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1 INTRODUCTION 
 

1.1 BACKGROUND 

Customer demands and governmental regulations drive product development. What customers 
are wanting today are cars and trucks that are more reliable, cost effective, environmentally 
friendly, safer, comfortable and silent. Some of these demands are directly related to tribology in 
that components and mechanical systems with lower friction and wear will operate with less 
power loss and will last longer. Governments, in turn, are imposing ever-stricter regulations 
requiring better fuel economy and lower emissions [1,2]. Figure 1 shows the governmental 
emission regulations for the European truck industry in coming years. These demands will mean 
that mechanical components will have to be able to withstand higher loads, operate with less 
energy loss, and be able to function with longer service intervals. 

 
Figure 1. The development of governmental regulations for NOx and particle emissions, [1] 

Tribological improvements such as lowering friction and improving wear resistance in engines 
will play a major role in future developments. Currently, materials are generally optimized to 
withstand loads acting on the components and giving rise to stresses and strain in the whole 
component. The loads in the contact are only addressed at a later design stage because the contact 
parameters are not always known as these are usually system parameters, which are affected by 
the other components in the system (or mechanism) and the surrounding environment. Several 
solutions are available to reduce friction and improve the wear resistance of surfaces. Examples 
are improvements in lubrication, better design from a tribological point of view, and surface 
hardening to improve material properties.  
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In the early seventies, new coating processes and materials were developed that have 
revolutionized the cutting tool industry by increasing the lifetime of cutting tools by several 
orders of magnitude. These hard coatings are produced in vacuum furnaces at high temperatures 
and are applied to high-speed steel tools, making the surface harder and stronger. They can now 
withstand higher loads at increased cutting speeds for longer times.  

 
Figure 2. From tools to machine elements 

During the last decade, new coating techniques based on physical vapour deposition (PVD) have 
lowered the temperature for the process below 200oC.  It is now possible to coat most of the 
machine elements used in the automobile industry, for the common low-alloy steels used in gear, 
bearing and cam follower machine elements are sensitive to annealing at temperatures above 
180oC. The coatings in question are based on metal-doped carbon with a high degree of diamond 
bonds, which has given them the name diamond-like carbon coatings (DLC). They have shown 
low friction and wear in laboratory settings such as pin-on-disc tests, and also in real mechanical 
applications such as bearings and fuel injectors [3-9]. Another possible machine element to which 
such coatings could be applied is the injector cam roller follower in a diesel engine. Results from 
bucket followers have shown very low friction values [10]. Such an application would be 
significant because one way to reduce soot particles in exhaust gases is to have a better mixture 
of diesel and air in the cylinder. This can be achieved by increasing the diesel injection pressure, 
which in turn creates higher loads on the valve train components. Low friction wear-resistant 
coatings could reduce wear and lower frictional losses in this mechanism.  

1.2 PURPOSE 

The purpose of this work was to investigate the possibility of using the relatively newly 
discovered hard, wear resistant, low friction surface coatings produced by physical vapour 
deposition (PVD) techniques on engine components. The components chosen were valve train 
machine elements for heavy-duty diesel engines. A typical design of the valve train mechanism 
with an overhead camshaft in a modern truck engine can be seen in figure 3.  
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Figure 3. An example of a heavy truck diesel engine (Volvo D12) with parts of the valve train 
mechanism for the first cylinder enlarged 



 4

The most common design for the camshaft is to have a rocker arm with a roller follower, used to 
open and shut the inlet and exhaust valves and also to pump up the pressure in the diesel injector 
placed between the inlet and outlet rocker arms [11,12]. Designs where the camshaft is placed 
halfway between the crankshaft and the valves are also common. In those cases, the camshaft is 
placed beside the cylinders with push rods connecting it to the valves and diesel injector pumps. 
Roller followers are used instead of bucket followers, which are more common in passenger cars, 
which are subject to lesser loads [13]. Heavy-duty diesel truck engines often have an engine 
brake that uses the return stroke of the cylinder to compress air and gases in the cylinder in order 
to decelerate the truck and save the wheel brakes. This affects the valve mechanism because the 
cam forces the exhaust valve to open against a large pressure, creating high loads on the 
exhaust’s rocker arm and the components in that mechanism. Consequently the exhaust and the 
injector rocker arm are the most highly loaded components in the valve train mechanism. 

To be able to test components of the valve train mechanism, test equipment was designed and 
built (see paper A). The equipment was based on the cylinder head from a Volvo 12-litre engine 
with an overhead camshaft. The equipment can be run under near-normal conditions and can be 
used to test both standard and coated components (see papers B and F). 

The cam follower mechanism is an advanced mechanical system containing several moving parts 
as well as moving contact points. Several authors have analysed a cam follower mechanism [14–
18], but each design is unique due to the profile of the cam and the position of each member. In 
order to analyse the surface wear of components, it is essential to know the load and sliding 
situations they have been subjected to. Therefore the mechanism was analysed in papers C and D. 

The surface finish, coating thickness and material properties of the coating of machine elements 
can be chosen by the designer. Paper E presents a numerical parameter study using a finite 
element model resembling an infinite plane loaded with a Hertzian contact pressure. 

In pin-on-disc tests, wear coefficients were found to be lower for sputtered carbon coatings on 
steel than for steel on steel contacts. The same results were obtained in more realistic test 
environments, such as in roller bearing applications of fuel injectors. However, in a real 
application, quite substantial wear is common during the run-in process of an automotive 
component. In this process asperities and surface irregularities are smoothed and sometimes worn 
off as the contacting surfaces ‘get to know each other’. The result is a lowering in the peak 
asperity pressure spikes and an evening out of the contact pressure. The effect of rapid load 
increases up to and above the ultimate load for the substrate material and the coating material 
were tested in paper G.  

 

2 COATINGS FOR ENGINE COMPONENTS 
2.1 TYPES OF COATING 

The surface for a tribological contact can be improved in several ways. The surface topography 
of the contacting surfaces can be improved. Or the surfaces can be hardened to make them 
withstand higher loads before the onset of plastic deformation. Hardening can be done 
mechanically by shot peening or thermally by case hardening or nitriding in which the outer 
surface is heated in a carbon or nitrogen rich atmosphere so that atoms are diffused into the top 
layer and turn into a martensitic structure on rapid cooling.  
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In the cutting tools industry, hard surface coatings have gained a lot of success in recent decades. 
Coatings such as TiN have been applied to cemented carbide tools for drilling, milling and 
turning. One coating procedure is chemical vapour deposition (CVD). The components to be 
coated are placed in a chamber and a mixture of reaction gases is then flowed through the 
chamber over the components. This reaction requires high temperatures. Physical vapour 
deposition (PVD) is another coating technique. Here the coating material is evaporated from a 
source plate, accelerated by a potential field through a plasma, and condenses on the target 
component. This can be done at much lower temperatures than CVD (, see fig. 4).  

 
Figure 4. Temperatures and coating thicknesses obtained with some common surface treatment 
techniques, including two coating techniques – CVD and PVD 

2.2 SPUTTERED CARBON COATINGS 

Diamond-like carbon (DLC) coatings have attracted a lot of attention as potential tribological 
coatings for machine elements because of the low friction and wear rate they have shown in tests. 
Such coatings use sputtered carbon in a PVD process in which a metal (commonly chromium Cr 
or tungsten W) is used to form a binding layer so that the carbon coating adheres to the substrate, 
but is also mixed into the carbon layer to form hard carbides. During the PVD process, the 
parameters can be adjusted to give the coating a higher or lower metal concentration and a higher 
or lower content of diamond bonds (sp2 or sp3 bonds). The coating thickness can be controlled by 
adjusting the processing time. Consequently a wide range of coatings can be obtained, from a 
simple thin coating to multilayered coatings with different material properties. Figure 5 shows a 
typical cross-section of a sputtered carbon coating. 
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Figure 5. An SEM picture of the surface of a sputtered carbon coating on a rocker arm roller 
Ra = 0.1 µm. In the middle, a hole has been made with a focused ion beam (FIB, bottom right) 
sputtering away particles so that the thickness of the coating can be studied. Top right is an 
enlargement of the rectangle in the middle of the SEM picture. The platinum layer is not part of 
the tribological coating but is used with the FIB to obtain a sharp edge on the top carbon layer. 

The standard sputtered carbon coating has an interlayer between the carbon and the substrate to 
make sure that the hard top layer adheres to the substrate. This interlayer can vary in thickness 
from very thin up to a few hundred nanometres.   

2.3 MATERIAL PROPERTIES OF SPUTTERED CARBON COATINGS 

The PVD process of sputtering carbon onto a substrate is a line-of-sight process. In other words,  
the surfaces must be visible to the source material plate from which the coating material is 
evaporated and accelerated towards the target. This requirement imposes limitations on the types 
of geometries that can be coated. For example, it is impossible to get an evenly deposited coating 
on the inside walls of holes. 

Where the technique can be used, the condensed coating material will cover the substrate surface 
evenly, maintaining most of the substrate topography. The sputtering process and the constituents 
of the coating material will, however, result in changes in the material properties such as hardness 
and the modulus of elasticity. Nanoindentation measurements have shown that the hardness and 
elasticity vary within the coating. Typical values of the elastic modulus are 120–300 GPa, and 
typical values of the hardness are 800–1500 HV [8]. 
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Figure 6. Coating parameters 

The film deposition process also gives rise to residual stresses due to differences in the thermal 
expansion of the coating and the substrate. Thicker coatings show a tendency to delaminate due 
to the high residual stresses. Compressive residual stresses in the coating are thought to prevent 
crack propagation.  

3 EXPERIMENTAL EQUIPMENT 
A tribological system involves many factors including relative velocity, normal force, materials, 
the lubricant, temperature, geometry and the environment. The resulting system parameters are 
friction and wear. The complexity of such systems makes practical testing of the coatings a very 
important ingredient in the evaluation of coating performance. In this thesis, equipment to test a 
valve train mechanism was built and used.  

3.1 CAM FOLLOWER TEST EQUIPMENT 

The cam follower test equipment is designed on a cylinder head of a Volvo 12-litre diesel engine. 
The camshaft is placed over the inlet and outlet valves (see fig. 3). At the front, the camshaft is 
connected to a hydraulic motor via a torque transducer and a flywheel (see fig. 7). The lubricating 
oil is heated to about 95 oC, and circulated through the normal lubrication system as well as 
through the cooling channels to keep the equipment warm. In the same way, the diesel is 
circulated through the original system in the cylinder head that supplies the diesel injector pumps 
(see fig. 8). More detailed information about the diesel injectors fuel supply system can be found 
in [12,13]. 
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Figure 7. CAD model of the different parts of the camshaft test equipment 

 

Figure 8. Figure showing the camshaft, rocker arm and diesel fuel injector  
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Figure 9. Photo of the test equipment, (the top cover is removed) 

The original engine control unit is used and is connected to the diesel injectors, making it 
possible to adjust the timing of the opening and closing of the injectors so that different loads can 
be simulated. The equipment can be run for long periods and at speeds covering the normal 
engine speed range. Figure 9 is a photograph of the test equipment. During a test, sample 
measurements of the torque, speed, oil temperature and pressure, and diesel pressure are taken 
and send to a connected measurement PC. 

 

3.2 SEIZURE TEST EQUIPMENT 

The seizure test equipment is similar to a vertical pin-on-disc set-up in which the load is rapidly 
applied [25]. The normal load is ramped up to maximum value before the disc has made a whole 
turn (see fig. 10). The equipment was constructed using a former rigid lathe. A servohydraulic 
cylinder is used to create normal loads of up to 5 kN. Strain gauges are mounted close to the test 
object to measure the normal and tangential loads. Plastic deformation and transitions from mild 
to severe sliding conditions can be studied. 
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Figure 10. Schematic figure of the test objects 

 
4 MODELS 
Models were used to solve for the motion and contact conditions of the injector rocker arm.  

4.1 CAM FOLLOWER RIGID BODY MOTION 

Cam follower mechanisms are common machine elements. There are several different types. 
Rigid body motion models of cam follower systems have been described in textbooks and 
reported by several authors [14–18]. The usual approach is to find a cam curve that will give a 
certain displacement, velocity, acceleration and jerk of the roller or bucket follower. In the case 
studied in this thesis, the cam curve and the force from the fuel injector are known. The unknown 
parameters are the motion of the roller and the dynamic contact interfaces in the mechanism.  

 
Figure 11. A generalized picture of the cam and follower, showing the coordinate systems of each 
component and the fixed global frame n 
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A rigid body motion model was developed using the approach described in [19,20] (see fig. 11). 
The location of the contact point between the roller and the cam is defined as the point where the 
cam curve and the unit vector e1 are parallel. The contact point will then follow the curve shown 
in figure 12. With the camshaft rotating at a constant speed, this curve results in a lift as a 
function of cam angle, as shown in figure 13. Differentiating the movement curve gives the 
velocity and acceleration of the rocker arm shaft. Figure 13 shows a plot of velocity and 
acceleration as a function of cam angle when the camshaft rotates at a constant velocity of 900 
rpm. The load from the fuel injectors has been simplified by holding the pre-tension level 
constant, except at the moment of injection when it is rapidly increased during the constant rate 
portion of the rocker arm motion. The motion of the roller is solved using inverse dynamics. The 
roller is assumed to easily follow the cam since its moment of inertia is small. Consequently the 
peripheral velocity of the roller is the same as the contact point on the cam: 

( )543 cos qqRRq CR −⋅⋅≈⋅ ω&          (1) 

Once the roller motion is known, the equations of motion can be calculated for the mechanism. 
The friction force between the cam and the roller follower must then be checked to make sure 
that the assumption made in equation 1 is true. The difference in relative velocity should not be 
large. 

 
Figure 12. The position of the contact point during a rotation of the camshaft follows the black 
curve indicated in the figure 
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Figure 13. An example of the motion of the rocker arm, angle q2, during one revolution of the 
camshaft at a constant speed of 900 rpm 

Figures 14 and 15 show the normal and tangential forces between the cam and the roller follower. 
At higher camshaft speeds, the normal load is low due to high deceleration. With a tangential 
force known Carter [21,22] has derived a relation for the creep in a tractive steady state rolling 
contact: 
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where Camµ  is the coefficient of friction at pure sliding, Ha  is half the Hertzian contact width, 

CR  and RR  are the roller and cam radii, CamF  is the tangential force, and CamN  is the normal 
load. Figure 16 shows plots of the creep for three different camshaft speeds. The creep proves to 
be low, except when the camshaft speed is high when it increases significantly. Therefore for 
high speeds the equations of motion were integrated over the high slip area to calculate the actual 
slip. Equation (2) is only valid for steady state conditions. The result of the creep is shown in 
figure 17, and the actual speed of the roller and cam is shown in figure 18.  
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Figure 14. Normal load between the cam and roller at different camshaft speeds. The load from 
the fuel injector is the same in all cases, with a maximum value of 13 kN. 
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Figure 15. Tangential force between the cam and roller from the same simulation as in figure 13  

 
Figure 16. Calculated creep from Carter’s equation. The curve of the creep at 1200 rpm has 
been truncated at its highest point in the figure. 
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Figure 17. Creep calculated by integrating the equations of motion 

 
Figure 18. Comparison between the camshaft contact speed and the roller contact speed  
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With the forces and the rolling and sliding speed known, the tribological lubrication regimes can 
be calculated for this mechanism. For an elliptical, non-conformal contact between the cam and 
roller, the minimum film thickness can be estimated according to equation 3 [23]: 

( )k
x eWGURh ⋅−− −⋅⋅⋅⋅⋅= 68.0073.0

2
49.068.0

min 163.3       (3) 
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k  is the eccentricity of the contact ellipse, and xR  and yR  are the equivalent 

radii in the rolling direction (x) and the orthogonal direction (y) for the two contacting bodies. 
U ,G  and 2W are the dimensionless speed, material and load parameters, respectively [6].  

 
Figure 19. The mechanism and its sliding and rolling contacts   

The two sliding journal bearings are of conformal geometry and are lubricated with oil. The 
minimum film thickness is determined from [24]:  

( )ε−⋅= 1ch            (4) 

where c  is the clearance, that is, the difference between the radii of the bushing and the shaft, 
and ε  is the eccentricity ratio varying from 0 to 1. The relation between the load, sliding speed 
and eccentricity explained in [24], is used to evaluate the minimum film thickness: 
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where ∆  is the Sommerfeldt number 
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in which w  is the load; db,  and R are the width, diameter and radii, respectively;  η  is the 
dynamic viscosity; and  u  is the relative speed between the surfaces.  
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Figure 20. The Stribeck curve with each lubricating regime and each contacting pair plotted  

Once the material, geometry, loads and the like are known, the lubricating regimes can be 
estimated for each tribological contact. The specific film thickness parameterλ  is the relation of 
the film thickness to the surface roughness and is determined according to equation 7.  

( )2
2

2
1

min

qq RR

h

+
=λ              (7) 

where 1qR  and 2qR  are the RMS average value of the two contacting bodies. Figure 20 shows the 
resulting lubrication regions that each of the contacting pairs work in. 

4.2 FINITE ELEMENT MODEL OF COATING 
A parameter study of the stress in a coated contact was conducted. The stress in the coating is 
dependent on the surface topography, the elastic properties of the material and the coating 
thickness, among other factors. The real area of contact is between mating asperities. In an 
idealized picture of a rough surface containing only asperities of one wavelength, one could see 
this contact as an infinite plane with circular Hertzian contact spots (see fig. 21). These contact 
spots could then be divided into cells of equal size. In this case, hexagonal unit cells were used, 
but they could equally well have been square. A finite element model can be made of one-twelfth 
of a unit cell when the constraints are set to reflect symmetry. The load is set as a Hertzian 
normal load according to equation 8: 

2
0

2

1)(
a
rprp o −⋅=            (8) 

where 0a  is the contact radius indicated in figure 20 and 0p  is the maximum Hertzian pressure. 
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Figure 21. Contact model of a rough surface containing a wavelength λ  

According to Hertzian analytical models, the maximum stress occurs beneath the contact spot 
where the shear stresses reaches a maximum. The tractive forces will push this shear stress 
maximum towards the surface. At a coefficient of friction of about 0.3, the shear stress maximum 
is at the surface [22]. However, carbon coatings have been shown to have low friction values, and 
especially during rolling the tractive forces are low, which will hold down the shear stress 
maximum in the material so that a shear stress maximum at the surface is unlikely to occur. 
These ceramic-like carbon coatings are more sensitive to tensional forces.  
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Figure 22. Tensional stress fringe plots. Top: Model of a large asperity in relation to the coating 
thickness. Tensional stress reaches down into the substrate. Bottom: Model of a small asperity 
where the tension is higher on the surface but does not come down very far. 

Two factorial design studies were performed. These included four variables at three levels: the 
elastic modulus of the coating, the contact radius, the contact wavelength and the coating 
thickness. The two design studies both showed that when asperities are closer, their interaction 
greatly affects the tensional stress in the coating. Asperities that yield contact sizes of the same 
order as the coating thickness yield higher tension stresses on the surface, but these stresses do 
not reach down through the coating, as can be seen in figure 22. 
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5 EXPERIMENTAL RESULTS 

The camshaft equipment was used for experimental testing of standard and coated components. 
The testing was performed on an injector rocker arm, which gives the closest approximation of a 
real load situation. The inlet and exhaust rocker arms in the real application work with and 
against the combustion gases, and their load situation is different from that in the experimental 
set-up. The tested objects (the rocker arms, rocker arm shaft and camshaft) were replaced for 
each test series. Other components such as the camshaft bearings, valves and diesel injectors 
were not changed. The lubricating oil used was a multigrade diesel engine oil, Mobil Delvac NX 
10W-30 (the newer name of the same oil, according to Exxon Mobile, is Mobil Delvac HP-F 
10W-30). It has a viscosity of 73 cSt at 40 oC and 11.3 cSt at 100 oC. Each test began with an 
equipment-heating period when the lubricating oil was circulated for about 1–2 hours. The 
hydraulic motor was then started and the speed was increased slowly to the test operating speed. 
The majority of the tests were run at camshaft speed of 900 rpm, which is where the engine has 
its highest power output. The opening and closing of the fuel injector’s valve were programmed 
into the engine control unit. That means that the load is turned on. Test run times were up to 100 
hours. 

5.1 STANDARD COMPONENTS 

The first test series conducted in the cam test equipment used standard components. The aim was 
to identify and observe the behaviour of the valve train components during the run-in process.  

5.1.1 Rocker arm journal bearing 
The journal bearing of the rocker arm is subject to a reciprocating motion. The lubrication is 
supplied through holes in the shaft. The rocker arm shaft is made of steel, case hardened to about 
60 HRC (700 HV). The bushing is made of hardened steel with a chemical nickel coating of 
PTFE (trade name Nedox) that is 10 µm thick and has a substrate hardness of 750 HV (62 HRC).  

 
Figure 23. Photograph of the surface of a run-in injector rocker arm bearing  
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Figure 24. Topography measurements before and after a 100-hour run-in test of the injector 
rocker arm bearing surface and a shaft surface, (5.4 million cycles)   

Calculations show that the contact works through the whole mixed regime and down into the 
boundary regime at the turn of the rocking motion. At this point, the motion is strongly dependent 
on the squeeze effect of the oil to get sufficient lubrication. After a run-in period of 100 hours, 
the surfaces of the bearing and the shaft show evenly distributed wear marks (see figs. 23 and 
24). Topography measurements reveal that the peaks on the bearing surface have worn off, but 
that some of the valleys are unaffected. 

5.1.2 Roller journal bearing 

The roller journal bearing has a more favourable load situation than the rocker arm bearing 
because the sliding velocity does not change direction. Consequently there is a much lower 
volume of wear. A new and a worn roller pin and roller slider bearing can be seen in figure 25. 
The pin surface is case hardened bearing steel and the bushing has a Pb-Sn-bronze bushing insert. 
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Figure 25. Topography measurements before and after a 100-hour run-in test of the injector 
rocker arm roller bearing surface (5.4 million cycles)   

5.1.3 Cam roller contact 
The cam and roller wear during the first 100 hours of run-in is fine polishing wear that is not 
measurable on the roller with the equipment used. Visible wear marks can be seen on the cam 
surface (see fig. 26). The area of contact between the cam and roller shows fine polishing wear. 
At position one in figure 26, the highly loaded zone is clearly visible. During operation, the 
camshaft is affected by three rocker arms multiplied by six cylinders, making a total of 18 time-
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varying loads per revolution. The effect of these loads on the normal load in each contact is 
visible at point 2 in figure 26, where the polishing wear shows different widths in the axial 
direction, indicating that the normal load between the roller and cam has varied. These marks 
continues down on the back side of the cam lobe. 

 
Figure 26. Photograph of the injector cam after a 200-hour (run-in) test. Position 1 is where the 
normal load from the fuel injectors reaches a maximum. Position 2 is on the back of the top of the 
cam. 

 

5.2 COATED ROCKER ARM SHAFT 

Tests were conducted with two standard sputtered carbon coatings, one a chromium-based a-C:Cr 
coating, and the other a tungsten-based a-C:W coating. Both had a thickness of 2 µm. The 
standard rocker arm shaft was used. It is a steel shaft, case hardened to 60 HRC (700 HV). The 
carbon coatings have a hardness of about 1000 HV. The counter surface was tough-hardened 
rocker arm steel with a hardness of 22–29 HRC (250–300 HV). The ordinary steel bearing was 
not used. Instead the inner surface of the rocker arm journal bearing was honed to a finer finish 
than the standard bearing surface (see fig. 27, left). The components were run for one hour and 
taken apart. The results for the a-C:Cr coated shaft can be seen in figure 28. The coating has worn 
through at four positions and seizure marks are visible. The a-C:W coating showed similar 
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behaviour. The speed of the camshaft was 900 rpm, meaning that the bearing has endured about 
54 000 cycles.  

 
Figure 27. Surface measurements of the shaft and bushing before and after the one-hour tests 

   
Position 1 Position 2 Position 3 

   
Position 4 Position 5 Position 6 

Figure 28. Photographs of the rocker arm shaft after the one-hour test  
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5.3 SEIZURE TEST OF COATED SURFACES 

A tribological contact may have different wear stages depending on the load, contact pressure, 
sliding speed and environmental parameters. At specific loads and sliding speeds, a mild wear 
situation can change to one with more severe wear. This change was investigated for two carbon 
coatings and the bearing coating used in the standard application. The test equipment described in 
[25], resembling a vertical pin-on-disc machine placed in a lathe, was used. Three coatings were 
tested: two carbon coatings and one chemical nickel PTFE coating used as a bearing material in 
the rocker arm journal bearing bushing. The oil used was a poly-alpha-olefin base oil without 
additives. 

 
Figure 29. Boundary lubricated coefficient of friction during a rapid load increase for two         
a-C:Cr carbon-coated discs, one with a rough surface and one with a smooth surface   

The results show no transition from mild wear to more severe wear for the two tested carbon 
coatings (see fig. 29). The chemical nickel with PTFE showed low friction and no transition load 
but a significant higher plastic deformation than both the two carbon coatings and the uncoated 
discs at the same load. When the solid lubricant on the surface was removed by polishing and 
washing with heptan and methanol, the chemical nickel showed a lower transition load than the 
substrate surface material. 
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5.4 COATED ROLLERS 

A test with rollers with two different thicknesses of coating was run for 100 hours. The coatings 
were 1.7 and 0.7 µm, and both included a 0.3 µm interlayer of chromium. The standard test 
parameters were used with 95 oC oil lubrication temperature, an engine speed of 900 rpm and a 
maximum high load. The result showed quite different wear behaviour in the two cases. For the 
thicker coating, the  asperity peaks showed polishing wear, which can be seen as dark areas in 
figure 30. Some cohesive wear was also found. The thinner coating showed more severe wear, 
with the coating delaminating and spalling off at the interface between the carbon and chromium, 
as can be seen in the cross-section view at the bottom right in figure 30. The delamination also 
increased the wear on the camshaft.  

 
Figure 30. Coated rollers. The top two figures show the thicker coating of 1.7µm and the bottom 
two the thinner coating of 0.7µm. Both had a chromium interlayer of 0.3µm. The protective 
platinum (Pt) coating on top was deposited before the milling with the focus-ion-beam (FIB) 
equipment to get a clear and sharp cross-section of the carbon coating. 

Measurement of surface topography showed that the grinding of the roller surface had given the 
surface one dominant wavelength of 24 µm. The Hertzian contact width between the cam and 
roller was much larger than this wavelength, and therefore a plain strain model was used to 
simulate the stress situation in the coating layer (see fig. 31). The pressure load was applied as a 
Hertzian pressure and symmetric boundary conditions were used. 
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Figure 31. Plain strain simulation model of coated roller contact. Symmetric boundary 
conditions make it possible to perform the calculations for the rectangle shown, and the results 
reflect the whole row of asperities in contact.  
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Figure 32. Fringe plots. Top figures show maximum shear stresses and bottom figures show the 
positive part of maximum principal stresses, which are the regions in tension. 

The results showed that there was little difference in the shear stress. However, the tensional 
stress produced large differences at the bottom of the coating (see fig. 32). The thinner coating 
has higher tensional stress throughout the coating, making it easier for cracks initiated at the 
surface to continue down through the coating to the interlayer. While the thicker coating also 
showed tensional stresses, these were at a lower level.   
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6 CONCLUSION 
The aim of this work has been to investigate the possibility of using sputtered amorphous carbon 
coatings to reduce friction and prevent wear in diesel engine valve train mechanisms. The most 
important results are as follows: 

- The simulation of the cam roller follower mechanism shows that the relative sliding in the 
roller follower contact is low, but that at increased speeds the sliding increases 
significantly due to inertial forces at the top of the cam. 

- The run-in behaviour between the cam and roller is a mild polishing wear.  

- Running-in produces substantial wear on the journal bearings in the reciprocating rocker 
arm bearing and less wear in the rocker arm roller bearing. 

- The highest tensional stresses occur at the periphery of the asperity contact area. When 
asperity contacts are close to one another, they interact, resulting in a higher stress level. 
Sharp closely packed asperity contacts give the highest tensional stresses at the surface. 

- Test results and calculations of thickness dependence on coated rollers show that a thinner 
interlayer decreases the tensional stress in the carbon coating, making it less susceptible to 
delamination. 

- The carbon coatings show no transition from mild to more severe wear with a pressure 
increase in boundary lubricated condition. 

- The chemical nickel PTFE coating shows no sign of a transition load as long as the solid 
lubricant is present, but when the PTFE is removed, there is a rapid shift to a more severe 
wear situation.  

 
7 FUTURE WORK 
Future work in the area of the cam mechanism could include the following: 
 

- Trying to measure the relative velocity difference between the roller and camshaft. This 
quantity has been shown in this work to be very small. One suggested approach is to film 
the motion with a high-speed camera.  

- Studying the vibration induced in the camshaft by the opening and closing of the valves. 
This vibration affects all contacts between the cam and rocker arms. Its effects can be 
seen in the photograph (see fig. 26) of the cam that shows varying polishing wear.  

- Studying the squeeze effect of the film thickness in the rocker arm journal bearing at 
varying loads. 

- Investigating whether a coating on the roller pin could help to reduce friction when this 
contact moves into the mixed lubrication regime. The roller journal bearing showed 
limited run-in wear in the tests. The wear amounted to less than the usual coating 
thickness of about 2 µm. 
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