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1. Introduction

Stronger requirements on more environmentally friendly products, lower
fuel consumption, longer time intervals between service and replacement,
etc. force the automotive industry to improve the performance of the machine components. An example of this development is the aim to accomplish
a more effective combustion in diesel engines by injecting the diesel into the
cylinder at a higher pressure. Increasing the injection pressure also increases
the loads on various machine elements, resulting in an increased wear. In
this development wear resistant PVD-coatings may be valuable.
Thin PVD-coatings for tribological applications have been used more and
more frequently the last decades. The most successful applications have been
seen in the tool industry, where thin coatings, 3-5 µm, considerably increase
the lifetime of for instance drills and cutting inserts. Popular materials for
tool-coatings include various carbides and nitrides. The essential property is
wear resistance at the high temperatures and contact pressures reached in the
cutting process.
In machine element applications, the wear resistance of the coating is also
important, though at lower temperatures and contact pressures. Additional
properties are also important, e.g. an inherent low friction of the material is
beneficial as it ultimately can increase efficiency and reduce fuel consumption of the machine. Another important aspect is the deposition temperature
of the process. Materials used for machine elements are usually more sensitive to high temperatures than typical tool materials. The temperatures used
in the deposition of the carbides and nitrides are often too high for the typical hardened and annealed steel used in machine elements.
Various carbon based coatings have proven to be a very interesting material in this application because of their excellent tribological properties [1].
Carbon coatings are quite unique by exhibiting the combination of low friction in sliding contact and very high wear resistance. MoS2-coatings can
provide similarly low friction as carbon coatings but cannot match the wear
resistance [2, 3]. Typical friction coefficients and wear rates of carbon coatings have been found to be equal to or less than that of lubricated steel [4].
Moreover, a carbon coating can also be very gentle to the counter surface,
i.e. it induces a low wear on the counter body. Another interesting feature
with carbon coatings is that the deposition temperature can be quite low. In
fact, a low deposition temperature often improves the quality of the coating
[5]. These properties, the low friction, the high wear resistance, the gentle
7

handling of the counter part and the low deposition temperature, have made
them very attractive for machine element applications.
The aim of the present thesis is to increase the basic knowledge on the interaction between the two surfaces in tribological contacts, where at least
one surface is coated with a carbon based coating. Because of the long wear
lives of most machine elements, tribological tests aimed to elucidate a possible increment in life-time would be very time consuming. Hence, the main
focus has been put into the initial stage of the wear process, i.e. the runningin behavior, and how this is affected by surface roughness, different oils,
different coatings, etc.
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2. General considerations of carbon coatings
and testing

Carbon coatings, also called diamond-like carbon (DLC) or amorphous carbon coatings, are by no means a specific material with specific material
properties. For instance, the hardness can be anything between 5 GPa and
70 GPa depending on deposition conditions [6]. The large differences can
often be attributed to different binding configurations of the carbon atoms in
the coating. Carbon mainly bonded as diamond (sp3-bonds) usually gives
very hard, stiff, but brittle coatings having high residual stresses. Carbon
bonded mainly as graphite (sp2-bonds) gives softer and tougher coatings.
Hydrogen can be incorporated into the structure in some deposition processes and promote sp3-bonds of the carbon atoms. However, carbon coatings
having a high degree of sp3-bonds due to a high H-content are usually quite
soft [7]. The fact that various elements, presumably carbide forming elements such as Si, W, or Cr, are often added to the carbon coating in the
deposition process makes the span in properties even wider [8, 9, 10].

2.1 Deposition processes
There are essentially three different processes used for the deposition of
these carbon coatings, arc-evaporation, plasma-enhanced CVD (PECVD)
and sputtering. All three utilize a plasma in some way and the deposition
temperature can be fairly low, < 300 °C. They are all more or less so called
“line-of-sight” processes, meaning that mainly the surfaces facing the source
become coated.
Arc-evaporation is a high-energetic form of evaporation, resulting in a
high degree of ionization of the evaporated carbon atoms, i.e. a high plasmadensity. This enables a good control of the energy of the carbon atoms forming the coating by applying a bias to the substrate. It is possible to grow very
hard coatings with a high degree of sp3-bonding in the structure. A drawback
with this technique is the emission of larger particles, so called droplets,
resulting in rougher coatings. Droplet emission can be reduced by filtering
the ionized carbon atoms in a magnetic field and placing the substrates not
facing the emission spot [3]. However, this is a very complex and expensive
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technique and not likely to be used in scaled-up manufacturing of machine
elements.
PECVD is not a PVD process, but a CVD process, since the precursor is
in the gas state. The activation energy of the process can be reached at a
much lower temperature than in common thermally activated CVD by ionizing the precursor gas, i.e. by producing a plasma. The plasma can be produced by coupling a potential to the substrate, usually a pulsed or an rfpotential. An alternative is to place the substrates directly in a plasma and
couple the substrates with a pulsed bias. With the PECVD-technique it is
possible to produce coatings with interesting tribological properties. At a
sufficiently high hydrogen content, which could be increased by adding hydrogen gas to the process, the carbon coatings can exhibit very low friction,
µ~0.01, but only in inert environments or in vacuum [11].
Sputtering is probably the most widely used deposition process industrially and all coatings used in this thesis have been produced with this technique. The principle is to bombard a graphite-target with energetic ions, such
that carbon atoms are ejected and later condensed on the substrate surface. A
simple sketch of the process can be seen in Figure 1. Magnetron sputtering is
an efficient form of sputtering with a high deposition rate. This is achieved
by adding magnetic fields tangentially to the target surface, which forces the
electrons to extend their dwell time in the plasma and cause further ionization and a higher plasma density. The higher plasma density will give a
denser sputtering and an increased deposition rate. Compared with arcevaporation and PECVD the ion-bombardment of the substrate is quite limited in a sputtering process. However, recent progress in magnetron sputtering has increased the ion-bombardment. One example of such a progress is
the use of magnetic fields close to the substrate, so called unbalanced magnetron sputtering [12]. Additional elements, most often metals, can be incorporated by using an extra sputtering source with a different target material.

Figure 1. Schematic illustration of the sputtering process. Ar-ions are accelerated
towards the target material coupled to a negative potential, which subsequently
knock out target atoms that condense on the substrate surface.
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2.2 Properties of coatings produced by sputtering
All coatings used in this thesis have been produced by magnetron sputtering.
These coatings are relatively soft but considerably tougher than those produced by for instance arc-evaporation. Typical values for the hardness and
the elastic modulus of the coatings used in this thesis are 8-15 GPa, and 100150 GPa, respectively. The residual stresses are also relative low, typically
below 1 GPa [13, 14]. Despite the ceramic structure, some carbon coatings
produced by sputtering can deform plastically quite extensively without
cracking, see Figure 2.

Figure 2. Cross-sectional ion-beam image of a scratched carbon coating. Note the
plastic deformation of the steel substrate just beneath the scratch. No cracks are
formed in the coating despite the substantial deformation. The Pt-layer on top of the
carbon coating is used as a protective layer when preparing the cross-section.

2.3 Examples of contact conditions in machine elements
The contact situations in real machine elements span very wide ranges with
respect to pressure, relative sliding velocity, etc. The use of wear resistant
coatings may not be beneficial in all these cases. Geometrical aspects can
also hinder the application of coatings simply because of the nature of the
deposition process, e.g. coating of inner cylindrical walls. Since carbon coatings only induce a very mild wear of the counter surface, they can be considered as offering wear protection also of the uncoated surfaces. Thus, if a
component surface suffers from wear, it may be more beneficial to coat the
counter surface than the wearing surface itself. The different contact condi-
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tions in machine elements can roughly be divided into sliding, rolling and
sliding/rolling contacts.
Sliding contacts can be further divided into conformal and non-conformal
contacts. Conformal contacts, such as journal bearings, are normally not
subjected to extreme pressure since the contact area is large. They are usually well lubricated and the use of wear resistant coatings is probably not
necessary in most cases. Non-conformal contacts are normally subjected to
much higher pressures and the lubrication is often poorer, so the use of a low
friction wear resistant coating may be more beneficial.
Rolling contacts are often used to transmit motion at very high loads.
Since there is almost no relative sliding between the surfaces, the wear is
very low and often of a different type compared with sliding contacts. Because of the rolling motion, a low sliding friction material may not be adequate. A high friction could actually be more useful in order to maintain the
rolling motion. However, wear initiated at the surface could presumably be
reduced by a coating.
Rolling/sliding contacts are quite common in machine elements, such as
gears and roller bearings. The pure rolling motion can only be accommodated at one (or a few) parts of the entire contact area and the rest of the
contact area is subjected to some degree of sliding. A wear resistant coating
could be beneficial, principally for reducing wear in the sliding parts.

2.4 Tribological tests of machine element materials
Evaluation of mechanical components or coatings aimed for mechanical
applications can be quite difficult because of very long wear lives. Engines,
gearboxes, etc. are built to last for several years meaning laboratory experiments simulating real conditions would be very time consuming. One way of
accelerating wear may be to increase the load or sliding velocity from normal running conditions. However, a too large deviation may induce changes
of mechanism and damages not relevant to the actual application. Thus,
much shorter experiments where the results can be used to predict further
operation are usually necessary.

12

Figure 3. Sketches of the tribological test equipment used in this thesis, a) ball-ondisc, b) load-scanner and c) rolling-contact rig.

Three examples of simplified tribological tests are given in Figure 3. The
ball-on-disc test (Fig. 3a), used for sliding contacts, is useful to study friction
and wear of different materials. It is quite easy to get good control of surface
roughness and shapes of both the ball and the disc and therefore good control
of the amount of wear.
The load-scanner (Fig. 3b), is another test for sliding contacts, used for
higher loads than the ball-on-disc test. The test bodies, two cylinders, slides
at an angle of 45 degrees relative the cylindrical axis. In one stroke the load
is increased during forward motion and decreased when the motion is reversed. Because of the orientation of the movement, each point of both cylinders will experience a unique load, also for multiple stroke tests.
Rolling-contact tests can be made in the equipment sketched in Figure 3c.
The specimen-rod in the middle attaches to an electrical engine and two large discs, pressed against the rod, rolls along with the rotating rod.

2.5 Testing mechanical properties
Although the mechanical properties of a coating do not relate to their tribological properties in a simple way, they can give useful information. Hardness, which could give a rough estimate of abrasive wear resistance, and
elastic modulus of thin coatings can be measured by nanoindentation [15].
Basically, this technique measures at very shallow indentation depths
(~100 nm), which eliminates the influence of the substrate material even for
13

very thin coatings. Residual stress in the coatings can be obtained by measuring the deflection it causes of a thin substrate [16]. Another important
property of coatings is their adhesion to the substrate. However, the adhesion
of today’s commercial coatings is usually too strong to be measured. However, a few methods can give qualitative measures of the adhesion. Scratchtesting is such a technique [17]. It uses a spherical diamond to scratch the
coating with a continuously increasing load. The scratch can later be analysed in a microscope and a critical load where e.g. coating delamination has
occurred can be determined. Acoustic emission caused by coating delamination can also be used to determine a critical load. Scratch-testing can also
give information about a coating’s ability to resist cracking, i.e. its toughness.

14

3. Tribology of carbon coatings in unlubricated contacts

The majority of investigations concerning carbon coatings have been made
in non-lubricated sliding contacts, usually with the aim of improving the
wear resistance of both the coating and the counter body and for reducing the
friction. Optimization with respect to mechanical properties of the coatings
is also common [18, 19].
A general wear behaviour of carbon coatings in dry sliding against steel
essentially includes a fine polishing of the coating along with a formation of
a transfer layer on the steel surface, see Figure 4. This transfer layer protects
the steel surface from wear but it also reduces and evens out the contact
pressure. A typical friction recording from such a test is shown in Figure 4.
Initially the friction is relatively high but as the coating is polished and the
transfer layer forms the friction drops and stabilizes at a lower level. Typically the friction coefficient levels out at around 0.1.

Figure 4. Illustration of the friction and wear mechanism of a carbon based coating
in un-lubricated sliding.

3.1 Effect of metal content
The influence of adding elements to a carbon coating has been quite extensively studied. Metals, especially carbide forming metals, are often used for
15

coatings produced by sputtering. Popular elements include tungsten and
chromium.
In paper I, the effect of metal content on friction and wear was studied for
three different metals; Zr, Ta and W. Friction and wear were tested in ballon-disc tests with coated discs and uncoated steel balls. A general trend is
that a sufficient amount of metal in the carbon matrix always reduces the
friction, independent of which metal, see Figure 5a. The lowest friction was
observed for coatings containing about 20 at % Ta, giving a friction reduction of about 75 %. However, an increased metal content also increases the
wear rate of the coating, see Figure 5b. Hence, in order to maintain both a
high wear resistance and a low friction, the metal content should be somewhere between 10 and 25 at %, depending on type of metal.

Figure 5. The effect of metal content on the tribological properties of sputtered carbon coatings in dry sliding contact against steel ball. a) Friction and b) wear rate.

3.2 Influence of humidity
The vast majority of carbon based coatings need some humidity in order to
give a low friction and low wear, including the sputtered coatings used in
this thesis. An exception is carbon coatings having high hydrogen content,
where a very low friction can be obtained in vacuum or inert environments
[11]. Examples of friction recordings for a Cr-containing carbon coating (aC:Cr) in dry and humid environments are given in Figure 6. The difference
in friction between a dry atmosphere and a humid is large, but the difference
in wear is even larger. The high friction and high wear in inert environments
is believed to be caused by the formation of unsaturated bonds in the material bonding structure, as the coating wears. With the presence of water these
can be passivated, but without water they can interact with the opposing
surface [11, 20]. Since these bonds are strong they can cause strong adhesion
and thus a high friction. Hence, sufficient presence of water molecules is
necessary to obtain the excellent friction and wear behaviour shown in Figure 4.
16

Figure 6. Influence of humidity on the friction between a a-C:Cr coated flat against
a steel ball in un-lubricated sliding. Ball-on-disc tests in two different atmospheres:
humid (about 40 %) and dry (about 5 %). Load 10 N (1.1 GPa).

3.3 Influence of substrate material
The carbon coating is almost always harder and more brittle than its substrate, which is typically made of steel. Since the maximum shear stress
caused by external loads is often located beneath the coating, for a ball-onflat contact about half the contact radius, onset of plastic deformation will
occur in the substrate and not in the coating in heavily loaded contacts. Plastic deformation of the substrate will force the coating to deform and possibly
crack or delaminate. Thus, the substrate should be sufficiently hard, i.e. it
should have a sufficiently high load bearing capacity. Hardness is not the
only parameter influencing the load bearing capacity. A high elastic modulus
of the substrate can also improve the load bearing capacity [21, 22]. One
way to increase the load bearing capacity of a soft substrate is to coat it with
a harder layer prior to deposition of the thin top coating. This layer has to be
sufficiently thick to keep the high shear stresses within the layer [22].
In paper II the load bearing capacity of a few different layers produced by
electro-deposition, plasma-spraying and a combination of the two techniques, was evaluated. The major finding was that the porous structure of
plasma-sprayed coatings gives a poor load bearing capacity, especially in
tests with repeated loading. By sealing the porous structure with electrodeposited Ni the load bearing capacity was significantly improved.
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3.4 Effect of surface roughness
Surface roughness is of great importance in tribology with respect to one
major effect - increased local pressures at the contact spots. These local pressures can be substantially higher than the macro scale nominal pressure and
can often cause plastic deformation of the surfaces in contact.
The description of surface roughness can be quite complex and many statistical parameters have been introduced which are used more or less frequently. Some common parameters give information about the amplitude of
the roughness, for instance Ra, Rq, Rz. Asperity slopes can be described by
for instance the root-mean-square slope ǻq. The texture can be interpreted
from Abbot-curves or bearing curves which display the number of data
points situated at different heights. Examples of parameters calculated from
bearing curves are the reduced peak height (Rpk) and the reduced valley
depth (Rvk). A high Rvk-value and a low Rpk-value would mean that the
roughness of the surface is mainly composed of valleys or pits instead of
peaks. Spectral parameters also give information about specific wavelengths
of the roughness.

Figure 7. Friction recordings of a tungsten containing carbon coating (a-C:W) deposited on two different substrates of different surface roughness. Un-lubricated
sliding against steel.

In paper III, the effect of surface roughness on friction and wear was studied for two different carbon coatings, one containing Cr and one W. Both
coatings gave higher friction when deposited on rougher substrates, but below a certain roughness the friction was not changed. An example of a friction recording for a rough and a smoother coating is given in Figure 7. The
higher friction for rougher surfaces is believed to be caused by an increased
shearing of the transfer layer when sliding against sharp edges formed as the
coating wears, see Figure 8. The wear behaviour of the coatings was inde18

pendent of the roughness. It was essentially a fine polishing of surface peaks
for both rough and smooth coatings. However, the increased peak pressures
due to rougher substrates may increase the wear rate of the coating. This was
especially pronounced for the Cr-containing carbon coating.

Figure 8. SEM-images showing the shearing of worn coating material in a ball-ondisc test of an a-C:Cr coating. a) Agglomerates in valleys of larger scratches on the
coated disc and b) the sheared transfer film on the ball surface.
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4. General considerations in lubricated sliding
contacts

Since most machine element applications are lubricated, tests of lubricated
contacts are of course of a major importance. It is not necessarily true that a
carbon coating giving high wear resistance and low friction in an unlubricated contact will perform well also in a lubricated contact.
However, in sudden interrupts of oil supply, the inherent low friction and
high wear resistance of the coating is always beneficial. It has also been
shown that a coated contact can maintain the lubrication from a limited
amount of oil much longer than can an un-coated contact [23]. Further, micro-welding between the surfaces, which can lead to scuffing, is reduced
because of low adhesion between the coating and a steel counter body.
In a continuously lubricated contact, the use of a carbon coating is not
clearly beneficial. The friction may be entirely determined by the properties
of the lubricant and the wear life is not necessarily prolonged. During the
long operation times of the components, the life limiting damage may be due
to other wear mechanisms than the fine polishing wear observed for the coatings in un-lubricated sliding contacts.

4.1 Lubrication
A lubricated contact can be classified according to different lubrication regimes – full film lubrication, mixed lubrication and boundary lubrication.
Full film lubrication can be further divided in elastohydrodynamic lubrication (EHL), obtained in high pressure non-conformal contacts, and hydrodynamic lubrication (HL), obtained at lower pressures and usually in conformal
contacts. In a boundary lubricated contact the friction is relatively high, and
mechanical interaction between the surfaces and the risk of wear is high. In
full film lubrication the surfaces are completely separated by an oil film,
meaning a lower friction and lower wear. These lubrication regimes can be
illustrated by a Stribeck curve, where the friction is plotted against a parameter including the sliding speed, viscosity of the oil and the load. Another
parameter often used to approximate the lubrication conditions is the film
parameter ȁ, which is the minimum oil film thickness divided by the composite surface roughness:
20
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Rq,1 and Rq,2 are the surface roughnesses of the two bodies in the contact and
hmin is the minimum oil film thickness, which can be calculated using equations found in [24]. ȁ-values above 3 indicate EHL, below 1 indicates
boundary lubrication and between 1 and 3 the mixed lubrication regime.
Thus, the Stribeck curve can also be plotted against the ȁ-parameter, as
shown in Figure 9, highlighting the importance of surface roughness in lubricated contacts.

Figure 9. The Stribeck-curve showing the different lubrication regimes: boundary,
mixed and full film lubrication. In hydrodynamic lubrication (HD) the friction increases with increasing viscosity and/or sliding speed.

Lubricating oils used for machine elements are composed of a base fluid
and various additives. The base fluid is usually a mineral oil but synthetic
base fluids like polyalfaolefins (PAO) and synthetic esters are also used. The
different additives are used for improving the oil in many different respects;
e.g. oxidation resistance, corrosion inhibitors, viscosity index, etc. The most
interesting additives from a tribological point of view are those used to reduce the friction and the wear; friction modifiers, anti-wear additives (AW)
and extreme pressure additives (EP). These additives are active in the boundary and mixed lubrication regimes where contact between the surfaces take
place. AW and EP additives often react with the surfaces, usually made of
steel, to form a thin lubricating layer [25]. Phosphorus, sulfur and chlorine
are examples of chemically active elements in these additives and they are
usually intended to react with iron. Due to the large difference in chemical
nature between a steel surface and a carbon coating, additives designed for a
21

steel/steel contact may be completely useless in a coated contact. They may
even prove to be detrimental. Hence, in order to fully exploit the potential of
a coating, special emphasis of the oil and its additives has to be made.

4.2 Fatigue and running-in
Fatigue is a type of wear induced by cyclic loading of the surface. Typical
damage includes pitting, surface cracking and flaking of larger particles from
the surface. The damage usually starts were the stresses are highest, most
notably the shear stresses [26]. For perfectly smooth surfaces in contact the
maximum shear stress will be situated a distance beneath the surface, about
half the contact radius for a sphere on a flat contact. Surface roughness
changes the situation by concentrating the load to the asperity contacts, i.e.
the real contact spots within the macroscopic contact. The maximum stress
in these local peaks is higher and localized closer to the surface. How much
higher and closer to the surface depend on the nature of the surface roughness, such as amplitude and slope of the asperities. Another type of stress
mentioned as cause of fatigue damage is tensional stresses at the surface
causing surface cracks [27]. The magnitude of these stresses is also strongly
dependent on the surface roughness. Fatigue damage of the surface at an
asperity level can make the surface even rougher and therefore increase the
pressure spikes and eventually cause further and more detrimental damage.
Fatigue wear can be limited by the use of smoother surfaces due to lower
pressures at the contact spots. It is also possible to form smoother surfaces
during operation by mild polishing wear of the surface asperities, especially
in sliding contacts. This smoothening process is usually called “running-in”.
As a result of running-in it is also possible to change lubrication regime,
from an initial boundary lubrication to a mixed or even full film lubrication.
Smoother surfaces mean a higher value of ȁ and a shift toward full film
lubrication and reduced friction, see Figure 9. Thus, a good running-in ability is important because:
x it reduces the risk of fatigue damage
x it can reduce the friction in lubricated contacts
x it can enable the use of less time-consuming and cheaper surface
preparations.

4.3 Running-in of carbon coatings
The high wear resistance of carbon coatings can be a problem in lubricated
contacts. The already low wear in dry sliding can become practically nonexistent in lubricated sliding. If the coatings are deposited on rough surfaces
they will run-in extremely slowly. Thus, the local pressure spikes will be
22

preserved which may lead to fatigue related damage. Optimization of carbon
coatings with respect to wear resistance in dry sliding contacts will reduce
the running-in ability of the coating. The very low wear of the un-coated
counter body is also disadvantageous for the running-in ability.
The importance of wear for a successful running-in can be demonstrated
by comparing one tough wear resistant Cr-containing carbon (a-C:Cr) coating with one more brittle and less wear resistant W-containing carbon (aC:W) coating.
When local fatigue is not a problem, the wear resistant coating performs
better. This is illustrated by a scratch test on smooth samples. Here the aC:W coating delaminates at relatively low loads whereas the a-C:Cr coating
shows no sign of delamination, not even at very high loads, see Figure 10.
When fatigue comes into the picture the situation changes. This is illustrated
by testing samples where the coatings were deposited on rough substrates. In
a lubricated sliding ball-on-disc test only the wear resistant a-C:Cr coating
suffers from delamination, see Figure 11. The a-C:W coating wears by polishing of the surface peaks as in dry sliding tests, see Figure 11b. This wear
is more or less absent for the a-C:Cr coating, meaning that the high peak
pressures will sustain for many cycles. This results in fatigue induced delamination of the coating. Conclusively, a good running-in of a surface requires a sufficient amount of wear.

Figure 10. Scratch tests of two different carbon coatings. a) An a-C:Cr coating
showing no signs of delamination up to a load of 80 N, b) an a-C:W coating that
delaminates at relatively low loads of about 25-30 N. Note the plastic deformation of
the Cr-containing coating in a).
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Figure 11. Carbon coatings deposited on ground substrates worn in PAO-lubricated
ball-on-disc test (200 000 cycles at a load of 30 N). a) An a-C:Cr coating suffering
from delamination without any polishing wear and b) an a-C:W coating that wears
by polishing without delamination.
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5. Running-in ability of lubricated sliding
contacts

As mentioned, a successful running-in can lower the friction in sliding contacts. Smoothening of the coating and the counter surface shifts the lubrication regime toward the full film area. Consequently, the running-in behaviour could be monitored by logging the friction coefficient.
The wear resistance is probably more than sufficient for the vast majority
of carbon coatings and often too high for a successful running-in. A reduced
wear resistance of the coating could increase the running-in ability of it at
the expense of a reduced wear life. Other properties such as surface topography, lubricants and properties of the counter body are also of major importance for the running-in and will be discussed below.

5.1 Coating design – running-in layers
The concept of specific running-in optimized designs of carbon based coatings by the use of softer material as for instance MoS2 has been mentioned
previously [28]. Applying a different material on top of the wear resistant
carbon coating may require the use of additional coating-equipment, which
may be too expensive for industrial applications. Since most carbon coatings
incorporate additional elements, e.g. Cr or W, it is possible to change the
wear resistance by changing the content of the additional element. In paper I
it was shown that an increased metal content increased the wear rate in dry
sliding tests. So, increasing the metal content in the topmost layer of the
coating would give a wear resistant base layer but a less wear resistant top
layer, which could enhance the running-in ability, as illustrated in Figure 12.
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Figure 12. Illustration of a proposed improvement of the running-in ability by the
use of various metal contents through the coating thickness.

In paper V, Cr-containing carbon coatings (a-C:Cr) were modified by
linearly increasing the Cr-content in the top 1/3 of the coating. In theory this
would give a successively increasing wear resistance when the wear progresses through the coating.
Two maximum contents of Cr, one of about 6-7 at % Cr (denoted ramp in
paper V) and one of about 20 at % Cr (denoted 2*ramp in paper V), were
investigated along with a coating having a low homogenous Cr-content of
about 1 at %. An example of friction recordings from ball-on-disc tests of
these coatings is given in Figure 13.

Figure 13. Friction recordings from ball-on-disc tests of three different a-C:Cr coatings having different surface Cr-composition. The initial Hertzian contact pressure
was 1.1 GPa and the surfaces were lubricated with PAO.

The medium Cr-content coatings displayed the best running-in ability
with a substantial friction reduction and stable operation. However, the re26

duced friction does not seem to be a result from a smoother coating surface
since the wear rate is very low, especially when compared with the coating
having the highest Cr-content. The major difference between the coatings is
found on the counter body. A dense coherent transfer layer was formed on
the balls slid against medium Cr-content coatings but not on the others, see
Figure 14.

Figure 14. Wear marks of balls from a PAO-lubricated ball-on-disc test slid against
three different a-C:Cr coatings, a) a coating with a low Cr-content (1 at %), b) a
ramped coating with a medium Cr-content (6 at %) c) a ramped coating with a high
Cr-content (20 at %).

It appears as if an increased amount of chromium oxide makes the transfer layer more stable, while too much chromium makes it more unstable
again. The lower friction recorded for the medium Cr-content coatings is
probably caused by a minor shift in lubrication regime. The shift is due to a
smoother, pressure equalizing counter surface, as sketched in Figure 15. It
also seems that the stable transfer- or tribo-layer makes the coating less
prone to delaminate. In these tests the effect of tribo-layer formation proved
to be more vital than the coating wear. However, in some tribological contacts, a low wear resistance of the coating may be more crucial for the running-in, e.g. in contacts with lower contact pressures.

Figure 15. Schematic illustration of the effect of transfer layer formation on the
running-in behavior. a) Prior to running-in and b) after running-in.
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5.2 Different surface topographies
Coated smoother surfaces could probably reduce fatigue damages because
they generate lower peak pressures with less need of a running-in sequence.
However, polishing can be very difficult and expensive. It would be more
convenient to use an easier surface preparation and rely on the running-in
process for creation of smooth surfaces – a surface preparation that increases
the wear of both the coating and the uncoated counter body during runningin.
The maximum contact pressures in the contact spots are strongly related
to the slope of the asperities, where sharper asperities give higher peak pressures [26]. Hence, a substrate surface having sharp asperities would increase
the contact pressure at the contact spots and therefore increase the wear rate
of both the coating and the uncoated surface. A sufficiently high increment
of the wear rate could perhaps reduce fatigue wear because of a fast equalization of the high pressure peaks, i.e. a fast running-in sequence.
In paper VII the running-in behaviour of carbon coatings was studied with
respect to surface treatments prior to deposition. A wet-blasting using fine
particles was found to be a very interesting surface treatment. The resulting
surface has a similar Rq-value as the ground surfaces used in previous sections but much sharper asperities, i.e. a higher ǻq-value. Figure 16 shows a
comparison between a coated ground and a coated wet-blasted surface and
friction recordings for an a-C:Cr carbon coating deposited on these two surfaces are given in Figure 17.

Figure 16. SEM images of surfaces and cross sections of an a-C:Cr coating deposited on a) a ground substrate having a Rq-value of 0.15 µm and a ǻq-value of 5° and
b) a wet-blasted substrate having a Rq-value of 0.2 µm and a ǻq-value of 12°.
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Figure 17. Friction recordings from a PAO-lubricated ball-on-disc test of an a-C:Cr
coating deposited on a wet-blasted and a ground surface. The initial Hertzian contact
pressure was 1.6 GPa.

The major reason for the sharp drop in friction, from ~0.09 to ~0.04, for
coatings deposited on the wet-blasted substrate is most likely a result from
an increased wear of the counter body caused by abrasion from the initially
sharp coating asperities. The increased wear of the counter body can
smoothen surface irregularities having relatively long wavelengths, such as
larger grooves from a grinding or turning process. Therefore, the resulting
reduction in contact pressures would be on a relatively large length scale, i.e.
a macroscopic pressure reduction. Using a smoother less abrasive ground
substrate the wear of the counter body is very low, about ten times lower,
making it harder to achieve full film lubrication. A schematic illustration of
this pressure reduction is given in Figure 18.

Figure 18. Schematic illustration of a macroscopic pressure reduction as a result of
wear of the uncoated counter body. a) Prior to running-in and b) after running-in.
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The high initial wear rate of the counter body is significantly decreased
after some sliding. In a test like the one shown in Figure 17, about 60-70 %
of the worn off volume is lost during the first 10 % of the test. This indicates
a long term wear resistance after running-in. As the friction decreases because of a higher fraction of EHL, the wear rate also decreases. Partly because of the decreased macroscopic contact pressure, but also because of
polishing of the abrasive asperities of the coating, giving smooth load bearing plateaus in between small pits, see Figure 19a. This type of surface is
also thought to improve the lubrication properties as compared with smooth
surfaces without pits [29]. It may trap loose wear debris and sustain oil in the
contact.
A dense tribo-layer mainly composed of iron-oxide and chromium-oxide
is also formed on the ball counter surface, making also that surface smooth,
see Figure 19b. The polishing of the surface peaks of the coating and the
formation of a smooth tribo-layer on the uncoated steel counter body equalizes the pressure peaks on a much finer scale compared with the pressure
reduction illustrated in Figure 18. An illustration of the effect of this finer
polishing wear, which is crucial for a successful running-in process, is given
in Figure 20.

Figure 19. Worn surfaces from a PAO-lubricated ball-on-disc test of an a-C:Cr
coating deposited on a wet-blasted substrate sliding against an uncoated steel ball. a)
The fine polishing of the coating’s surface peaks and b) the smooth surface of the
tribo-layer formed on the ball. Delamination, as could be expected because of high
initial peak pressures, was not seen at all in the tests performed in paper VII. The
fine polishing was the only observed coating wear.
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Figure 20. Schematic illustration of the microscopic smoothening wear of the coating and the counter body. The length scale could be a close-up of the areas marked
in Fig 17. a) Prior to running-in and b) after running-in.

5.3 Effect of counter material
Steel is normally used as the counter material in most experiments, i.e. a
coating sliding against steel. Not many investigations concerning the influence of various counter materials have been made, including coating against
coating contacts. Whether further improvements can be reached by having
both surfaces coated or if the normally used steel surface is exchanged with a
material having different properties is not well documented.
A comparison between a coating/coating contact and a coating/steel contact was made in paper VI. One deviation of a coating/coating contact from a
coating/steel contact is that the friction is increasing with increasing sliding
distance, see Figure 21. The fine polishing of the surface peaks of the coating observed in coating/steel contacts is almost absent in coating/coating
contacts, compare Figures 22a and b. Moreover, the formation of a pressure
equalizing transfer layer on the steel counter body is absent in coating/coating contacts. So, because of the much lower wear and the lack of
transfer film formation, peak pressures at contact spots will remain high for
many load cycles and eventually cause fatigue damage. This was frequently
observed in coating/coating contacts in the form of coating delamination.
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Figure 21. Friction recordings from a PAO-lubricated ball-on-disc test showing the
different friction behaviors of coating/coating and coating/steel contacts. The initial
Hertzian contact pressure was 1.6 GPa.

Figure 22. Worn a-C:Cr coatings deposited on ground substrates tested in PAOlubricated ball-on-disc tests. a) coating tested against a coated ball and b) coating
tested against an uncoated steel ball. Initial Hertzian contact pressure of 1.6 GPa.

One interesting observation is that the transfer layer (or tribo-layer) seems
to require a chemically active surface in order to attach to it. A more reactive
material as for instance Cr or Ti as a counter material could perhaps increase
the adhesion of the transfer layer and thus make it more stable.

5.4 Effect of lubricant
All lubricated tests described so far have been made in a non-additivated
polyalfaolefin (PAO) oil, which has fairly poor boundary lubrication properties because of the non-polar nature of its molecules. The absence of additives and the poor adhesive forces of the oil molecules to the surface mean
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that interaction between the contacting surfaces is high, i.e. the friction and
wear mechanisms are strongly dependent on the properties of the two interacting surfaces in a boundary lubricated contact.
A few other oils were included in sliding tests of an a-C:Cr coating in paper VII. One paraffinic mineral oil, one complex ester (both non-additivated
base oils) and one fully formulated mineral based engine oil. The nonadditivated mineral oil is quite similar to the PAO oil with respect to polarity
of the molecules and it gives essentially the same behaviour. A protective
tribo/transfer-layer is formed on the counter body along with a fine polishing
of the coating’s surface peaks, similar to the PAO-oil.
The ester oil gives a different tribological behaviour in the sliding tests.
Most notably is the much higher wear on the steel counter surface induced in
this oil, about 10-20 times higher than in PAO. A possible explanation is that
no formation of a protective tribo-layer occurs. The polar structure of the
ester molecules causes quite strong adsorption to the surface and possibly
prevents the formation of the oxide tribo-layer.
The fully formulated engine oil gives a poor running-in behaviour of the
coating. Even though the wear of the ball is substantially higher in this oil
compared with the PAO oil, the friction is much higher. The additives in the
oil only react with the steel surface but seem to be ineffective to the coating;
the coating wear is almost absent meaning that the high contact pressures in
the contact spots will prevail for many cycles.
A general trend seems to be that more surface active oils such as polar
oils or various surface active additives deteriorate the running-in ability of a
coated contact. They seem to inhibit the fine polishing of the coating and/or
the formation of a tribo-layer on the counter body. Another way to look at it
could be that the more interaction between the two surfaces, i.e. less interference from the oil, the better the running-in ability.
However, a positive interaction between some additives and some coatings is possible. In a boundary lubricated sliding contact with a tungsten
containing carbon coating (a-C:W), a reduced friction was observed when an
extreme pressure additive was added to a PAO oil [30]. The reduced friction
was thought to be caused by the formation of an easily sheared transfer layer
partly composed of tungsten sulphide. This would have been formed by a
reaction between tungsten in the coating and sulphur from the additive in the
oil. Thus, an optimization of the oil with respect to a specific coating, or vice
versa, can improve the tribological properties of a contact.

5.5 Influence of humidity
In un-lubricated sliding contacts, humidity is necessary in order to obtain
low friction and wear as mentioned in section 3.2. In lubricated contacts the
situation is reversed for most oils, as concluded in paper VII. When measur33

ing the friction coefficient as a function of revolutions in a lubricated contact
the sharp drop seen in dry air is absent in humid air, see Figure 23.

Figure 23. Friction recording from a PAO-lubricated ball-on-disc test of an a-C:Cr
coating deposited on a wet-blasted substrate in dry and humid (50-60 % RH) air.
Initial Hertzian contact pressure of 1.6 GPa.

The running-in behaviour for coated wet-blasted surfaces in humid air is
similar to that observed in dry air with respect to two processes: a macroscopic pressure reduction due to a high wear of the counter body and
smoothening of the coating. The major deviation from tests in dry air is that
the formation of the tribo-layer does not occur in humid air. The reason for
this is not fully understood, but since the water molecules are very polar they
will most likely adsorb to the surface and possibly inhibit the formation of
the smooth oxide tribo-layer.

5.6 Comparison with steel against steel
A steel/steel sliding contact usually gives a much higher and more unstable
friction in a lubricated test with low humidity. Even though the wear rate of
both surfaces is much higher than in a coated contact. The reason for this is
believed to be due to the occurrence of micro welding between asperities,
resulting in rough surfaces. Thus, the ability to obtain a full film lubricated
contact is usually inferior to a coated contact, due to the absence of the fine
polishing on a micro scale seen in coated contacts.
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6. Rolling contacts

In pure rolling contacts the polishing wear is very low and the dominating
wear is fatigue related, described in section 4.2. Thus, smoother surfaces
may be more crucial than in sliding contacts. As mentioned previously, a
low friction is not important in a rolling contact; a high friction may be preferred to maintain the rolling motion and “high-friction” coatings such as
TiN have been used successfully in rolling contacts [31]. The main advantage of a coating is that it may reduce near surface initiated fatigue, e.g. surface cracking and pitting.

6.1 Influence of coating thickness
The coating thickness is a crucial parameter in rolling contact fatigue tests.
The optimum thickness has been found to be relatively thin, about 0.5-1 µm,
for hard TiN coatings [31, 32].
In paper IV, rolling contact tests were performed in a valve train test
equipment. Two different coating thicknesses (0.7 and 1.7 µm) were tested
on roller followers, rolling against the cam shaft. Both coatings, a-C:Cr, had
a Cr-interlayer thickness of about 0.3 µm. The most notable observation was
that the thin coating suffered from delamination whereas the thick coating
was worn mainly by polishing without any delamination. Cross-sectional
images of the coatings revealed that the delamination occurred in the Cr/Cinterface, see Figure 24. As a result of the coating delamination, cam surfaces in contact with the thin coating were worn more severely.
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Figure 24. Cross-sectional ion-beam image of a worn roller coated with a thin aC:Cr coating showing a delamination at the C/Cr-interface. The Pt-layer on top of
the carbon coating is used as a protective layer when preparing the cross-section.

A FEM-model of the contact between the roller and the cam revealed that
the main difference between the coatings was that the thin carbon coating
was subjected to high tensional stresses acting throughout the C-layer down
in the Cr-interlayer, see Figure 25. For the thicker coating these stresses was
equally high or higher at the topmost surface but decreased towards the interlayer where they were considerably lower than for the thin coating. High
tensional stresses are often detrimental for thin ceramic PVD coatings and
can make the coating crack [33]. The comparatively thick and stiff Crinterlayer, 0.3 µm of the total thickness of 0.7 µm, seems to be detrimental
for the coating. Without this layer the tensional stresses in the coating can be
reduced significantly in this application.
Once the coating has cracked delamination of the coating can occur. In
the FEM-model the surface is described as perfectly flat and the asperities
are represented as loads on this flat surface. Consequently, no stresses trying
to lift the coating will be revealed. However, once a crack has formed
through the coating by tensional stresses in the coating, positive lifting
stresses can arise. If the cracked coating is subjected to tensional stresses a
positive lifting force will act on the coating just at the rim of the crack [34].
This may explain a subsequent delamination of the coating once a crack has
formed.
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Figure 25. FEM calculations of the maximum principal stress through a) a thick
coating and b) a thin coating. The different values of a0 represent different contact
radii of the contact spots.

Accelerated tests of the same coatings using a higher load were performed
in a rolling contact rig, illustrated in Figure 3c. These tests gave similar results, i.e. the thin coating suffered from delamination at the Cr/C interface
but not the thicker one. An additional feature observed in these tests was that
the delamination progressively increased once it had started resulting in
large areas of bare substrate. If no delamination occurs, the coating is progressively polished giving a smoother surface with increased rolling.

6.2 Influence of surface topography
The use of surface treatments giving sharp asperities such as a fine wetblasting, which was successful in sliding contacts, is not beneficial in a rolling contact. The polishing adhesive wear is much lower in rolling contacts
meaning the high peak pressures caused by the sharp asperities will sustain
for many more load cycles than in sliding contacts. Another consequence is
that contact spots will be more closely packed, which will increase the tensional stresses in the coating [35]. In accelerated rolling contact tests, coatings deposited on a mildly wet-blasted surface delaminates much more rapidly than coatings deposited on ground substrates having similar Rq-values
but less sharp asperities, i.e. lower ǻq-values, see Figure 26. Thus, the optimum surface preparation may differ between rolling and sliding contacts.
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Figure 26. Rolling contact fatigue damages of an a-C:Cr coating tested at a contact
pressure of 3.5 GPa. a) Coating deposited on a center-less ground substrate subjected to 106 load cycles and b) coating deposited on a wet-blasted substrate subjected to 104 load cycles.

6.3 Rolling/sliding contacts
In some tribological contacts the rolling motion is accommodated by some
degree of sliding, i.e. it is not a pure rolling contact. This sliding can increase
the pitting damage in un-coated contacts but also the delamination damage in
coated contacts [23]. Many machine elements such as gears and roller bearings have differing contact situations at different locations in the contact.
Some positions experience a pure rolling motion and some positions experience a rolling/sliding motion. Normally, the major part of the wear occurs at
the sliding positions. Eventually this can lead to an increased contact pressure at the pure rolling spots, followed by major fatigue damage at the rolling parts of the contact. A coating can reduce the wear in the sliding part and
therefore increase the lifetime of the component [36]. The contradicting optimum surface preparation for rolling and sliding contacts may be problematic. In a rolling contact the most efficient surface topography is as smooth
as possible, whereas in a sliding contact sharp asperities can be more beneficial in order to increase the wear during running-in. No rolling/sliding tests
have been performed in this thesis but this is a contact situation that should
be further investigated, not at least with respect to surface preparation.
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7. Summary and conclusions

Very low wear and friction in un-lubricated tests do not necessarily mean a
longer operating time or a reduced friction in a lubricated contact. On the
contrary, a very high wear resistance of the coating may initiate fatigue related damage, which may increase the wear and friction compared with an
uncoated contact. In this work, the major focus has been put on the initial
stage of the wear progress and how further operation can be predicted after
this stage; in other words the running-in behavior of the tribological contact.
In lubricated sliding contacts it has been found that an optimum running-in
is obtained if three processes occur:
x A formation of a tribo-layer on the counter body
x Smoothening of both the coating and the counter body
x A macroscopic pressure reduction due to wear of the counter body
When these processes occur during the running-in sequence the friction is
substantially reduced due to a shift in lubrication regime, and the risk of
fatigue related damage is also reduced. For the Cr-containing coatings investigated in this thesis, these processes, and ultimately the running-in behavior,
are affected by a number of factors:
Coating design: An increased Cr-content in the top-layer of the coating can
improve the quality of the tribo-layer formed on the counter body. It is also
possible to tailor the wear rate of the coating, and thus the running-in behavior, by adding different amounts of metal to the topmost layer.
Surface preparation: A mild wet-blasting of the substrate prior to coating
deposition can increase the wear of especially the counter body and therefore
reduce macroscopic pressure perturbations. It also gives the worn coatings a
beneficial texture composed by smooth plateaus between small pits.
Oil: The best running-in ability is obtained in oils having poor boundary
lubricating properties, such as non-additivated PAO. Various surface active
additives can inhibit the fine polishing of the coating. Oils with very polar
molecules, such as ester oils, can inhibit the formation of the tribo-layer on
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the steel counter surface. Likewise, high water content in the oil can also
inhibit tribo-layer formation.
Counter surface: A carbon/carbon contact has a worse running-in ability
than a carbon/steel contact because of a much slower polishing wear and
absence of tribo-layer formation.
For an optimum performance in a rolling contact some of the above factors
deviate from the sliding contact, partly because the polishing adhesive wear
is much lower in a rolling contact:
Coating design: A very thin coating may increase coating delamination as
high tensional stresses may act throughout the coating thickness. However,
the optimum coating thickness depends on e.g. the surface topography and
the mechanical properties of the coating/substrate.
Surface preparation: Smoother surfaces are advantageous because of reduced pressure spikes in the contact spots and reduced stresses in the coating.
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Sammanfattning på svenska

Utvecklingen av maskinkomponenter går mot att minska bränsleförbrukning,
ge mer miljövänliga utsläpp, öka livslängden för olika komponenter, etc. En
underliggande faktor för att uppnå en del av dessa krav är att minska friktionen och nötningen i olika mekaniska kontakter. Därför har kolbaserade
PVD-beläggningar fått stor uppmärksamhet då de visat sig ha väldigt intressanta tribologiska egenskaper. I osmorda kontakter kan de ge lika låg friktion och nötning som en oljesmord kontakt mellan två stålytor. För att förbättra egenskaperna för olika maskinkomponenter krävs beläggningarna
också fungerar bra i smorda kontakter, vilket inte är helt självklart.
Ett problem är att belägga ojämna ytor. På grund av ojämnheterna fås
höga kontakttryck i kontaktfläckarna, och eftersom kolbeläggningar är väldigt nötningsbeständiga kommer de höga kontakttrycken att existera under
många lastcykler. Detta kan leda till utmattningsskador, ofta i form av avflagningar av beläggningen. Man kan även uttrycka detta som att en väldigt
nötningsbeständig beläggning har en bristande inkörningsförmåga i smorda
kontakter, dvs bristande förmåga att bilda släta ytor från ojämna ytor genom
nötning.
Huvuddelen av detta arbete har utförts i syfte att förbättra inkörningsförmågan hos dessa beläggningar, eftersom nötningsbeständigheten ofta är tillräcklig. En bra inkörning innebär också att man kan få en sänkning av friktionen eftersom det blir lättare att separera ytorna från varandra med en oljefilm. T.ex. en gränsskiktsmord kontakt kan efter inkörning övergå till en
blandsmord kontakt. Försöken att förbättra inkörningsförmågan har inriktats
dels på att modifiera själva beläggningen och även genom att optimera ytprepareringen innan beläggning.
Modifiering av skikten har utgått från det faktum att nötningstakten ökar
med ökande metallhalt i metall-legerade kolskikt. Genom att ha en hög metallhalt i den yttersta delen av skiktet och en låg metallhalt i basen av skiktet,
så skulle man kunna uppnå både en bra inkörningsförmåga, genom ökad
nötning av yttopparna på skiktet, men även hög nötningsbeständighet när
delen med hög metallhalt väl nötts bort. Tre olika maximala Cr-halter testades, 1 at %, 6 at % och 20 at %, och det visade sig att skiktet med 6 at % i
yttersta delen av skiktet gav klart lägst friktion efter inkörning. Denna friktionssänkning berodde dock inte på en ökad skiktnötning och därigenom en
slätare yta efter inkörningen, utan på grund av att det bildades en stabil tribofilm på motytan. Med för hög eller för låg Cr-halt i skiktet blir den resulte41

rande tribofilmen på motytan, som uppkommer genom en mild nötning av
skiktet, instabil vilket ger en ojämn yta och hög friktion. Alltså, att under
inkörningen bilda en slät motyta är minst lika viktigt som att bilda en slät
skiktyta för att få en låg friktion.
Inkörningsförmågan kan även förbättras genom att preparera substratytan
på rätt sätt innan beläggning. Polering av substratet minskar risken för utmattningsskador, men eftersom nötningen både på skiktet och på motytan
blir extremt låg är det svårt att få till någon inkörning av ytorna. Istället kan
den initiala nötningen av ytorna ökas genom en substratpreparering som ger
små men skarpa ytojämnheter, t ex genom en mild våtblästring. I glidande
smorda kontakter ger en belagd sådan yta en väldigt låg friktion efter inkörning; friktionskoefficienten sänktes från ca 0.09 till 0.04. Orsaken till denna
friktionssänkning är dels en ökad nötning av motytan, som ger lägre makroskopiskt kontakttryck, samt en väldigt fin polering av både skikt och motyta,
som ger lägre kontakttryck på mikroskopisk nivå. Den höga nötningen av
motytan avtar dock kraftigt efter inkörning vilket borgar för gott nötningsmotstånd på längre sikt.
En annan faktor som i hög grad påverkar inkörningsförmågan är typ av
olja. Förenklat kan man säga att oljor som i hög grad tillåter interaktion mellan de båda ytorna i gränsskiktsmörjning, som icke-polära och ickeadditiverade oljor, ger bäst förutsättningar för en bra inkörning, vilket är
tvärt emot fallet för en obelagd stålkontakt. En hög halt av vatten i oljan
försämrar också inkörningsförmågan för en belagd kontakt.
För en ren rullande kontakt kan man inte prata om inkörningsförmåga på
samma sätt som för en glidande kontakt, eftersom den adhesiva polerande
nötningen är mycket lägre. Det innebär att utmattningsskador är den dominerande nötningsmekanismen och i en sådan kontakt är polering den optimala
ytprepareringen innan beläggning. Även i rullande kontakter kan en beläggning öka livslängden, genom att mildra utmattningsskador. En förutsättning
är att skiktet inte flagar av, vilket kan påverkas av hur tjock beläggningen är.
Avslutningsvis kan man säga att det inte finns någon beläggning som alltid ger en bra inkörningsförmåga och en låg friktion. För en given kontaktsituation är det alltid en kombination av bl.a. kontaktsituation, ytstruktur, beläggning, smörjmedel och motyta som tillsammans ger förutsättningar för en
bra inkörning, ett högt nötningsmotstånd och en låg friktion.
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