. Firstly, the 
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introduction of small TaC crystallites leads to a disruption of the carbon 
structure, facilitating the formation of a graphitic transfer film, but also 
increasing the coating wear. Secondly, TaC is decomposed and oxidized to 
form Ta2O5, an oxide suggested to be lubricious11. 

In paper II, a pure carbon coating was applied on top of the TaC/aC 
coating, by magnetron sputtering from a pure carbon target. 

Transition metal dichalcogenide (TMD) coatings 
General properties of TMDs 
Transition metal dichalcogenides (TMDs) are a large group of compounds, 
consisting of a transition metal and a chalcogenide (S, Se or Te). Most of the 
compounds have a lamellar structure, where layers of metal atoms are 
surrounded by layers of chalcogenide atoms, forming planar units that are 
then repeated within the material, as shown in Figure 2. The bonds within 
these planar units are strong, while those between them are rather weak, 
giving the materials strongly anisotropic properties13. For some of the 
compounds, namely MoS2, MoSe2, MoTe2, WS2, and WSe2, the electronic 
structure is such that the bonding between the planar units almost vanishes 
completely. This property makes them highly interesting as solid lubricants, 
and those that have been tested have been able to provide very low 
friction14,15. 

In this thesis, the term TMD will be used to refer to sulphides and, to a 
lesser extent, selenides of tungsten and molybdenum, as these are the ones of 
interest as tribological materials. 

 
Figure 2. Crystalline structure of WS2, showing W atoms as small dark spheres and 
S atoms as large bright spheres. The left image shows the three-dimensional 
structure, indicating the strong covalent W–S bonds within the planar units. To the 
right, a two-dimensional view of three stacked planar units is shown.  
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TMDs as tribological materials 
TMDs have been used as solid lubricants for at least a century. By far most 
common is MoS2, which may be produced by purification of molybdenite 
ore, the most abundant source of Mo. Before use, the ore is purified from by-
products and crushed to produce a fine powder. This powder may then be 
introduced into tribological contacts in several different ways. Perhaps most 
common is to use it as a lubricant additive, in oils or greases, where it is 
mainly used to increase the wear life of components, rather than to lower 
their friction16. 
The powder may also be applied to tribological components through 
burnishing, where powder is simply rubbed onto the surface of a component 
using a sliding tool. It is also possible to produce coatings by mixing the 
powder with a solvent, forming a suspension that may be applied by 
spraying, painting or dipping. The mentioned application methods result in 
porous coatings consisting of grains of MoS2 attached to the substrate 
surface mainly by mechanical interlocking, and to some extent chemical 
bonding. During sliding in a tribological contact, the porous coating is 
compacted and partially transferred to the counter surface10. Another simple 
method for production of MoS2 coatings is the use of a polymer binder 
phase. Then, MoS2 powder is mixed with a binder and a solvent, forming a 
liquid that can be applied to the surface to be coated. After evaporation of 
the solvent, a coating consisting of randomly oriented MoS2 grains in a 
polymer matrix is formed. Bonded coatings are easier to apply than 
burnished ones, for most applications, and typically have better wear 
resistance than coatings without binder, mainly due to better adhesion to the 
substrate17. 

Bonded and sprayed coatings have rather large and inaccurate thicknesses 
(typically >10 µm), and undergo large plastic deformation during initial use, 
making them unsuitable for components with large demands on accuracy, 
such as ball bearings, etc.18. In an attempt to improve the accuracy of coating 
thicknesses as well as the adhesion of the coatings to the substrate, sputtered 
MoS2 coatings were studied already in the 1960s, and were observed to have 
excellent sliding properties in vacuum19,20. 

Another way of applying TMDs to tribological contacts was introduced in 
the 1990s, in the form of inorganic fullerene-like nanoparticles of WS2 and 
MoS2. These particles consist of several concentric closed spheres of TMD 
layers, and are possible to produce in large quantities21. They have been 
extensively tested in tribological applications, for example as lubricant 
additives22, by inclusion in electrolytic23 and sputtered coatings24. They 
lubricate by forming TMD tribofilms, after being fractured and smeared out 
in the tribological contact, a situation that can often provide very low 
friction. An advantage of the fullerene-like structure is that the TMD planes 
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form closed spheres, without edge sites, making them less prone to 
oxidation. 

TMDs are generally quite sensitive to the presence of humidity and other 
atmospheric components. Extremely low friction is mainly observed in inert 
atmospheres or vacuum. In ambient conditions, the TMDs are oxidized, and 
H2O is thought to cause directly increased friction by strengthening the 
bonds between the TMD layers25,26. The individual effects of humidity and 
O2 are slightly unclear, and a study of their respective influences was 
performed in paper V of this thesis. 

Pure TMD coatings produced by PVD 
As mentioned, pure TMD coatings produced by PVD show several excellent 
properties, especially in terms of friction in low-humidity environments. 
However, they also have some severe limitations. They tend to be rather 
porous, to a large extent due to their columnar growth mode. This makes 
them prone to oxidation and adsorption of humidity, and gives them poor 
mechanical properties, as they have rather poor cohesion and are thus easily 
deformed. Strongly crystalline coatings may consist of standing flakes with 
almost no mechanical interaction, and are damaged even by rather mild 
handling. A W–S coating with such morphology is shown in Figure 9, 
further on in the thesis. The same figure also shows an amorphous W–S 
coating, produced in the same way as the crystalline one, except for a lower 
deposition temperature. The absence of crystalline flakes and the much 
smaller porosity give the amorphous coatings far superior mechanical 
properties, with a few GPa of hardness. Although this is a rather moderate 
level, it is a very large improvement over the crystalline coatings, where the 
hardness is not even possible to measure in a reasonable way. 

Influence of adding additional elements to TMD coatings 
Already in the early 1980s, attempts were made by Stupp27 at improving the 
properties of sputtered MoS2 coatings by addition of various metals, 
including Al, Cr, Co, Ni, Pt, Au, Ag, Ta, and W. At this time, the 
mechanisms for improved wear resistance and lowered friction were 
relatively poorly understood, and the desired change of structure was mainly 
an increased size of the platelets in the porous coating, since this had been 
observed to lead to lower friction. Despite the lack of good explanations, it 
was observed that the addition of metals in several (but not all) cases lead to 
improved endurance and lowered friction of the coatings. 

In more recent studies, the impact of addition of metals and other 
elements to different TMD coatings has been studied in more detail. MoS2 is 
the most well studied low-friction TMD. The influence on its properties 
from addition of C28, Al29,30, Ti31,32, Ni33,34, Au30,33, Pb33, and other elements, 
has been examined. Even though these studies deal with slightly different 
deposition methods and coating architectures, it is possible to draw the 
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general conclusion that addition of an element to MoS2 coatings generally 
leads to an increased coating hardness and increased wear life in tribological 
tests. 

Coatings based on selenides have also been studied in this context, and 
both W–Se–C35,36 and Mo–Se–C37 coatings have shown quite promising 
properties.  

For WS2-based coatings, the TMD system studied in this thesis, the 
number of studies of addition of elements is not quite as large, but still 
considerable. The addition of metals has been tested for at least Ag38, Cr39, 
Ni40, and Ti41. As a general trend, the hardness increases as more metal is 
added to the coatings. For moderate metal contents, low friction is 
maintained, sometimes even improved, compared to pure coatings. For high 
metal contents (and hardnesses), the frictional properties tend to deteriorate. 

W–S–C coatings have been studied for the last 15 years, and have shown 
very promising properties in several studies. The first reports on their 
properties were published by Voevodin et al. in 199942,43. Here, the coatings 
were described as composites of DLC, WC, and WS2, rather than as 
“alloyed” WS2 coatings. Accordingly, they were produced as pure C 
coatings with increasing W and S content. The addition of S lead to 
decreased hardness, from 16 GPa for S contents below 20 at% down to 7–
9 GPa for higher S contents. In tribological tests, it was seen that the 
coatings with high S content were able to achieve ultralow friction, around 
0.02, while maintaining an excellent wear rate, around 1000 µm3/Nm, in 
ball-on-disc experiments. The hardest coatings, with the highest C contents, 
did however not provide low friction. 

Work on W–S–C coatings was continued by the group of Cavaleiro, who 
have since published numerous articles on the subject44-49. They considered 
the coatings as W–S coatings with added elements, and designed the 
experiments accordingly. Considerable increases in hardness (from almost 
negligible up to 5.5 GPa at the most) were seen as C was added, followed by 
strongly decreased wear in tribological tests44. 

Another non-metal that has been used for improving the performance of 
W–S coatings is N, which has showed promising properties, although the 
coatings suffered from poor adhesion in the first studies44. In more recent 
studies, W–S–N coatings have shown excellent frictional properties50.  

In order to achieve further hardness increases, attempts have also been 
made to include hard phases in TMD coatings. CrN–WS2 nanocomposites 
were produced by Deepthi et al., with hardnesses up to 24 GPa. They did 
however not provide low friction. Polcar et al. added Cr to W–S–C coatings, 
in hope that it would lead to formation of a hard carbidic phase. 
Unfortunately, no major hardness increase was observed, and the tribological 
performance of the coatings deteriorated51. 
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3. Experimental methods 

Coating deposition 
Magnetron sputtering 
All coatings studied in this thesis were produced using magnetron sputtering, 
a PVD technique. Sputtering is a very versatile technique for the deposition 
of thin coatings, capable of producing coatings of nearly any material. 

A schematic presentation of a sputter deposition system is shown in 
Figure 3. The sputtering process takes place within a vacuum chamber, 
typically containing Ar gas at a pressure around 1 Pa. A sputtering target 
consisting of the intended coating material (or at least one of its constituents) 
is placed within the vacuum chamber. By connecting the target and chamber 
enclosure to the negative and positive terminals of a power supply, 
respectively, a potential between the target and its surrounding is achieved. 
This potential will cause any charged particles (ions or electrons) in the 
chamber to be accelerated towards either surface. The accelerated particles 
will ionize atoms within the chamber, leading to formation of more charged 
particles, that will in turn be accelerated, causing a cascade effect which will 
ignite a plasma, if the conditions are chosen correctly. 

The negative potential on the target will accelerate Ar+ ions in the plasma 
towards it, so that it is exposed to bombardment of energetic Ar+ ions. The 
impinging ions will cause atoms from the target to be ejected, or sputtered 
out, from the target surface. The substrate to be coated is placed within the 
chamber, so that it faces the target surface. The atoms sputtered from the 
target surface will be deposited on the substrate (and on any other surface 
within the chamber that faces the target), where they eventually form a 
coating. 

In order to increase the ionization of the plasma close to the target 
surface, a magnetron is often used. This is simply a set of magnets mounted 
on the target, giving rise to a magnetic field above the target surface. This 
field will cause secondary electrons emitted from the target surface to be 
trapped in the area close to the target, where they move in spiralled paths 
along the target surface, so that the degree of ionization is locally increased. 
This increases the ion bombardment of the target, and thereby the deposition 
rate. 
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Figure 3. Schematic view of a magnetron sputtering system, in this case with a dual 
target setup.  

The substrate may be electrically connected to the chamber (0 V), left at 
floating potential or connected to a bias voltage slightly below the potential 
of the chamber (typically -20 to -200 V). A negative bias voltage causes 
positive ions in the chamber to be accelerated towards the substrate. This 
increases the energy input into the substrate surface, thus improving the 
mobility of atoms in the growing coating, and thereby usually the 
crystallinity of the coating. All coatings presented in this thesis were 
produced with floating bias voltage. 

In order to produce multi-element coatings, one can either use separate 
elemental targets or co-sputter several elements from a single target. The 
latter can either consist of the compound one wishes to deposit, or of 
segments of the respective elements. For the deposition of TaC/aC coatings 
in paper I–II, a pure C target was partially covered by Ta foil, forming a type 
of segmented target. The deposition of W–S–C and W–S–C–Ti coatings in 
paper III-IV was performed using separate C and WS2 targets, where the 
WS2 target was partially covered by Ti to achieve Ti alloying. The use of 
separate targets simplifies the variation of coating composition, which is 
achieved by simply varying the power input to the different targets. In 
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co-sputtering, compositional variation is achieved by varying the fraction of 
the target area covered by each element or compound. 

Reactive sputtering 
The Ti–C–S and W–S–N coatings in paper V-VII were produced by reactive 
sputtering; another common method for deposition of multi-element 
coatings. The method is similar to normal sputter deposition, but differs in 
that a reactive gas is introduced into the deposition chamber during the 
deposition process. The reactive gas species react with the growing coating 
(and other surfaces in the chamber) to form a composite material. For the 
case of Ti–C–S, separate Ti and C targets and reactive H2S gas was used. For 
W–S–N coatings, a compound WS2 target and N2 gas was used. The coating 
composition was varied by changing the flow of reactive gas into the 
chamber. 

Characterization of coatings and tribofilms 
In this section, a majority of the methods used for characterization of the as-
deposited coatings, as well as of tribologically tested surfaces, will be 
introduced, focussing on the reasoning behind the choice of the various 
methods. 

Scanning electron microscopy (SEM) 
In the SEM, sample surfaces are imaged by studying the emission of 
electrons as a focussed electron beam is scanned across the surface. The 
image contrast gives information about the compositional and topographical 
variations within the surface. SEM is a versatile method for the study of 
surfaces at a wide range of magnifications, with high resolution and 
excellent depth of field. The latter is important since it allows for the study 
of technical surfaces, and not only flat and polished ones. It is thus a very 
suitable method for qualitative investigation of topography, morphology and 
general appearance of coatings and tested surfaces. In conjunction with 
EDX, it is also a powerful method for studies of composition and spatial 
variations thereof. 

SEM was used to study the morphology of all coatings in this thesis, as 
well as for the study of worn surfaces, often using EDX to get compositional 
information. 
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Energy-dispersive X-ray spectroscopy (EDX) 
In this method, the sample is bombarded with highly energetic electrons 
(typically 5–30 keV) in an SEM. The impinging electrons are capable of 
exciting electrons in the inner shells of atoms in the sample, creating 
vacancies in the atomic shell. Electrons from outer shells will deexcite into 
these vacancies, thus losing energy which can be released in the form of 
X-ray photons. The energy of such a photon is equal to the energy gap 
between the two shells, and is thereby characteristic for each element. By 
studying the energies of X-rays emitted from the sample, it is possible to 
determine its composition. 

The information retrieved by EDX originates from approximately the first 
1 µm below the sample surface. Lower energy of the impinging electrons 
and higher mean atomic number of the studied sample reduces the 
information depth. It is however always too large to accurately study the 
tribofilms of interest in this thesis, which are often only some tens of nm 
thick, meaning that an EDX spectrum for a tribofilm will to a large extent 
consist of signal from the underlying material. 

EDX was used for compositional characterization of all produced 
coatings. It was also used in some cases for characterization of tribologically 
tested surfaces. As mentioned, it is usually not possible to directly study the 
tribofilms using EDX. Instead, EDX can for example be used to estimate the 
amount of transferred material on a counter surface, by studying the fraction 
of the emitted signal originating from the tribofilm and counter surface, 
respectively.  

X-ray photoelectron spectroscopy (XPS) 
In XPS, the sample is placed in a UHV chamber and exposed to 
monochromatic X-ray radiation, i.e. X-ray photons with a narrow range of 
energies. When these X-rays interact with the atoms in the sample, they can 
excite electrons from their atomic shells. If these electrons are excited in a 
part of the sample that is close to the surface, they will be emitted into the 
vacuum chamber. The electron will absorb the energy of the incoming 
X-ray, but a part of this energy will be lost in breaking the bond to the atom, 
so that its kinetic energy is equal to the X-ray energy minus the binding 
energy that held the electron to the atom. Since the energy of the incoming 
X-ray is known, it is possible to determine the binding energy of the emitted 
electron by measuring its kinetic energy. The electron binding energy is 
specific for each element and orbital, making it possible to determine the 
composition of the sample. The electron binding energy is also affected by 
the chemical surrounding of the atom, so that, for example, the binding 
energies of electrons in a W atom bonded to S are slightly shifted from those 
of electrons in metallic W. The energy resolution of XPS is sufficient to 
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resolve these shifts, making it possible to determine not only the 
composition of the sample, but also the way in which the sample atoms are 
bonded to each other. 

The energy of excited electrons is so small that only atoms within a few 
nm from the sample surface will emit electrons that can be analysed. 
Measuring directly on coatings with thicknesses around 1 µm will thus only 
give information from the outermost fraction of the coating. This material is 
usually much more strongly oxidized than the bulk of the coating, leading to 
inaccurate results. To solve this problem, the sample surface is usually 
cleaned by Ar+ sputtering, where the oxidized layer is removed, prior to 
analysis. For samples containing WS2, sputter cleaning has however been 
shown to lead to preferential removal of S, bringing with it formation of 
metallic W, so that the detected composition and chemical state differs from 
that of the original surface52-54. Ar+ sputter cleaning must therefore be used 
with care for such samples, but is still necessary in many cases to give 
results that are representative of the studied material and not only its surface 
oxide. 

XPS was used for characterization of as-deposited coatings in 
papers I, and III–VII, and of tribologically tested surfaces in paper VII. 

X-ray diffraction (XRD) 
XRD was used to study crystalline phases in the coatings in paper III-VII. In 
order to retrieve signal from the coating only, grazing incidence (GI) 
measurements were used. In some cases, θ-2θ measurements were used to 
retrieve information about coating texture. These measurements contain a 
large portion of signal from the substrate, making them unsuitable for 
presentation. XRD is limited to the study of long range order, meaning that a 
material may appear to be amorphous in XRD, despite showing some local 
ordering. The term X-ray amorphous is sometimes used to describe materials 
that appear as amorphous in XRD studies, but where short range ordering 
cannot be excluded. To study such ordering, techniques with higher 
resolution are needed, such as TEM.  

Transmission electron microscopy (TEM) 
TEM was used for characterization of as deposited coatings as well as 
tribofilms on tested coatings in papers III and IV, and for studies of 
tribofilms on the counter surface in paper VI. The method is based on the 
study of the interaction of highly energetic electrons with a sample that has 
been made thin enough to be electron transparent, typically below 100 nm. 
TEM is capable of resolving crystalline phases that do not appear in XRD, 
either through high resolution TEM (HRTEM), where information about 
structure is retrieved directly in the image, or by selected area electron 
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diffraction (SAED), where very local diffraction can be studied. TEM was 
also used for chemical analysis, by studying the energy lost by electrons on 
their way through the sample, using energy filtered TEM (EFTEM) and 
electron energy loss spectroscopy spectrum imaging (EELS-SI) in scanning 
TEM (STEM) mode. In EFTEM, an image is formed using electrons whose 
energy loss is within a narrow range, which is chosen to match the loss 
caused by excitation of electrons in specific atomic shells. In STEM, the 
electron beam is focussed and scanned across the sample surface. By 
measuring the electron energy loss spectrum in each point, chemical 
information can be retrieved in a similar way as for EFTEM. The energy 
resolution of EELS-SI is sufficient to distinguish not only specific elements, 
but also chemical shift, giving information about the bonding of the 
elements. 

TEM is the by far best method to determine the composition of the 
tribofilms studied in this thesis. However, the preparation of samples is 
cumbersome, and the area imaged in each sample microscopic. This means 
that the method can mainly be used for very specific questions, rather than 
for screening of differences between tests. It also means that the results 
retrieved must usually be considered as examples of what may occur, rather 
than as representative or typical appearances of the investigated samples. 

Focussed ion beam (FIB) 
The use of TEM, as described in the previous section, requires that the 
sample to be studied is electron transparent, meaning that it must be 
incredibly thin, typically below 100 nm. The TEM samples studied in this 
thesis were produced by a focussed ion beam (FIB). The FIB instrument 
consists of an SEM, expanded by an ion column, which allows for a 
focussed beam of Ga+ ions to be accurately scanned across the sample 
surface, much like the electron beam in the SEM. The Ga+ ions have 
sufficient mass to sputter out material from the sample surface, if given a 
high enough energy. This allows for very accurate sections to be cut in the 
sample surface, at positions determined using SEM imaging. In this way, a 
thin slice of material, perpendicular to the sample surface, can be produced 
and eventually completely removed from the sample. After removal, the 
slice may be further thinned down using the FIB, to produce an electron 
transparent TEM sample. 

Raman spectroscopy 
Raman spectroscopy is an optical spectroscopic method, based on inelastic 
scattering of light in the sample. The sample is illuminated with 
monochromatic laser light in the visible range, and the light scattered from 
the sample surface is observed. A majority of the scattered light has the same 
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wavelength as the incident light, but a small fraction of the light is scattered 
inelastically, and emitted with a different wavelength. The shift in 
wavelength is caused by excitation of vibrational modes in the material. The 
vibration may involve either molecules or a collective motion of atoms in a 
lattice, i.e. phonons. If such vibrations deexcite back into the original state, a 
photon of identical wavelength as the incident will be emitted. If however 
the vibration deexcites into a different state, a photon of a different 
wavelength will be formed. The shift in wavelength is determined by the 
energy difference between the vibrational states probed. 

For Raman spectroscopy to be a useful method, the examined material 
must be Raman active, i.e. be able to scatter light inelastically in a way that 
gives rise to a Raman shift. 

 
Figure 4. Description of the procedure of producing Raman maps. The lower left 
shows the grid of points were spectra were acquired, overlaid on a light optical 
microscope image of the analysed surface.  The upper left is an example of such a 
spectrum, with fitted components corresponding to WS2, WO3 and C. To the right, 
constructed maps showing the intensity of each of the three components in each 
point of the grid are displayed. It should be noted that the intensity is scaled 
differently for each component, so that the same peak area for different components 
does not correspond to the same colour in the respective map. (Data from paper V). 

The large advantage of Raman spectroscopy, compared to the other methods 
used, is that it gives direct information about the compounds present in the 
sample, rather than about the elemental composition. The greatest 
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disadvantage is that it is only able to detect a limited selection of 
compounds, meaning that some compounds are “invisible” in the analysis. 
The excitation of phonons, which are responsible for most Raman scattering 
in solids, requires some short-range order of the compound studied. For 
poorly crystalline or amorphous compounds, the resulting peaks are 
broadened and weakened, so that such compounds are often practically 
impossible to detect. 

Raman spectroscopy has been used in several of the papers in this thesis, 
either for point analysis or as a mapping technique. Mapping is performed by 
collecting spectra in a number of points on the sample surface, distributed in 
a rectangular grid. In each collected spectrum, the intensity of chosen 
components is determined (following removal of background signal). These 
intensities can then be used to illustrate the distribution across the surface of 
the compounds connected to the chosen components. The procedure is 
schematically illustrated in Figure 4. 

Nanoindentation 
The mechanical properties (i.e. hardness and Young’s modulus) of all 
coatings studied in this thesis were examined using depth-sensing 
nanoindentation. In conventional hardness measurements, an indenter with 
known geometry is pressed into the sample surface using a known load, and 
the size of the remaining indent is measured upon unloading. For small 
indentation depths (which are necessary for investigation of thin coatings), 
the remaining indents are impractical to measure after unloading. In 
nanoindentation, the load and displacement are continuously measured, data 
which is then used to calculate the properties using a method developed by 
Oliver & Pharr55. In short, the size of the indent is calculated from its depth 
(compensating for elastic compression of the sample surface), using a known 
relationship between depth and projected area of the indenter. The hardness 
is calculated as the maximum load on the indenter divided by this area. The 
Young’s modulus is calculated using the slope of the load-displacement 
curve during unloading. 

White light profilometry 
The wear loss from coatings was studied using white light interferometry. 
The technique was also used to characterize the surface topography of 
substrates and as-deposited coatings in several cases. 

The method is able to measure the topographical distribution of a surface 
with lateral resolution comparable to that of common light optical 
microscopy and height resolution in the nm range. The instrument is similar 
to a light optical microscope, with the addition of a very accurate Z-stage 
and objectives equipped for interferometry. In the interferometer, the light is 
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separated using a beam splitter, so that only parts of the light is focussed 
onto the sample. The remaining light is instead focussed on a reference 
mirror. When the light reflected from the sample and reference mirror is 
recombined, interference phenomena will occur. If the distance from the 
beam splitter to the sample surface is identical to the beam splitter to 
reference mirror distance, maximum constructive interference will be 
achieved. By scanning the objective to sample distance and studying the 
intensity in each image pixel, finding the distance resulting in maximum 
intensity, it is possible to determine the vertical position of each point on the 
sample surface. 

Coating wear volume was estimated by calculation of the surface integral 
of an area measured across the wear track. In doing this, all data points 
protruding above the unworn surface height were ignored. This is equivalent 
to calculating the volume of liquid needed to fill all voids in the worn 
surface. 
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4. Tribological testing of low-friction coatings 

This chapter will present some of the issues involved in tribological testing, 
focussing on the particular difficulties with testing low-friction materials.  

Influence of testing geometry (rotating or reciprocating) 
The tribological testing of the coatings studied in this thesis has been 
performed using two fundamentally different testing geometries: rotating 
(papers I, III, IV, and VI) and reciprocating (papers II, V, and VII) ball-on-
disc. The vast majority of studies found in literature are also performed using 
one of these geometries. In both geometries, a ball is pressed and slid across 
the flat surface of the coating. In fact, it is typically the coated sampled that 
is moved, by rotation around an axis parallel to the coating normal, or by 
reciprocation within the plane of the coating, while the ball is kept 
stationary. The sliding speed is thus determined by the frequency (i.e. 
number of revolutions or oscillations per unit time, respectively) and the 
sliding length per cycle (i.e. the circumference or the stroke, respectively). 

The two geometries are used rather interchangeably, and in most cases the 
choice is probably made based on practical issues, so that one uses the 
equipment most easily accessed, rather than due to a preference of one 
geometry over the other. There are however some implications of the testing 
geometry, which should be taken into consideration. 

Firstly, since the performance of most low-friction coatings depends to a 
large extent on the formation of a functioning tribofilm in the contact, the 
conditions for this formation should be expected to have a large impact. 
These tribofilms are formed from the constituents of the coating, e.g. 
through agglomeration and compaction of wear fragments. In reciprocating 
tests, wear particles are often observed outside the end-points of the wear 
track, after having been pushed in front of the ball. These particles will not 
be able to participate in the build-up of a tribofilm. In contrast, wear particles 
generated in a rotating test have a much smaller likelihood of exiting the 
wear track, and fragments pushed in front of the ball will instead be 
integrated into the tribofilm. Although the difference between the two testing 
geometries has not been systematically investigated, it is probably wise to be 
careful when comparing data from tests using different setups. 

Measuring low friction is difficult in any geometry, since it requires that 
two perpendicular force components, acting in a single point, but differing in 
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size by two to three orders of magnitude are measured (or at least controlled, 
in the case of normal load) simultaneously. This issue is larger in continuous 
sliding tests, due to inherent differences in the sensitivity to measurement 
errors between the two geometries. In a reciprocating geometry, the friction 
force will change direction repeatedly, and the friction force data will have 
the form of loops, containing both positive and negative force values. Any 
drift of the signal from the friction force sensor, caused by for example 
temperature changes, will then cause an offset of this force loop, so that it is 
no longer centred around zero. Such a drift may in this case be easily 
accounted for, by considering the amplitude of the force loop, ignoring any 
offset. In a continuous sliding geometry, however, the motion is 
unidirectional, meaning that the friction force will always act in the same 
direction. Drift in the signal from the force sensor will then no longer be 
possible to distinguish from slow changes in the real friction force. For 
lengthy tests with very low friction, such drift may be significant. An 
illustration of this difference between continuous and reciprocating tests is 
shown in Figure 5. 

 
Figure 5. Illustration of the inherent difference in sensitivity to force sensor drift 
between reciprocating and rotating (continuous) testing geometries. The figures 
show the friction force of a coating with identical (fictional) properties, tested in 
reciprocating (a) and continuous (b) sliding, using a force sensor with identical drift 
(dashed line). In (c), the resulting coefficient of friction curves are shown. These are 
calculated by dividing the average friction force during each cycle with the normal 
force (10 N). In the continuous case, the average friction force is a simple arithmetic 
mean, whereas in the reciprocating case, it is the amplitude of the friction force loop 
during the cycle. The latter procedure removes all influence of the sensor drift. 
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Another issue which may reduce the accuracy of friction measurements is 
misalignment of the friction force sensor, which may also have a major 
influence, particularly for low-friction measurements. It is difficult to make 
general comments on this issue, since it depends largely on the design of the 
test setup, but in many cases, reciprocating geometries are less sensitive to 
such errors. The basic problem is that a friction force sensor is meant to 
measure only one of two perpendicular force components (normal and 
friction force). If the friction force sensor is not aligned properly, the normal 
force may have a component in the direction measured by the friction force 
sensor. This will induce an additional friction force component that is 
proportional to the normal load, just as the friction force is expected to be. 
For measurement of low friction, even a small misalignment may cause a 
significant error. The issue has been treated in literature56,57, where it was 
concluded that a misalignment of only 0.1° is enough to produce a relative 
error of almost 20% when measuring a friction coefficient of 0.01. 
Misalignment causes a unidirectional friction force contribution, meaning 
that in a reciprocating test, it will merely add an offset in the friction force 
loop, which is easily removed in the same way as the force sensor drift 
shown in Figure 5. 

For the reasons mentioned above, as well as for practical reasons, the 
more recent friction results presented in this thesis were performed using 
reciprocating test setups. 

Influence of normal load on friction 
Comparison of friction data from different test setups should be done with 
caution. One reason for this is that the coefficient of friction is affected 
strongly by the test geometry and loading conditions. 

In an idealized view, with perfectly smooth surfaces and homogenous 
tribofilms, allowing for the assumption of purely elastic contact and constant 
interfacial shear strength, it is possible to calculate a theoretical 
approximation of the coefficient of friction. For ball-on-disc geometry, the 
area of contact can be approximated as the Hertzian contact area, which will 
be a circle with radius r, given by58: 

 = ∙ ∙∙ ∗  (3) 
 

Here, FN is the normal load acting on the ball, R the ball radius and E* the 
reduced Young’s modulus, given by the Young’s moduli Ei and Poisson’s 
ratios νi of the two surface materials: 

 ∗ = +  (4) 
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Based on this, one may calculate the friction force Ff for pure adhesive 
sliding, assuming constant interfacial shear strengthτ, as: 

 = ∙ = ∙ ∙ = ∙ ∙ ∙ ∙∙ ∗   (5) 
 
Although this calculation is based on several assumptions, it gives some 
information about what can be expected when the contact conditions are 
varied. Firstly, it indicates that an increase in normal load will lead to a 
decrease in coefficient of friction. Since the friction force is expected to 
change as FN

2/3, the coefficient of friction should vary as FN
-1/3. This has 

proven to be true, at least approximately, in several systems59-62. 

Control of testing conditions 
For both carbon- and TMD-based coatings, the testing atmosphere is of great 
importance for the frictional behaviour. For TMD-based coatings, both 
friction and wear are typically around one order of magnitude larger in 
humid than in dry conditions. This is a well-known fact, and in most studies 
on TMDs, the testing atmosphere is sufficiently reported. Tests are usually 
performed either in dry conditions (normally air or N2 gas) or in humid air, 
the latter often described as laboratory air or ambient conditions. Depending 
on the climate and season at the testing location, this can have rather 
different meanings. In the laboratory where all tribological tests in this thesis 
were performed, the laboratory air humidity varies between approximately 
10 and 60% RH during the year. In order to remove any seasonal 
dependence, a system for control of testing conditions was constructed, 
which was used in paper V to achieve different atmospheres. The humidity 
was controlled by introducing gas into the chamber in either dry or humid 
state. Humid gas was produced by bubbling of dry gas in a flask of deionized 
water. After first flooding the test chamber with dry gas, to below 1% RH, 
humid gas was instead introduced, until the humidity reached the set value 
(usually 50% RH). To maintain the set level, humid gas was introduced 
continuously, while dry gas was introduced intermittently, by using gas 
valves controlled by the testing software. 
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5. Results and discussion 

This chapter will summarize the results of this thesis, which are more 
thoroughly presented in the papers. The presentation is divided into three 
major topics. The first topic concerns the initial formation of tribofilms on 
TaC/aC coatings and its dependence of the roughness of the coating 
substrate and the counter surface. 

The second topic deals with the tribological properties of a number of 
WS2-based coatings, and is further divided into a number of subtopics. First, 
the influence of including a hard phase in the coating is described both in 
general terms, and with emphasis on the initial formation of tribofilms. After 
this, a detailed study of the influence of different atmospheric components is 
presented. 

The final topic regards the concept of tribochemically formed tribofilms 
in the contact of Ti–C–S coatings.  

Running in and tribofilm formation of low friction 
TaC/aC coatings 
As discussed previously, the tribological performance of the coatings studied 
in this thesis is largely determined by their ability to form tribofilms on the 
counter surface as well as on the coating surface. The process of initial 
formation of such tribofilms is therefore of large interest for the 
understanding of their behaviour. Phenomena during initial sliding were 
studied in detail in papers I and II for TaC/aC coatings. 

The studies were aimed at investigating the influence of substrate and 
counter surface topography on the tribofilm formation, and at investigating 
the possibilities of improving the performance during running-in of the 
coatings by addition of a sacrificial upper coating layer. 

Influence of coating micro topography 
In paper I, the influence on friction during the very first stages of sliding 
from modest changes of coating surface topography were investigated. For 
this purpose, well-polished (<3 nm Ra) high speed steel (HSS) substrates 
were exposed to varying amounts of Ar+ ion etch cleaning, which 
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preferentially removes the metallic phase of the steel, leaving protruding 
metal carbides on the substrate surface. By varying the etching time from 3 
to 20 min, roughnesses ranging from 10 to 100 nm Ra were achieved, with 
roughness consisting of protruding carbides with heights from 20–50 up to 
200–400 nm. A Si substrate with negligible roughness (<0.3 nm Ra) was 
used as a smooth reference. After deposition of 2 µm of TaC/aC coating on 
the substrates, the roughness decreased markedly, down to between 3 and 
18 nm Ra, with the lowest value seen for the Si substrate, representing the 
intrinsic coating topography. SEM images of HSS substrates after the 
shortest and longest etching times (3 and 20 min) are shown in Figure 6 a) 
and b), respectively. For the roughest surface, the appearance after coating 
deposition is shown in Figure 6 c). 

 
Figure 6. Etched HSS surfaces used as coating substrates in paper I. The images 
show (a) the smoothest HSS surface, etched for 3 min, (b) the roughest one, etched 
for 20 min and (c) the roughest surface after coating deposition. The roughness 
consists of carbides (or carbides covered by coating) protruding approximately 20-
50, 200–400 and 30–80 nm (as measured by AFM), respectively. 

To study the influence of the different surface topographies on the initial 
sliding friction, rotating ball-on-disc tests with durations of 5, 20 and 1000 
revolutions were performed, using 100Cr6 steel balls as counter surfaces. 
Friction data for the tests of 20 and 1000 revolutions are presented in Figure 
7 a) and b), respectively. During the first ten revolutions, the coefficient of 
friction strongly depends on the coating topography, with friction values 
increasing with increasing surface roughness, from 0.2 for the Si substrate up 
to 0.5 for the roughest HSS substrate. As sliding continues, the friction drops 
rapidly for all substrates, down to a plateau level around 0.2. The duration of 
this plateau level increases with increasing roughness; for the Si substrate, 
the friction drops almost immediately, whereas the friction for the roughest 
substrates doesn’t start decreasing until the end of the 1000 revolutions test. 

The evolution of the coefficient of friction is clearly manifested on the 
interacting surfaces at the different stages. The appearance of the wear track 
of the roughest surface after 5, 20 and 1000 sliding revolutions are shown in 
Figure 8 a), b) and c), respectively, with corresponding counter surfaces 
shown in d), e) and f) (and in higher magnification in g), h) and i)). Already 
after 5 revolutions, a large amount of wear debris is seen on the coating 
surface, in scraped off tongues of material accumulated “upstream” of the 
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surface protrusions. The counter surface also shows some material transfer, 
but the surface coverage is poor and clear signs of abrasion of the ball are 
visible, indicating that the tribofilm on the ball is not able to hinder direct 
contact between the ball and the coating protrusions. 

 
Figure 7. Coefficient of friction of a TaC/aC coating on HSS substrates etched for 3 
to 20 min (indicated), and Si. Data for test durations of (a) 20 and (b) 1000 
revolutions are shown. For the 1000 revolutions tests, two repeated tests for each 
HSS substrate etching time are shown, to give an idea about the scatter of results. 

It should be noted, however, that the abrasion marks seen on the ball cannot 
be the only reason for the observed increase in friction for this sample, 
compared to the smoother surfaces. The surface protrusions on the coating 
were measured by AFM to be 30–80 nm high and typically around 1.2 µm in 
diameter. If they are assumed to be flat (which is an exaggeration), each 
protrusion could thus give rise to a scratch with a cross section of 
approximately 60×1200 nm2. The hardness of the counter surface was 
approximately 9 GPa. The abrasive contribution to the friction force for each 
formed scratch can then be approximated using equation 2, as 9·109×60·10-

9×1.2·10-6≅6.5·10-4 N. At the used normal load of 5 N, this corresponds to an 
increase in coefficient of friction of about 1.3·10-4. To account for the 
difference in friction between the roughest and the Si substrates, which at its 
maximum is about 0.3 (after 5 revolutions), approximately 2300 such 
scratches would need to be formed at any instant. By using the Hertzian 
contact area (around 7000 µm2) as an approximation, and by studying the 
number of protrusions per area in Figure 6 c) (approximately 30 in a 12×9 
µm2 image frame, or roughly 0.3 µm-2) one can easily conclude that even if 
all protrusions were to be scratching simultaneously (which would be 
impossible), they would not be able to produce the sought friction force. 
Abrasion is definitely a contribution to the friction force, but is not the main 
reason for the increased friction. 
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Instead, the differences are thought to be due to the difference in the 
amount and composition of the material transferred to the counter surface, 
causing differences in the adhesive friction. EDX analysis of the ball wear 
scars after 5 revolutions showed that less material was transferred to balls 
run against the rougher surfaces. Raman spectroscopy of the same counter 
surfaces revealed that the tribofilms on balls tested against the rougher 
surfaces had higher signals from oxides of Fe and Ta, a difference that 
remained after the 20 revolutions test. After the 1000 revolutions test, the 
Raman spectra showed mainly C, and only weak signs of oxides, for all 
coating roughnesses. This should not be interpreted as a loss of tribofilm; 
EDX analysis of these wear scars showed stronger signals from Ta, O and C, 
indicating thicker tribofilms with increased surface coverage. Rather, it is an 
indication that the tribofilms stabilize after prolonged sliding and form an 
outermost layer consisting mainly of C. 

 
Figure 8. Surface appearance of the roughest surface studied in paper I, after (a) 5 
sliding passages, (b) 20 sliding passages and (c) 1000 sliding passages. The 
corresponding wear scars on the counter surfaces are shown in (d), (e) and (f), 
respectively, with magnified views in (g), (h) and (i). An increased thickness and 
coverage of the transfer film in the wear scar is observed as the test duration 
increases. Notable is also the gradually decreasing grain size of the transferred 
material closer to the sliding interface in the two longer tests. 

A general description of the running-in behaviour as a four-stage process is 
given in paper I. The initial stage is characterized by a relatively high wear 
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rate, with extensive formation of wear particles from both the coating and 
the ball, especially for rough coating surfaces. These wear particles 
accumulate in the contact between ball and coating, but are to a much larger 
extent removed from the ball surface in tests on rough coatings. This is seen 
as “tongues” of material accumulated on the coating surface protrusions, 
which are not observed for the smoother coatings. 

In the second stage, a more or less fully covering tribofilm is formed in 
the wear scar on the ball, consisting of relatively course wear particles. 
These adhere poorly to the ball surface, have low cohesion and are easily 
removed by the still relatively rough coating surface. The friction during this 
stage is considerably lower than in the previous one, and represents the 
plateau level seen for all but the smoothest surfaces, which enter almost 
immediately into stage three. 

The course tribofilm becomes gradually finer and smoother during the 
third stage, which is a transition into the final, steady state. When this 
transition is reached, the coating surface has been smoothened to the point 
where it no longer causes significant wear of the ball tribofilm, which is thus 
stabilized. 

In the fourth and final stage, very little material is expected to be 
transferred between the surfaces. Both the coating surface and the ball 
tribofilm are rather smooth, resulting in very little removal of the tribofilm. 

The roughness of the coating surface determines the duration of these 
stages. For the smoothest surfaces, the first stage is hardly existent, and the 
behaviour goes almost directly in to the second stage, followed by the third 
(transition) stage shortly thereafter. For the roughest coatings, however, all 
four stages are clearly observed, and the roughest coating has not finished 
the third stage even at the end of the 1000 revolutions test. 

Enhanced running-in performance by use of carbon overcoats 
In paper II, the running-in behaviour of TaC/aC coatings was studied further. 
Based on the findings in paper I, it was deemed interesting to investigate the 
possibilities of facilitating the running-in of the coating and counter surface 
by the use of an additional coating layer. This layer could then be optimised 
to reduce the wear of the counter surface, while the requirements on the wear 
of the coating layer itself could be rather low. If the overcoat is worn out in a 
relatively quick but controlled way, it could allow for a milder running-in, 
both by smoothening of the counter surface before it comes into contact with 
the harder underlying coating, and by allowing for a gradually increased 
loading of the underlying coating. 

To test this, pure carbon overcoats were deposited on top of a TaC/aC 
coating. Both layers were deposited in the same deposition system, which 
was equipped with two sputtering sources: one carbon target partially 
covered by Ta foil and one pure carbon target, so that both coating layers 
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could be deposited without interrupting the vacuum. The carbon overcoat 
was considerably softer (7.8±1.5 GPa) than the TaC/aC coating 
(11.2±3.4 GPa). 

Carbon overcoats with thicknesses of 9, 90 and 800 nm were deposited on 
HSS substrates of two different surface roughnesses: one polished to <10 nm 
Ra and one ground to 0.3 µm Ra. The coatings were tested in unlubricated 
sliding against 100Cr6 steel balls with two different surface roughnesses, the 
rougher one achieved by rolling balls under load on a SiC abrasive paper. 
The ball roughnesses were 75 nm Ra and 0.58 µm Ra, respectively. 

The initial sliding friction of coatings on smooth substrates was increased 
by the carbon overcoat, for both ball roughnesses. The friction gradually 
decreased, with the number of cycles spent at a high (around 0.2) level 
increasing with the overcoat thickness. The rougher balls reached the low 
friction state (around 0.05) more rapidly than the smooth ones. For the 
thickest overcoat, low friction was not achieved during the 10,000 cycles of 
testing. Post-test surface studies by SEM/EDX and surface profilometry 
showed that all except the thickest carbon overcoats were worn through 
during the tests, so that the sliding took place on the TaC/aC coating. It is 
expected that the decrease in friction is related to the wear-through of the 
overcoat. The friction levels seen for the pure carbon overcoat and the 
TaC/aC coating are consistent with the observations by Nilsson for such 
coatings, deposited under similar conditions12. On rough substrates, low 
friction was not observed; all tests resulted in initial friction around 0.15–
0.2, slowly increasing during the tests up to 0.25–0.4. The difficulty of 
achieving low friction for similar carbon based coatings on rough substrates 
has been observed previously by Svahn63,64, who believed it to be due to 
removal of the counter surface tribofilm by sharp edges on the rough coating 
surface, an observation consistent with the findings in paper I of this thesis. 

For both smooth and rough substrates, a decrease in counter surface wear 
was observed when the overcoat was added, despite the increase in friction 
caused by it. Balls tested against rough substrates were much more strongly 
worn than those run against smooth ones. The roughness of the ball did not 
have a clear influence on its wear, the rougher balls actually showed slightly 
less wear in sliding against rough coatings. 

The study did not give very clear results, but indicated that carbon 
overcoats are one possibility of improved wear behaviour during running in. 

Tribology of WS2-based coatings 
Papers III and IV in this thesis deal with the deposition, characterization and 
tribological evaluation of W–S–C–Ti coatings. Paper III focusses on the 
general properties of the W–S–C–Ti coatings, with emphasis on their 
composition and structure, whereas paper IV is a detailed study of the early 
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stages of sliding and build-up of tribofilms, and how this differs between the 
W–S–C and W–S–C–Ti coatings. 

In paper V, W–S–N coatings are studied, with special emphasis on their 
frictional behaviour in different atmospheres. 

Addition of Ti to W–S–C coatings 
Background and motivation to the addition of Ti 
As already discussed, W–S–C coatings have been studied extensively, and 
have proven to have very interesting properties in terms of both friction and 
wear. Their hardness is however relatively low, typically well below 10 GPa. 
The formation of a WC hard phase may seem to be a likely mechanism for 
hardness increase, but crystalline WC is not formed to any large extent in 
these coatings, even for high W contents. WC bonds are often found, but the 
coatings are typically X-ray amorphous with respect to WC42,46. More 
extensive formation of a carbidic phase would be expected to increase the 
hardness, but it appears that WC is not a suitable candidate. A possible way 
of achieving this could be to add a fourth element, in the form of a metal that 
is more prone to form carbides. Polcar et al. attempted this when they added 
Cr to a W–S–C coating, with the aim of increasing its hardness51. 
Unfortunately, no crystalline chromium carbide was present in these 
coatings, and the hardness increase was moderate (from 5 to 7 GPa, 
compared to a similar coating without Cr). This tendency for Cr to form 
amorphous rather than crystalline carbides in sputtered coatings has been 
observed previously65. 

With this background, it was deemed interesting to investigate the effect 
of adding a metal with a strong tendency to form carbides to W–S–C 
coatings. Ti has a strong tendency to form TiC (large enthalpy of formation), 
a hard and stable carbide66, and was therefore chosen as alloying element for 
W–S–C coatings. TiC coatings with excess amorphous C (TiC/aC coatings) 
produced by PVD are also known to be able to provide low friction67. Even 
though the mechanism responsible for low friction of TiC/aC coatings 
differs from the intended friction reducing mechanism of these coatings, it 
was considered plausible that the presence of a TiC phase in the W–S–C 
system should not, by default, be detrimental to the tribological performance. 

Influence of Ti addition on structure, morphology and chemical bonding 
The addition of Ti to W–S–C coatings was achieved by partially covering a 
WS2 sputtering target with Ti foil, while C was sputtered from a separate 
target. This resulted in an approximately constant ratio between the W, S and 
Ti contents, while the C content was varied by varying the power applied to 
the C target between 0 and 1000 W, while leaving the power on the WS2(Ti) 
target constant at 450 W. For comparison, coatings were also deposited 
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without Ti foil on the WS2 target, resulting in W–S–C coatings. Depositions 
were performed both with and without heating of the substrate, as this was 
expected to have a large impact on the structure of the coatings. Indeed, the 
coatings deposited without heating of the substrates were consistently less 
crystalline than those deposited on substrates heated to 300°C. 

 
Figure 9. SEM images showing the morphology of pure W–S coatings deposited 
with (a), (c) and without (b), (d) substrate heating. The coatings are shown in top-
view (a)–(b) and as fracture cross sections (c)–(d). Temperature has a dramatic 
effect on the coating growth. Heating causes a change from a dense and almost 
featureless morphology to a highly porous appearance consisting of standing flakes 
with almost no mechanical connection. The porosity of the high temperature coating 
leads to a large coating thickness, so that a lower magnification had to be used to fit 
its cross-section within the image frame. 

Addition of C to W–S coatings caused a strong decrease in crystallinity of 
the WS2 phase, as seen in Figure 10 a). This behaviour is expected based on 
results in literature44. No other crystalline phases appear as more C is added. 
C–W bonds are observed by XPS, but no crystalline WC is detectable, 
neither by XRD nor by SAED in the TEM. For low amounts of C, most of 
the C was bonded to W, whereas coatings with higher C content had a larger 
fraction of free C, especially for coatings deposited at room temperature. 
Higher C contents caused further decreased crystallinity and an increasingly 
featureless morphology. The W–S–C coatings deposited without substrate 
heating were generally less crystalline. The pure W-S coatings showed the 
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largest difference, where the deposition at high temperature gave a strongly 
crystalline coating with a characteristic morphology consisting of separate 
standing flakes with large porosity. In contrast, the W–C coating deposited 
without heating had a dense morphology consisting of very small grains. A 
comparison between the two coating morphologies is shown in Figure 9.   

 
Figure 10. X-ray diffractograms for a) W–S–C and b) W–S–C–Ti coatings 
deposited on heated substrates. The number following C indicates the power applied 
to the C target. Positions of peaks for the WSx and TiCxSy phases are indicated. For 
W–S–C, increased carbon content leads to a decrease in crystallinity, manifested by 
weaker and broader peaks in the diffractogram. For W–S–C–Ti, increased C content 
leads to the formation of an additional crystalline phase, in the form of a S-doped 
TiC, designated as TiCxSy. 

Addition of Ti, without simultaneous addition of C, resulted in amorphous 
coatings with featureless morphology, where Ti was mainly found as oxide 
in XPS. When a small amount of C was added, the coatings remained 
amorphous, but Ti instead formed bonds to C. Further addition of C lead to 
the appearance of a crystalline TiC phase in XRD, along with more free C, 
observed by XPS. The formed carbidic phase differs from TiC in that it has a 
significantly larger cell parameter than expected from literature, 4.5 Å 
compared to 4.33 Å for common TiC. This phase was studied in more detail 
in papers VI and VII, and was found to be a TiC phase with S dissolved into 
the structure, where it takes the positions of C. The phase is therefore named 
TiCxSy. 

In summary, addition of C to W–S–C coatings leads to formation of a 
matrix phase consisting of amorphous WC and amorphous C, with a 
decreasingly crystalline WSx phase. With increasing C content, the amount 
of free C increases. 
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For W–S–C–Ti, C leads to the formation of a TiCxSy phase. For low C 
contents, the carbidic phase is amorphous, but becomes increasingly 
crystalline as more C is added. High C contents lead to an increase of both 
carbidic and free C, and to a columnar morphology. 

Mechanical properties of W–S–C(–Ti) coatings 
Hardness data for the W–S–C and W–S–C–Ti coatings are presented in 
Figure 11. For W–S–C coatings deposited on heated substrates, increased C 
content was followed by a continuously increasing hardness, from 
practically negligible levels up to around 10 GPa. For room temperature 
depositions, the change was less dramatic. The W–S coating was already 
amorphous, and the fraction of carbide was smaller than for heated 
depositions, leading to smaller variations in hardness. 

 
Figure 11. Hardness of W–S–C and W–S–C–Ti coatings from paper III. Data for 
coatings deposited on heated substrates (HT) and at room temperature (RT) are 
presented as empty and filled markers, respectively. The lines are polynomial fits to 
the data, but are only meant to guide the eye. For the W–S–C–Ti coatings, the 
hardness reaches a maximum for the lowest (non-zero) C content. 

The W–S–C–Ti coatings reach their highest hardness at low C contents, 
where the concentration of Ti bonded as carbide reaches a maximum, 
although no crystalline carbidic phase is present. As more C is added, the 
amounts of both free and carbidic C increase, but the concentration of 
carbidic Ti decreases. Since all Ti (except for a small oxidized fraction) is 
already carbidic at low C content, the additional C may form free C, 
amorphous WC or dissolve into the TiCxSy phase, where it can substitute for 
S or reduce the substoichiometry. Neither of these mechanisms seems to 
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increase the hardness, which appears to be maximized by having the largest 
possible fraction of carbidic Ti.  

Frictional behaviour of W–S–C(–Ti) coatings 
The sliding friction of the coatings was examined using rotating ball-on-disc 
testing in dry (<5% RH) and humid (approximately 50% RH) air. The W–S–
C coatings with high C contents suffered failure due to lacking adhesion in 
both atmospheres. The W–S–Ti coatings, consisting to a large extent of 
TiO2, suffered almost immediate failure in all tests. In contrast, none of the 
W–S–C–Ti coatings suffered catastrophic failure. In terms of coating 
adhesion, the addition of Ti was beneficial. 

In dry conditions, the friction of all W–S and W–S–C coatings that did 
not fail was below 0.05. The W–S coating deposited at high temperature 
showed slightly higher friction than the other W–S(–C) ones, as expected 
from its low hardness and poor cohesion, which gives an increased area of 
contact and also some macroscopic ploughing of the coating. With addition 
of Ti, friction generally increased. For the coatings deposited at room 
temperature, it was within 0.05–0.1, for all C containing coatings. The W–S–
C–Ti coatings deposited on heated substrates had a large variation in 
friction. For the lowest C content, the friction was around 0.02, similar to 
that of the best W–S–C coatings, but then increased dramatically for the 
higher C contents, up to almost 0.5. 

In humid air, the friction of most coatings was higher, as expected for 
WS2-based materials. No coating reached friction values below 0.1, and no 
W–S–C–Ti coating reached below 0.2. As mentioned, the W–S–C–Ti 
coatings had an advantage in that they did not fail catastrophically under 
humid conditions, instead showing continuous wear. 

In conclusion, the addition of Ti led to a reduction of adhesive coating 
failures, while in some cases maintaining the low friction of the W–S–C 
coatings in dry conditions. In this first study, TEM was used to study the 
tribofilm on the W–S–C–Ti coating that showed the best properties. This 
revealed that regions of crystalline WS2 had formed within the tribofilms, 
which otherwise mainly consisted of amorphous oxide. 

Initial tribofilm formation of W–S–C(–Ti) coatings 
During the work with paper III, it was observed that the W–S–C–Ti coatings 
behaved rather differently than the W–S–C ones during the initial stages of 
sliding in dry air. The W–S–C coatings showed a gradually decreasing 
friction during the first tens of sliding cycles, from a moderate level of 
around 0.1-0.2 down to their final values below 0.05. In contrast, the W–S–
C–Ti coatings initially reached much higher levels, up to 0.9, before starting 
to decrease. This was true also for the W–S–C–Ti coatings that reached final 
friction levels comparable to the best W–S–C coatings. 
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This observation indicated a difference in the initial formation of 
tribofilms between the two groups of coatings, which was considered 
interesting for further studies. A detailed study of the initial behaviour of 
four W–S–C(–Ti) coatings was performed in paper IV. Two W–S–C–Ti 
coatings, with high and low C content (350 and 750 W power on the C 
target), deposited with and without substrate heating, respectively, were 
chosen. For comparison, the corresponding coatings without Ti were also 
investigated. Studies of the initial tribofilm formation were done by 
performing very short tribological tests, of only 20 sliding revolutions, after 
which the worn surfaces were studied using EDX, Raman spectroscopy and 
TEM. Longer tests of 1000 revolutions were also performed, in order to 
study the surfaces after running-in. Friction measurements for 
1000 revolution tests are shown in Figure 12, with a detailed view of the 
first 50 revolutions. 

 
Figure 12. Friction data from paper IV, showing the initial sliding friction of W–S–
C coatings with and without added Ti. Ti addition causes a dramatic increase of the 
initial friction. After 1000 revolutions, these clear differences are no longer present. 
The inlay shows a detailed view of the first 50 revolutions. 

EDX analysis of the wear scars on the balls after 1000 revolutions of sliding 
showed that the tribofilms formed for W–S–C–Ti coatings were thicker 
and/or denser than those formed for W–S–C coatings. The tribofilms also 
contained more O and less C. Raman spectroscopy showed the presence of 
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WS2 in the wear scars of balls run against W–S–C coatings for 
1000 revolutions. WS2 peaks were also seen in the data for wear scars from 
W–S–C–Ti coatings, but were considerably less distinct. All wear scars 
contained some WO3. The Raman spectra for coatings with high C contents 
showed the presence of C in the as-deposited coatings, as well as in the 
coating wear track and on the ball wear scar. This was not the case for the 
coatings with less C. 

The worn surfaces from tests on coatings with low C content were studied 
with Raman also after the shorter tests of 20 revolutions. Here, WS2 was 
clearly visible in both wear scar and wear mark for the W–S–C350 coating, 
along with some WO3 peaks. This differed from the W–S–C350–Ti coating, 
which mainly gave signal from C, with vague traces of WO3, only found in 
the wear scar. No WS2 was detected. 

The coating wear tracks of the W–S–C350–Ti coating tested for 20 and 
5000 revolutions were studied by TEM. The coefficients of friction at the 
end of the two tests were 0.3 and 0.02, respectively. The longer test is meant 
to symbolize a steady-state condition. 

The tribofilm on top of the coating in the short test showed no signs of 
crystalline phases, and was considered as amorphous. Elemental analysis by 
EFTEM showed presence of all coating constituents, along with O and Fe, 
the latter most likely originating from the ball. The tribofilm thus consisted 
of oxidized fragments of the coating and counter surface. 

After the extended sliding test, crystalline WS2 platelets with the easily 
sheared planes aligned in the direction of sliding were found in the tribofilm, 
mainly at the very surface of the tribofilms. Some smaller regions of another 
crystalline phase, identified as TiO2, were also seen. The majority of the 
tribofilm was however still made up of amorphous material, mainly 
consisting of Ti and O. 

The large presence of TiO2 and the absence of WS2 in the tribofilms 
during initial sliding of the W–S–C–Ti coatings were deemed as the main 
reasons for the high initial friction. The oxidized Ti is expected to form 
during sliding, but may also originate from the native surface oxide on the 
coatings. High initial friction values, similar to those observed here, were 
also observed in the TiCN system, which can be assumed to have a similar 
surface oxide68. For TiCN, the high friction remained when the tests were 
performed at high temperature, where the formation of oxide is expected to 
increase. The same type of initial friction behaviour was observed for some 
of the Ti–C–S coatings, presented later on (paper VI-VII), which should also 
have a similar surface oxide. 

During prolonged sliding, low friction can be achieved also by W–S–C–
Ti coatings, despite the fact that the tribofilms also at this stage seem to 
consist mainly of oxides. The small amounts of WS2 present at the sliding 
interface are apparently sufficient to provide low friction. It is speculated in 
paper IV that the low concentration of WS2 does influence the friction in the 
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sense that it becomes less stable than for W–S–C coatings. In long term tests, 
it was observed that the friction of Ti containing coatings, although being 
low, was less stable than that of W–S–C coatings. An example of this, for 
the W–S–C350(–Ti) coatings, discussed above, is shown in Figure 13. 

 
Figure 13. Example of the different stability of the friction of W–S–C350 (black) 
and W–S–C350–Ti (grey) coatings, during steady-state sliding in dry air. Both 
coatings have comparable average friction, but the data for the Ti-containing coating 
has a larger variation. This instability is thought to be due to the large presence of 
TiO2 in the tribofilms formed on the Ti-containing coatings. Data from paper III. 

The instability is thought to be caused by the large concentration of TiO2 in 
the tribofilms of W–S–C–Ti coatings. As the very thin WS2 layers at the top 
of the tribofilm are removed, the underlying TiO2 will come into contact, 
until a new WS2 layer is formed. This will cause intermittently increased 
friction at the asperity level. For W–S–C–Cr coatings, a similar behaviour 
has been observed51, with tribofilms consisting to a large extent of metal 
oxides. The Cr-doped coatings also showed reasonably low friction in dry 
conditions, but with an increasing instability for high Cr contents. 

Friction mechanisms of W–S–N coatings in various atmospheres 
Background 
Coatings based on W, S and N have been previously studied, and have in 
some cases showed exceptionally low friction50. The addition of N has been 
seen to cause similar changes in coating morphology and mechanical 
properties as the addition of C. The coatings become increasingly featureless 
and harder as the third element is added. There is however a clear difference 
in that N cannot form an independent phase, as C does in W–S–C coatings. 

The idea of adding N is intriguing from the perspective of tribofilm 
formation, given that N itself cannot form solid oxides. Since oxidized 
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material within the tribofilms has been found to be detrimental to the 
frictional properties, e.g. in the cases where Ti and Cr were added to W–S–C 
coatings, the idea of adding an element incapable of forming solid oxides is 
tempting. The fact that N is likely to escape the contact as a gas was pointed 
out by Gustavsson as one of the main explanations for the exceptionally low 
friction of W–S–N coatings. The limited possibility of forming other 
compounds means that the tribofilms may consist to a very large degree of 
WS2. 

Purpose and findings of paper V 
The study of W–S–N coatings presented in paper V had two main purposes. 
Firstly, the influence of deposition conditions on the structure, chemical 
bonding and mechanical and tribological properties was studied more 
closely. Secondly, the effect of testing atmosphere on the tribological 
performance of alloyed W–S coatings was studied in closer detail, using the 
W–S–N coatings as a model system. TMD materials are known for being 
sensitive to humidity, with drastically higher friction and wear in humid 
conditions. The effect of humidity is however seldom separated from that of 
O2. Typically, comparisons are made between dry and humid conditions, 
where the former may be either dry air or some inert gas (N2 or Ar) and the 
latter is usually humid air. The separate effects of O2 and humidity are thus 
seldom studied. 

W–S–N coatings were deposited by reactive sputtering from a WS2 target, 
using N2 as the reactive gas. The N2 flow was varied to achieve different N 
contents. Depositions were made both at room temperature (RT) and with 
substrate heating (HT). 

Tribological tests, using a reciprocating ball-on-disc setup, were 
performed in four different atmospheres. The atmospheres consisted of air or 
N2, which was either dry or humid (<1% RH or approximately 50% RH), 
allowing for the study of the effects of humidity and O2 separately. 

The RT coatings were amorphous; only the N-free coating showed a 
poorly crystalline WSx phase. The morphology changed from a somewhat 
porous appearance to an increasingly featureless one. The role of N in the 
amorphous RT coatings was further investigated in a separate study69. It was 
concluded that W, S and N form an amorphous network, where a large 
fraction of the N is found as N2 in “cages” formed by the amorphous 
structure. 

The HT coating without N was highly porous and flaky, with a clear WSx 
phase seen in the XRD diffractogram. The porosity decreased with N 
addition, as did the crystallinity. At the highest N content (47 at%), a new set 
of peaks, representing a crystalline WyN phase (substoichiometric W2N), 
appeared in the XRD diffractogram. This was associated with a slightly 
columnar morphology. 
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The differences in structure and morphology were manifested in the 
hardnesses of the coatings. The RT coatings, which were all more or less 
featureless and amorphous, had similar hardnesses, between 3 and 5.5 GPa. 
For the HT coatings, on the other hand, the hardness increased 
monotonically with the N content, from very soft (<0.2 GPa) up to 10 GPa, 
for 0 and 47 at% N, respectively. The hardness increase can be explained 
firstly by the drastic change in morphology, from extremely porous to dense 
and compact, and secondly by the change in crystallinity, from a soft 
crystalline WSx phase, over an amorphous state, to a hard crystalline WyN 
phase. 

 
Figure 14. Mean coefficients of friction for the W–S–N coatings studied in paper V, 
in the four studied atmospheres. Hollow markers indicate that one or more of the 
three repeated tests was aborted due to high friction (µ>0.8), indicating coating 
failure. 

Despite the large structural and mechanical differences, the two coating 
series had rather similar tribological behaviour. Mean coefficients of friction 
of all coatings in the four different atmospheres are presented in Figure 14. 
In dry N2 environment, the coatings exhibited ultralow friction, 0.01-0.02, 
and very low wear. The only exception was the pure W–S coating from the 
HT series, which had slightly higher friction at 0.04 and drastically higher 
wear, as expected from its extremely soft and porous properties. When O2 
was added, i.e. in dry air, the friction of all coatings increased markedly. The 
increase was most dramatic for the coatings with high N content, and the 
most N-rich coating in each series had friction in the 0.2-0.3 range. 

When O2 was replaced by H2O, i.e. in humid N2, friction again increased 
for all coatings. Again, the coatings with high N content were more strongly 
affected; now the two most N-rich coatings in each series showed high 
friction, above 0.4, and high wear. 
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In the presence of both O2 and H2O, i.e. in humid air, none of the N-
containing coatings exhibited low friction, and all were severely worn. For 
high N contents, failure occurred, manifested either by dramatically 
increased friction during the test or by observation of coating removal in 
post-test analysis. Again, high N-contents aggravated the friction and wear, 
and only the coatings with the lowest (non-zero) N-content in each series 
endured the tests without failing. 

Post-test analysis by Raman spectroscopy in mapping mode was used to 
study what compounds were present in the tribofilms under different 
conditions. This is exemplified by Raman maps for wear scars on balls tested 
against the HT coating with the second highest N content (39 at%) in the 
four different atmospheres, shown in Figure 15. 

 
Figure 15. Raman intensity maps for wear scars on balls tested against a W–S–N 
coating deposited at high temperature, containing 39 at% N. Wear scars from tests in 
dry N2, dry air, humid N2 and humid air are shown. For each wear scar, the intensity 
of the peaks representing WS2, WO3 and C are shown. 

In dry N2, where the coating showed excellent performance, the central part 
of the wear scar appears to be covered mainly by WS2, with some WO3 
along the edges, outside the contact. In dry air, there is a larger amount of 
material around the wear scar. The central part of the wear scar is largely 
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covered by WO3 and appears to be almost depleted of WS2, which is instead 
found in a ring surrounding the wear scar. In humid N2, the wear scar is 
markedly larger, but contains very little transferred material. Some WO3 is 
found in debris along the edges of the wear scar. In humid air (a test aborted 
due to high friction), the wear scar is covered by a dark tribofilm, in many 
ways similar to the ones formed in dry conditions. It does however not 
contain any detectable amounts WS2. Instead, it appears to consist mainly of 
C and WO3.  

In humid conditions, it appears that sliding does not take place in WS2, 
but within a tribofilm consisting of C and oxides, or directly within the 
interface between the uncovered counter surface and the coating. This 
condition appears to be associated with high friction and wear. 

Lubricated friction and wear of WS2-based coatings 
The use of triboactive TMD-based low-friction coatings on components in 
combustion engines is often put forward as a promising solution for reduced 
friction, wear and dependence on oil lubrication. Studies of the performance 
of such coatings in lubricated sliding contacts have however not been 
reported in the literature. 

Some preliminary tests were performed during the work presented in this 
thesis, but the results were not brought to a state where they were deemed 
sufficient for a separate publication. Although the results are preliminary and 
partly inconclusive, the practical importance of the topic makes it relevant to 
at least summarize the findings in this context. 

Two alloyed WS2-based coatings were studied, produced to replicate 
those in the studies of W–S–C and W–S–N that had shown the most 
promising properties. The tested coatings contained approximately 40 at% C 
and 11 at% N, respectively, the rest being W and S at approximately a 1:1 
ratio and some O contamination (2–3 at%). Both were structurally 
amorphous, and had hardnesses of 6.5±0.8 and 5.8±0.3 GPa, respectively.  
The W–S–C coating was deposited at room temperature, the W–S–N coating 
using substrate heating to approximately 300°C. A crystalline W–S coating 
was also included. This coating was highly porous, with very low hardness. 

The friction was measured for 10,000 sliding cycles in a reciprocating 
ball-on-disc setup, with 10 mm diameter 100Cr6 steel balls as counter 
surfaces and non-additivated polyalphaolefin oil (PAO 8, viscosity 48 cSt at 
room temperature) as lubricant. Lubrication was achieved by placing a drop 
of oil in the contact. This drop was retained throughout the test, and the 
lubrication was never starved. A stroke of 10 mm and a reciprocation 
frequency of 2 Hz were used, corresponding to an average sliding speed of 
40 mm/s. The tests were performed at a normal loads of 5 N. Atmospheres 
of dry N2 and humid air were used, in order to see if lubrication would 



 52 

eliminate the detrimental effects of humidity. Tests were also performed on 
an uncoated substrate. Wear was evaluated using white light profilometry. 

 

 
Figure 16. Mean coefficient of friction (left) and wear rate (right) from ball-on-disc 
tests in lubricated conditions, at 5 N normal load. For comparison, the results from 
unlubricated tests in dry N2 are included. 

For comparison, unlubricated tests in dry N2 were performed on the coated 
samples. The results for both lubricated and unlubricated tests, in terms of 
friction and wear, are presented in Figure 16. The average coefficient of 
friction was calculated as the mean value of all data after cycle 500, to 
remove possible differences in running-in behaviour. The results are average 
values of three repeated tests. 
In unlubricated sliding, the W–S–C and W–S–N coatings had average 
coefficients of friction around 0.02–0.03. The pure W–S coating had slightly 
higher friction, at around 0.05. This is consistent with previous results for 
comparable coatings. 

In the presence of a lubricant, the coefficient of friction increased rather 
strongly for all coatings, to approximately twice the unlubricated value. The 
wear rate increased with lubrication for the W–S and W–S–C coatings, but 
decreased for the W–S–N coating. Differences in friction and wear between 
the different atmospheres were observed, but the coatings reacted in different 
ways, and no consistent behaviour could be observed. The largest frictional 
difference between the test atmospheres was observed for the steel substrate, 
which had markedly higher friction and wear in dry N2 than in humid air. In 
general, the WS2-based coatings showed similar frictional properties as the 
uncoated steel substrates in lubricated tests. It could be speculated that this 
absence of differences could be due to the relatively mild loading. At 
moderate contact pressures, the lubricant will be able to separate the surface, 
and prevent direct asperity contact. The observed wear, which in several 
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cases was more extensive than in the unlubricated case, contradicts this, but 
it was still deemed interesting to repeat the tests at higher normal loads. New 
tests were performed at 10 and 15 N normal load, but the results were 
similar, and no clear reduction of friction could be observed for the coated 
surfaces. 

The results from this study are far from conclusive, but are at least an 
indication that results from unlubricated test cannot be used to accurately 
predict the performance in lubricated sliding. Further studies of the process 
of tribofilm formation for this type of coatings would be necessary to further 
explain the observed behaviour (or rather, lack of behaviour). 

Tribochemical formation of low-friction tribofilms 
The tribofilms discussed so far were all formed by reorganization of the 
material in the coating into tribofilms with composition, structure and 
morphology differing from that of the coating material. As mentioned in the 
introduction to the thesis, it is also possible to form low-friction tribofilms 
by chemical reactions within the tribological contact. This is the topic of 
papers VI–VII, where low-friction tribofilms were tribochemically formed 
from constituents of both the coating and the counter surface. 

Ti–C–S coatings and the TiCxSy phase 
In papers VI–VII, the properties of Ti–C–S coatings are investigated. The 
Ti–C–S coatings are nanocomposites consisting of a crystalline phase similar 
to TiC in an amorphous carbon matrix, much like TiC/a–C nanocomposite 
coatings, which have been the subject of thorough investigations as 
tribological coatings. The Ti–C–S coatings were produced by reactive 
magnetron sputtering from separate elemental targets of Ti and C, using H2S 
as the reactive gas. By varying the H2S flow, coatings with different S 
content were produced. The addition of S caused an increase in the cell 
parameter of the TiC phase, which continued as more S was added. This is 
seen as a shift to lower diffraction angles of the peaks for the carbidic phase 
in the XRD diffraction pattern, shown in Figure 17. When the coatings were 
exposed to vacuum annealing at 500°C, the S content was reduced, as was 
the lattice constant. These results indicated that S had dissolved into the TiC 
phase, where it caused expansion of the lattice.  

XPS showed S present in only one chemical state, with binding energies 
corresponding to S bonded to Ti. Elemental S or C–S bonds were not 
observed, indicating that the vast majority of S atoms are bonded to Ti. In 
contrast, C was present both in carbidic and free form, the latter making up 
the matrix of the coatings. For both C and Ti, adding S led to a broadening 
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of the chemical state corresponding to the carbide phase, indicating that the 
dissolution of S in the phase changed the chemical bonding. 

It was concluded that when S is added to the coatings, it is dissolved in 
the TiC phase, where it occupies the C sites in the structure. The new phase 
can be described as TiCxSy, where x+y<1 in most cases. The release of S 
under heating indicates that the TiCxSy phase is not thermodynamically 
stable. 

 
Figure 17. X-ray diffraction patterns for the Ti–C–S coatings studied in paper VI. 
All peaks originate from the TiCxSy phase. Addition of S leads to expansion of the 
lattice, seen as a shift towards lower diffraction angles. It also causes a decrease in 
the grain size of the TiCxSy phase, seen as broadening of the peaks. 

Even though the experimental results strongly indicated that S was indeed 
present within the carbide, it was deemed useful to confirm these results by 
performing theoretical calculations regarding the impact of such dissolution. 
This was done in paper VI by performing ab initio calculations of how the 
lattice constant of TiC changes when C is replaced by S. Calculations were 
made using two theoretical methods, both based on density functional theory 
(DFT). For one of the methods, the impact of having vacancies in the 
structure was also examined, by having x+y<1. The theoretical lattice 
constants, along with experimental values, are shown in Figure 18. The 
theoretical results closely follow the experimental ones, strengthening the 
conclusion that dissolution of S was the main reason for the increase in 
lattice constant. The introduction of vacancies was seen to cause a minor 
decrease of the lattice constant. The effect is however far too small to 
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explain the large change in lattice constant as a result of changed 
stoichiometry. 

 
Figure 18. Lattice constant of the TiCxSy phase as a function of the ratio y/(x+y), i.e. 
the fraction of the non-vacant C sites occupied by S atoms. Results are shown for 
two theoretical calculations, using the coherent potential approximation (CPA) and 
supercells, respectively. For the supercell method, calculations were also performed 
for a structure with vacancies, i.e. where x+y<1. Experimental values, acquired by 
XRD, are also shown, both for as-deposited and annealed coatings. The S contents 
of the respective coatings are indicated. Measurements on the same coating before 
and after annealing are connected with dashed lines. 

The addition of S caused decreased hardness of the coatings, from 10 GPa 
for the pure Ti–C coating down to around 5 GPa for the highest S content. 
The Young’s modulus decreased in a similar way, from 230 GPa to 80 GPa. 
The theoretical calculations indicated a decreased bulk modulus of the 
TiCxSy phase for higher S contents, from 248 GPa for TiC to 164 GPa for 
TiC0.5S0.5. This decrease was attributed to weaker bonding of the S atoms in 
the structure, compared to that of C atoms. Although the bulk and Young’s 
moduli are different properties, they are directly related and are both 
connected to the stiffness of bonds. The mechanical properties of the coating 
are not determined by the properties of the crystalline phase alone, and 
factors such as crystallite grain size, amount of amorphous C matrix and 
morphology are also of large importance. It is however reasonable to believe 
that the reduced coating Young’s modulus is at least partially caused by a 
reduced Young’s modulus of the TiCxSy phase. 
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Friction of Ti–C–S coatings 
The coefficient of friction of the Ti–C–S coatings sliding against steel was 
measured by rotating ball-on-disc. Test of 10000 revolutions were 
performed, causing failure of all coatings except those with the two highest S 
contents. A clear trend was seen in that higher S content lead to lower and 
more stable friction, and delayed failure. Friction data for all coatings during 
the first 1000 revolutions are shown in Figure 19. 

 
Figure 19. Coefficient of friction of Ti–C–S coatings with varying S content tested 
in sliding against steel balls. For the highest S content, the result of a test using a W 
coated ball is also presented, showing a significant friction reduction. An SEM 
image of the ball wear scar of this test is also shown, along with a TEM image of the 
tribofilm in the indicated area. The TEM image shows the formation of crystalline 
WS2 in the contact. 

WS2 tribofilms in the contact of Ti–C–S coatings 
The annealing experiments on Ti–C–S coatings revealed the possibility of S 
release. The theoretical calculations gave the opportunity to determine the 
change in energy of the TiCxSy phase upon the release of S. By calculating 
the formation energy for the reaction of a TiCxSy phase with y units of W, to 
form a S-free TiCx phase and y units of WS2, the driving force for the 
reaction was investigated. If this formation energy is negative, it means that 
it is energetically favourable to remove the S of the TiCxSy phase to instead 
form WS2 from it. The calculations showed that this was the case for values 
of y up to 0.4. For higher S contents, complete removal of S would cause a 
severely substoichiometric TiCx phase, making the reaction energetically 
unfavourable. 
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The calculations indicated that it should indeed be possible to form WS2 
in the sliding contact with W. This was examined experimentally in 
paper VI, by using steel balls sputter coated with W as counter surfaces, data 
also shown in Figure 19. For the Ti–C–S coating with the highest S content 
(21 at%), this led to a dramatically reduced friction. During the first few 
hundred revolutions, it showed similar behaviour as the steel ball, with a 
friction around 0.2. After this, the friction decreased, down to about 0.05, 
where it remained until the end of the test. Post-test analysis by TEM of the 
tribofilm formed on the ball surface (see Figure 19) showed the presence of 
a crystalline phase aligned in the sliding direction, with a plane distance 
matching that of WS2. 

 
Figure 20. Typical friction behaviour of a Ti–C–S coating with 23 at% S, sliding 
against 8 mm balls of different material at 15 N normal load. 

A coating with the possibility of forming low-friction compounds when 
engaged in sliding contact with its counter surface could be useful in 
technical applications. However, the use of pure metallic W (or Mo) in 
machine components is rare. In order to expand the range of potential 
applications, the possibility of using more technically relevant materials was 
investigated in paper VII. 8 mm balls of ball bearing steel (100Cr6), stainless 
steel (316-L, containing 2-3 wt% Mo), WC (with Co binder), Al2O3 and W 
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(solid balls with Fe and Ni binder) were used as counter surfaces. A Ti–C–S 
coating was deposited using the same method and parameters as used for the 
coating with the highest S content in paper VI. The coating was structurally 
similar, but had a slightly higher S content of 23 at%. Friction measurements 
were performed using a reciprocating ball-on-disc setup, operating in a dry 
N2 environment, with normal loads of 5 and 15 N. 

Typical results for 15 N normal load are shown in Figure 20. During the 
first thousand cycles, all ball materials gave similar friction, around 0.2. 
After this, the behaviour differed strongly. The steel balls (100Cr6 and 
316-L) continued at approximately the same level throughout the test, 
whereas the WC and Al2O3 balls caused catastrophic failure in most tests. 
For Al2O3, all tests ended in failure before the completion of 2000 cycles. 
For the W balls, a dramatic drop in friction occurred after a few thousand 
cycles of testing. At lower load, the behaviour was similar, with the 
exception that the decrease in friction for W balls was smaller. 

XPS spectra collected in the wear track of a test with 15 N normal load 
using a W ball showed the presence of W bonded to S. Raman spectra of 
both wear tracks and ball wear scars from tests with W balls confirmed this, 
and WS2 was detected for surfaces from tests at both normal loads. Raman 
peaks from WS2 (or MoS2) were not detected in any wear tracks or wear 
scars from tests where other balls were used. Since no low friction was 
observed for the other balls, this was also not to be expected. 

The poor performance of the WC and Al2O3 balls could not be explained 
in a satisfactory manner. It can be speculated that Fe in the steel balls could 
form sulphides with the S from the coatings, and that this could hinder the 
dramatic increases in friction, in a similar fashion as EP additives in 
lubricants. The presence of iron sulphides in the tribofilms could however 
not be clearly confirmed, nor could it be excluded, due to difficulties in the 
interpretation of both XPS and Raman spectra for these compounds. 

Based on the indications, and lacking contradictory evidence, it is 
proposed that the formation of iron sulphides is responsible for the improved 
performance observed for Fe containing balls. 

Dependence of the friction on the normal load 
As mentioned, it was observed in paper VII that the friction of a Ti–C–S 
coating sliding against a W ball decreased quite strongly as the normal load 
was increased from 5 to 15 N. The effect seemed unexpectedly large, in 
relation to the behaviour predicted for Hertzian contacts (where µ is 
proportional to FN

-1/3, as discussed on p. 32), and further tests were 
conducted at two intermediate loads (7.5 and 10 N) in order to study the 
behaviour closer. These measurements confirmed the load dependence, and 
it was seen that the behaviour was consistent. Fitting of an exponential trend 
to the data indicated that the coefficient of friction decreased as FN

-0.7. Even 
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though the value of this exponent has a rather large uncertainty, one may 
conclude that the load dependence seems markedly stronger than that 
predicted in the Hertzian model. It is proposed that this is due to an 
additional effect being at play, namely the formation of a low-friction 
compound by tribochemical reactions, and that this reaction is facilitated by 
the increased contact pressure achieved by increased normal load. 

A similarly strong dependence on normal load has been observed in some 
cases for TMD-based coatings under sliding in humid air70. Under high 
loads, extremely low friction has been observed even in humid conditions50. 
The mechanism for this improvement is not known, but one may speculate 
that increased contact pressure enhances the formation of tribofilms on 
asperities where it has been removed, in a comparable way to the enhanced 
tribochemical formation of WS2 tribofilms in the Ti–C–S and W system. 
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6. General discussion 

This chapter aims to summarize some of the general findings in the thesis, 
and discuss some consequences of the concept of triboactive coatings. It is 
not a full discussion of the results, as this is largely covered in the previous 
chapter, and in the respective articles. Instead, it is an attempt to find 
common issues in the systems studied, and to discuss general phenomena in 
the formation and replenishment of tribofilms and the potential use of 
triboactive coatings. 

The coatings studied in this thesis have in common that they are not 
intrinsic low-friction materials. Instead, they gain their low-friction 
properties by formation of tribofilms that add this property. This is a great 
strength, in that it means that the coating material itself does not need to 
fulfil the requirement of low shear strength, but can be designed to have a 
high hardness, good load bearing capacity and chemical inertness. It does, 
however, also make them inherently vulnerable to any factor that inhibits the 
formation or causes removal of the tribofilms. This was observed for TaC/aC 
coatings, where quite moderately increased roughness of the coated surface 
delayed the formation of tribofilms and thereby the onset of low friction. For 
larger roughnesses low friction was not obtained at all. The influence of 
surface roughness on the performance of WS2-based coatings was not 
studied specifically, but the mechanisms of tribofilm formation appear to be 
similar, and it is reasonable to expect a similar behaviour. 

Another example of this sensitivity is the increasingly detrimental impact 
of atmospheric humidity and O2 on the performance of W–S–N coatings, 
when the amount of N in the coatings is increased. As long as the conditions 
are mild, the need for replenishment of the tribofilm is expected to be low, 
meaning that a slow formation of new tribofilm is not necessarily a problem. 
As soon as aggravating circumstances are introduced, such as humidity, the 
removal of tribofilm will increase, meaning that the rate of tribofilm renewal 
must also increase if the friction is to remain at reasonably low levels. 

Pure W–S coatings can replenish the tribofilms almost instantly, and their 
friction thus only increases moderately in severe conditions. The increase is 
probably mainly caused by the increased shear strength of WS2 in humid 
conditions, and to some extent by oxidation, if O2 is also present. Their wear 
is, however, very strongly affected by the conditions, since the removal of 
tribofilms requires continuous replenishment. The difference, compared to 
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the alloyed coatings, is that this replenishment is rather uncomplicated, and 
limited mainly by the complete removal of the coating. 

For the coatings with higher hardness, wear resistance and alloying 
element content, the rate of tribofilm replenishment is much more limited. 
Secondly, complete removal of the tribofilm has much more dramatic 
consequences for these coatings, as the conditions of the contact change 
entirely when sliding must occur in the surface of the hard underlying 
coating. There are indications that increased contact pressure may reduce the 
problems associated with humidity, possibly by improved replenishment of 
tribofilms. 

There are several potential ways of circumventing this problem. One of 
them is to use an alloying element that itself may form tribofilms that 
function well in the conditions that are detrimental for WS2 lubrication. This 
was the intended purpose of adding C to W–S coatings, and W–S–C coatings 
were originally ascribed “chameleon” behaviour, meant to indicate that they 
worked like DLC coatings in humid conditions, and like W–S coatings in 
dry conditions. In some cases, this has worked reasonably well in practice, 
although it has been put in doubt whether they actually operate through 
formation of C based tribofilms in humid conditions. 

Another potential solution would be to accept the fact that TMD coatings 
will tend to give high friction in humid conditions, and instead focus on the 
issue of wear. With this approach, the efforts would be put into reducing the 
wear rate of the coating in humid conditions, where the protection given by 
tribofilms cannot be trusted. Again, this has been achieved in some cases by 
W–S–C coatings with high C contents, which have showed low wear despite 
relatively high friction in humid air. The W–S–C–Ti coatings studied here 
may also be regarded as promising in this aspect. This solution would be 
useful in applications where use in humid environments is sometimes 
necessary, but where the friction level on these occasions is not critical. 

A third solution is to accept the high wear of TMDs in humid conditions, 
and focus on maintaining a low and predictable friction in all conditions. 
Among the coatings studied in this thesis, this requirement is best fulfilled 
by the pure, amorphous W–S coatings. As mentioned, they suffer from 
extensive wear in humid conditions, and such use must thus be very limited 
if they are to work in applications. The W–S–C and W–S–N coatings with 
the lowest alloying element contents represent an intermediate solution, with 
some of the benefits of alloying (increased hardness and dense morphology) 
along with high W and S concentrations. 

The choice of solution must be made with regard to the intended 
application, and it is probably wise not to consider triboactive TMD coatings 
as a single entity, but rather as a family of coatings with rather varying 
properties, much like DLCs. 
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7. Conclusions and Outlook 

This chapter summarizes the main conclusions of the work presented in this 
thesis, in a condensed format. The conclusions are listed under their 
respective topics.  

Running in and tribofilm formation of TaC/aC 
• Micro topography of the substrate surface induces similar topographical 

features on the coating surface after deposition of a TaC/aC coating. 
• These topographical features cause dramatically increased friction 

during the very first stages of sliding. 
• The formation of tribofilms from TaC/aC coatings is a sequential 

process, where coating wear particles are formed and transferred to the 
counter surface where they are agglomerated, compacted and 
smoothened out. 

• Micro topography of the coating surface delays these stages of tribofilm 
formation. This is suggested to be the reason for the delayed running in 
of rougher surfaces. During the formation of the counter surface 
tribofilm, the coating surface is also smoothened out, making it less 
prone to remove the forming tribofilm. 

• The process of tribofilm formation appears to be similar for the WS2-
based coatings studied, and there is reason to believe that their behaviour 
would be affected in a similar way by micro topography. 

• For excessively rough coated surfaces, low friction was not achieved. 
The high local contact stresses at coating asperities appears to cause 
removal of transferred material at a too high rate to allow for the 
formation of a stable tribofilm. 

Properties and tribofilm formation of WS2-based 
coatings 
• The hardness of WS2-based coatings can be significantly increased if 

their structure is made amorphous rather than crystalline. This can be 
achieved either by deposition at low temperature, or by introduction of a 
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third element. Both C and N were used here, as well as in previous 
studies, with similar results. 

• Further hardness increases can be achieved by introduction of a hard 
phase. This was done by addition of Ti to W–S–C coatings, leading to 
the formation of strong Ti–C bonds, associated with dramatically 
increased hardness. For high C contents, a nanocrystalline TiCxSy phase 
was formed. For W–S–N, a similar behaviour was seen for high N 
contents and high deposition temperature, where a hard WyN phase was 
formed, leading to strongly increased hardness, although on a lower 
level. 

• Ultralow friction could be achieved in dry atmospheres also for the 
hardest coatings produced. 

• The addition of Ti to W–S–C coatings leads to a high concentration of 
TiO2 in the tribofilms, and is associated with high initial friction and 
unstable long term friction. 

• The friction and wear of W–S–N coatings is increased by the presence of 
humidity and oxygen in the testing atmosphere. The combination of both 
is more severe, so that the friction and wear increase in the order dry N2 

– dry air – humid N2 – humid air.  
• High concentrations of additional elements in WS2-based coatings 

appear to increase their sensitivity towards humidity and oxygen. In 
humid conditions, the tribofilm wear is expected to increase, leading to 
an increased need for formation of new tribofilm. This process appears 
to be hindered by high concentrations of elements other than W and S. 

Tribochemical formation of tribofilms 
• Addition of S to a TiC/aC coating through reactive sputtering leads to 

the formation of a TiCxSy carbidic phase, with S occupying some of the 
C sites in the TiC structure. 

• The TiCxSy phase is metastable and able to release S in tribological 
contacts, or through annealing. 

• When Ti–C–S coatings slide against metallic W counter surfaces, 
tribofilms containing WS2 may be tribochemically formed. This is 
associated with dramatically reduced friction. 

• For ferrous counter surfaces, there are strong indications that iron 
sulphides are formed in the tribofilms and that this reduces friction and 
wear, in comparison with inert counter surfaces. 

• No tribochemical formation of WS2 in the tribofilms was observed for 
counter surfaces containing W or Mo in a compound or as an alloying 
element. This is thought to be due to the relatively poor wear resistance 
of the Ti–C–S coatings when no beneficial tribofilm is present. When 
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the availability of W or Mo is poor, coating failure occurs before 
sufficient amounts of beneficial tribofilms are formed. 

• The tribochemical formation of WS2 in the tribofilms appears to be 
promoted by an increased contact pressure. This is manifested as a 
decreased friction and increased amounts of WS2 detected in the wear 
tracks. 

Outlook 
The potential benefits offered by triboactive TMD coatings must now be 
considered as relatively well-established, and so are their basic limitations. A 
few final remarks will be made about some issues requiring further 
treatment. 

Some interesting candidates remain to be investigated, in particular 
diselenide-based coatings alloyed with N. Diselenides (WSe2 and MoSe2) 
have shown very promising properties when alloyed with C, and appear to 
be less sensitive to humidity35,70. Alloying with N has shown a similar 
impact, with exceptionally low friction in humid air50. N-alloying of 
selenides thus appears as a very interesting concept to maintain low friction 
in humid conditions. 

Another logical continuation would be to perform studies under more 
application-like conditions, in order to take one step closer to practical use. 
This involves some aspects that have previously not been given very much 
attention. Evaluation of coatings is usually performed using rather high 
contact pressures in non-conformal contacts, in order to accelerate the wear 
in short tests. In applications, much lower contact pressures may be 
desirable, and conformal geometries are often used. Triboactive TMD 
coatings are known to function well under high contact pressure, and it is 
unclear whether the mechanisms for formation of low-friction tribofilms will 
be as successful as the pressure is reduced. 

Finally, the performance of triboactive TMD coatings in lubricated 
contacts must be further studied, if they are ever to be used widely in 
applications. The very preliminary results presented here are merely an 
indication that there is work to be done, and that it is not yet obvious to what 
extent this type of coatings will be able to contribute to lowered friction of 
lubricated components. Apart from the basic frictional behaviour under 
lubrication, the compatibility with common surface active lubricant additives 
must be further investigated before the coatings can be considered for use in 
applications where these occur. 
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8. Sammanfattning på svenska 

Avhandlingen du håller i din hand (och förhoppningsvis snart har läst) 
handlar om tribologi. Även om du aldrig hört ordet förr, har du med all 
säkerhet stött på många tribologiska fenomen i din vardag. Tribologi handlar 
om friktion och nötning, alltså om det som händer när två ytor kommer i 
kontakt och glider mot varandra. Det kan handla om en fot som halkar på en 
blöt klinkerplatta, en osmord cykelkedja som knappt går att få runt eller en 
bilnyckel som nötts så mycket att den inte längre fungerar. Friktion och 
nötning är aktuella frågor i många sammanhang, men kanske allra mest i 
olika tekniska system, där de ofta är helt avgörande för om en maskin ska 
fungera eller inte. 

Friktionen är också en av de saker som till stor del avgör hur mycket 
energi som förbrukas av en maskin. Att sänka friktionen hos olika 
komponenter i till exempel motorfordon skulle innebära betydande 
minskningar i den miljöpåverkan som orsakas när fordonen används. 

En möjlig metod för att sänka friktionen hos många motorkomponenter är 
att förse deras ytor med lågfriktionsbeläggningar. En lågfriktionsbeläggning 
är ett tunt lager material som appliceras på en yta och som får dess friktion 
och nötning vid glidning mot andra ytor att minska drastiskt. Att använda 
sådana beläggningar på motorkomponenter har flera potentiella fördelar. 
Dels uppnås en direkt friktionssänkning, som sänker motorns totala 
energiförbrukning. Dessutom, och kanske ännu viktigare, kan beläggningen 
göra att komponenten fungerar och har låg friktion även om oljesmörjningen 
fallerar, eller är otillräcklig, något som för en obelagd stålkomponent ofta är 
fullständigt förödande. Om kritiska komponenter i motorn tål att köras med 
bristfällig smörjning är det möjligt att byta till mer lättflytande smörjmedel, 
som erbjuder ett sämre skydd för motorns delar. Detta kan i sin tur ge en 
drastisk minskning av de energiförluster som sker när en trögflytande olja 
flödar runt i motor, växellåda och transmission. 

Den här avhandlingen handlar om ett antal olika ytbeläggningar, som alla 
har förmågan att ge oerhört låg friktion vid glidning mot andra ytor. Detta 
åstadkommer de genom att omvandla sitt yttersta lager till en så kallad 
tribofilm, med mycket lågt skjuvmotstånd, som täcker och skyddar både 
beläggningens yta och den yta den glider mot (motytan). 

Friktionen mellan två ytor styrs något förenklat av hur stor deras verkliga 
kontaktyta är, samt av hur svårt det är att skjuva denna yta. Den verkliga 
kontaktytan benämns Ar och styrs i huvudsak av hur hård den mjukaste ytan 
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i kontakten är. Detta beror på att en mjuk yta inte förmår bära upp de höga 
tryck som bildas i de punkter där den möter motytan. Tänk till exempel på 
hur samma sko kan ge väldigt olika stora avtryck på en lös sandstrand och en 
hårdpackad grusväg. 

Hur svårt det är att skjuva kontaktytan styrs i sin tur av det som kallas 
skjuvmotstånd och betecknas τ. För att uppnå låg friktion skall alltså 
kontaktarean och skjuvmotståndet vara små. Något förenklat kan 
skjuvmotståndet sägas vara relaterat till hårdheten, så att mjuka material har 
lågt skjuvmotstånd, och vice versa. Eftersom kravet på liten kontaktarea 
förutsätter en hög hårdhet uppstår här en paradox, i form av att materialen 
skulle behöva vara både hårda och mjuka, samtidigt. Ett sätt att lösa detta är 
att lägga en tunn, mjuk beläggning på en hård yta. Då kommer skjuvningen 
att ske i den mjuka beläggningen, medan den hårda ytan under ger den stöd 
och på så sätt bibehåller en liten kontaktyta. Problemen med detta är att den 
mjuka beläggningen ofta nöts mycket fort. 

Beläggningarna som studerats i denna avhandling kringgår denna paradox 
på ett annat sätt. Beläggningarna är relativt hårda, läggs på hårda material 
och glider mot hårda material, så att kontaktytan blir liten. När de utsätts för 
glidning omvandlas de dock i sitt yttersta ytskikt och bildar där ett oerhört 
tunt lager av ett mycket lättskjuvat material. Situationen illustreras i Figur 
21, tillsammans med illustrationer av andra kombinationer av hårda och 
mjuka ytor. 

 
Figur 21. Illustration av hur kontakten och friktionen mellan två yttoppar förändras 
när materialet i den ena yttoppen varieras. En hård övre yttopp möter i tur och 
ordning en hård yttopp, en mjuk yttopp, en hård yttopp med mjuk beläggning och en 
hård yttopp med en beläggning som bildat en tribofilm. 

Eftersom det är i tribofilmen som glidningen sker är det egenskaperna hos 
den som i första hand avgör hur låg friktionen blir. Den ursprungliga 
beläggningens egenskaper blir alltså sekundära, och dess främsta uppgift blir 
istället att vara ett bra underlag till den bildade tribofilmen och se till att den 
blir så bra som möjligt. 
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Artiklarna i denna avhandling handlar därför till stor del om hur 
beläggningarna och de ytor de läggs på och glider mot ska vara beskaffade 
för att ge möjligheter för bra tribofilmer att bildas. 

I de två första artiklarna studeras en välkänd lågfriktionsbeläggning, 
bestående av tantalkarbid i en matris av kol. Dess låga friktion uppstår i 
huvudsak genom att tribofilmer av grafit skapas på motytan. I 
undersökningen studeras i detalj hur dessa tribofilmer bildas och hur denna 
bildning påverkas av att den belagda ytan görs något ojämnare. I ett 
inledande skede består tribofilmen av relativt grova nötningsfragment från 
beläggningen, som successivt blir allt finkornigare vartefter glidningen 
pågår. Till sist uppnås en mycket slät och finkornig tribofilm, som tycks 
nötas mycket långsamt. Det visade sig att yttoppar på bara några tiotals 
nanometer fördröjde förloppet märkbart, så att det tog avsevärt längre tid att 
nå ett tillstånd med låg friktion när ytorna var ojämnare. 

I en fortsatt undersökning studerades om en mjukare beläggning ovanpå 
den nyss nämnda skulle kunna minska påverkan från ytojämnhet, genom att 
agera som ett offerlager, som nöts bort relativt snabbt i det inledande skedet, 
men i gengäld är ”milt” mot motytan under denna tid. Beläggningar av rent 
kol lades därför ovanpå TaC/aC-beläggingen. Detta orsakade en något 
förhöjd friktion under den första tidens glidning, men sänkte också 
nötningen av både beläggningen och motytan på längre sikt. På de mycket 
grova ytor som också belades i denna studie kunde dock ingen låg friktion 
uppnås. Detta tros bero på att de förhållandevis skarpa yttopparna 
avlägsnade den bildade tribofilmen i alltför stor utsträckning. Även på de 
grova ytorna kunde dock en minskad nötning av motytan observeras när den 
mjuka övre beläggningen användes. 

De övriga artiklarna i avhandlingen berör beläggningar baserade på en 
annan typ av lågfriktionsmaterial, nämligen volframdisulfid, WS2. Detta är 
ett material som, likt grafit, har en kristallstruktur bestående av starkt 
sammanbundna plan som staplas på varandra, med mycket svaga bindningar 
mellan planen. Detta gör materialet mycket lätt att skjuva i riktningen längs 
planen. WS2 och det snarlika MoS2 används tack vara detta ofta som fasta 
smörjmedel. Att använda dem som tunna beläggningar är däremot i regel 
olämpligt, eftersom de lättskjuvade planen gör dem mycket mjuka, så att de 
nöts kraftigt. 

Eftersom det är de lättskjuvade planen i kristallstrukturen som orsakar 
den låga hårdheten, kan de dock göras väsentligt hårdare genom att hindra 
den kristallina strukturen från att bildas. Med de metoder som använts för att 
tillverka beläggningarna i denna avhandling är det möjligt att producera helt 
amorfa beläggningar, där atomerna inte bildar kristaller utan är så gott som 
helt oordnade. Detta kan åstadkommas genom att låta beläggningarna 
tillväxa vid låg temperatur, så att atomerna inte har tillräcklig energi för att 
arrangera sig i kristaller. Det kan också åstadkommas genom att tillsätta fler 
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element än volfram och svavel till beläggningarna (till exempel kol, kväve 
eller en metall), något som förhindrar tillväxten av kristallin WS2. 

Eftersom det är de kristallina WS2-planen som ger materialet sin låga 
friktion kan det verka kontraproduktivt att sabotera bildningen av dessa 
kristaller. Det har dock visat sig att även helt amorfa beläggningar bildar 
kristallina tribofilmer, så snart de utsätts för en glidande kontakt. På detta 
sätt uppstår den gynnsamma situationen som illustreras i Figur 21, med ett 
extremt tunt lager av ett mycket lättskjuvat material ovanpå en hård 
beläggning. 

Även om beläggningarna som bildas av volfram, svavel och kol är 
mycket hårdare än rena WS2-beläggningar, är de fortfarande betydligt 
mjukare än många andra lågfriktionsbeläggningar. I två av artiklarna i denna 
avhandling görs ett försök att förbättra detta, genom att tillsätta ytterligare ett 
element till beläggningarna, nämligen titan. Titan är välkänt för sin starka 
tendens att bilda hårda karbider i närvaro av kol, något som förmodades 
kunna ge hårdare beläggningar. Detta kunde också bekräftas experimentellt, 
och beläggningarna blev upp till dubbelt så hårda som sådana baserade på 
bara volfram, svavel och kol. Trots den ökade hårdheten, och trots att 
beläggningarna nu innehöll en hård fas, bibehöll de samma extremt låga 
friktion som hos beläggningarna utan titan. Dock konstaterades att friktionen 
hos beläggningarna med titan var påtagligt högre just när glidningen 
påbörjades. Detaljerade studier av ytorna under detta skede visade att 
tribofilmerna till en början bestod nästan enbart av titanoxid, troligen på 
grund av en tunn oxid på beläggningsytan, något som gav upphov till mycket 
hög friktion. Efter en stunds glidning sjönk dock friktionen, och det kunde 
konstaterats att kristallin WS2 bildats även i dessa tribofilmer, om än i 
relativt låga koncentrationer. 

WS2-baserade beläggningar kan som redan nämnts ge extremt låg 
friktion, dock är de beroende av att miljön de används i är fri från fukt. När 
vattenmolekyler är närvarande ökar bindningsstyrkan mellan de lättskjuvade 
planen, så att friktionen höjs. Ofta observeras också att WS2 oxideras i 
kontakten, det är dock ofta oklart om detta huvudsakligen orsakas av fukt 
eller syre. För att närmare utreda detta gjordes försök med en beläggning 
baserad på volfram, svavel och kväve, vars friktion och nötning uppmättes i 
olika atmosfärer, där fukt och syre tillfördes både var för sig och 
tillsammans. Det konstaterades där att syre har en större roll än vad som ofta 
förmodas, och kombinationen av syre och fukt visade sig vara betydligt mer 
skadlig än fukt ensamt. 

I avhandlingens två sista artiklar behandlas en ny typ av 
lågfriktionsbeläggning, som inte i sig ger låg friktion, utan skapar 
förutsättningar för det genom att kemiskt reagera med sin motyta. 
Beläggningen består av titan, kol och svavel, i form av en titankarbid där 
kolatomerna delvis bytts ut mot svavel, något som yttrar sig i att 
titankarbidens kristallstruktur sväller något. Denna fas är termodynamiskt 
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instabil, vilket innebär att svavel kan fås att lämna strukturen, till exempel 
vid en temperaturökning eller annan energitillförsel. I detta sammanhang 
användes de extrema förhållandena i en tribologisk kontakt som drivkraft för 
att frigöra svavlet från beläggningen och få det att reagera med ämnen i 
motytan. När motytor av volfram användes konstaterades att friktionen 
minskade drastiskt, ned till en fjärdedel av nivån som uppnåddes med en 
stålkula. Kemisk analys av de nötta ytorna visade att WS2 hade bildats i 
tribofilmerna när en volframkula användes. När stålkulan istället byttes mot 
en kula av aluminiumoxid ökade friktionen och nötningen drastiskt, något 
som relaterades till att det för stålkulan hade bildats relativt mjuka 
järnsulfider i kontakten. 
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Tack 

Efter så pass lång tid finns det naturligtvis många att rikta ett tack till. Inte 
minst alla som samarbetat med själva forskningen, men listan är faktiskt 
mångdubbelt längre än antalet medförfattare. 
 
För att börja i rätt ände vill jag passa på att tacka Sture, dels för det roliga 
och framgångsrika samarbetet med curlingforskningen, men kanske främst 
för att du lagt grunden till de arbets- och tankesätt som alltjämt är rådande 
inom tribomaterialgruppen och som gör den till det den är. 

 
Min huvudhandledare Staffan, för att du förvaltar detta arv, och för att du har 
en tydlig syn på vad som är viktigt och på vad som utgör bra forskning. Dina 
synpunkter ger nästan alltid nya perspektiv, som jag själv aldrig kommit att 
tänka på. 

 
Till alla inom Tribofilm, för bra och roligt samarbete. I synnerhet såklart Jill, 
Erik och Krisztina, med stöd från Ulf, Tomas, Tomas, Olle och under en tid 
också Liping. Det var inte självklart att det skulle gå att få alla att dra åt 
samma håll, men när vi försökte blev det ju faktiskt riktigt bra! Naturligtvis 
förtjänar också SSF ett stort tack för finansieringen av detta projekt. 

 
Alla tribologer, för trevligt umgänge och bra diskussioner, om både 
forskning och annat. Den sammanhållning och hjälpsamhet som finns i 
gruppen tror jag är avgörande för hur bra det fungerar. I synnerhet vill jag 
tacka Johanna, Julia och Urban, för bra samarbete i början av min 
doktorandtid. Även om vi (faktiskt!) aldrig formellt samarbetade var Peter 
ett stort stöd, inte minst i tribolab, från det att jag började som exjobbare. 
Senare bidrog också Fredrik, inte minst med fint TEM-arbete i flera av 
artiklarna, men också med åsikter om TMD i största allmänhet. Våra 
curlingartiklar hade aldrig blivit av om inte Sara gjort ett så bra exjobb och 
lämnat efter sig så mycket fina resultat. Samarbetet med Takayuki, under 
hans korta besök, gav en intressant inblick i en annan forskningskultur. 
 
Alla andra tribologer: Anders, Benny, Fredrik S, Frida, Janna, Jonas, Jonna, 
Julia, Lisa, Magnus, Maria, Martina, Micke, Patrik, Petra, Robin, Toshiharu, 
Viktoria, Yuta och Åsa. Ni har alla bidragit till att skapa den välkomnande 
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och trevliga atmosfären. Många av er har också utgjort trevligt resesällskap 
på konferensbesök i olika delar av världen. 
 
Detta leder osökt in på Stiftelsen Axel Hultgrens Fond, som på ett generöst 
sätt finansierat flera av dessa resor. Andra resor har finansierats av den 
nationella forskarskolan i tribologi, som gett mig och många andra 
tribologidoktorander möjlighet att gå en hel mängd relevanta kurser under 
väldigt fina förutsättningar. 

 
Tack också till alla på ANS och i synnerhet Nils, som erbjöd mig det exjobb 
som ledde till att jag kom till tribomaterialgruppen. Det var spännande att få 
följa er under en så avgörande tid, då företaget växte explosionsartat. När jag 
började fanns ingen egen lokal och bara en anställd. Ni har kommit väldigt 
långt och kommer säkert ännu längre. 

 
Sara och Jonatan förtjänar ett stort tack för all praktisk hjälp med stort och 
smått. Ni kombinerar båda två hjälpsamhet och kunnighet på ett sätt som är 
beundransvärt.  

 
Fredric, Janne och Victoria, för ert outtröttliga arbete med att hålla all 
analysutrustning i skick, och med att tala om hur vi (inte) ska göra. Jocke, 
för hjälp med tillverkning av diverse komponenter. 

 
Alla inom övriga TMV och MST, för bra pausunderhållning i fikasofforna 
och under Mombasa. Dessutom för bra samarbete med undervisning. Den 
tappra skaran Quiz-besökare förtjänar ett tack för roliga kvällar på Smålands. 

 
Mina vänner utanför tribologin förtjänar ett tack för att ni hjälper mig att 
behålla kontakten med verkligheten och för att ni påminner mig om vad som 
är verkligt viktigt. Utan er vänskap vore jag fattigare. 
 
Min familj är ett ständigt stöd i allt utom kanske just forskningen. Tack för 
det! 

 
Slutligen, Jill, tack för allt. Utan dig hade det här varit mycket svårare, 
mindre framgångsrikt och framför allt tråkigare. Ditt stöd och din kärlek 
håller mig uppe. Tack! 
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