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A clutch actuator is used in a vehicle to transmit movement and force from the clutch pedal to
the release bearing of the clutch. A pneumatic clutch actuator consists of an anodised aluminium
cylinder, inside of which a piston, with a rubber lip seal and a PTFE guiding ring, slides. The
system is lubricated with silicone grease before assembly. A commercial clutch actuator of this
type, has a service life of 3 million actuations and must function in a wide temperature range,
from -40 ºC to 140 ºC.
In this thesis, the complex tribological system of pneumatic clutch actuators has been studied.
Field worn actuators have been disassembled and investigated. A laboratory test method has
been developed to understand the tribomechanisms present in pneumatic clutch actuators. The
test method's capability of simulating the real contact has been verified, by the comparison
with studied actuators from the field. The influence of contact parameters: temperature, load,
lubrication and particle contamination, has been investigated. In addition, different anodised
aluminium surfaces have been studied.
The manufacturing method of the aluminium cylinder influences surface topography and
structure of the oxide, resulting in different mechanical and frictional properties.
The wear during tests with only silicone grease is reminiscent, but on a lower scale, to the
wear during tests with a mixture of silicone grease and standard dust.
The initially applied amount of silicone grease is not important, the friction seems to depend
on the amount of silicone grease that is dragged into or pushed out from the contact area during
testing. Silicone grease lubrication reduces wear of the lip seal. However, during some tests, an
adhesive layer, composed of grease residuals and some PTFE, was formed on the lip.
A triple PTFE transfer, from guiding ring to aluminium surface, to lip seal, to aluminium
surface, occurred. Such transfer of material from the PTFE guiding ring was detected from
the unlubricated tests, and also from the silicone grease lubricated tests, i.e. silicone grease
lubrication does not prevent PTFE material transfer.
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1 Introduction

Already in the title of this thesis, "Tribolological aspects of pneumatic clutch
actuators", it is likely that unfamiliar words may act as a deterrent for potential readers. However, both tribology and clutch actuation is something many
of us come in contact with everyday.
Tribology can simply be described as the study of friction, wear and lubrication. Without us thinking about it, it is a major part of our life. The friction between the tyres of our car and the road, the wear on the knees of children's pants, and the lubrication of our eyes by tears are just some examples.
Clutch actuation, on the other hand, is a means to transfer the force applied by the driver on the clutch pedal, to the release bearing of the clutch.
The clutch is then disengaged and gear change is possible. When you consider how often you have to change gear while driving from your home to
your work, you realise the strain a clutch actuator may be under.

1.1 Tribology
The word tribology is derived from the Greek word tribos, meaning rubbing
[1]. It is an interdisciplinary science, connecting physics, metallurgy, chemistry and mechanics. Although the name tribology did not appear until the
20th century, the subject itself is very old. As an example from the pneumatic world, when Ottonis de Guericke demonstrated atmospheric pressure
in 1650, he used a piston within a cylinder. The piston, of hard oak, had a
groove filled with flax or hemp. This seal was sufficient to hold the pressure
difference between the atmosphere and the partial vacuum that was reached.

1.2 Clutch actuator
In order to separate the engine from the transmission in a vehicle, a clutch is
needed. A friction clutch is basically two discs pressed together by a spring.
To disengage the clutch, force must be applied to its release bearing. To
transmit movement and force from the clutch pedal to the release bearing,
there are three main methods: rod linkage, cable linkage and hydraulic pipelines [2]. Most early vehicles used rod linkage, but, nowadays, only a few
uses this type of actuation. Cable linkage, a popular method, consists of a
9

steel-wire core, running inside a cable sheath, from the foot pedal to the release bearing of the clutch.
Another common method of transmitting force and movement is by hydraulics. A fluid is forced through a pipeline running between the pedal and
the clutch. The system consists of a master cylinder connected to the clutch
pedal, and a slave cylinder connected to the release bearing of the clutch.
When the foot pedal is depressed, the master cylinder piston pushes fluid
through the pipeline. Fluid enters the slave cylinder and the piston pushes on
the release fork [3].
If the force needed to disengage the clutch is large, it will result in unacceptably heavy clutch pedal operation for the driver. A solution to this problem is to provide the clutch control system with servo assistance.
A clutch actuator of this type, is the hydro pneumatic actuator studied in
this thesis, Figure 1. When the clutch pedal is depressed, this movement is
converted into hydraulic pressure in the master cylinder. The liquid flows
through the transmission line and enters the hydraulic chamber of the slave
cylinder. The increased pressure in this chamber results in two events: the
piston rod is pushed to the left in the schematic, and the valve controlling the
pneumatic assistance opens. Both hydraulic and pneumatic pressures act on
the piston, which pushes on the clutch lever. However, there is no hydraulic
fluid in the pneumatic chamber.

Piston with lip seal and
guiding ring

Connected to
the clutch lever

Pneumatic
chamber

Clutch pedal

Hydraulic
chamber

Figure 1. The hydro pneumatic clutch actuator studied in this thesis. When the
clutch pedal is depressed, hydraulic fluid flows into the hydraulic chamber. The
piston rod is pushed to the left, and an inlet valve is opened, letting pressurised air
into the pneumatic chamber. Both hydraulic and pneumatic pressures act on the
piston, which pushes on the clutch lever, disconnecting the clutch.
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1.3 Research approach and thesis outline
The aim of this thesis is to improve the understanding of the wear mechanisms present in pneumatic clutch actuators, a rather complex tribological
system. Clutch actuators are guaranteed to withstand a minimum of 3 million
actuations and to perform in a temperature range from -40 to 140 ºC. However, the demands on service life as well as temperature range are increasing.
To be able to design clutch actuators of tomorrow that will meet these demands, it is vital to understand the tribomechanisms at work.
The research approach consists of three parts: experience from the field,
development of test method, and evaluation of influence of parameters.
Field worn actuators have been disassembled and investigated. For more
information concerning observations of used actuators and valuable feedback a continuous dialogue has taken place with Kongsberg Automotive.
A laboratory test method has been developed to understand the tribomechanisms present in pneumatic clutch actuators. The capability of the test
method to simulate the real contact has been verified by the comparison with
the studied field worn actuators.
The influence of contact parameters: temperature, load, lubrication and
particle contamination, has been investigated using the new test method.
Guiding ring and lip seal materials, and type of grease, were the same for all
tests . However, different anodised aluminium surfaces were investigated.
Scanning Electron Microscopy (SEM), Focused Ion Beam (FIB) and Energy Spectroscopy for Chemical Analysis (ESCA) have been used to study
the surfaces and the wear mechanisms.

1.3.1 Thesis outline
Mechanical properties of anodised aluminium cylinder surfaces are presented in chapter 3 (paper III). Chapter 4 consists of the examination of actuators from the field (papers I and II).
The development of the model laboratory test method is presented in
chapter 5 (paper I). The test method was used in papers IV, V and VI. The
results are divided into friction performance and wear mechanisms, and presented in chapter 6 and 7, respectively.
Finally, in chapter 8, conclusions and implications for the design of future
clutch actuators are presented.
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2 Description of the studied pneumatic clutch
actuator

The actuator studied in this thesis is a hydro pneumatic clutch actuator. The
actuator can, for all intents and purposes of this thesis, be seen as a pneumatic actuator since the investigated tribological system is the one inside the
pneumatic cylinder, Figure 2. The hydraulic oil never comes in contact with
the pneumatic chamber.
Clutch
Clutch
pedal

Clutch actuator

Piston with guiding
ring and lip seal

Aluminium
cylinder

Pneumatic
chamber

Figure 2. Schematic of the studied hydro pneumatic clutch actuator. A piston with
guiding ring and lip seal, slides inside an anodised aluminium cylinder.

The actuator consists of an anodised aluminium cylinder housing (with an
inner diameter of 100 mm), inside of which a piston slides in a back- and
forward motion. On the piston, a lip seal and a guiding ring are mounted.
The stroke of the piston, during one actuation, is some tens of millimetres.
The actuator is guaranteed to withstand 3 million actuations, and designed to
perform in a temperature range from -40 to 140 ºC. The normal working
temperature is approximately 80 ºC.
The lip seal is very important since its sealing capability is essential for
the performance of the actuator. If the seal is heavily worn and its sealing
properties are deteriorated, the actuator cannot function properly, and it is
not possible to disengage the clutch. The purpose of the guiding ring is to
guide the piston and absorb transverse forces. It also prevents metal to metal
contact. A grease, that is applied once before assembly, is used as a lubricant, and as an aid to the sealing. It also facilitates the assembly of the actuator.
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During the periods in between the actuations, the actuator is subjected to
vibrations, stemming from the engine and the driveline. Axial vibrations,
even though of small amplitude, may contribute to the degradation of the
surfaces in contact.

2.1 Aluminium cylinder
Aluminium and its alloys are widely used in the automotive industry due to
excellent weight saving qualities, and for environmental and economical
reasons. For the pneumatic actuator, the cylinder is made of an aluminium
alloy, and machined to meet the specific tolerances regarding inner diameter
and surface roughness, Figure 3. It is then anodised to increase the corrosion
and wear resistance. For the pneumatic actuator studied in this thesis, permanent mould casting is used to cast the cylinder. However, other casting
methods such as sand-, and high pressure die casting are also used in the
manufacture of clutch actuators.
Extrusion may be an interesting, cost saving alternative to casting. In this
thesis, the mechanical and friction characteristics of different anodised aluminium surfaces have been investigated, see chapter 3.

Figure 3. SEM image in topographical mode of the machined surface of a permanent mould cast cylinder before anodising.

2.1.1 Production methods
The first commercial aluminium products were castings, such as cooking
utensils [4]. Nowadays, aluminium alloy castings are produced in hundreds
of compositions by many different casting processes. Permanent mould-, and
sand casting are two types of gravity casting. Molten metal is poured into a
mould, reusable in the case of permanent mould casting, or single use in the
case of sand casting. The metal solidifies in the shape of the mould. In high
13

pressure die casting, instead of letting gravity affect it, the molten metal is
injected into a permanent mould under substantial pressure.
In extrusion, a cast billet is forced through a die opening to form elongated shapes or tubes with constant cross sections [5]. The billet can be either cold (room temperature) or preheated.
The aluminium cylinder housings studied in this thesis were all made of
aluminium alloys typical for respective production method. The aluminium
foundry alloys used were AlSi7Mg for sand casting and permanent mould
casting, AlSi1Mg for extrusion, and AlSi9Cu3 for high pressure die casting.

2.1.2 Anodising
When a freshly formed aluminium surface is exposed to the atmosphere, it is
immediately covered with a thin oxide film, that reforms when damaged [6].
This oxide film protects the metal from corrosion. However, in applications
where the need for protection is increased, different protective finishes may
be used. The most widely used treatment is anodising, due to the resulting
high corrosion and abrasion resistance.
During anodising the aluminium forms the anode in an electrolytical cell,
and the aluminium surface converts to aluminium oxide. Different types of
anodising processes exist, with different acid type and composition in the
electrolyte, temperature and voltage. The created oxide film consists of an
inner, thin, non-porous barrier layer, and a thick outer layer built upon a
columnar structure. In general, the acid used in the process will influence the
volume ratio between the oxide film that has formed, and the metal that it
has been formed from. When sulphuric acid is used, the film will have a
volume approximately 1.5 times that of the original metal. This means that
while the oxide surface moves outwards, the interface between metal and
oxide will shift into the alloy. The cylinders investigated in this thesis were
all anodised according to parameters in Table 1.
Table 1. Anodising parameters
Parmeter

Value

Electrolyte
Concentration
Max temperature
Concentration of Al ions in bath
Voltage
Current density

H2SO4
160–170 g/l
20 °C
< 15 g/l
20 V
1.5 A/dm2
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2.2 Lip seal
The reason for the seal is to maintain sufficient pressure in the pneumatic
chamber, thus achieving enough power to move the piston. Since the piston
has a reciprocating motion, i.e. there is relative motion between the mating
surfaces, the seal needs to be dynamic. The pneumatic clutch actuator lip
seal is composed of a sole and a lip. The sole is placed in a groove in the
piston while the lip is pressed, by the pressurised air, against the counter
surface (aluminium cylinder surface). The sealing lip must be designed in a
manner that will ensure that the lubricating grease film is retained for the
entire service life [7].
Elastomers are widely used as seal material, both for static and dynamic
seals [8]. The lip seal of the pneumatic actuator is made of acrylonitrilebutadiene rubber (NBR), a material with good swelling resistance, moderate
temperature range and low costs. The Shore A hardness of the lip seal is 75.
A schematic of the lip seal and an image of the lip of an unused lip seal can
be seen in Figure 4. The total seal width is 4 mm.

a

Figure 4. a) Schematic of the lip seal with the sliding direction and the area for the
SEM-imaging indicated. b) SEM-image of an unused lip seal.

The lip seal contains many different elements due to filler materials in the
rubber. Since these are not homogenously distributed in the seal, material
analysis from different areas may display different elements. Different combinations of carbon (C), oxygen (O), silicon (Si), aluminium (Al), zinc (Zn),
calcium (Ca), sulphur (S) and nitrogen (N) will be the result of analysis from
different areas of the lip seal.

2.3 Guiding ring
The guiding ring used in the pneumatic clutch actuator is made of polytetrafluorethylene (PTFE) with 25% graphite as an additive. PTFE is a thermoplastic material with a chemical resistance superior to all other thermoplas15

tics, and it has a wide thermal application range. PTFE is known for its unusually low friction behaviour in dry sliding [9].
The guiding ring is approximately 3.8 mm wide, 1.5 mm thick, and its
unused surface is rather rough, Figure 5.

Figure 5. SEM images showing surface appearance of an unused guiding ring at two
different magnifications.

2.4 Grease
A lubricating grease consists of two main components: a base oil and a
thickener. It is firm enough to hold its shape under its own weight, but soft
enough to flow when subjected to a low stress [10]. Grease also regains its
solid body-like properties after the removal of stress. This means that grease
is both solid and liquid depending on physical conditions, e.g. stress and
temperature [11]. An increase in temperature results in a softer grease. When
subjected to a shearing action all grease suffer a degradation in consistency.
As a lubricant, grease has the advantage of staying in place and can act as
a reservoir of lubricant. In the pneumatic clutch actuator, it also works as a
sealing agent.
In this application a silicone grease with no additives is used.
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3 Properties of the anodised aluminium
cylinder surfaces

The influence of the production method on the oxide growth during anodising of aluminium, was investigated in papers II and III. Surface topography,
and structure and thickness of oxide layers from four production methods
were compared in paper III. Furthermore, significant differences in mechanical properties, which may affect the wear behaviour, was studied.

3.1 Surface topography, and structure and thickness of
oxide layers
Anodised aluminium surfaces from permanent mould casting, sand casting,
high pressure die casting, and extrusion were studied. The surfaces of the
aluminium cylinders after machining but prior to anodising are rather
smooth, except for traces from the machining, Figure 3. The Ra values for
the cast surfaces are of the order of 0.2–0.3 µm and somewhat lower for the
extruded surface. The anodising process affects the cylinder surfaces differently, Figure 6.
The surface of the permanent mould cast cylinder still shows traces from
the machining, but also a superimposed surface structure with lower and
higher areas, Figure 6a. The Ra value after anodising is approximately 0.5
µm. The sand cast cylinder shows an undulated surface structure of smooth
plateaus and lower areas with small pits, Figure 6b. On top of the plateaus it
is possible to detect faint traces from the machining. The Ra value for the
sand cast surface is approximately 0.9 µm. On the extruded surface, traces
from the machining are still visible. These are not only perpendicular to the
sliding direction but also at an angle from it, due to different machining procedure of the extruded cylinder, Figure 6c. The surface is otherwise smooth
but frequent holes, about one µm in size, are visible. The Ra value for the
extruded surface is approximately 0.2 µm. For the high pressure die cast the
traces from machining are no longer visible, instead the surface appears randomly rough with a Ra value of approximately 0.6 µm, Figure 6d.
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Figure 6. SEM images in topographical mode of a) permanent mould cast, b) sand
cast, c) extruded, and d) high pressure die cast surfaces. The sliding direction is
indicated.

The polished cross-sections show that the oxide layers of the three cast cylinders have non-uniform thicknesses, Figure 7. This is due to both a locally
scalloped aluminium/oxide interface and a fluctuation of the surface. The
sand cast and the high pressure die cast surfaces display a larger variation in
oxide thickness than the permanent mould cast surface, Figures 7a, b and d.
The high pressure die cast surface even displays parts with no oxide layer.
The extruded surface shows a uniform oxide thickness and an even aluminium/oxide interface, Figure 7c.
The polished cross-sections reveal differences in the microstructure of the
aluminium. The cast cylinders show silicon particles (evidenced by EDSanalysis) in an inter-dendritic structure originating from the eutectic solidification of the metal. These veins of silicon particles continue into the anodised layer, where the particles are embedded. Both the clusters of silicon
particles and the spacing between them are larger for the sand cast cylinder
than for the permanent mould cast cylinder. For the high pressure die cast
cylinder, the inter-dendritic structure is denser than for the other two casting
methods. No inter-dendritic structure of silicon particles is present in the
polished cross-section of the extruded cylinder. However, randomly distributed particles can be seen in the aluminium alloy, visible as grey dots in
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Figure 7c. EDS analysis showed that these particles consist of iron (Fe) and
silicon (Si).

Figure 7. Microscope images of polished cross-sections of anodised layer of the
a) permanent mould cast, b) sand cast, c) extruded, and d) high pressure die cast
surfaces.

3.1.1 Oxide growth
For the three casting methods, it is evident that the presence of silicon particles has disturbed the oxide growth during anodising. FIB-produced crosssections of the anodised layer revealed that cavities are formed above the
silicon particles inside the oxide, Figure 8. Cracks on both sides of the cavity
are visible in Figure 8a. When the silicon particle is closer to the surface, the
cavity becomes a pit. In Figure 8b a cross-section of such a particle is shown
where platinum (Pt) alloy material, which is deposited to protect the surface
during the FIB ion milling process, has filled the cavity.
The cavities are due to a difference in resistivity between silicon oxide
and aluminium oxide [12, 13]. During anodising the metal/oxide interface
shifts into the alloy and when it encounters a silicon particle, oxidation of the
particle will commence. Due to the difference in resistivity the silicon particle will only be decorated with at thin SiO2 film and a cavity will be formed
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above it as the newly formed aluminium oxide expands but the particle remains immobile [14].
As a consequence of the occluded silicon particles, the aluminium/oxide
interface will be locally scalloped and the oxide will have a deviating thickness [15]. Silicon particles close to the aluminium surface before anodising
will give rise to pits on the surface. Clusters of silicon particles will thus
result in lower uneven areas on the surface.

Figure 8. FIB cross-section of the anodised layer. Platinum (Pt) alloy material has
been deposited to protect the surface during the FIB ion milling process. a) A silicon
particle with a cavity above it, b) a silicon particle so close to the surface that the
cavity has become a pit. It has been filled with protective Pt.

The surfaces of the permanent mould cast, sand cast and high pressure die
cast cylinders demonstrate a diversity in surface topography, Figure 6. Since
the depressions on the surface are due to clusters of silicon particles in the
alloy, it is apparent that the different cast methods produce microstructures
giving rise to different distribution of the silicon particles and thus resulting
in diverse surface topography after anodising.
When dendritic solidification occurs in Al-Si alloys, microsegregation
appears [16]. The original dendrite arms, extended into the liquid metal,
solidify as relatively pure aluminium metal. Hence, the liquid surrounding
these arms is enriched in solutes and when it solidifies the spaces between
the arms become regions high in solute concentration and finally solidifies as
Al-Si eutectic. There are many factors affecting the dimension and the morphology of the microstructure. For instance, when the solidification rate increases, the size of the dendrites themselves, and the size of the eutectic
phases in between the dendrites, are both reduced [4]. The more detailed
effects of these issues are not investigated in this work. However, it is apparent that the slower solidification of the sand casting, compared with the permanent mould casting, results in the formation of a surface with more prominent plateaus and lower areas. For the high pressure die cast cylinder, the
higher amount of silicon in the alloy, as well as the solidification rate, must
be taken into consideration. A higher amount of silicon results in a denser
dendritic structure and thus also in a rather rough surface.
20

For the extruded cylinder, the low amount of silicon in the alloy together
with the fabrication method, results in a microstructure free from interdendritic structure. In extrusion, a cast billet is pushed or drawn through a
die. After casting the billet has a dendritic structure, however, after extrusion
almost all traces of this structure are gone, only some randomly distributed
SiFe-particles can be seen. This means that no clusters of silicon particles
will hinder the oxide growth, and that the oxide layer will be of an even
thickness with a smooth surface.

3.2 Mechanical properties
Some mechanical properties were compared for the four anodised cylinders.
Scratch testing, micro abrasion testing, and nanoindentation on polished
cross sections were performed. The surfaces displayed different results in the
scratch test due to the variations in the surface structure, Figure 9. For the
permanent mould cast and the sand cast cylinders, the cracks could not
propagate freely in the oxide, but are hindered by the clusters of silicon particles, Figures 10a and b. This restricted the brittle fracture to the vicinity of
the scratch. For the extruded cylinder no such limiting factor is present and
the cracks propagate unhindered, resulting in larger wear fragments, Figures
10c and d. If the load is low the extruded cylinder withstands the scratching
better than the permanent mould cast and the sand cast cylinders. However,
when the load is increased, severe brittle fracture will occur. For the high
pressure die cast cylinder the behaviour is similar to a ductile material. The
thin and uneven oxide layer does not prevent the stylus from ploughing into
the aluminium surface.

Figure 9. (a) SEM images in topographical mode of a scratch, 10 mm long with an
increasing load from 0 to 40 N from left to right, on the a) permanent mould cast, b)
sand cast, c) extruded, and d) high pressure die cast surfaces. The positions of the
images shown in Figure 10 are indicated.

21

Figure 10. SEM images in compositional mode of the scratches on the aluminium
surfaces. a) Permanent mould cast surface. The flaking occurs in the oxide (ca. 6 N)
exposing silicon particles. b) Sand cast surface. The flaking occurs in the oxide (ca.
13 N). c) Extruded surface. Flaking inside the scratch (ca. 8 N). d) Extruded surface.
Aluminium exposed inside the scratch and flaking of a large magnitude outside the
scratch (ca. 32 N).

The distribution of the nanohardness measurements and their mean values
are shown in Figure 11. When disregarding the lowest values, which most
likely correspond to areas of pores or other weak parts of the oxide, the results indicate that the oxide nanohardness is between 4000 and 6000 MPa.
For comparison, the nanohardness measured in a particle free area of the
aluminium alloy, for all four surfaces, is approximately 1400 MPa.
The permanent mould cast and the sand cast cylinders displayed very
similar nanohardnesses. However, the spread in the values is much higher
for the sand cast cylinder. This is most likely due to the more varied thickness of the oxide layer for the sand cast cylinder. It is possible a higher number of indents were made close to the edges of the oxide layer. Since anodised layers vary in hardness across the thickness of the layer, with the layer
adjacent to the metal being the hardest, the indents made close to an edge
will differ from those made in centre of the layer [17].
The spread in hardness results is low for the extruded cylinder and high
for the high pressure die cast. This can also be explained by the large varia22

tion in thickness for the high pressure die cast cylinder and the even thick
oxide layer of the extruded cylinder.
The high pressure die cast cylinder displayed the lowest hardness value of
the four fabrication methods. This is most likely due to the poor growth of
the anodic layer. In a similar way the high hardness value of the extruded
cylinder can be explained to derive from the thickness of its oxide layer.
It is important to remember that the aluminium oxide formed during anodising, despite manufacturing method, is not the same as sintered aluminium
oxide. The nanohardness of sintered alumina, measured in the same way as
the anodised layers, is significantly higher.
7000

Hardness [MPa]

6000
5000
4000
3000
2000
1000
0

Permanent mould cast

Sand cast

Extruded

High pressure die cast

Figure 11. Distribution and mean values of nanohardness measurements of the oxide
layers, measured on polished cross-sections.
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4 Examination of field worn actuators

In papers I and II, actuators from trucks have been studied with the aim to
improve the understanding of the wear mechanisms present in real actuators.
Furthermore, the reciprocating sliding lab test was developed in paper I and
the investigated actuators were used as a means to verify the accuracy of the
test. The lab test is presented in chapter 5.

4.1 Studied actuators
Clutch actuators are designed to guarantee a minimum of 3 million actuations. For a vehicle used in city traffic, e.g. a garbage truck, which will have
approximately 6–10 actuations per km, this translates to roughly
400 000 km, Figure 12. For a long haul vehicle, which only has approximately 2–3 actuations per km, it will be 1.2 million km.

Figure 12. a) A garbage truck has about 6–10 actuations per km while b) a long haul
vehicle has 2–3 actuations per km.

Used actuators most often function as well as they did after assembly, but
sometimes have severe leakage problems. It is difficult to find actuators
where the wear has started but not yet resulted in severe leakage. No such
actuator has been found for this work. Four actuators were investigated,
three fully functional and one with leakage problems. The functional actuators had been subjected to various numbers of actuations, between 100 000
and 1 million. The fourth actuator had been removed from the truck due to
the leakage. It had been subjected to between 3 million and 4.5 million actuations, exceeding its guaranteed service life.
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4.2 Aluminium cylinder
After assembly, the piston is situated approximately in the middle of the
cylinder, and slides towards the clutch when actuated. The sliding distance
during one actuation, is some tens of millimetres. As the clutch is gradually
worn the neutral position of the piston moves towards the clutch.
To simplify the presentation of the analysis results, the cylinder is divided
into four zones (in total, approximately 90 mm in length), Figure 13. In practice, zone 1 will normally never be in contact with the piston, and the position of the piston between actuations, will continuously move from zone 2 to
zone 3 and finally to zone 4 during the use of the system. Parts cut out of the
aluminium cylinders removed from trucks, were cleaned in an ultrasonic
cleaner, first with white spirit and then ethanol.

z4

z3

z2

z1

Figure 13. The results of the analysis is presented for four zones, z1–z4, of the anodised aluminium cylinder of the clutch actuator.

The investigated cylinders were all permanent mould cast. The aluminium
surfaces of the three actuators that were still functional when disassembled,
did not show any significant wear, but some faint scratches could be detected
in zone 4 closest to zone 3.
Investigation of the actuator with leakage problems revealed massive
wear. Zone 1 has never been in contact with the piston and did not display
any wear. The part of zone 2 closest to zone 1, was also free from wear but
closer to zone 3 smeared material could be seen, Figure 14. EDS-analysis
revealed that the smeared material consists of carbon (C) and fluorine (F),
i.e. most likely from the PTFE guiding ring.
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Figure 14. SEM-images of the cylinder surface of the actuator with leakage problems. Smeared PTFE material in zone 2 close to zone 3 at two different magnifications. Piston sliding direction ↕.

In zone 3 the ridges from machining as well as the higher plateaus and lower
areas are no longer visible. Instead scratches are displayed all over the area
closest to zone 2, Figure 15a. Loss of material is also visible in some of the
scratches. Further towards zone 4 the scratches are not as distinct as before
but the surface is much smoother than for the unused surface. Some sharper
scratches can be seen superimposed onto the smoothed surface. In Figure
15b the turning point for one of these scratches is shown.
The appearance of the surface in zone 3 continues into zone 4. A smooth
surface with material losses and scratches is shown in Figure 16a. Some
material could also be seen pressed into the surface, Figure 16b.

Figure 15. SEM-images in topographical mode of the cylinder surface of the actuator with leakage problems. a) Scratches in zone 3 close to zone 2. b) The turning
point for a sharper scratch on the smooth surface of zone 3 close to zone 4. Piston
sliding direction ↕.
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Figure 16. SEM-images in compositional mode of the cylinder surface of the actuator with leakage problems. a) A smooth surface with material losses and scratches in
zone 4 close to zone 3. b) Material pressed into the surface in zone 4. Piston sliding
direction ↕.

4.3 Guiding ring
The guiding rings of the functional actuators had a smoother surface than
unused guiding rings but their thicknesses were roughly the same. The guiding ring from the actuator with leakage problems was severely worn and its
thickness (originally 1.5 mm) was reduced by approximately 0.2 mm. Its
surface was smooth compared to unused guiding rings, and embedded particles could be seen.

4.4 Lip seal
The lip seals of the functional actuators displayed no apparent signs of wear.
Disassembly of the actuator with leakage problems, revealed a severely worn
lip seal as well as black mud consisting of silicone grease and particles.
Large parts of the lip seal were found loose in the cylinder, Figure 17.
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Figure 17. Piston, diameter of 100 mm, from actuator with leakage problems. Wear
debris and a loose part of the lip seal can be seen on top of the piston. The guiding
ring has been removed.

4.5 Particles from the actuator with leakage problems
When the actuator with leakage problems was disassembled some of the
silicone grease was collected. It was diluted with white spirit and placed in
an ultrasonic cleaner for about an hour. When removed from the cleaner, the
particles in the solution sank to the bottom of the beaker. After a while the
solution could be decanted and the process repeated. After a few repetitions,
moderately clean particles, together with white spirit, could be gathered at
the bottom of the beaker using a pipette. This solution was then placed onto
a silicon wafer where, after evaporation of the white spirit, the particles were
studied with SEM and their chemical composition was analysed with energy
dispersive x-ray spectroscopy (EDS).
With the naked eye, it was possible to see that some of the particles, gathered from the actuator with leakage problems, were fragments from the lip
seal. These were green, the same colour as the seal, and some were as big as
a few millimetres. In the SEM, these larger particles could be seen, as well
as other, smaller, unknown, particles, Figure 18.

28

Figure 18. SEM-image in compositional mode of particles collected from the severely worn actuator. Large particles are seen in a layer of smaller particles.

EDS revealed that, not only the large particles, but also the smaller debris
consisted mostly of rubber, Figure 19. Signals from fluorine and carbon imply that wear debris from the guiding ring also contributed to the layer. A
larger aluminium particle and a few smaller ones, possibly as oxides, are
visible. The silicon signal originates from the silicon wafer that was used as
a substrate. The sodium (Na) and zinc (Zn) peaks are difficult to separate.

Figure 19. EDS-mapping of particles from the severely worn actuator.
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5 Development and use of a model laboratory
test

A new method for laboratory testing of the tribological contact between the
surface of the anodised aluminium cylinder, and the rubber lip seal and
PTFE guiding ring, has been developed. The aim was to enable testing of
different materials and contact conditions. The test method was presented in
paper I, and papers IV, V and VI contain results from tests using the method.

5.1 Description of the test setup
For a good resemblance of the real contact, parts of the actual cylinder and
piston were used, Figure 20. A part of the aluminium cylinder is placed in a
lower sample holder. The upper holder consists of a part of the piston, with a
part of the lip seal as well as a part of the guiding ring mounted on it. The
contact load is applied by a spring and the friction force is measured with
strain gauges.
In this test method, the lip seal is not required to seal against any air pressure as in the real application, so the sealing capability is not monitored. In a
real actuator the lip of the lip seal is kept in contact with the aluminium surface by the pneumatic pressure. In the test setup this was accomplished by
silicone caulk, precisely fitted into the gap in the lip seal, thus keeping the
lip in contact with the aluminium surface.
The lower sample holder moves in a back- and forward motion allowing
the aluminium part to slide against the lip seal and the guiding ring in a
movement similar to that of the actual actuator. However, in the test the motion will be: forward from the starting position, backward past the starting
position, and then forward again until the starting position is reached. This is
different from the clutch actuator, where the motion is: forward from the
starting position, and then backward until the starting position is reached.
To verify the accuracy of the test method, tested surfaces were compared
with the investigated field worn actuators, presented in chapter 5 (paper I).
However, the heavily worn actuator had leakage problems, and in the test
method the sealing properties are never measured.
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Figure 20. a) View of the experimental setup. The lower sample holder moves in a
back- and forward motion. Contact pressure is achieved by the use of a spring.
b) Lip seal and guiding ring mounted on the upper sample holder. c) Part of the
aluminium cylinder mounted on the lower sample holder.

5.2 Contact situation
A schematic of the contact setup is shown in Figure 21. Because of the contact geometry, the area in contact on the aluminium sample depends on the
amplitude of the sliding movement. When the peak-to-peak amplitude is
larger than approximately 5 mm, the contact area on the aluminium sample
is divided into three areas; one area only sliding against the guiding ring (A),
one area only sliding against the lip seal (B), and between these an area in
alternating contact with both the guiding ring and the lip seal (C).
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Figure 21. Schematic of the test setup and the contact geometry. Area A slides only
against the guiding ring, B only against the lip seal and C against both guiding ring
and lip seal.

5.3 Type of motion
The amplitude and frequency can be varied to simulate both longer strokes
of the piston, and smaller vibrations.
In the reciprocating sliding tests, the cycles were performed with an amplitude of 7 mm and a frequency of 3 Hz. With this frequency the maximum
sliding speed for the test setup will be similar to that of the piston in an actual clutch actuator. The sliding distance in a clutch actuator is some tens of
millimetres.
Vibration tests were also performed, with an amplitude of 100 μm and
frequency of 100 Hz. This simulates the vibrations stemming from engine
and driveline, that affect a clutch actuator. Interrupted vibration tests were
also performed, where two cycles with an amplitude of 6 mm where carried
out every 30 minutes.
In contrast to the real application, the position of the vibrations will be in
the middle of the reciprocating sliding motion instead of at one of the endpoints of the sliding motion.

5.4 Load
A spring is used to keep the upper and the lower samples in contact with a
constant contact force. In the real case the contact force depends on the air
pressure. The standard contact force 15 N, used in the tests, is chosen to be
within the typical range of the contact force in the actuator. In paper IV, the
load dependency was studied, and contact loads of 30 and 50 N were used.
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5.5 Temperature
It is possible to perform tests at different temperatures. This is achieved by
heating the aluminium sample, using two thermo elements mounted inside
the lower sample holder. After the test samples were prepared and mounted,
and the contact load was applied, the heating was started. When the aluminium sample had reached the set temperature, the test was started.
The standard operating temperature in a clutch actuator is approximately
80 ºC. The standard tests, in papers V and VI, were therefore performed with
the aluminium sample kept at 80 ºC. In paper IV, the temperature dependency was investigated, and tests were carried out at 22, 80 and 140 ºC.

5.6 Lubrication and dust
In all lubricated tests, the same silicone grease was used as in real clutch
actuators. To investigate the effect of foreign particles in the actuator, standard dust was added. Two types of standard dust developed for vehicle testing, ISO 12103-1,A2 Fine Test Dust and ISO 12103-1,A1 Ultra Fine Test
Dust, were used. They both have the same chemical composition, Table 2,
and their distribution in size is 0–80 μm and 0–10 μm, respectively.
Table 2. Chemical composition (wt%) of the test dust
Chemical SiO2

Al2O3

Fe2O3

Na2O

CaO

MgO

TiO2

K2O

Wt%

10–15

2–5

2–4

2–5

1–2

0.5–1.0

2–5

68–76

In paper I, the silicone grease was applied with a finger onto the aluminium
sample. This is a similar amount of lubrication as in the real application. For
the tests with standard dust, the dust was applied onto the film of silicone
grease and then spread out evenly across the surface.
In papers IV, V and VI, the control of the lubrication was increased. For
the lubricated tests, in paper IV, 10±1 mg of silicone grease was evenly applied onto a set area (15 mm x 10 mm) of the anodised aluminium sample.
This corresponds approximately to the amount applied with a finger in paper I, which is similar to the amount of lubrication in a real actuator. For the
tests with dust, 3±0.01 g of silicone grease was thoroughly mixed with
3±0.01 g of the standard dust ISO 12103-1,A1 Ultra Fine Test Dust. 20±1
mg of this mixture was evenly applied onto the set area, which was larger
than the test area.
Three conditions of silicone grease lubrication were tested in paper V:
no grease (unlubricated), low lubrication, and high lubrication. The lubricant was always evenly applied onto a set area, 15 mm x 10 mm, of the anodised aluminium sample. For the high lubrication tests, 10±1 mg of silicone
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grease was applied (as the lubricated tests in paper IV). For the low lubrication tests, 2±1 mg was used. These amounts correspond to approximately 70
and 15 µm grease film thicknesses, respectively. In paper VI the high lubrication was used.

5.7 Materials
The PTFE guiding ring and the NBR rubber lip seal (see chapters 2.2 and
2.3) used in all tests are the same as in the real application. In papers I, IV
and V, permanent mould cast cylinder was used as a standard material, and
in paper VI it was compared to cylinders from other fabrication methods.

5.8 Ball-on-aluminium surface tests
Since the contact situation is rather complex, an additional test setup has
been used, where the upper sample holder is substituted by a ball (paper VI).
The balls used were of NBR rubber (Shore A hardness of 70) and PTFE
(Shore A hardness of 60) with a diameter of 10 mm. The low lubrication
condition was used and a load of 5 N was applied. The aluminum sample
was kept at 80 ºC. Both reciprocating sliding tests (5 mm and 3 Hz) and vibration tests (100 μm and 100 Hz) were performed.

5.9 Combinations of parameters used in tests
The different parameters that have been used in different combinations for
the tests performed in papers IV, V and VI are listed in Table 3.
Table 3. Parameters used in papers IV, V and VI. The setup simulating a clutch
actuator was used for all tests except a where the ball-on-aluminum surface setup
was used.
Paper

Aluminium
surfaceb

Type of motion

Load [N]

Temperature
[ºC]

IV

P

Reciprocating

15

22, 80, 140

IV

P

Reciprocating

15, 30, 50 22

V
VI
VI

P
P, S, E, H
P, S

Lubrication
High,
dust mixture
High,
dust mixture
No, low, high
High
High

Reciprocating
15
80
Reciprocating
15
80
Vibration
15
80
Reciprocating,
a
P, S
VI
5
80
Low
vibration
b
Permanent mould cast (P), sand cast (S), extruded (E), and high pressure die cast (H).
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6 Friction performance

In paper IV, the influence of contact load, temperature, and particle contamination on friction and wear mechanisms were investigated. The tribological system was further studied in paper V, where the influence of type
of test and of the amount of lubrication, on the friction performance, PTFE
transfer, and rubber lip seal wear were studied.
In papers IV and V, the aluminium cylinder used was permanent mould
cast. However, in paper VI, as a continuation of paper III, sand cast, extruded and high pressure die cast surfaces were compared with the permanent mould cast surface, with regards to the friction performance.
In this chapter, friction results from the tests in papers IV, V and VI are
presented and discussed.

6.1 Influence of temperature, load, and added dust
In paper IV, reciprocating tests with silicone grease (high lubrication) and
with a mixture of silicone grease and standard dust were performed at different temperatures and loads. When the temperature was altered the load was
15 N, and when the load was changed the temperature was 22 ˚C.
For all tests with silicone grease the coefficient of friction (COF) started
at about 0.05 and typically increased throughout the test. The COF fluctuated, but for all tests it was lower than about 0.25 after 100 000 cycles.
Tests at different temperatures at 15 N contact load are shown in Figure 22. At 80 and 140 ˚C the COF was slightly lower than for the test at
22 ˚C. Tests at different contact loads at 22 ˚C showed no significant influence on COF.
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Figure 22. Coefficient of friction for 100 000 cycles at contact load 15 N and sample
temperature 22, 80 and 140 °C (2 parallel tests). Silicone grease lubricated.

For all tests with the silicone grease and dust mixture, the COF started at
0.10–0.15, which is higher than for the tests without dust. At the end of the
test, the COF was between 0.14 and 0.26 for all tests.
At temperatures of 80 and 140 ˚C, the COF was slightly lower than for
the test at 22 ˚C, Figure 23. Tests at different contact loads at 22 ˚C showed
no clear influence on COF. As the tests with only silicone grease, the COF
fluctuated for the tests with the silicone grease and dust mixture. However,
the most stable COF results were found for 30 and 50 N contact load.
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Figure 23. Coefficient of friction for 100 000 cycles at contact load 15 N and sample
temperature 22, 80 and 140 °C (2 parallel tests). Lubricated with a mixture of silicone grease and standard dust.
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6.2 Influence of amount of lubrication and type of
motion
In paper V, three conditions of silicone grease lubrication were tested:
no grease (unlubricated), low lubrication, and high lubrication. For each of
these, two reciprocating sliding, one continuous vibration, and two interrupted vibration tests were performed.

6.2.1 Reciprocating sliding test
During reciprocating sliding, the lubricated contacts showed fluctuating friction behaviour (as was observed in paper IV), and in some tests the COF
increased to the same level as that of the unlubricated contact, Figure 24.
Note that the high lubrication tests are the same as the 80 ºC tests in Figure
22 (paper IV).
In the beginning of the tests the COF was low, 0.05 for all lubricated
tests, indicating the existence of a lubricating grease film.
For one test of each lubrication type, L2 and H1, the COF was low, approximately 0.08, at the end of the test. For the other tests with low and high
lubrication, L1 and H2, the COF increased and ended up at approximately
0.20. There is no distinct difference between high and low lubrication, both
conditions had one test with low COF at the end of the test, and one with
high COF.
The two unlubricated tests started with a COF ≥ 0.23, which then rapidly
decreased to a stable level between 0.15–0.20. The COF was higher than for
the lubricated tests.
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Figure 24. Coefficient of friction for 100 000 cycles in the reciprocating sliding test
with no, low, or high lubrication (15 N, 3 Hz, 7 mm, 2 parallel tests).
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6.2.2 Vibration test
The interrupted vibration tests showed that for lubricated contacts, the friction was lower during the interrupting sliding cycles than during the intermediate periods of vibration, Figure 25. In addition, the sliding cycles initially reduced the friction level during the subsequent period of vibration, but
after some time of vibration it had increased to the stable level.
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Figure 25. Coefficient of friction during continuous vibration and interrupted vibration tests (15 N, 100 Hz, 100 μm), a) low lubrication test, b) high lubrication test.
For VL3 and VH2, the vibration was interrupted every 30th minute, i.e. every
1.8·105 cycles, by two large sliding cycles of reciprocating sliding (5 mm, 1 Hz).
The lower friction values correspond to the reciprocating cycles. One of the two
interrupted vibration tests is shown.
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When unlubricated, the friction was higher during the interrupting sliding
cycles than during the vibration periods, Figure 26. During vibration the
COF was similar (0.10–0.15) for no grease, high lubrication and low lubrication. Even the starting values of the COF was similar for the different conditions, in contrast to the reciprocating tests where the lubricated tests started
at 0.05 and the unlubricated tests at approximately 0.25.
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Figure 26. Coefficient of friction during the unlubricated vibration tests (15 N,
100 Hz, 100 μm). For VN2, the vibration was interrupted every 30th minute, i.e.
every 1.8·105 cycles, by two large sliding cycles (5 mm, 1 Hz). The friction during
the large sliding is shown as narrow peaks in the graph.

6.3 Influence of type of anodised aluminium surface
In paper VI, the anodised surfaces of aluminium alloys from four different
fabrication methods were compared, regarding the friction performance. The
surfaces analysed were sand- and high pressure die cast, extruded, and permanent mould cast, which has been used as standard surface in all previous
lab tests.
All four surfaces were tested in the reciprocating sliding test with high lubrication. The sand cast and the permanent mould cast were also compared
in the interrupted- and continuous vibration tests. In addition, all four surfaces were tested in the ball-on-aluminium surface test, against both NBR
and PTFE balls. Both reciprocating sliding and continuous vibration tests
were performed with low lubrication in this setup. Furthermore, unlubricated
continuous vibration tests were performed for all four surfaces against both
types of balls.
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6.3.1 Test simulating the clutch actuator
In the reciprocating sliding test, the four different aluminium surfaces
showed some differences in friction performance. The COF of friction for
the extruded surface was highly fluctuating, which can be explained by the
cracks all over the surface, observed at disassembly. These had developed
during testing.
Both the sand cast and the high pressure die cast surfaces showed increasing friction coefficients, reaching about 0.15–0.20 at the end of the tests,
Figure 27. The friction performance for the permanent mould cast surface
under the same test conditions, was shown as the high lubrication tests in
Figure 24.
In the beginning of the test, the COF is between 0.05 and 0.11 for the four
surfaces, with the lowest values for the permanent mould cast and the highest for the sand cast.
During the vibration tests (both continuous and interrupted) too, the sand
cast surface showed a higher COF than the permanent mould cast surface.
During continuous vibration, the friction coefficient was stable about 0.12–
0.13 for the permanent mould cast surface, and slowly increasing to about
0.20–0.22 for the sand cast surface. The initial COF was also higher for the
sand cast surface.
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Figure 27. Friction coefficient during reciprocating sliding (3 Hz), using the test
simulating the clutch actuator. High lubrication conditions, 15 N contact load, 2
parallel tests. Anodised aluminium surfaces from a) sand cast, and b) high pressure
die cast cylinders.

6.3.2 Ball-on-aluminium surface test
In the reciprocating sliding test against NBR rubber ball, both the sand cast,
and the permanent mould cast surfaces showed stable COF of about 0.16 and
0.14, respectively, Figure 28. The three tests with the high pressure die cast
surface all had an initial friction coefficient of 0.13. During the longer test,
100 000 cycles, the COF quickly increased to 0.15 and remained there
throughout the duration of the test. The two shorter tests showed a steeper
increase, and reached values of about 0.18 and 0.20, respectively. For the
extruded surface, the friction was stable but at different levels for the three
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different tests, all between 0.13 and 0.18. In these tests the extruded surface
was covered with cracks after the testing.
In the reciprocating sliding test with PTFE ball, the friction behaviour
was very stable for all anodised surfaces. The sand cast surface displayed the
highest friction coefficient, approximately 0.07. The high pressure die cast
surface had a slightly lower COF of about 0.05. However, the lowest COF,
0.02, was displayed for the permanent mould cast and the extruded surfaces.
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Figure 28. Friction coefficient during reciprocating sliding, using the ball-on aluminium surface test. Two types of balls, NBR and PTFE, tested against four types of
anodised aluminium surfaces. Low lubrication conditions, 5 N contact load. For
each combination of ball and aluminium surface: one 100 000 cycles test, and one or
two 10 000 cycles test.

During the vibration tests with NBR rubber ball, the COF was approximately the same for all four anodised surfaces, roughly 0.12 throughout the
test. Furthermore, the unlubricated tests displayed the same friction level as
the low lubricated tests. This indicates that there was no, or a very small,
relative motion between the surfaces and that it instead was the rubber that
absorbed the vibrations.
For the vibration tests with PTFE ball, the friction behaviour was very
similar for the permanent mould cast and the extruded surfaces, Figure 29.
Both displayed a starting COF of approximately 0.06, and while fluctuating
slightly, finished at 0.07. The level of the COF for the high pressure die cast
was similar or slightly higher, but fluctuated more.
The sand cast surface had a higher starting value of 0.11 and then a period
of high friction. After 10 000 cycles it had increased to 0.17, after which it
slowly decreased, reaching its starting value after 300 000 cycles where it
remained for the rest of the test. The shorter unlubricated tests were similar
for the four surfaces with a COF between 0.18 and 0.20.
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Figure 29. Friction coefficient during vibration testing (100 Hz), using the ball-onaluminium surface test. PTFE balls tested against four types of anodised aluminium
surfaces. One 1 000 000 cycles test at low lubrication, and one 10 000 cycles unlubricated test. 5 N contact load

6.4 Discussion on friction performance
The fluctuation of the coefficient of friction that has been observed for all
reciprocating sliding tests with silicone grease seems to be an effect of the
combination of the special contact geometry, with lip seal and guiding ring,
and the nature of the grease. When using balls in the reciprocating sliding
tests, the friction was much more stable. In addition, the unlubricated tests
with lip seal and guiding ring were very stable.
When the silicone grease is applied to the anodised aluminium surface before the tests, the consistency is rather sticky and firm. As the lip seal and the
guiding ring start to slide across the aluminium surface, the surplus grease is
gradually swept out of the contact. The grease that stays in the contact may
suffer a degradation in consistency since it is subjected to a prolonged shearing action [10]. The temperature will also affect the grease by softening it
[11].
After some shearing, when the grease has become less viscous it may no
longer be capable of separating the surface asperities, resulting in a higher
friction. Between the lip of the lip seal and the guiding ring there is a gap
which may act as a lubricant storage. If some of this grease enters the contact
area the friction may decrease, similar to what happened after the longer
strokes in the interrupted vibration tests.
During vibration, the influence of lubricating conditions on the friction
coefficient was much smaller than in the reciprocating sliding tests. The
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imposed vibration peak-to-peak amplitude was 100 µm, but it can be assumed that a substantial part of this amplitude will be taken up by elastic
deformation. For example, the relative slip amplitude between the lip seal
and the aluminium surface is probably much lower due to elastic deformation of the rubber lip seal, i.e. the lip seal is to some extent rocking instead of
sliding.
The influence of temperature and load was small, both for tests with pure
silicone grease and for tests with the grease and dust mixture. It is interesting
to note that the final values of the coefficient of friction for the tests with
only silicone grease, are similar to those from the tests with the silicone
grease and dust mixture. A part of the explanation may be wear debris present in the contact, behaving as the particles in the standard dust. However,
the amount of wear debris is probably much smaller than the amount of dust
particles.
When comparing the different anodised surfaces, it was evident that the
friction performance of the extruded sample was not interesting since the
surface cracked during testing. The high pressure die cast surface always
displayed a friction performance in the middle, never the worst, never the
best. However, in paper III it was concluded that the high pressure die cast
was unreliable due to its thin, and sometimes non-existing, oxide layer.
In all tests performed, the permanent mould cast surface displayed a lower
coefficient of friction than the sand cast surface.
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7 Wear mechanisms

The aim of paper IV was to identify the possible wear and surface degradation mechanisms of the surfaces of the cylinder, the guiding ring and the lip
seal of a clutch actuator. The influence of contact load, temperature and particle contamination on friction and wear mechanisms were investigated. In
paper V the tribological system of a clutch actuator was further studied. The
influence of type of test and of the amount of lubrication, on the friction
performance, PTFE transfer, and rubber lip seal wear were studied.
In this chapter, the most significant results from the lab test concerning
wear mechanisms will be presented for each of the different components of
the clutch actuator. In the final section the entire tribological system will be
considered.

7.1 Aluminium cylinder
When studying the anodised aluminium surface it is important to take into
consideration the contact situation of the lab test, which results in the three
different areas, presented in Figure 21. After tests lubricated with silicone
grease (high lubrication) in paper IV, the area that has slid against only the
lip seal displays slightly polished areas, Figure 30a. The polishing of the
surface that has slid against the guiding ring is more prominent and the
smoothened areas are larger, Figure 30b. Faint scratches can be seen in the
polished areas, in the sliding direction. Tests at higher temperatures or at
higher contact loads with silicone grease resulted in more wear, i.e. larger
and smoother polished areas. The polished areas that have slid against the
guiding ring show lines in the sliding direction, which are more prominent at
140 ˚C or at 50 N, Figure 30c.
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Figure 30. SEM images in topographical mode. The anodised aluminium surface
after test with silicone grease at 22 °C and 15 N against a) lip seal, and b) guiding
ring. Lines in the sliding direction on the anodised aluminium surface that has slid
against the guiding ring, at 140 °C and 15 N, tested with c) silicone grease, and d)
silicone grease and dust mixture. Sliding direction ↕.

Testing with the silicone grease and dust mixture resulted in similar wear
and deformation mechanisms as testing with pure silicone grease. However,
the surfaces were more worn, revealed as larger and more polished areas.
The surfaces that have slid against the guiding ring also show more distinct
lines, Figure 30d. Higher temperatures and contact loads resulted in more
wear, as was also the case with pure silicone grease.
In all tests the area that has slid against the guiding ring is more worn than
the area that has slid only against the lip seal. This is most likely due to the
fact that particles are more easily embedded into the guiding ring than into
the lip seal, which was observed in paper I. Wear of the counter surface by
particles embedded into PTFE has also been observed by Li and Yan [18].
The wear mechanisms of the anodised aluminium surface are similar for
tests with only silicone grease and tests with a silicone grease and standard
dust mixture. However, the degree of wear differs, where the wear is milder
for the tests with only silicone grease. The similarity indicates that particles
are also present in the dust free tests. These particles have likely originated
from the anodised surface. Evidence of this can be seen in Figure 31. Cracks
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between pores on the surface, Figures 31a and b, and fractured oxide around
and above some silicon particles, Figures 31c and d, can be seen. Loose particles are also visible.

Figure 31. SEM images (a in compositional mode) of anodised aluminium surfaces.
Faint cracks between cavities and pores on the polished surface, tested with silicone
grease at 15 N and a) 22 °C and b) 140 °C. Cracked anodised aluminium surface
c) around and d) on top of silicon particle. Tested with silicone grease and dust mixture at 15 N and 140 °C. Sliding direction ↕.

This wear debris is smaller and less than the dust particles used in the tests.
However, they may be the starting point of a wear process, involving embedment of particles in the softer counter surfaces and a continuous fracture
of the aluminium oxide resulting in more wear debris, that will eventually
lead to the polished surfaces seen in the tests with only silicone grease.
Aluminium oxide is known for its high hardness. It may therefore seem
surprising that the anodised aluminium surfaces are worn at all. However, as
shown in paper III, the oxide layer has a much lower hardness than sintered
alumina.

7.1.1 Adhered material
Adhered material was present, to different extents, on all anodised surfaces
from the tests in papers I, IV and V. Different types of adhered material have
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been found. Often, remains of the silicone grease that had withstood the ultra
sonic cleaning were visible at the end points of the sliding movement.
For the tests at higher temperatures and contact loads, with pure silicone
grease or with silicone grease and standard dust mixture, the amount of adhered material on the surfaces increased. Instead of only being visible at the
end points of the sliding movement, adhered material was smeared on the
surface in the sliding direction, Figure 32. This thicker layer had a different
appearance than the remains of silicone grease.

Figure 32. SEM images of adhered material on anodised aluminium surfaces.
a) Against lip seal. Silicone grease, at 140 °C and 15 N. b) Against lip seal and guiding ring. Silicone grease and dust mixture, at 140 °C and 15 N (in compositional
mode). Sliding direction ↕.

In paper V, the anodised aluminium surfaces from the unlubricated reciprocating sliding test displayed large amounts of adhered PTFE material, Figure 33. In some areas there were very thin films, and in others thick patches
visible in compositional mode in the SEM, Figure 33c.
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Figure 33. SEM images of transfer films on the aluminium surface from the unlubricated reciprocating sliding test. a) Adhered material on the surface that has slid
against the guiding ring. b) In higher magnification. c) In compositional mode. Sliding direction ↕.

The ESCA-analysis of the aluminium surface that had slid against the guiding ring, revealed very large amounts of F, but also some signals from O, C,
and Al. Mapping of the elements (O1s, Al2p, F1s, and C1s) over a part of
the surface is shown in Figure 34. Fluorine is covering most of the area.
Aluminium, on the other hand, is hardly visible. In the mapping the two
different C1s bonds (C bound to C and C bound to F), are displayed separately.

Figure 34. ESCA analysis of the aluminium surface that has slid against the guiding
ring, from the unlubricated reciprocating sliding test, D1. Mapping of O, Al, F, and
C, divided into C bound to C, and C bound to F. The analysis area is 1 mm x 1 mm.
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The same elements, O, Al, F, and C, were also found on the aluminium surface that had slid against the lip seal. In addition, elements typical for the lip
seal material, such as silicon (Si), nitrogen (N), and zinc (Zn) were also detected. In fact, the spectrum was very similar to that from an unused lip seal,
with the addition of some F. This indicates that both guiding ring and lip seal
material are found on the surface.
PTFE transfer films were also found on surfaces from lubricated tests, as
presented in paper V. As presented in chapter 6, one test of each lubrication
type, i.e. low lubrication L1, and high lubrication H2, from the reciprocating
tests resulted in relatively high friction, Figure 24. Analyses of the aluminium surfaces revealed them to be similar. The ESCA spectrum from the aluminium surface that had slid against the guiding ring, shows a strong signal
from F, Figure 35. In addition, the C1s peak shows two distinct energy levels: one corresponding to C bound to C and one corresponding to C bound to
F, indicating that F is present in the form of PTFE. Analysis of the aluminium surface that had slid against the lip seal in the L1 test also showed F,
together with O, C, Al, Si, but also very small amounts (<1 at%) of sulphur
(S) and zinc (Zn). Furthermore, the transferred material on the aluminium
surface is visible in the SEM, Figure 36.
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Figure 35. ESCA spectrum for the part of the aluminium sample that has slid against
the guiding ring for the low lubrication reciprocating sliding test, L1. This test resulted in high friction, shown in Figure 23. The insert shows the C1s peak at higher
energy resolution.
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Figure 36. SEM images in compositional mode of transferred material on the anodised aluminium surface from the low lubrication reciprocating sliding test, L1.
a) The area that has slid against the guiding ring. b) The area that has slid against the
lip seal. Sliding direction ↕.

The lubricated reciprocating tests that resulted in relatively low friction
during the last half of the test duration, i.e. low lubrication L2, and high lubrication H1 (see Figure 23), showed very similar results. ESCA analyses of
the aluminium surfaces, both of areas that had slid against the guiding ring
and areas that had slid against the lip seal, showed signals from oxygen,
carbon, aluminium, and silicon. A very small signal from fluorine was also
detected. Quantitative analysis revealed the F concentration to be approximately 1 at% compared with 31 at% for the analysis from the tests with high
friction.
Aluminium surfaces from unlubricated vibration tests also show PTFE
transfer. Although the interrupted vibration test only includes 19 events of
two large sliding cycles, F was found also on the area that had slid only
against the lip seal. Transfer of PTFE from the guiding ring to the aluminium
surface was also detected in the lubricated vibration tests.

7.2 Lip seal
The wear of the lip seal is strongly influenced by the test conditions. For the
tests at 15 N and 22 ˚C, both with and without dust, rubber rolls were visible
on the lip of the lip seal, Figure 37a. For roll formation to occur the adhesion
between the surfaces needs to be sufficiently high, i.e. the rubber and the
aluminium oxide must be in contact. This implies that even though a large
amount of silicone grease was used, this contact still occurred. In the test at
22 ˚C with dust, scratches were also visible on the lip. The fact that no rolls
were seen after the other tests (higher load or higher temperature) is not necessarily a guarantee that roll formation did not occur. Rolls of rubber may
have existed but disappeared in the cleaning process.

51

For the tests with increased load or temperature, cracks, scratches, loose
material, and damaged areas are visible to different extent, Figure 37b.
However, this is possibly the initial stage of the lip smoothing observed by
Belforte et al. after accelerated life tests on pneumatic seals [19].

Figure 37. SEM images of the lip seal after testing with silicone grease and dust
mixture at a) 15 N and 22 °C, and b) 15 N and 80 ˚C .

None of these surface damages were visible on the lip seals after tests at
140 ºC (with silicone grease and with the mixture of silicone grease and
dust) or at increased load (30 N and 50 N) with the dust mixture, due to a
thick adhered layer on the lip, Figure 38. This adhered layer has a similar
appearance as the adhered material seen on the aluminium surfaces at higher
temperature and contact load, Figure 32.
ESCA analysis of the adhered material, from tests both with and without
added dust, showed C, O, Si, F and Al. Fluorine is originally present only in
the PTFE guiding ring, i.e. it must have been transferred to the lip seal via
the aluminium surface. Carbon, oxygen and silicon are present in both the
NBR rubber and the silicone grease, i.e. these elements are expected. Aluminium, finally, may originate from the aluminium surface, but the NBR
rubber also contains aluminium. In addition, Al is also present in the dust
used in the tests with the silicone grease and dust mixture.
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Figure 38. SEM images of the lip seal after testing at a) 15 N, 140 ˚C with silicone
grease, and b) at 22 ˚C, 50 N with silicone grease and dust mixture.

Furthermore, in the tests with different amount of lubrication, in paper V,
evidence of PTFE transfer was revealed. For the lubricated reciprocating
tests with low friction (shown in Figure 23), i.e. low lubrication L2, and high
lubrication H1, ESCA analysis of the lip of the seal showed F, but also more
Si and O than on an unused lip, indicating PTFE transfer and grease residuals.
The lip seal from the lubricated reciprocating tests with high friction, i.e.
low lubrication L1, and high lubrication H2, showed an adhesive layer on
the lip, Figure 39a. ESCA analysis showed F, and also more Si than from an
unused lip, indicating PTFE transfer and grease residuals. For the lubricated
vibration tests some mild wear of the lips was seen but no adhesive layers
were found.
Unlubricated sliding resulted in extensive wear of the lip, and transfer of
seal material to the corresponding aluminium counter surface, Figure 39b.
Still, a high amount of F was detected on the lip. With grease lubrication less
wear of the lip seals was observed, i.e. the grease protects the lip from wear.

Figure 39. SEM images of lip seal a) with adhered layer from the low lubrication
reciprocating sliding test, L1, and b) with worn lip from the unlubricated reciprocating test, N1. Sliding direction ↕.
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7.3 Guiding ring
The wear mechanisms of the guiding ring are similar for the tests with or
without dust, however, the wear is more prominent when dust is present. The
wear consists of a certain amount of smoothing of the rather rough surface,
but also some scratching, Figure 40. When the silicone grease and dust mixture was used, dust particles became embedded in the surface, Figure 40b.
The uneven character of the scratches can be attributed to the fact that the
particles responsible for the scratching are not embedded into the counter
surface, but loose, and only occasionally attached to the surface.

Figure 40. SEM images of scratches in the worn area of the guiding ring after test
with a mixture of silicone grease and standard dust at 22 °C and 50 N. a) Overview
showing the non-straight scratches, and b) the same area in compositional mode,
highlighting the embedded particles. Sliding direction ↕.

Generally, the wear or surface damage is not covering all the surface of the
guiding ring. An example is shown in Figure 41 where the area to the left in
the image has been subjected to more wear, while the area to the right is
mostly unchanged. In addition, the size of the worn part of the contact area,
as well as the number and size of the scratches, became larger with increasing load or temperature.
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Figure 41. SEM images showing surface appearance of a worn (to the left) and less
worn (to the right) area of a guiding ring after test with silicone grease (22 ˚C, 15 N).
Sliding direction ↕.

7.4 System aspects
The results have been presented for the different components of the clutch
actuator, however, naturally, they interact with and affect each other. The
system must therefore be considered as a whole, including the silicone
grease as one of the components.

7.4.1 Particles in the system
In the tests with dust, the wear of the anodised aluminium surface is similar
to the wear observed in the actuator with leakage problem described in
chapter 4 (paper I). This wear is likely due to particles embedded in the
guiding ring and the lip seal.
If fragments of the anodised aluminium come off due to the abrasive wear
or fatigue, they may become embedded in the lip seal and the guiding ring
and thus contribute to the wear. In theory, a single particle could start a
course of events resulting in massive wear.
For the tests with only silicone grease, the wear mechanisms of the anodised aluminium surface are similar as to the ones were dust is used. However, the wear is milder for the tests with only silicone grease. The similarity
indicates that particles are present also in the dust free tests. Evidence of
particles from a fractured anodised surface were seen in Figure 31.
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7.4.2 Silicone grease
In both paper IV and V, an adhesive layer was, for some tests, formed on the
lip seal. The composition of the layer (high amounts of Si and O, and some F
were detected by ESCA) indicates that it is mainly formed from the silicone
grease. In paper IV it was revealed that layer formation was promoted by
higher temperature, higher contact load, and by the addition of dust particles.
Heat transfer is poor in greases, and oxidation can begin at a hot point and
spread throughout the grease. This may produce carbonisation and crust
formation [20]. The adhered layer observed on the lip seals could thus be a
result of the high temperature in the contact area. According to Fuks et al.,
even slight oxidation will lead to a break-down of silica-gel greases [21].
Unlubricated sliding resulted in extensive wear of the lip, and transfer of
seal material to the corresponding aluminium counter surface. Still, a high
amount of F was detected on the lip. With grease lubrication, less wear of
the lip seals was observed, i.e. the grease protects the lip from wear.

7.4.3 PTFE transfer
Transfer of PTFE material to the aluminium surface was expected for the
unlubricated tests. However, PTFE transfer was also observed for the grease
lubricated contacts, i.e. the lubrication film has been penetrated and contact
between the surfaces has occurred. The extent of transfer was interesting.
Fluorine (F) was detected, not only on surfaces that had slid against the guiding ring, but also on surfaces that had slid against only the lip seal. This
means that PTFE must have been transferred by the lip seal, from the area in
contact with both the guiding ring and the lip seal, i.e. a triple transfer, from
guiding ring to aluminium surface (area A and C), to lip seal, to the aluminium surface (area B), Figure 42.

A

C

B

Figure 42. Schematic of the triple transfer of PTFE, from guiding ring to area A and
C on the aluminium surface, to lip seal and finally to area B on the aluminium surface.
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The extensive PTFE transfer during the unlubricated reciprocating tests, in
paper V, may explain the stable friction after a running in period. However,
in this case extensive lip wear and transfer of rubber material were also detected. Fluorine was also present on the aluminium surface that has slid
against the lip seal in the unlubricated interrupted vibration test. This area
was subjected to only 19 events of two large sliding cycles. Thus, the PTFE
film seems to be easily moved by the sliding lip seal, indicating that it is not
very stable or wear resistant. Wang and Yan have also shown that pure
PTFE transfer films have short wear life, due to poor adhesion to the counter
surface.

7.5 Relation between wear and friction
For the lubricated reciprocating sliding tests with the permanent mould cast
surface both friction and wear have been investigated. For the tests that resulted in low friction, a small amount of PTFE transfer had occurred.
For the tests with high friction, many different wear mechanisms have
been present, e.g. abrasive wear, rubber roll formation, PTFE transfer. Even
though the friction level has been rather similar for all the tests.
For the unlubricated tests, the coefficient of friction was initially high but
before 10 000 cycles it had decreased to a stable value (0.16–0.20). The observed PTFE layer on the surfaces is an explanation of the friction behaviour. The initial friction is high since there is contact between the rubber lip
seal and the anodised aluminium surface. As the triple transfer of PTFE
takes place, the friction decreases and reaches a stable value when the actual
sliding occurs between PTFE surfaces.
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8 Conclusions and implications for the
development of future pneumatic clutch
actuators

From the results of this research work some main conclusions can be drawn.
Some of these, however interesting from a tribological point of view, may
not have a major impact on the function of a clutch actuator.

8.1 Conclusions from the lab tests
•
•
•
•
•

•
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The manufacturing method of the aluminium cylinder influences the
surface topography and the structure of the oxide, resulting in different mechanical and frictional properties.
The permanent mould cast surface displayed the lowest friction of
the four anodised surfaces.
The wear in the tests with only silicone grease, is reminiscent, but on
a lower scale, of the wear in the tests with the mixture of silicone
grease and standard dust.
Silicone grease lubrication reduces the wear of the lip seal. However, during some tests an adhesive layer, composed of grease residuals and some PTFE, was formed on the lip.
The amount of silicone grease initially applied is not important, as
the friction seems to depend on the amount of silicone grease that is
dragged into or pushed out from the contact area during testing. A
lower limit of the amount of grease needed has not been evaluated in
this work.
A triple PTFE transfer, from guiding ring to aluminium surface, to
lip seal, to aluminium surface, occurred. Such transfer of material
from the PTFE guiding ring was detected from the unlubricated
tests, and also from the silicone grease lubricated tests. This means
that silicone grease lubrication does not prevent PTFE material
transfer.

8.2 An update of a failure scenario
In paper I the results from the lab test were compared to the investigated
field worn actuators, and it was concluded that the developed laboratory test
method performs well, and accurately simulates the contact situation in a
clutch actuator. Several more tests have now been performed in papers IV, V
and VI, and the test method is further confirmed.
In paper I, a scenario for the wear of the actuator with leakage problems
was presented. Now, with more information, it can be improved:
i
ii
iii
iv
v
vi
vii
viii

The silicone grease is no longer capable of separating the surfaces.
A PTFE transfer occurs and the guiding ring is worn. Roll formation
of the lip seal occurs.
The anodised aluminium surface is under strain and the oxide may
fracture.
Particles become embedded in the lip seal and the guiding ring and
scratch the cylinder surface resulting in a rougher cylinder surface.
Sliding against this rougher surface causes further wear of lip seal
and guiding ring.
Wear fragments of the anodised aluminium will be added to the particles and contribute to the wear.
The wear of the guiding ring and lip seal will continue.
Finally resulting in contact between piston and cylinder.

8.3 Implications for the development of future
pneumatic clutch actuators
•

•

The sealing capability was never measured within the scope of this thesis. Therefore, it is not possible to conclude if the wear observed in the
tests, is enough to impact the functionality of the actuator. Even though
the wear of the aluminium cylinder and the guiding ring is evident, it is
not necessary that this wear will have a detrimental effect on the performance of the actuator. However, the wear of the lip seal, that was observed for some tests, is possibly the initial stage of the lip smoothing
observed by Belforte et al. after accelerated life tests on pneumatic seals
[19].
The adhered layer, that was observed on the lip seal for some tests, may
be a product of carbonisation of the silicone grease. This adhered material is most certainly detrimental for the sealing capability of the lip seal
and is not advantageous in a clutch actuator. Perhaps another type of
grease, which has the same sealing capability but not the tendency to
form an adhered layer, may be more suitable for this application.
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•

•

•
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The observed PTFE transfer may be seen as an advantage for this type of
guiding ring. However, for the transfer to occur, the grease must have
been pushed out of the contact, and can then no longer protect the lip
seal or work as a sealing aid. Furthermore, a PTFE tranfer implies wear
of the guiding ring, which would eventually lead to contact between the
piston and the cylinder.
A disadvantage of the guiding ring, is that particles are easily embedded
in its surface, and may then abrade the counter surface. This is an important aspect, since loose particles and cracked oxide were observed on the
surface close to and above pores.
The comparison of the four fabrication methods revealed that, even
though they were anodised in the same way, the resulting oxides had different thicknesses and qualities, and the surface topography was also
dissimilar. When tested, the surfaces showed different friction performances. Permanent mould casting, which is used for the pneumatic clutch
actuator, has the lowest friction.

9 Sammanfattning på svenska (Summary in
Swedish)

Tribologiska aspekter hos pneumatiska
kopplingsaktuatorer
Redan i titeln till denna avhandling kan obekanta ord skrämma bort hugade
läsare. Men både tribologi och kopplingsaktuatorer är något vi kommer i
kontakt med varje dag.
Tribologi kan enkelt uttryckas som läran om friktion, nötning och smörjning. Utan att vi tänker på det är tribologi en stor del av våra liv. Friktionen
mellan bildäck och väg, nötningen av knäna på barns byxor och hur tårvätska smörjer våra ögon är bara några exempel.
Med hjälp av en kopplingsaktuator överförs kraften som föraren pressar
ned kopplingspedalen med till en hävarm på själva kopplingen. Kopplingen
kopplas då ur och det blir möjligt att växla.
I denna avhandling studeras en hydropneumatisk kopplingsaktuator som
används i tyngre fordon, Figur 43. När kopplingspedalen pressas ned flödar
hydraulvätska från huvudcylindern till manövercylindern. När vätskan når
manövercylindern sker två saker: vätskan trycker på kolvstången samtidigt
som en styrventil öppnar en passage för tryckluft in i en penumatisk kammare i manövercylindern. Tryckluften pressar på en kolv som är fastsatt vid
kolvstången. Tillsammans med hydraulvätskan pressar nu tryckluften kolven
framåt. Denna rörelse överförs till en hävarm och kopplingen kopplas ur.
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Figure 43. Den hydropneumatiska kopplingsaktuator som har studerats. När pedalen
pressas ned flödar hydraulvätska in i den hydrauliska kammaren och pressar på
kolvstången. Tryckluft släpps in i den pneumatiska kammaren och trycker kolven åt
vänster och kopplingen kopplas ur.

Eftersom hydraulvätskan aldrig kommer i kontakt med den pneumatiska
kammaren kan det studerade tribologiska systemet ses som pneumatiskt.
Aktuatorn består av en anodiserad aluminiumcylinder i vilken en kolv glider
fram och tillbaka. På kolven sitter en läpptätning av NBR gummi, som ska
täta mot tryckluften, och en styrring av PTFE som ska styra kolven och ta
upp tvärgående krafter. Systemet smörjs med silikonfett innan montering.
Syftet med dessa studier är att öka förståelsen för de nötningsmekanismer
som råder i det komplicerade tribosystem som utgörs av den pneumatiska
delen av kopplingsaktuatorn. Angreppssättet för forskningen har bestått av
tre delar: erfarenhet från fält, utveckling av testmetod och studier av inverkan av parametrar.
Kopplingsaktuatorer är designade för att garanterat klara ett minimum på
3 miljoner urkopplingar. Detta motsvarar ungefär 400 000 km för en lastbil
som används i stadstrafik, t.ex. en sopbil. För en lastbil som utför långväga
transporter på motorvägar motsvarar det istället ungefär 1.2 miljoner km.
Aktuatorer som har använts i lastbilar har plockats isär och studerats. Tre av
dessa var fullt funktionsdugliga och hade utsatts för mellan 100 000 och
1 miljon urkopplingar. Den fjärde aktuatorn hade plockats ur lastbilen för
läckageproblem. Den hade utsatts för mellan 3 och 4.5 miljoner cykler. Väl62

digt lite nötning syntes på de tre funktionsdugliga aktuatorerna men på den
med läckageproblem var nötningen avsevärd. Stora delar av läpptätningen
återfanns lösa i aluminiumcylindern och glidbandet hade minskat kraftigt i
tjocklek. På den anodiserade aluminiumytan fanns områden med påkletat
material, polerad yta och även tydliga linjer i glidriktningen. Testmetodens
förmåga att simulera den verkliga kontakten har bekräftats genom jämförelse
med dessa resultat från aktuatorer från fält.
I den testmetod som har utvecklats har delar av cylinder och kolv använts
för att få en god överensstämmelse med den verkliga kontakten. En del av en
cylinder placeras i en undre hållare och den övre hållaren består av en del av
kolven. På denna monteras bitar av styrring och läpptätning. Kontakten belastas med hjälp av en fjäder. Den undre hållaren rör sig i en fram- och återgående rörelse, vilket får läpptätningen och styrringen att glida utmed den
anodiserade aluminiumytan.
Amplitud och frekvens på slagen kan ändras vilket innebär att både de
långa slagen vid urkoppling och de små vibrationer som härstammar från
vibrationer i motor och drivlina kan simuleras. Metoden har använts för att
undersöka inverkan av olika parametrar: temperatur, last, smörjning och
partikelkontamination.
Nötningen som uppstår vid tester med enbart silikonfett liknar nötningen
vid tester med en blandning av silikonfett och standarddamm. Den anodiserade ytan poleras och linjer uppstår i glidriktningen. Det lossar även partiklar
och oxiden spricker runt porer. Påkletat material återfinns i olika utsträckning på alla aluminiumytor. Ytan på styrringen slätas ut och repas. Partiklar
pressas även in i ytan.
Nötningen av läpptätningen beror väldigt mycket på testförhållandena.
Vid den lägsta testtemperaturen, 22 ºC, både med och utan standarddamm,
syns gummirullar på läppytan. Vid högre temperaturer och laster syns
sprickor, repor, löst material och skadade områden i olika utsträckning.
Tester med och utan smörjning har visat att silikonfettet minskar nötningen av läpptätningen. Däremot bildas det under vissa tester ett påkletat lager,
bestående av fettrester och PTFE, på läppen. Detta sker troligtvis på grund
av de höga temperaturer som råder i kontakten vid dessa tester i kombination
med skjuvningen av fettet.
I osmorda tester upptäcktes en trippelöverföring av PTFE, från styrring
till aluminiumyta, till läpptätning, till en annan del av aluminiumytan. En
sådan överföring sker även vid tester med silikonfett, dvs. silikonfettssmörjning motverkar inte materialöverföring av PTFE.
Den initiala mängden smörjfett är inte viktig. Friktionen verkar istället
bero på den mängd fett som dras in eller knuffas ut från kontaktarean under
testet. Friktionen är också väldigt fluktuerande vilket tycks bero på silikonfettets karaktär i kombination med den speciella kontaktgeometrin som uppstår när läpptätning och styrring glider mot cylinderyta.
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I alla tester har läpptätning, styrring och silikonfett varit desamma, dvs.
de som används i riktiga aktuatorer. Däremot har aluminiumcylindrar tillverkade på fyra olika sätt studerats. Kokillgjutning, sandgjutning och pressgjutning är alla metoder som används för att tillverka kommersiella kopplingsaktuatorer. Extrudering är däremot ett oprövat intressant alternativ.
Efter anodisering, som skedde på samma sätt, hade de fyra cylindrarna
väldigt olika yttopografi och oxidtjocklek. Detta beror på en skillnad i mikrostruktur och fördelning av kiselpartiklar i aluminiumet som beror på tillverkningsmetod och kiselhalt i legeringen. De fyra cylindrarna uppvisade
också skillnader i mekaniska och tribologiska egenskaper.
Pressgjuten har en väldigt tunn, ibland icke-existerande, oxid och den
framstår som opålitlig. Den extruderade har en tjock och jämn oxid. Denna
har däremot en stark tendens till att spricka under belastning. Detta ledde till
väldigt fluktuerande friktion.
Kokillgjuten och sandgjuten har liknande oxider men sandgjuten har en
mer ondulerad yta. Detta verkar vara negativt då sandgjuten har en högre
friktion än kokillgjuten i alla tester.
Det finns flera resultat i denna avhandling som kan påverka utvecklingen
av framtida kopplingsaktuatorer. Det påkletade material som fanns på läpptätningen efter vissa test är alldeles säkert negativt för läpptätningens tätningsförmåga och inte fördelaktigt för en kopplingsaktuator. Ett annat fett
som har samma förmåga att smörja och täta men inte samma tendens till att
bilda ett sådant påkletat lager skulle vara mer passande för applikationen.
Den observerade PTFE-överföringen kan ses som en fördel hos den här
sortens styrring. Men för att överföringen ska ske måste fettet ha knuffats
bort från kontakten och kan då inte längre skydda läpptätningen eller hjälpa
till att täta. Dessutom betyder en PTFE-överföring att styrringen nöts och
detta skulle till slut leda till kontakt mellan kolv och cylinder.
En nackdel med styrringen är att partiklar lätt fastnar i ytan och kan sedan
riva i mottytan. Detta är en viktig aspekt eftersom lösa partiklar och sprucken oxid har observerats.
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