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The exhaust valve system of combustion engines experiences a very complex contact situation
of frequent impact involving micro sliding, high and varying temperatures, complex exhaust
gas chemistry and possible particulates, etc. In addition, the tribological situation in the exhaust
valve system is expected to become even worse due to strict future emission regulations, which
will require enhanced combustion and cleaner fuels. This will substantially reduce the formation
of combustion products that might ease the contact conditions by forming tribofilms on the
contacting surfaces. The lack of protective films is expected to result in increased wear of the
contact surfaces.
The aim of the work presented in this thesis has been to increase the tribological understanding
of the valves. The wear that takes place in the valve sealing interface and how the change
in operating conditions affects it have been studied. Such understanding will facilitate the
development of future valve designs.
A test rig has been developed. It has a unique design with the ability to insert ppm amounts
of media into a hot air flow, in order to simulate different environmental changes, e.g. varying
amount and composition of combustion residue particles.
PVD coated valves were evaluated in a dry atmosphere. It was concluded that although some
of the coatings showed potential, the substrate could not support the thin, hard coatings.
Investigations with an addition of different oils have been performed. Fully formulated oils
proved to build up a protective oil residue tribofilm. This tribofilm has been in-depth analysed
and proved to have similar composition and appearance as tribofilms found on low wear field
tested valves. With a non-additivated oil, wear particles from the valve seat insert formed a wear
particle tribofilm on top of the valve sealing surface. Without any oil the surfaces showed severe
wear with wear particles spread over the surfaces.
The results presented give a hint about what to be expected in the future, when the engine
oils are replaced with ash less oils with reduced amount of additives and the consumed amount
of oil within the cylinders are reduced.
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1 Introduction

1.1 The valve system of combustion engines
Combustion engines are used in many applications. The most common use is
in the transportation sector where they propel the vast majority of the vehicles in the world. They operate by converting the expansion of hightemperature and high-pressure combustion gases into mechanical energy
through displacement of a piston situated inside a cylinder. The piston is
connected to a crank shaft that converts the displacement into rotational
movement. An engine is generally – with exception of the smaller ones –
built up of several cylinders connected to the same crankshaft. By adapting
timing shifts, they deliver a smooth torque. In order to control the gas exchange needed in a cylinder, a set of valves – typically two intake and two
exhaust valves – are situated in the cylinder head above the piston. Due to
their direct contact with the high combustion pressure and hot gases, they
operate under severe conditions.
During the induction and exhaust strokes the valves have to open quickly
and be optimized for a high gas flow, see Figure 1. Wear on the sealing interface leads to a recession of the valve, which obstructs the throughflow and
hence decreases the effective output of the cylinder.

Figure 1: Simplified schematic view of the four stroke diesel cycle, showing the
movement of valves and piston. Cylinder head and piston in grey. a) Induction
stroke: inlet valve open to let in air. b) Compression stroke: the piston compresses
the air in the cylinder, which increases the temperature. c) Power stroke: the fuel is
sprayed into the cylinder and ignited due to the high pressure induced temperature.
The expanding combustion gas presses the piston down, which adds power to the
engine. d) Exhaust stroke: exhaust valve opens and ventilates the exhausts created
by combustion.
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During the compression and power strokes the valves must efficiently seal
the ports against the high pressures and temperatures that will reign inside
the cylinder. If leakage occurs during these strokes, a large portion of the
power is lost, which renders the cylinder useless. This thesis focuses on the
tribological conditions of the sealing interface of these valves.

1.2 Tribology – Friction, Wear and Tribofilms
In everyday life – all around us – surfaces are in contact and in relative motion against each other, whether we like it or not. The science dealing with
all of this is referred to as Tribology and it is defined as ‘The science and
technology of interacting surfaces in relative motion’ [1], which includes all
aspects of friction, wear and lubrication.
Friction arises when two surfaces are in contact under a relative motion.
The surface asperities that come into contact during the motion results in a
tangential force that counteract the motion. This force depends on numerous
parameters, such as construction, contact geometry, lubrication, surface
structure, material, sliding speed and temperature. This makes it difficult –
and in many cases impossible – to predict its behavior with tabulated numbers in a textbook. It is important to remember that the friction is a result of
all these parameters, and not a result of two mating materials. The unit of
measurement is the coefficient of friction, µ, which is a ratio between the
resisting tangential friction force, FF, and the applied normal load, FN.
Wear is defined as loss of material from a surface due to the tribological
contact. It is often – but not always – an effect of a high friction force, as the
large shearing forces developed by high friction may result in material transfer. As only a small amount of wear alters the performance of the valve system; it is an important aspect in this thesis and will be discussed more thoroughly in chapter 3.
Tribofilms is a collection name for phenomena that transform the original
mating surfaces into new materials, with modified tribological properties.
Often both the structure and composition are changed. Jacobson and Hogmark divide the tribofilm formation into two groups: Transformation Type
Tribofilms and Deposition Type Tribofilms [2]. The Transformation type
includes the transformation of the original surface by plastic deformation,
phase transformation, diffusion, etc. without any material transfer. The Deposition type films include the transfer of material from the mating surface,
wear debris and/or the environment.
Unlike many other critical components, the valve sealing interface is not
efficiently lubricated. This is due to the high operating temperatures. Any
friction reducing oil added onto the sealing surfaces would immediately vaporize since the surfaces are well above the boiling temperature of the oil. In
12

the absence of an intentional lubricant film, we have shown that another
surface protecting mechanism becomes important. Vaporized oil from the
combustion chamber – together with deposits breaking loose from piston
head and rings – will act as a source of particles that build up a smooth protecting tribofilm. This type of tribofilm, as exemplified in Figure 2, has
proven essential for reducing the wear in the valve seat interface [3].

10 µm
Tribofilm

Original surface

Figure 2: A smooth protective tribofilm built up from oil additive residue particles.
From a valve sealing surface of a rig tested valve in Paper V. Scanning Electron
Microscopy (SEM).

1.3 Environmental legislation changes
As described, the performance of a tribological system depends strongly on
the atmosphere it operates in. The combustion valve and valve seat insert
depends on the combustion residues from fuel and oil, created inside the
combustion chamber.
During the last three decades, an environmental awareness has arisen,
which has led to several kinds of exhaust limitations. By removing lead from
the fuels in order to facilitate catalytic converters and reducing atmospheric
lead pollution, the beneficial tribofilms from the lead component was removed and the wear of some critical engine components accelerated dramatically [4,5].
13

Combustion engine propelled vehicles in Europe are legislated by Euro
emission levels, which limit the level of Particulate Matter (PM), Nitrogen
oxides (NOx), Carbon monoxide (CO) and Hydro Carbons (HC). The stepwise reduction of allowed PM and NOx emission levels for heavy duty diesel
vehicles are graphically illustrated in Figure 3.

Figure 3: Particulate Matter (PM) and NOx levels for respective Euro emission level
for Heavy Duty applications. Enforcement years: Euro I – 1991, Euro II – 1996,
Euro III – 2000, Euro IV – 2005, Euro V – 2008, and Euro VI – 2014. Adapted from
[6,7].

The present level, as of 2013, is the Euro V level, while the transfer to Euro
VI is planned to take action in 2014. Similar legislations of successive decreasing emission levels are in place in USA and Japan and similar programs
are on-going in most parts of the world. These dramatic emission reductions
have been made possible by use of cleaner fuels (involving e.g. the removal
of a large part of the sulfur and phosphorous contents) combined with more
controlled and optimized combustion conditions, better controlled oil consumption, and further the development of advanced exhaust after-treatment
systems placed between the engine and the exhaust pipe.
A big challenge for a truck manufacturer acting on a world market is that
the conditions are not the same, but involve strongly deviating allowances
for the emissions. Further, the allowed sulfur content in the fuel can vary
with several hundred percent between different countries, as shown in Figure 4.
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Figure 4: Global sulfur levels in diesel as of December 2012 according to the United
Nations Environment Programme [8].

1.4 Research objectives
The increasing demands for more powerful, more fuel efficient and longer
lasting engines in combination with the increasingly tougher emission level
restrictions put a great deal of stress on the valve system.
The aim of this thesis is to build up a better understanding of the tribological mechanisms that govern the efficiency and wear life of the valve sealing
system in combustion engines in general and in heavy duty diesel engines in
particular. A special focus is put on the consequences of the transfer to
cleaner engines, and the associated loss of protecting tribofilm formation on
the sealing surfaces. This is made possible by developing a dedicated test rig
combined with advanced microscopy and surface analysis of samples from
the test rig and from the field. The project has been performed in close collaboration with Scania CV AB, who have supplied material and relevant
experience. Ultimately, the knowledge gained and apparatus developed within this project can be used as a guideline and a tool for developing future
valve sealing systems.
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2 Description of Valves and Valve Seat Inserts

The most commonly used valve type to ventilate the combustion chamber of
an engine is the poppet valve. The poppet valve has the advantage of opening perpendicularly to the sealing surface, which gives a minimum of relative motion. In comparison to other sliding valve types, this reduces the
wear, reduces problematic maintenance and allows an easier adjustment for
compensating wear [9,10]. Throughout the thesis, the use of the term valve
refers to a poppet valve.
Both the valve and valve seat insert are exerted to high cyclic contact
stresses and the high temperatures generated by the combustion. Moreover,
when ventilating, their surfaces come into contact with the hot exhaust gases
and particles. The combustion pressure acting on the valves will peak above
200 bars and the sealing interface of the exhaust valve has a working temperature under full load exceeding 700°C while it will experience temperatures below zero during a cold start.

2.1 The Valves
Several varieties of valves are used in combustion engines, varying between
the types of engines. The different parts of the valve are subjected to different contact situations. Due to this, the valves are often composed of several
different materials. The top and stem are much cooler than the valve disc
head, which is in direct contact with the hot combustion gases, see Figure 5
for major valve parts and geometries.
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Figure 5: Geometry and dimensions of the valve used in the test rig, in [mm]. The
welded Stellite F hard face is marked in grey in the magnified cross section of the
valve disc.

The materials used for the contacting surfaces in the valve seal interface
system have to endure harsh running parameters. Hot hardness, corrosion
resistance, fatigue strength, wear resistance and machinability are some of
the properties to be considered. On top of this, the cost of the exotic metals is
of course an issue. Where the austenitic stainless steels – sometimes used for
light duty and automotive applications – cannot suffice, highly alloyed iron-,
cobalt- or nickel based materials are often used.
A common combination (if nothing else stated also used as a reference
throughout the thesis) is a bi-metal design with a welded hard face. The stem
is made of a martensitic stainless steel and the valve disc is made of an austenitic stainless steel, selected due to its superior hot hardness properties.
However, since austenitic stainless steel has very poor friction properties at
higher temperature, an additional Stellite F material is welded on, working as
the sealing surface.
Stellite F has a microstructure composed of a matrix of chromiumcarbides or network type carbides surrounding cobalt in solid solution, as
shown in Figure 6a. The cobalt and nickel content stabilizes the austenitic
structure and prevents phase changes during engine operation [5,10].
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a)

b)

c)

10 µm

10 µm

10 µm

Figure 6: Microstructure of the three used materials. a) Stellite F: welded valve face
material. A hypo-eutectic dendritic structure with cobalt, nickel and iron in solid
solution, and a matrix of W- and Cr-carbides. b) Winsert valve seat insert material:
High carbon high speed steel type iron based alloy. The microstructure is composed
of hard carbides embedded in a tempered martensitic matrix. c) Novofer AR20:
Powder sintered valve seat insert material. The microstructure consists of fine distributed carbides and uniformly dispersed intermetallic phases in a tempered martensitic matrix. The solid lubricants are uniformly distributed and most of the pores are
filled with copper.

2.2 The Valve Seat Insert
Valve seat inserts are installed in the cylinder head to create a wear resistant
seating surface for the valve seat. It has a cylindrical shape and is often press
fitted into the cylinder, cross sectional geometry seen in Figure 7.

Figure 7: Cross sectional schematic of Valve Seat Insert mounted in cylinder head.

The valve seat insert material operates at a slightly lower temperature than
the valve, due to the near vicinity of the cooling channels. But as up to 80%
of the accumulated heat in the valve disc head is transported via the valve
seat insert to the cooling channels [10–12], the heat conducting properties of
the material are very important. A common way to boost the heat conduction
properties is to manufacture the valve seat inserts using powder sintering
techniques, allowing impregnating the material with copper. The drawback
of powder metal inserts is their low hot hardness properties [10]. The first of
18

the two materials used for valve seat inserts in this thesis is AR 20, which is
a powder metal material with 20% copper, see Figure 6. The second material
– which is used in the majority of the experiments – is a casted Fe-based
material with a higher hot hardness than that of AR 20. It has, due to the
same reasons as that of the valve, also a content consisting of cobalt and
nickel. See Paper II and III for detailed compositions of the two materials.
An important aspect for the material in the valve seat insert is the machinability. This is important since the valve seat insert is often adjusted to match
the valve guide alignment after it has been mounted in the cylinder head.
The material also has to be adaptable to shape variations of the cylinder
head. Due to non-uniform cooling, the cylinder head will buckle during
highly loaded operation.

2.3 Valve rotation
The valves are rotated to get evenly distributed wear and thereby increased
sealing contact. The valve is attached to the valve train via the valve key,
which is clamped around the keeper grooves by the valve spring retainer.
Different types of valve keys and spring retainers allow the valve to have an
active induced rotation, a passive allowance of rotation or a clamped design
that fixes the rotation of the valve.
In this thesis, valves with a passive allowance for rotation have been used.
This means that the valve is not fixed in the rotational direction, but is allowed to freely rotate when it is in the opened position, driven by vibrations
in the valve train. The amount of rotation induced by the vibrations is unknown, but it is a function of the engine and valve train dynamics (more
vibrations induce more rotation). Hiruma and Furuhama measured the valve
rotation in a petrol engine [13]. The valves had a very small, if any, rotational movement, for engine speeds below 3000 revolutions per minute (rpm).
Above 3000 rpm the valve started to rotate constantly and at 5000 rpm the
rotational speed was 10 rpm. However, the direction of rotation and whether
movement occurs at all seems to be random and uncontrolled.
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3 Wear of the valve system

The current standard for a typical Scania heavy duty diesel engine of a road
truck is that the engine should withstand 1,600,000 km without changing the
valve or valve seat insert. The life time will of course vary between different
applications. Assuming a 1,600,000 km service life at 60 km/h and
1,300 rpm average and knowing that the valve opens and closes once every
second revolution, as shown in Figure 1, the number of cycles each valve has
to endure is approximately 1,000,000,000. Consider that the maximum total
wear allowed for the valve and valve seat insert together is 1.5 mm and that
the wear typically is divided into 2/3 on the valve seat insert and the rest on
the valve seat insert. This means that the net wear rate of the valve seat insert
must be less than 0.01 Å per cycle. One atomic layer per 200 cycles, and half
of that on the valve!
If we assume that all of the wear is a result of the sliding wear and that the
wear is linear, the specific wear rates for both materials can be calculated
according to Eq.1
(1)
where ki – the specific wear rate for material i, V – wear volume, F – Normal
load and S – sliding distance.
For a 45° valve head angle, a combustion pressure of 200 bar and a contact width of 2.3 mm, a sliding distance of 7 µm per cycle together with the
values above gives; F = 17.5*103 N, S = 7*103 m, Vseat = 202.2 mm3,
Vvalve = 101.1 mm3. This yields the specific wear rates kseat = 1.65*10-6
mm3/Nm and kvalve = 0.82*10-6 mm3/Nm. This is extremely low for unlubricated sliding systems operating at elevated temperatures.
Although present demands on the lifetime are tough, they are expected to
be increased even more in the future.
It is easy to realize that with these extremely low net wear rates, the addition of a couple of micrometer thick tribofilm – created from combustion
residues, wear debris and oxides – plays an important role in the wear process.
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3.1 The wear problem
Wear of the sealing surfaces is unwanted for several reasons. The surface
alterations induced by wear often lead to rougher surfaces, which will reduce
the real contact area and increase the local shearing forces during sliding.
The reduced contact area will also lead to increased temperature in the valve,
since it becomes unable to transfer enough heat to the valve seat insert. Excessive local wear – which can be avoided by efficient valve rotation – can
lead to leakage, which shortly leads to guttering.
Evenly distributed wear leads to a gradually increased travel distance upwards for the valve to seal. This wear is often referred to as recession of the
valve. The modified shape of the valve obstructs the initial through flow of
gases, which leads to a reduction of the engine performance, as shown in
Figure 8.

Figure 8: Due to wear of the sealing interface, the valve to the right will have to
travel a longer distance upwards to seal. This wear is often referred to as valve recession.

Another performance decreasing aspect of the recession is that a large recession alters the combustion volume when the piston is positioned at top dead
center, which changes the fuel to air mixture. The latter is becoming more
important in modern engines as the combustion emissions are very depending on the combustion ratio. Kent et al. measured the power reduction due to
recession of the exhaust valve. A 3 mm recession led to a 20% decreased
power output and a 4 mm recession reduced the performance with over 30%
[14]

3.2 The two major wear components
Two mechanisms contribute significantly to the wear of the valve sealing
interface in modern engines [15]: The first is the impact energy that is released when the valve lands on the valve seat insert. This component depends strongly on the engine speed, the weight of the valve and the dynamics of the valve train, which controls the landing behavior.
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The second component is the sliding that occurs in the sealing interface,
due to elastic deformation of the valve head during the combustion, as
shown in Figure 9.

Figure 9: Deformation of the valve disc due to the combustion pressure, Pc, displaces the sealing surfaces relative to each other, yielding a small sliding motion, S0,
which give rise to sliding wear.

This sliding motion depends on stiffness of the valve head, the valve contact
angle and the applied combustion pressure. Significant sliding can also occur
if the valve is misaligned to the valve seat insert [16]. Quantitative evaluations of the sliding distance as a function of different parameters are presented in Paper II and in section 3.3.
The valve and valve seat interface must under no circumstances form a
negative interference angle or crevice opening towards the combustion
chamber. For such an open wedge, the applied combustion pressure would
create a lifting force, leading to leakage. To avoid this, the valve face angle
versus the seat insert angle should be tolerance stacked. This means that the
angle difference – α in Figure 10 – always will be positive, despite the angle
variations within the production tolerances. Generally the angle difference is
in the range of 0.5–1.5° [10]. For the valve used in this thesis the nominal
difference is 0.75°. The angle difference makes the initial contact to always
occur along a ring on the outer diameter. Due to wear, this contact will
spread inwards, until full contact length has been reached. The wear properties of the two mating surfaces control which of the sides that will wear the
most.
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Figure 10: Contact situation of the valve sealing interface, valve seat angle θ. a) The
angle difference α between the valve and valve seat insert. b) Due to wear the initial
contact surface will grow inwards. c) Full contact is reached.

3.3 Quantification of the interface sliding
Even though the sliding wear component has been identified as one of the
most important factors for valve wear and that the sliding distance is included in several wear models – most recently by Slatter et al. [17] and Blau [18]
– very limited data on the actual sliding lengths have been published. Mathis
et al. made a finite element method (FEM) simulation using a combustion
pressure of 62 bar, which resulted in a relative sliding length of 1.3 µm [19].
The author assumed that the sliding would be proportional to the combustion
pressure.
To investigate the sliding length, paper I presents an experimental technique developed to allow direct measurement of the sliding length in a test
rig. A valve with a polished contact surface was tested against a valve seat
insert specially prepared to cause distinct scratches when sliding against the
valve. This was achieved by shortly spraying a small amount of 1 µm diamond polishing particles onto the seat surface. The valves were tested using
one cycle only (closing and opening). After that the valve was dismounted
and the radial scratches produced by the diamonds were measured in a SEM,
see Figure 11.
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Figure 11: Experimental sliding length evaluation using diamond particles on the
sealing surface of a polished valve. The scratch length was evaluated in SEM.

Sliding length [µm]

Four different forces and two valve pairs per tested closing force were evaluated. 50 scratches were measured around the circumference of each valve.
Additional FEM simulations were performed to investigate the dependence
of the relative sliding length on different parameters, as plotted together with
the experimental results in Figure 12.
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Figure 12: Experimental sliding length data measured at four different pressures.
Numeric simulations for two moduli of elasticity and two coefficients of friction.
The scatter bars represent the variation in the measured scratches around the circumference for the two samples. Note that this corresponds to the initial contact situation
in Figure 10.

The two moduli of elasticity represent the same material at two different
temperatures, 500 to 700°C. The stiffness reduction led to a sliding length
increase with 18% at 200 bar. The temperature difference is typical for an
engine increasing its load from idle to full throttle. As the coefficient of fric24

tion in the sealing interface is unknown and will most likely vary for different driving conditions, two estimated coefficients with one low and a higher
value was used in simulation. Under dry sliding conditions Blau has shown
that the coefficient of friction can surpass 0.7 [18].
Although the numerical simulations did not have any input from the experiments and were not altered to fit the experimental results, they show a
very similar outcome.
Assuming a steady temperature and hence a constant hardness of the mating materials, as well as a constant wear coefficient, a simplified equation
for the relative expected sliding wear change was derived from Archard’s
equation [20], see Eq. 2.

(2)

where Qrel is the relative expected wear change in between a reference – 1
and the changed geometry – 2, L – total normal load, and S – sliding length.
The equation was utilized to estimate the impact on the wear from changes
in valve seat angle and valve disc thickness, as shown in Figure 13.

Relative expected wear
change

200%

Reference
+ 0.25 mm
+ 0.5 mm
+ 0.75 mm
+ 1 mm

150%
100%
50%
0%
-50%
27
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39
Valve seat angle Ɵ [°]

43
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Figure 13: Overview of wear variations expected from varying the valve seat angle θ
and the valve head thickness. All values are normalized with respect to the wear of a
standard 2.8 mm thick, 29.5° valve head, with a contact length of 2.3 mm. E = 170
GPa, µ = 0.4, combustion pressure PC = 200 bar, full contact length established.

The thicker disc makes the construction more rigid, which inhibits the sliding and therefore also the wear. The reduction of valve seat angle is however
a far more effective means to reduce the wear. A couple of degrees reduction
of the valve seat angle equals an increase of the valve disc thickness of 1
mm. A drawback with a stiffer valve head is the reduced ability to seal (i.e.
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elastically adapt to the valve seat insert) if the cylinder head together with
the valve seat insert is distorted due to unsymmetrical cooling under highly
loaded conditions.
The relative expected wear change was also simulated for variations of
the full contact length, at different valve seat angles, as illustrated in Figure 14. The change in contact length alters the effective load carrying area,
thus decreasing the contact pressure and reducing the wear. The effect is
stronger for higher valve seat angles.

Relative expected wear
change

250%

2.3 mm contact length
2.8 mm contact length

200%
150%
100%
50%
0%
-50%
27

31

35

39

43

47

Valve seat angle Ɵ [°]
Figure 14: Simulated expected wear change due to sliding length variation as a function of valve seat angle, at two contact lengths. E = 170 GPa, µ = 0.4, combustion
pressure PC = 200 bar.

From the quantitative wear experiments and simulations it can be concluded
that both methods can be utilized for quick and easy estimations of the sliding length. Although all simulated parameter changes affected the sliding
length, none influences the wear as much as an angle reduction from 45° to
30°.

3.4 Wear mechanisms
Different failure mechanisms of the valve system have been dominating
through the years. During the early years, the relatively low material quality
of the valves often led to fatigue fracture caused by the cyclic temperature
and stress variations [21].
When lead was removed from the fuel, the beneficial lead induced tribofilms were removed. Instead a brittle, hard iron oxide was formed, which
led to a rapid wear. The recession caused by the wear eventually resulted in
inability of the valve system to seal against the pressure, and guttering of the
valve occurred [13,22–26].
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By introducing valve seat inserts, involving harder and more corrosion resistant materials, the system has evolved to its present level, with advanced
materials and geometries, often balancing between flow performance, wear
performance and cost.
Current dramatic reduction of available exhaust particles, has led to anticipations of a new stage of wear rate increases.
Many of the wear mechanism studies presented in literature have been
performed on engine models that are not up to date or not of heavy duty
design. It is difficult to establish the actual mechanism since the surfaces
often are the result of several mechanisms that have been acting over long
time. The wear mechanisms described in literature are: impact wear, sliding,
abrasion, adhesion or high temperature corrosion [3,27].
As mentioned, the running conditions have changed dramatically the past
ten years, therefore much of the literature findings may be out of date. In
order to investigate which mechanisms that dominate the wear of current
heavy duty diesel engine valves, a detailed microscopy and surface analysis
investigations were performed on valves from field and engine cell tests in
Paper II. Three pairs were selected, where two were field tested in Euro V
engines, run under different conditions. The third specimen was from an cell
tested Euro VI engine (at the time, no Euro VI engine was launched on the
market).
The sample from the Euro VI engine had higher wear and much rougher
surfaces than the other samples. A cross section of the valve face shows that
the Stellite structure has been severely deformed, forming a more fine
grained and harder structure than the original material, as shown in Figure
15. The ability of Stellites to form a thick deformation hardened layer is well
documented for heavily loaded sliding contacts [28]. The oxide layer on the
surface was divided into two layers, outermost copper oxide (approximately
the outermost 300 nm) and deeper mostly iron oxide.
The majority of the wear had taken place on the valve seat insert, which
further showed no traces of oxides or structural modifications. No oxides
were found on the valve seat insert surface; and on the valve surface there
were transferred copper from the valve seat insert.
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5 µm

Figure 15: Cross section of valve face surface on a valve used in a Euro VI engine.
The original Stellite has become altered close to the surface, to a much finer grain
structure. A two layered oxide covers the surface. SEM.

Mantey et al. described a similar behavior of valves and valve seat inserts in
Liquid Petrol Gas atmosphere. The wear was accelerated due to transfer of
copper material to the counter surface [29].
On both of the valves from the Euro V engines, the surfaces were
smoother and exhibited less wear than on the pair from the Euro VI engine.
The major part – estimated 80-90% – of the valve seat surfaces were covered
by tribofilm, which had protected the surfaces against wear. Locally, parts of
the tribofilm had flaked off, exposing the underlying Stellite material, as
exemplified in Figure 16.

50 µm
Tribofilm

Stellite

Figure 16: Part of the surface from a valve used in a Euro V engine where the tribofilm has locally flaked off, showing the brighter Stellite material beneath. Darker
areas contain higher carbon content than the rest of the tribofilm. SEM.
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The underlying Stellite material had in most cases a smooth and unaltered
surface beneath the 1-5 µm thick tribofilm, as displayed in Figure 17.

5 µm

Figure 17: Cross section of the tribofilm found on the valves used in a Euro V engine. SEM.

In some areas, there was a metallic oxide layer in between the Stellite and
the tribofilm. The metallic oxides are most likely a result of the flaking tribofilm. When the tribofilm flakes off, it exposes the Stellite beneath to the
hot atmosphere, forming oxides until new tribofilm is formed on top of the
oxide. It is apparent that the tribofilms found have had a strong reducing
influence on the wear. Most of the tribofilm coated surfaces showed an unaltered material beneath the tribofilm and very low wear overall.
Surprisingly, none of the investigated valves show any signs of abrasive
wear, which in many papers is proposed to be the most important mechanism. On present samples, the dominating surface modifying mechanisms
seem to be material transfer and deformation of the micro structure.
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4 Wear testing of valves

To evaluate the wear properties of the valve system, testing is essential. The
most realistic way is to run full engine field tests and the most common way
to accelerate such tests in a standardized way is to run isolated engine cell
tests, where running parameters can be controlled in a better way than in
field tests. A major drawback with the engine cell tests is however that they
tend to be time consuming, often exceeding 1,000 hours plus preparation.
Another drawback is that they, due to time and cost considerations, typically
involve testing of several different components at the same time. These parallel modifications may unintentionally also affect the wear properties of the
valve system, which makes it hard to pin point the cause of altered wear
performance.
Much previous work has been performed to gain knowledge about how
different parameters affect the wear. Even though the investigations involve
different engine types and span several decades, most of the basic parameter
dependencies can still be expected to be valid. Both engine cell tests and test
rigs have been used to investigate the effect of different parameters, such as
number of cycles [30] combustion pressure [27,31,32], work temperature
[23,27,32], valve closing speed [33,34], and sealing contact angle [23,35]. It
has been concluded that increasing contact angle, combustion pressure and
closing speed all increases the wear. The temperature dependence was found
to be more complex; for temperatures from room temperature up to 130°C
there was a small increase in wear while between 150°C and 600°C the wear
was decreasing due to protective oxide formation. Although no data seems to
be published for temperatures above 600°C, the wear can at some point be
expected to increase due to material softening and increased sliding, as
shown in section 3.3. However, all these parameter changes also increase the
engine performance, and are therefore desirable.
A large number of material combinations and surface treatments [36–40]
as well as hardening of both valves and valve seat inserts have been evaluated [41,42]. There is no general optimal material selection, it has to be
adapted to the type of engine, fuel and running condition.
Different atmospheric variations have been simulated by using different
fuels, where the majority of the tests have been conducted to investigate the
impact of removing lead from the fuel [14,22–26,43]. It was generally found
that the cleaner and “dryer” fuels (i.e. methanol/ethanol/fuels with lower
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additive composition, etc.) all offering worse lubrication properties, cause
more wear. Pyle et al. investigated the impact of using different oil compositions and concluded that the amount and type of additive in the engine oil is
crucial for the valve wear [3]. Lubrication of the sealing interface (at room
temperature) reduces the wear rate to almost zero after running in [44].
Simplified test rigs capable of separating the parameters further than possible in a component test, have also been used [12,45–47]. Although the
parameters in simplified test rigs often are well controlled and indicative for
each parameter dependency and mechanism, they are in many cases not representative when scaling up to the real situation. When several mechanisms
are acting together, they often yield a wear situation worse than the sum of
the individual mechanism.

4.1 Experimental valve wear tester
A major goal of this thesis has been to design, manufacture and develop a
test equipment to simulate the valve against valve seat wear situation. Due to
the complex contact situation with both impact and sliding wear operating at
high temperatures, it was decided that the test rig was to be built up around
an off-the-shelf valve and valve seat insert from a Euro IV engine, see Figure 18. For a detailed description of the test rig, see Paper III.

a)

b)

Valve
VSI

Figure 18: The valve wear testing equipment developed and used for evaluation in
this thesis. a) Photo of the test rig. b) Cut out from dashed area showing the position
of the valve and valve seat insert.
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The rig involves no combustion but uses external heating to reach relevant
temperatures. A resistive heater is mounted beneath the valve disc on a copper cylinder. The copper cylinder is connected to a hydraulic actuator together with a spring mechanism that performs the closing and opening motion. Hot air passes through the sealing interface when opened and is supplied by a hot air gun.
A force transducer is mounted between the valve and hydraulic actuator
for real time measurement of the closing force. Four different temperature
probes can be used to record the temperatures of vital parts. Examples of
measured temperatures are shown in Figure 19. The valve seat insert temperature is measured on the outer rim and the temperature of the valve is
measured in a hole drilled to the vicinity of the valve seating area. As the
probe in the valve inhibits its rotational movement, it is only used for calibration purposes.

Temp [°C]

800
600
400
200
0
00:00

05:00
10:00
15:00
Time (mm:ss)
Seat insert
Valve
Air inlet
Heat coil

Figure 19: Examples of temperature curves at different probe positions, measured in
a test run with 15 min preheating from room temperature, followed by a 1 000 cycles test at 6 Hz. Note that the temperature drops in the valve and increases in the
seat insert, as the test starts.

A summary of the feasible parameter variations is presented in Table 1.
Closing frequency, force and opening distance are linked together as they all
depend on the oil volume delivered to the hydraulic actuator. Therefore they
cannot all be at the maximum end of the interval at the same time.
Table 1: Parameter variations possible in the test rig
Parameter
Interval
Valve closing frequency 0 – 10 Hz
Valve closing force
8 – 25 kN
Resistive heating
RT – 750°C
Air temperature
RT – 600°C
Air flow
0 – 550 l/min
Oil flow
0 – 1 ml/min
Opening distance
0 – 4 mm
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4.2 Wear progress monitoring
The rig has been designed to allow dismounting of the valve and valve seat
inserts in a few steps. This makes it easy to inspect the contacting surfaces.
Typically, a test is interrupted several times for inspection and measurement
of the wear scar width, using a light optical microscope (LOM), example of
wear progress in Figure 20. After documentation, the parts are remounted,
preheated up to the working temperature and the test continued. When the
test is finished, a graph can be compiled, showing the wear scar widths as a
function of number of cycles. The production tolerances will alter the angle
slightly, as discussed in section 3. Due to this, the wear volume will differ
somewhat for the same measured wear scar widths. In Paper IV, several tests
have been performed and wear scar widths averaged to counteract this. In
Paper VI, the actual angles of a batch of valves and valve seat inserts were
measured so that they could be matched, thereby reducing the initial wear
variation uncertainty.
Valve
1,000

1,000
Valve seat insert

8,000

30,000

100,000

8,000

30,000

100,000

Figure 20: Example showing the progressive wear damage on a valve tested in dry
atmosphere. Note the damaged outer rim of the valve, including substantial wear
losses after 30,000 and 100,000 cycles. Material transfer from the valve seat insert to
the valve is seen as brighter spots on the wear scar on the valve.

4.3 Rig development
The test rig has evolved during the work of the thesis and is now in its third
generation. This generation – more than including several minor tweaks and
reinforcements – has upgraded the ability to modify the atmosphere.
33

The experiments in Paper IV were conducted in generation 1, where only
hot air was used to simulate a dry atmosphere, see Figure 21a. It was obvious that the dry conditions were too harsh and not fully realistic as the combustion process will always contain some kind of residues, although they
have been greatly reduced and will be reduced further. In combination with
the knowledge that the protective tribofilms found on the surfaces mostly
originates from engine oil residues [3], and that the majority of particles
generated inside modern diesel engines originate from the engine oil [48,49],
the second generation was designed with the aim to incorporate small
amounts of engine oil to simulate the particles. To achieve this, a peristaltic
pump was connected to a small syringe needle, which was inserted into the
hot air nozzle. The setup proved capable of producing low wear tribofilms,
as presented in Paper V, where the tribofilm showed very similar attributes
as those found on a field specimen. Problems with the peristaltic pump, with
oil coke plug appearing in the nozzle connection and unknown/uneven distribution of oil drop size, and therefore also the particle size, led to further
development.
In the third generation, used in Paper VI, a long tube is used with a water
cooled low pressure spray nozzle in the end facing the test rig and hot air
added through the side of the tube. In comparison to generation 2, the nozzle
in generation 3 offers a better particle distribution, a more controlled oil flow
and allows the particles to travel in the hot air for a longer time. For future
tests, different media can be used to simulate other situations, e.g. addition
of a small portion of salt water could simulate trucks driven in coastal areas.

Figure 21: Schematic of the media inlet variations for the three test rig generations.
a) Generation 1 used only hot air. b) Generation 2 had an oil inlet that added small
oil droplets into the airstream. c) Generation 3 uses a syringe pump to add oil via a
low pressure spray nozzle into the hot air.
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5 Wear experiments

5.1 Coated valves
A common way to increase the wear resistance of a tribologically stressed
surface is to apply a hard coating on top of one or both of the mating surfaces. The coating modifies the surface properties while the bulk material properties can be held intact. This makes it possible to tailor specific properties
where needed [50]. The difficulty with coating valves – and especially the
exhaust valves – is the very high working temperatures of the surfaces,
which limit the number of suitable coatings. Physical vapor deposition
(PVD) coatings are commonly used in automotive and cutting tool applications, where the coating has to withstand very high temperatures in combination with high friction forces. Typically, these coatings have a thickness of
1-5 µm and possess a high hardness.
In Paper IV, a test series with different PVD-coated valves was performed. The prerequisite for the coatings tested was that they should cope
with a minimum working temperature of 700°C. The aim was to see if the
thin coatings could be applied to the present system in order to improve the
wear rate.
Figure 22 presents quantitative wear results of a selection of coated valves
from this investigation. As can be seen, the PVD coatings did perform better
than the reference samples. Since the coated valves were polished in order to
make use of all the benefits of the coating properties, a set of reference
valves were also polished and tested. The polished reference did not show
any improvement over the unpolished valve.
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Figure 22: Quantitative wear measurement for coated valves. Some of the PVD
coatings performed well prior to failure. All of the tested coatings did show less
wear than the reference after 100,000 cycles. Adapted from Paper IV.

The reference test without coated valves resulted in a rough oxidized surface
and a damaged valve circumference shown in the wear progress example in
Figure 20 (section 4.2). Additionally, material was transferred between the
surfaces, as exemplified in Figure 23.

20 µm
Figure 23: A rough, worn valve surface with material transferred from the counter
surface marked in yellow. The dashed arrow marks the sliding direction of the counter surface. SEM.

36

Both the TiAlN and the TiAlCrN coatings initially showed a very little wear.
However, after 8,000 strokes something happened. The LOM images clearly
showed that the surface appearance had changed, from the shiny polished
surface to a non-reflective appearance. After 100,000 cycles some of the
coatings showed large delaminated patches and some showed a totally
changed surface appearance. A cross section of the damaged TiAlN is shown
in Figure 24. The Stellite F material that the coating had been deposited on
clearly did not have the hot hardness required to support the hard, thin PVD
coating. Hard protruding edges were created as the coating cracked and the
parts became tilted. These edges now worked very abrasively, which accelerated the wear.
A general observation from the tests with coated valves is that the coatings, with a few exceptions, protected the edges of the valve circumference.

2 µm

Figure 24: Cross section of a TiAlN coated valve after 100,000 cycles. The substrate
has failed to support the coating, which has broken up, become pushed down and
now shows a tilted appearance with hard protruding edges facing the counter surface. SEM.

The thicker, more ductile CrN coating suffered the same problem, with failure of the underlying material, resulting in a fractured coating. However, due
to its ductile behavior it was more compliant to the counter surface and did
not create the same sharp protrusions as the TiAlN. This explains the more
constant wear rate of the CrN.
By accident, a thermocouple broke during the testing of one of the
TiAlCrN valves. The lack of signal from the thermocouple made the resistive heater to shut down. As it cooled down, the temperature in the valve and
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valve seat interface were reduced. This led to a large amount of material to
be transferred from the valve seat insert to the valve face surface, resulting in
substantial wear. Figure 25 shows a cross section of said valve, where a few
microns of transferred material can be seen on top of the cracked coating.

2 µm

Figure 25: TiAlCrN coated valve after 100,000 cycles, including an unplanned temperature reduction after 30,000 cycles. A large amount of material has become transferred on top of the cracked coating. SEM.

Obviously, the Stellite F material is not a suitable substrate candidate for
deposition of the hard, thin PVD coatings. However, the coatings did in
many instances protect the surfaces and reduce the wear. They should therefore not be discarded as an option for future valve designs. If they are to be
considered, a thorough work on finding the suitable load carrying material
together with a matching valve seat insert material and/or altered design
should be performed. A not too farfetched idea is that a simpler and cheaper
material than the Stellite F, but with a better hot hardness, could be used if a
good coating alternative is found.

5.2 Oil residue tribofilm generation and characterization
From the literature, it is known that a large part of the particulate matter
originates from the engine oil. Combining this fact with the clear observation
that the dry atmosphere in the test rig was too aggressive to represent the
conditions of actual valves, the test rig was altered to include an oil inlet in
the air supply.
An addition of 0.3 ml/min of engine oil into the air flow proved to have a
dramatic effect on the wear of the sealing surfaces. The mechanism was
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Wear scar width
[mm]

reduced to a mild polishing rather than the rough wear dominating in the dry
tests, as shown in Figure 26.

Dry Reference

2

Tribofilm

1
0
1

10
100
Thousands of cycles

Figure 26: Wear scar growth for valve sample run with oil added to the air flow –
and therefore forming tribofilm – compared to a reference sample run in a dry air
flow, i.e. without added oil. Note the log scale and that the Tribofilm pair has been
run five times longer than the reference pair.

The surfaces of the valve were covered with a black film – a tribofilm – on
the areas that had been in contact with the valve seat. The aim of Paper V
was to characterize the tribofilm formed on the experimental valve as well as
a tribofilm found on a field tested valve (the same valve as in Figure 16).
The tribofilm was smooth on the large plateaus that covered the majority of
the contact surface. In some areas the tribofilm was missing at their edges,
the tribofilm showed a more broken up appearance, shown in Figure 27. The
edges consisted of larger loosely connected particles. The film was denser
and smoother farther away from the edges.
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10 µm
Tribofilm

Original surface

Figure 27: Tribofilm formed on the valve seat with low wear. Note the denser and
smoother tribofilm appearance to the upper right in comparison to the broken up
look closer to its edges. The dashed line represents position of the cross section
sample in Figure 28. SEM.

The tribofilm was cross sectioned at the location of the dashed line in Figure
27, where it had a smooth and covering appearance. However – as shown in
Figure 28 – the film was not dense throughout, but rather built up by loosely
packed agglomerates.

2 µm
Figure 28: Cross section from area marked in Figure 27. Although the top surface
has a fully covering appearance, the film is composed of loosely packed particle
agglomerates. SEM.
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Another cross section was prepared farther in on a large plateau to see if the
density varied. Here the tribofilm showed a very dense appearance without
any voids, and consisted of several different layers stacked on top of each
other, as seen in Figure 29. The different layers consist of material both from
engine oil (Ca, S, P, and Zn) together with the dark strokes consisting of
metallic oxides, which have been transferred from the counter surface. The
layers seem to have been smeared out in the direction which the counter
surface have been sliding on top of the tribofilm, indicated by the dashed
arrow. The substrate material beneath the tribofilm – seen in black in the
bottom of the figure – has a rough structure, which effectively has been
smoothened out efficiently by the tribofilm. The rough appearance of the
material beneath the tribofilm indicates that the surface has been affected to
wear prior to the deposition of tribofilm.

1 µm
Figure 29: Multi layered tribofilm found on rig tested valve showing low wear. The
majority of the layers are composed of residues from the engine oil. The darker
layers are made up of iron oxide, transferred from the counter surface. Transmission
Electron Microscopy (TEM).

A cross section was also produced from a field sample with a tribofilm, facilitating comparisons of the appearance and composition with the one produced in the test rig, see Figure 30. Also this tribofilm showed a multi layered structure, with different compositions mainly from the additive elements (Ca, S, P, and Zn). The layers consisted of a mix of very fine particles
together with some larger ones, which showed higher calcium content. The
top layer consisted mostly of carbon.
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Figure 30: Multi layered tribofilm found on field tested valve. 1– Protective platinum layer, deposited in the sample preparation process. 2– Brighter layer on top
consists solely of carbon. 3– The larger particles have higher calcium content than
the surrounding tribofilm. 4– The Stellite surface is the dark layer at the very bottom
of the micrograph. The upper part of the left side of the sample was deliberately
etched away to enable chemical analysis of the larger particles beneath. TEM.

A scratch test with an in-situ scratcher was performed at room temperature
on the tribofilm found on the field valve. The idea was to observe the behavior of the tribofilm under severe abrasive contact. The tribofilm showed a
partly brittle behavior and broke up along the side of the scratch. When two
scratches were made closely together, as seen in Figure 31, the film locally
flaked off in larger slabs. The brittle behavior could be due to that the tribofilm was generated at a high temperature. When in room temperature, a
difference in the thermal expansion properties may induce residual stresses
both within the tribofilm, between its different layers, and also between the
tribofilm and the Stellite F material beneath. The residual stresses could increase the tendency of the film to flake off when highly loaded. This would
explain the appearance of the tribofilm shown in Figure 16 (the same specimen), where larger parts of the tribofilm are missing on the otherwise
smooth surface. If the tribofilm is too thick, the flaking could lead to a detrimental valve sealing leakage, quickly leading to guttering and failure of the
valve. This has been reported to be the case for older engines, where the
valves were operating in an abundance of combustion residues.
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50 µm

Figure 31: Scratch test of the tribofilm on a field worn valve, performed at room
temperature. The tribofilm shows a partly brittle behavior, flaking off in larger areas
between the two scratches. SEM.

Two differences between the tribofilms found on the specimens can be noted. The film formed in the rig included layers of iron oxide and the film on
the field sample included a carbon layer. The iron oxide layer can be explained by that in the rig sample, the tribofilm was only found on one of the
mating surfaces whereas on the field specimen tribofilm was present on
both. The tribofilm formed on the rig tested valve had an iron based valve
seat insert as a counter surface, whereas the tribofilm on the field valve had
another tribofilm as a counter surface. The carbon layer can be explained by
that the different driving conditions of a field driven engine, which sometimes have a rich/lean mixture of diesel that will create more carbon soot
particles.
All in all, the tribofilms found on the rig tested and the field tested valve
surfaces are similar with respect to thickness, composition and layered appearance. This suggests that the rig testing with particles generated by adding oil into the hot air flow is a realistic test method, suitable for evaluating
the effects of altering the combustion atmosphere in future engine designs.

43

5.3 The influence of oil and particle flow on the wear
mechanism
With a better controlled oil flow (generation 3 of the test rig), a test series
with variation of the type and amount of oil inserted was carried out as presented in Paper VI. Three oils were tested: Polyalphaolefine (PAO), which is
a non-additivated synthetic base oil, a standard LDF2 engine oil, which is
delivered with most trucks today, and a laboratory (Lab) engine oil, often
used in engine cell tests. The difference between the LDF2 and the Lab oil is
that the LDF2 has a smaller amount of calcium and sulfur based additives.
All oils were tested with two amounts added into the spray system, 0.5
ml/min and 0.05 ml/min. For the higher oil flow, the ratio of the oil to air
mixture is at the ppm level (the air flow is approximately 500 l/min). Tests
without any oil flow were used as a reference.
The reference tests without any added oil suffered a high wear rate. The
sealing surfaces showed a none reflective wear scar with a damaged outer
rim on the valve, as seen in Figure 32. Seen in the close-up, the – for the
light optical microscope – none reflective surfaces are made up of rough
surfaces covered with a large amount of wear debris particles. The wear
particles mainly originate from the valve side and are found on both sides of
the interface.
a)

1 mm

b)

c)

50 µm

2 µm

Figure 32: Appearance of the sealing surface of valve from the dry reference test,
after 100,000 cycles. a) Overview showing very severe wear with a damaged outer
rim (LOM). b), and c) Most of the worn surface is covered with wear particles originating from the valve surface (SEM). During closing, the counter surface has been
sliding downwards.

When testing with the addition of fully formulated oils, the surfaces were not
worn in the same way as in the test without added oil. Instead, the surfaces
became covered with a protective oil residue tribofilm made up from additive residues from the oil, see Figure 33. The oil residue tribofilm mainly
covered the valve surface, but was also found on the valve seat insert surface. It has a smoothening effect, covering the original surface structure and
protecting it. The tribofilm has flaked off in some places, revealing the original structure beneath, seen in the close-up. The oil residue tribofilm for44

mation seems to be accelerated with the higher oil addition. At the lower
addition rate, the oil residue tribofilm has not been able to give sufficient
protection and the original surfaces have been worn down.
a)

1 mm

b)

c)

100 µm

10 µm

Figure 33: Appearance of the sealing surface of valve tested for 100,000 cycles with
the high flow of LDF oil. a) Overview showing the protecting oil residue tribofilm
on the lower part of the largely undamaged sealing surface (LOM). b), and c) A
smooth and almost fully covering tribofilm. Parts of the tribofilm have flaked off,
revealing the underlying, brighter, Stellite material (SEM). During closing, the counter surface has been sliding downwards.

For the tests with the non-additivated oil, the wear particles generated from
the valve seat insert have agglomerated, creating a wear debris tribofilm on
the valve surface. As long as the wear debris tribofilm is intact, it seems to
protect against wear. However, it has a tendency to flake off, and in the process remove some of the underlying material, leaving a damaged appearance
of the valve seat surface, as seen in Figure 34. This failing of the tribofilm is
higher for the higher oil flow, resulting in higher wear rate and worse surface
appearance.
a)

1 mm

b)

c)

100 µm

20 µm

Figure 34: Appearance of the sealing surface of valve tested for 100,000 cycles with
high flow of PAO oil. a) Overview showing rough, reflective surface (LOM). b), and
c) Transferred, agglomerated wear particles have formed smooth plateaus (dark),
which partially have been fractured and sheared off (SEM). During closing, the
counter surface has been sliding downwards.
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It can be concluded that even with small variations of amount and composition of oil added to the air flow, very different wear mechanisms have been
triggered, as summarized in Figure 35.

Figure 35: The three suggested major surface modifications.
a) Valve and valve seat insert geometry with the studied interface indicated.
b) Mechanism occurring in the ”driest” case, i.e. the reference tests without any oil
addition to the air flow. Severe wear with wear particles – primarily from the valve
surface – are found spread all over the contact surfaces.
c) Mechanism dominating for the fully formulated oils, which in the high flow case
add enough oil-based particle residues to effectively fill up the crevices in the surfaces, creating a smooth protecting residue tribofilm.
d) Mechanism dominating for the non-additivated oil, involving formation of a
smooth wear debris tribofilm on the valve by agglomeration of wear particles originating from the valve seat insert. This tribofilm has reduced the wear, especially for
the low flow case. However, it has a tendency to delaminate and become sheared
off, leaving a damaged surface structure. This delamination behavior has been more
pronounced for the high flow rate and has accelerated the wear rather than protected
the surfaces.
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6 Conclusions

The vision of this work has been to increase the understanding and
knowledge about the tribology of heavy duty combustion engine valves, and
by developing methods and experimental tools facilitate the development of
future valve sealing designs. From the work presented in this thesis, the following conclusions can be drawn:
The sliding distance – and consequently the sliding wear – that the valve
sealing surface will experience each time the combustion pressure is applied
will vary between different designs. The contact angle has the strongest effect on the sliding length; no other parameter change can match the decrease
resulting from an angle reduction from 45° to 30°.
The test rig developed within this project has a unique design, characterized
by its oil particle addition feature. It has proven able to imitate the formation
of the type of protective tribofilm found on the sealing surfaces of valves
from field tested engines. This opens up for a wide range of test possibilities,
including examination of the tribological effects of different exhaust atmospheres. This possibility can be a great advantage in the development of future engine designs, when the exhaust composition is expected to continue to
change, the amount of residue particles to decrease, and the huge variation
between different markets will require robust valve designs.
Additionally, the test rig will be an excellent tool for evaluation of the
wear behavior of different valve sealing designs, materials selections, and
running parameters – by offering a quick and cost effective first check –
before moving on to engine cell tests.
The oil residue tribofilms found on field tested valves as well as on valves
tested with the addition of fully formulated oil in the air flow, have formed
on top of the original surfaces, covering and protecting the underlying structure. They are formed from oil additive residues that have landed on the surfaces, being pressed and sheared by the closing valve and then become
sheared out to form a smooth layer, by the sliding component of the closing
motion. Over time, several particle types may have landed on the surfaces,
thereby creating a layered structure.
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At room temperature, the measured hardness of these tribofilms is typically only half of that of the underlying material. The corresponding hardness
difference at the high working temperatures is still unknown. The scratch
test reveals that the tribofilm has a tendency to flake off locally at room temperature. However, the practical adhesion may be better than indicated by
this test. Differences in thermal expansion between the different layers may
add high residual stresses when cooling down from high operational temperature to room temperature.
If the tribofilms are too thick, this flaking may be detrimental. When the
area of removed tribofilm is too large, it can create a small leaking passage
for the exhaust gases, which quickly will lead to guttering of the valve. As
the test rig is not able to test the sealing capability, this is something that
cannot be evaluated. However, the detrimental tribofilms reported in literature are much thicker than the ones found in the investigations and experiments within this thesis.
The ability of the tribofilm to cover the surfaces and smoothen them will
increase the contact area of the sealing surfaces, as the film is more readily
adaptable to the contact situation. This adaptation will not only help to distribute the high contact loads during combustion, but also help to improve
the thermal transfer from the valve to the valve seat insert.
Small amounts of oil added to the atmosphere and different compositions
have proven to trigger completely different wear mechanisms. With an addition of a ppm amount of fully formulated oil a protective oil residue tribofilm was built up on the surfaces. In areas where the tribofilm had flaked
off, an unaltered surface structure was showing beneath. The tribofilm also
showed self-repairing abilities as it filled in the gaps created where it had
flaked off.
When adding the same amount of oil without any additives, wear particles
from the valve seat insert formed a wear debris tribofilm on top of the valve
sealing surface. This tribofilm showed protecting properties when intact, but
when broken off it removed a portion of the material beneath it, resulting in
damaged surfaces.
Without the addition of oil to the flow of air, the wear debris did not agglomerate; instead the surfaces showed severe wear with wear particles
spread over the surfaces.
These different wear behaviors for the three different cases give a hint
about what to expect in the future when current engine oils are replaced by
ash less oils with reduced amount of additives and when the amount of oil
consumed within the cylinders is reduced.
Although all the hard PVD coated valves failed during the tests, they did
show some potential by actually showing low wear prior to their failure.
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Their failure was – in all cases – due to a too soft supporting substrate and
not due to weak properties of the coatings themselves. The use of PVD coatings should thus not be rejected as a future option, although a more thorough
work has to be performed to optimize the design of surfaces and selection of
substrate materials.
A final suggestion for future valve designs: Perhaps an alteration of the
surface chemistry of the valve sealing surfaces – not necessarily restricted to
the deposition hard PVD coatings – can change the ability of attaching and
keeping the different tribofilms, thus easing the wear situation when the supply of exhaust debris becomes increasingly scarce in future engines.
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7 Sammanfattning på svenska

Nötning av motorventiler- En tribologisk studie av tätningsytorna
på ventiler i förbränningsmotorer

Inuti alla förbränningsmotorer sitter en uppsättning av ventiler för att kontrollera in och utflöde av gaser i cylindrarna. I och med att de är direkt utsatta för de höga temperaturer och tryck som bildas under förbränning kommer tätningsytorna att utsättas för stora krafter och temperaturförändringar
under motorns olika takter. Under de takter där ventilerna ska öppna och
ventilera ställs höga krav på den aerodynamiska prestandan hos ventilytorna.
För de takter där ventilerna är stängda är deras tätningsförmåga av yttersta
vikt för att undvika läckage och kraftförluster under förbränningen. En sammanfattande figur över de fyra takterna kan ses i Figur 36.

Figur 36: Beskrivning av de fyra takterna i en fyrtakts dieselmotor. De fyra takterna
genomförs på två motorvarv vilket innebär att varje ventilpar öppnar en gång
vartannat motorvarv.
a) Insugstakt: Inloppsventilen är öppen och ny luft sugs in i cylindern.
b) Kompressionstakt: Där luften komprimeras och får en förhöjd temperatur.
c) Förbränningstakt: Diesel sprutas in i cylindern och antänds av den höga temperaturen i den komprimerade luften. Kolven pressas nedåt och ger en nettokraft i motorn.
d) Avgastakt: Förbränningen är färdig och de förbränningsprodukter som är kvar i
cylindern ventileras ut genom avgasventilen.

Under förbränningstakten kommer det höga trycket att elastiskt deformera
ventilerna och pressa dem uppåt, detta leder till en liten glidning i kontakten.
Då ventilerna ska klara hela livslängden av motorn utan byte kommer antalet
öppnings- och stängningscykler som tätningsytorna utsätts för överstiga en
miljard. Trots att den glidning som induceras av trycket vid varje förbränningstakt endast är i storleksordningen av ett fåtal mikrometer, kommer det
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stora antalet cykler leda till långa glidsträckor som tätningsytorna får uppleva under svåra förhållanden med höga temperaturer, höga tryck och komplex atmosfär.
De senaste decenniernas ökande miljömedvetenhet världen över har lett
till att lastbilstillverkare tvingats följa en serie av miljölagar som reglerar
utsläppsmängder av kolmonoxid, kolväte, partiklar och kväveoxider. Detta
har tvingat fram en snabb utveckling av motorerna vilket har medfört renare
bränslen och bättre kontrollerade förbränningsparametrar. På grund av dessa
förändringar i förbränningskammaren kommer även ventilerna att påverkas,
inte minst avgasventilerna där man kommer att se en stor förändring i det
partikelflöde som annars har visat sig vara positivt, slitagemässigt sett. Utöver detta kommer även livstidskraven att öka, vilket ställer enorma krav på
framtidens ventildesigner.
Denna avhandling inriktar sig på nötningen av tätningsytorna på ventiler i
förbränningsmotorer i allmänhet och avgasventiler i dieseldrivna lastbilsmotorer i synnerhet. Projektet har bedrivits i nära samarbete med Scania CV AB
som har levererat materiel och bidragit med erfarenhet till projektet.
En unik testutrustning har tagits fram för att på ett förenklat sätt simulera
ventil mot ventilsätets kontaktsituation. Testutrustningen är uppbyggd runt
en ventil och ett ventilsäte för att på ett enkelt sätt utföra fullkomponentstester. Stängningen och det simulerade förbränningstrycket läggs på med hjälp
av en hydraulisk cylinder via en stötstång. På toppen av stötstången sitter en
resistiv värmekälla monterad runt en kopparcylinder för effektiv värmeöverföring till undersidan av ventilen. Testriggen i sin helhet och ventil och ventilsätets position i detalj kan ses i Figur 37. För att simulera de partiklar som
avgasventilerna blir utsatta för sprayas väldigt små mängder olja – ppm-nivå
– in i ett varmluftsflöde som sedan passerar tätningsytorna under tiden ventilen är i öppet läge.
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a)

b)

Ventil
VSI

Figur 37: Testriggen som är framtagen för ventilslitageutvärdering och använd i de
utförda experimenten. a) Foto av testriggen. b) Utskärning av testriggen från området i den streckade rektangeln som visar positionen av ventilen och ventilsätet (VSI).

Den tribofilm som byggs upp av oljerester – både i testriggen och på ventiler
från fälttestade motorer – är uppbyggd av ett flertal lager och har en tjocklek
av 1–5 µm. Tribofilmen täcker den ursprungliga ytan och fyller ut de ojämnheter som finns. Denna släta och återuppbyggande film har en skyddande
effekt på tätningsytorna och reducerar nötningen.
För att simulera effekten av framtidens renare motorer med en reducerad
mängd partiklar skapade av oljerester (vilket är den primära partikelkällan i
moderna motorer med ren förbränning) utfördes test med en fullformulerad
olja, en olja utan tillsatta additiv och ett test utan någon tillsatt olja i varmluftsflödet. För testerna med oljor användes två olika oljeflöden. Andelen
tillsatt olja i varmluftsflödet var en del olja till en miljon delar varmluft samt
en del till tio miljoner delar varmluft, vilket innebär att det är långt ifrån en
smord kontakt. De två olika oljetyperna och testet utan olja visade sig skapa
tre helt skilda nötningsbeteenden, sammanfattade i Figur 38.
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Figur 38: Summering av de tre olika nötningsmekanismerna.
a) Ventil och ventilsätesgeometrin, undersökta ytorna markerat i den streckade rektangeln.
b) Utan någon tillsatt olja skapades grova ytor täckta av nötningspartiklar. Hög nötningstakt och skadade ventilkanter.
c) Med fullformulerad olja skapades en skyddande, slät additiv-tribofilm uppbyggd
av partiklar från oljeadditiven. Låg nötning och intakta ytor. Vid det lägre flödet
byggdes en mindre andel skyddande film upp vilket minskade den skyddande effekt
som filmerna hade, med mer nötning och skador av ytorna som följd.
d) Utan tillsatt additiv i oljorna agglomererade nötningspartiklar från ventilsätet och
byggde upp en nötningspartikel-tribofilm på ventilytan. I: När tribofilmen var intakt
skyddade den ytorna. II: Delar av tribofilmen har skjuvats av och tagit med sig
material i processen, vilket har accelererat nötningen och skadat ytorna.

Avhandlingen visar tydligt vikten av de skyddande tribofilmernas positiva
inverkan på nötningen och effekterna av frånvaron av tribofilm. Utan dessa
kommer framtida ventildesigner att behöva anpassa sig genom att minska
glidningen i kontakten eller att på andra sätt frambringa en låg nötning.
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