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Abstract 
The constant pursuit in the automotive industry to increase the engines performance, new 
solutions are always developed and tested to reduce the friction and increase the efficiency in 
the engine. One component that contributes to friction losses is the piston ring pack where the 
top compression stands for up to 40 %. This master thesis collaborated with Scania’s material 
science department Basic engine and covers the friction and wear of four different materials 
on the cylinder liner surface against the top compression ring. 

The four tested materials were grey cast iron with different honing quality and three 
atmospheric plasma sprayed coatings with titanium oxide, chromium oxide and Metco’s 
mixture F2071 which is a stainless steel mixed with a ceramic. A martensitic steel piston ring 
with a chromium coated sliding surface was used for all the testing in the Cameron-Plint 
TE77 test-rig. This is a pin-on-disc test method and the parameters used for testing is set to 
replicate the environment the ring is exposed to at the top dead centre. 

The test-rig has been in Scania’s possession for a long time and has not always given a 
satisfying result. An uneven contact between the ring and liner has been a problem resulting 
in only worn edges of the liner specimen. The piston ring holder was therefore redesigned to 
be able to adjust the radius of the ring. This allowed a good conformability between the ring 
and liner to be obtained. 

The tested materials were evaluated according to friction and wear. Friction was measured 
with the test-rig and the wear was calculated with surface profiles that were measured before 
and after testing. Worn surfaces were studied in a SEM to verify which wear mechanism that 
was active. The changes of the surfaces was studied with the use of following surface 
parameters Ra, Rk, Rpk, Rvk and if there was a connection between these parameters and 
friction and wear coefficient. 

Independent of honing quality showed the grey cast iron lowest friction coefficient just under 
0.13, the F2071 liner showed a friction coefficient just above 0.13. Both oxide layers showed 
similar friction where the chromium oxide had a friction just below 0.15 and the titanium 
oxide lay just above 0.15. Lowest wear coefficient had the chromium oxide followed by 
F2071, titanium oxide and the bad honed grey cast iron. These three liners showed almost the 
exact same wear coefficient. Worst wear coefficient had the grey cast iron with a good honing 
quality. A mild abrasive wear mechanism was active during the wear test and vague wear 
marks was found on the surface. There is no connection between wear coefficient and friction 
and the change in surface roughness during the test does not affect the friction. 



 

 

Sammanfattning 
Fordonsindustrins ständiga strävan efter att sänka friktionen i motorn och på så sätt öka dess 
verkningsgrad gör att nya lösningar ständigt utvecklas och testas. Idag står kolvringspaketet 
för en stor del av friktionsförlusterna i motorn. Av de tre kolvringarna kan den övre 
kompressionskolvringen bidra med så mycket som 40 % till friktionsförlusten. I det här 
examensarbetet som utförts på Scania’s materialtekniksavdelning Basic Engine har den övre 
kolvringen friktions och nötningstestats mot 4 olika material på cylinderfodret. 

De fyra materialen som testades var ett gjutjärn med olika kvalité på heningsmönster och tre 
termiskt sprutade beläggningar med titanoxid, kromoxid och Metco’s F2071 som är ett 
rostfritt stål med 35 % kerampartiklar. Kolvringen som användes hade en martensitisk 
mikrostruktur och var krombelagd på glidytan. För testningen användes Cameron-Plints 
modell TE77 där test-typen är pinne mot platta. Parametrarna som användes skulle efterlikna 
de förhållanden kolven befinner sig i vid vändläget när bränslet antänds. 

Testriggen har funnits på Scania en längre tid, men har ibland skapat ett oönskat resultat där 
en ojämn kontakt mellan kolvring och cylinderfoder orsakat att kanterna på foderbiten slits 
fortare än mitten. Kolvringshållaren konstruerades därför om så att krökningsradien på 
kolvringen kunde anpassas och därigenom uppnå en bra kontakt med jämt slitage som följd. 

I testet utvärderades friktionen och nötningen för de olika materialen på cylinderfodret. 
Friktionen mättes med testriggen och nötningen beräknades med hjälp av ytprofiler av 
foderbitarna innan och efter testning. För att se vilka nötningsmekanismer som varit aktiva 
studerades de slitna ytorna i ett SEM dessutom analyserades hur ytpatametrarna Ra, Rk, Rpk, 
Rvk ändrades av nötningen. 

Lägst friktion hade gjutjärnsfodren oberoende av heningsmönster med en friktionskoefficient 
lite under 0,13, F2071 låg precis över 0,13. Kromoxidskiktet hade en lite högre friktion på 
0,15 och titanoxiden friktionstal låg strax över 0,15. Kromoxiden hade den lägsta 
nötningshastigheten, F2071, titanoxiden och gråjärnet med dålig hening hade ungefär samman 
nötningshastighet och sämst nötningsbeständighet hade gråjärnet med bra hening. En mild 
abrasiv nötning var aktiv under testen av alla materialen och ingen koppling mellan friktion 
och nötning hittades. 
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1 Background 

Scania CV AB is one of the world’s leading manufacturers of trucks for heavy transports, 

buses and industrial- and marine engines. Scania CV AB wants to keep its position and 

continue to develop their products. The engine is an important part in Scania’s products where 

the efficiency in the combustion engines is of great interest. A better efficiency means greater 

distances travelled with the same amount of fuel consumed - in other words lower fuel 

consumption. This is the main goal for the project Scania CV AB run together with MAN and 

Volkswagen and this master thesis is a part of that project. This master thesis will develop and 

evaluate a test method by testing different materials. Mechanical losses due to friction account 

for 4 to 15 % of the total energy consumed in modern internal combustion engines. 40-55 % 

of the total mechanical losses occur in rods, piston and piston rings in the cylinder. The 

friction losses distribution between these elements is shown in Figure 1 (a) where 28-45 % of 

the friction losses occur in the piston rings and the distribution of ring friction losses is shown 

in Figure 1 (b). The worst condition the top ring has to endure is at the top position in the 

cylinder when combustion occurs. Grant et al. [1] showed that the higher combustion pressure 

the higher the friction losses on the top ring is and as a result, reducing piston ring friction has 

the potential to improve engine efficiency, increase service life and lower fuel consumption 

[2]. 

 
(a) 

 
(b) 

Figure 1. Distribution of piston, rod and piston ring friction losses in (a) and in (b) distribution of friction 

between top, second and oil ring [3]. 

Today Scania CV AB uses Atmospheric Plasma Sprayed (APS) coated cylinder liners or 

uncoated grey cast iron cylinder liners depending on application. APS coatings were 

introduced at Scania CV AB in 2011 to handle corrosion connected to Exhaust Gas 

Recirculation (EGR). Three previous master students [4], [5], [6] at Scania investigated the 
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influence of acidic substances that the EGR entails in the piston ring cylinder liner contact. 

The corrosion is no longer a problem for Scania but the APS sprayed cylinder liner is still 

used mainly because of friction control. Optimizing the cylinder liner coating, piston ring 

surface and lubricant might decrease the friction and therefore the fuel consumption. This 

master thesis was focused on the wear and friction of cylinder liner coatings as Snihs [6] 

showed that the piston ring wear is slow compared to the cylinder wear. The same test-rig as 

used by the previous students was used in this work. The goal for this thesis was to develop 

the test method and to replicate the conditions at top dead centre. Four cylinder liner materials 

were tested and the problem formulation is found in section 2.11. 
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2 Theory 

The complexity of the engine and the pistons movement with its tribological properties 

requires a thorough presentation of the theory behind it which will be presented in this 

section. 

2.1 4-stroke diesel engine 

An engine is composed of several major components; the block, the crank, the rods, the 

pistons, the heads, the valves, the cams, the intake and exhaust systems and the ignition 

system. These parts work together creating power high enough to move large 60 tonne trucks 

forward. In compression ignition engines, the rise in temperature and pressure during 

compression is sufficient to cause a spontaneous ignition of the fuel. The compression 

ignition engine is also referred to as the diesel or oil engine. During each crankshaft 

revolution there are two strokes of the piston, and the engine can be designed to operate in 

either four stroke or two strokes of the piston [7]. The four-stroke operating cycle is shown in 

Figure 3. 

 

Figure 2. The 4-stroke diesel cycle [8]. 

  

Stroke 1 
Induction 

Stroke 2 
Compression 

Stroke 3 
Combustion 

Stroke 4 
Exhaust 
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The four-strokes are explained in this way: 

1. Induction stroke. The intake valve is open and the piston travels down the cylinder, 

drawing in charge of air. 

2. Compression stroke. Both valves are closed, and the piston travels up the cylinder 

compressing the air. As the piston approaches top dead centre, ignition occurs. In the 

case of compression ignition engines, the fuel is injected towards the end of the 

compression stroke. 

3. Combustion stroke. Combustion propagates throughout the charge, raising the pressure 

and temperature, and forcing the piston down. At the end of the power stroke the 

exhaust valve opens, and the irreversible expansion of the exhaust gasses is termed 

“blow down”. 

4. Exhaust stroke. The exhaust valve remains open, and as the piston travels up the 

cylinder the remaining gases are expelled. At the end of the exhaust stroke, when the 

exhaust valve closes some exhaust gas residuals will be left; these will dilute the next 

charge. 

The crank angle and where the valve opens and closes can be seen in Figure 3. 

 

Figure 3. Four-stroke engine cycle with the crank and piston in the middle and the steps with crank angle around 

it [9]. 

2.2 Piston rings 

Piston rings are used in internal combustion engines and the piston ring pack includes a top 

compression ring, a second compression ring and an oil control ring, see Figure 4. Each piston 
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ring has a different purpose and therefore looks different. The primary function is to prevent 

high-pressure gases from leaking through the piston-liner interface and at the same time 

reduce the cylinder wall and piston wall contact area to a minimum, thus reducing friction 

losses and excessive wear [10]. 

 

Figure 4. An illustration of the piston ring pack in a heavy duty diesel engine [11]. 

2.2.1 Top compression ring 

The compression ring (Figure 5) seals the combustion 

chamber, transfers heat from the piston to the cylinder wall 

and controls oil consumption. The ring is compressed to the 

cylinder by internal spring force and by the combustion 

pressure that causes the ring to expand. Compression rings 

are commonly slightly crowned for faster running-in [12]. 

 

Figure 5. Cross-section of the top 

compression ring [13]. 

2.2.2 Second compression ring 

This ring has a tapered face with an angle of 1-4 °, see 

Figure 6. The ring provides a consistent thickness of oil 

film to lubricate the running surface of the top 

compression ring. The tapered face has a scraping function 

to prevent any access from oil to the combustion chamber 

as the piston moves towards the crankshaft [12]. 

 

Figure 6. Cross section of the second 

compression ring [13]. 

2.2.3 Oil control ring 

Oil control rings are especially designed to appropriately 

distribute the oil on the cylinder liner and to scrape off excess oil 

back to the crankcase. An oil control ring usually includes two 

thin rails where radial holes are used in the groove between the 

rails. Some oil rings utilize an oil ring expander to apply 

additional radial pressure to the piston rings, see Figure 7 [12]. 

 

Figure 7. Cross section of 

the oil control ring [13]. 
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2.3 Cylinder liner 

Heavy duty internal combustion engines have a cylinder liner 

(Figure 8) mounted in the engine block. This reduces the 

casting complexity of the engine block and provides the 

advantage of having different materials in the block and liner, 

thus enables the selection of materials suited for each 

application. The cylinder liner functions as a sliding surface 

against the piston rings and is therefore an important 

tribological element. Grey cast iron is tribologically beneficial 

as cylinder liner material, as the graphite phase of the material 

gives a dry lubrication effect [14]. Graphite phases that have 

been torn off create dimples on the surface that acts as an oil 

reservoir and supplies oil at dry starts. Grey cast iron also 

provides good wear resistance along with sound isolation, 

good heat transfer and mechanical damping, but it corrodes 

easily [15]. The corrosion problem can be reduced or even 

avoided with the use of a surface treatment of the running 

surface. Scania CV AB solved this by introducing the F2071 

atmospheric plasma sprayed coating. 

 

Figure 8. Cylinder liner. 

2.4 Surface parameters 

The piston ring-cylinder liner contact is quite complex and an explanation is followed how 

surfaces looks on a micro scale which is used to explain friction and wear mechanisms in later 

sections. Gently placing an object on a surface and then slowly push it forward might seem 

like a mild treatment. This is only true in a macro perspective but the conditions have been 

severe in a micro scale. When studying a surface in micro scale even the most polished 

surface show irregularities where the highest irregularities are called asperities. It is through 

these asperities that forces are exerted. As a result contact pressures at these contact points 

that carries the objects weight are high enough to plastically deform the material [16]. Using a 

model to describe the surface, it is crucial to understand the contact between two bodies. This 

is usually done with surface parameters where the most commonly surface parameter used is 

the arithmetic average roughness Ra. This value is calculated from a 2D surface profile and Ra 

is said to be the average height of the roughness-component irregularities from the mean line 
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within a sampling length, L. The mean line is defined to have equal areas of the surface 

profile above and under it. The Ra value is calculated with Equation (1), where L is the 

sampling length and y the height of the surface above the mean line at distance x. 

dxxy
L

R
L

a ∫=
0

)(1  (1) 

One problem with Ra values is that even with the same value the surfaces may look different 

and therefore provide different tribological properties, see Figure 9. 

 

Figure 9. Different types of surface profiles with the same Ra [17]. 

An improved surface measurement method described in STD4261 along with the SS-EN ISO 

1356-1 is used as standard at Scania. The method described is known as the Abbot curve, 

shown to the right in Figure 10. Rk is the depth of the roughness core profile and is calculated 

by constructing an equivalent straight line with the lowest slope containing 40 % of the 

material ratio. The reduced peak height Rpk is the average height of the protruding peaks 

above the roughness core profile. The reduced valley depth Rvk is the average depth of the 

profile valleys through the roughness core profile.  

 

Figure 10. A roughness profile on the right and corresponding areas in a Abbot curve on the left [18]. 
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2.5 Friction 

The peaks in Figure 10 are usually called asperities. These asperities are the first to come in 

contact when two surfaces come together. It is through these localized regions of contact that 

forces are exerted between the two bodies, and these forces are responsible for friction in 

sliding. The friction force is the tangential force F and is strong enough to move the upper 

body over the counter face in Figure 11. The ratio between this friction force and the normal 

load W is known as the coefficient of friction, μ in Equation (2). 

 

Figure 11. Friction force F needed to slide an object loaded with a force W. 

W
F

=µ  (2) 

This coefficient of friction may vary over a wide range of values from 0.2 for copper against 

steel (0.13 % C) to 1.2 for lead sliding against the same steel. Friction is divided in to two 

components, one adhesive component, and one ploughing component. 

2.5.1 Adhesion 

As soon as two surfaces of similar or dissimilar materials comes together and slide against 

each other asperity junctions will form with a stronger bonding than the shear strength of the 

weaker metal. This leads to fragments of the softer material transfer onto the harder one. 

To estimate the coefficient of friction due to adhesion, we denote the true area of contact Ar, 
as the sum of the cross-sectional areas of all the asperity junctions and assume that all 

junctions have the same shear strength τ, and then the friction force due to adhesion will be 

given by: 

τradh AF =  (3) 

For surfaces finished by conventional engineering processes the initial asperity contacts will 

be effectively plastic and we can write Equation (4) since the normal load, w, which the 

asperities are capable of supporting, if they deform plastically, will be close to the indentation 

hardness H of the softer material. 
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HAW r≈  (4) 

Using Equation (2) the contribution to the coefficient of friction due to adhesion will be: 

HHA
A

W
F

r

radh
adh

ττ
µ =≈=  (5) 

The indentation hardness is about three times the uniaxial yield stress Y for metals [16]: 

YH 3≈  (6) 

In pure shear the yield stress is about 1.7 to 2 times larger than in uniaxial tension [16] and 

therefore: 

τ5≈H  (7) 

Using this in Equation (5) gives: 

2.0
5

=≈
τ
τµadh  (8) 

2.5.2 Ploughing 

When two surfaces slide over each other the asperities of the harder surface will penetrate the 

softer one. An indent in the elastic region does not leave any permanent tracks but if plastic 

deformation occurs, grooves will be left in the softer material. This deformation term may be 

estimated by considering a rigid conical asperity of semi-angle, α, that slides over a planar 

surface with indentation hardness H. 

 

Figure 12. Model for the deformation component of friction. The asperity is assumed to be conical and slides 

through a surface and plastically deforms it. 

The tangential force needed to plough through the material will be the indentation hardness 

multiplied by the cross sectional area of the groove: 

)tan(2 aHxHaxFdef ==  (9) 

The normal load supported by the asperity is given by:  

)(tan
2
1

2
22

2

aππ xHaHW ==  (10) 

The coefficient of friction due to the ploughing term will therefore be: 
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)tan(
2

)(tan
2
1

)tan(
22

2

aπaπ

aµ ===
xH

Hx
W
Fdef

def  (11) 

The slopes of real surfaces are nearly always less than 10 ° (i.e. α>80 °), therefore μdef is 

expected to be less than 0.1 [16]. Add the two friction components μdef and μadh (0.2+0.1) 

together a total coefficient of friction of 0.3 is obtained. This estimation is what could be 

expected when measuring the coefficient of friction for different metals sliding over each 

other. By comparing this number to measured data in [16], we see that this estimation is too 

low, indicating that other effects must be playing a role. Such effects are junction growth and 

work-hardening [16]. 

2.5.3 Junction growth 

Whether a metal flows plastically or not is determined by a yield criterion, which the model 

just described does not take into account. When an asperity comes in to contact with another 

surface it is subjected to uniaxial compression by a normal stress p0, which is assumed to be 

on the point of yielding. When a tangential stress is applied on the asperity junction, an 

additional shear stress is introduced in the material. For the material to remain at the point of 

yielding the stress must be reduced to p1. There are two ways to reduce the stress, either lower 

the normal load or increase the area. In this case the load is static and cannot be reduced and 

the contact area must grow. This behaviour is called junction growth. 

2.6 Wear 

At tribological contact is the surface affected in different ways, the surface is damaged by 

removal of material, change in microstructure, composition and topography [16]. Wear is 

classified in three main mechanisms: sliding wear, abrasive wear and oxidative wear. 

2.6.1 Sliding wear 

Sliding surfaces are usually lubricated but there are some applications where the dry metal 

surfaces slide against each other, this is often called dry sliding wear. One process that is 

strongly associated with sliding wear and plays an important role is adhesion. Terms like 

scuffing, galling and cold welding are often used when discussing sliding wear and these 

terms describe different types of mechanisms and how material is removed. When asperities 

come in contact they stick to each other by adhesive forces and as the sliding continues 

material debris is torn off from the bulk material with the lowest shear strength [16]. 
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2.6.2 Abrasive wear 

In abrasive wear, a harder surface or hard particles scratch or remove material from the softer 

surface. There are two types of abrasive wear: two body and three body. Asperities of the 

harder surface plough through the softer surface in two body wear. In three body wear hard 

particles are free to roll and slide between the two sliding surfaces. These different 

mechanisms produce different wear marks on the surface. Two body wear produces a striped 

surface while three body wear leaves a messy surface behind with dimples created by the hard 

particles. 

2.6.3 Oxidative wear 

In air most metal surfaces are covered with a thin oxide layer. This layer is formed by a 

chemical reaction between the surface and the ambient air. This reaction accelerates at 

elevated temperatures. In sliding wear flash temperatures is often seen and these flashes are 

created when asperities come in contact and deform. This increases the temperature in the 

metal and the oxidation process progresses faster [16]. If the oxide layer is thick enough, 

metal contact is avoided and the coefficient of friction is reduced and plasticity-dominated 

mechanisms suppressed by reducing the shear strength of the interface. Oxidative wear means 

that this oxide layer is built up and worn off repeatedly, because the oxide is a chemical 

compound of the base material and the ambient oxygen base material is removed in the wear 

debris. This form of wear is usually milder than the severe adhesive wear in metal-metal 

contact but they can also create a more hostile environment if the oxide particles are abrasive. 

2.6.4 Surface fatigue 

During operation the engines are subjected to cyclic loading. In sliding contact with a low 

coefficient of friction the highest stresses are created just below the surface. Lateral cracks are 

formed in this region and turns upwards as loading and unloading continues. With a higher 

friction coefficient (μ > 0.3) fatigue cracks are generated at the surface [17]. 

 

Figure 13. Different types of cracks created in sliding contact [19]. 
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2.6.5 Ways to reduce friction due to wear mechanism 

To deal with the different wear mechanisms different approaches are useful and the 

techniques differ for adhesion or abrasive wear reduction. One technique that effectively 

reduces both wear mechanisms is the use of lubricants, see section 2.7 and other approaches is 

presented below [12]: 

Ways to reduce adhesive wear: 

• Combinations of non-metal against a 

metal 

• High hardness of both surfaces 

• High roughness of both surfaces 

• Strong oxide film 

• Thin layer with low shear strength 

• Using a dry lubricant such as graphite  

Ways to reduce abrasive wear: 

• Difference in hardness between 

surfaces < 10 % 

• High hardness of both surfaces 

• Low roughness of the harder surface 

• Embedding hard particles in the softer 

surface 

• Removing hard particles or keeping 

them away 

2.7 Lubrication 

One way to reduce friction is to use lubricants. The lubricant separates the two surfaces in 

contact by creating a layer with lower shear strength than the surfaces. Other effects lubricants 

provide are temperature reduction, corrosion protection, transfer power and electrical isolation 

[17]. Depending on viscosity, sliding velocity and normal load different lubrication conditions 

are achieved with different coefficient of friction as a result. The variation of μ is shown in a 

Stribeck curve (Figure 14). There are two main mechanisms for lubrication are boundary 

lubrication and hydrodynamic lubrication with a zone between them called mixed lubrication 

containing both mechanisms. Each lubrication mechanism will be described in the next 

sections. 

 

Figure 14. The Stribeck curve [20]. 
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2.7.1 Boundary lubrication 

At extremely high loads or at low sliding speeds the pressure in the film is insufficient for 

separating the surfaces and therefore the load will be supported by asperities in contact. High 

friction and wear rate is avoided by using a boundary lubricant by forming an adsorbed 

molecular film on the surface. Polar end-groups on the molecular chains bind to the surfaces 

and align themselves perpendicular to the surface and most of the load is carried by repulsive 

forces between the molecules. This reduces the area of asperities in contact and hence the 

frictional force. Some wear still occurs but it is substantially less severe than at an 

unlubricated contact [16]. 

2.7.2 Hydrodynamic lubrication 

To achieve hydrodynamic lubrication the opposing surfaces must be conformal and the gap 

between them must converge. With the right geometry, fluid viscosity and surface motion a 

pressure is created in the fluid that supports the load and keeps the surfaces separated [16]. 

Elasto-hydrodynamic lubrication is part of the mixed/hydro dynamic lubrication that arises 

when the sliding surfaces are counter-formal or under high loads. The lubricant film is usually 

a few microns thick and local pressures between the surfaces can range up to 5-10 GPa [17]. 

According to classical hydrodynamic theory would the film be much thinner under these high 

pressures and asperity contact would occur. This thicker film is achieved by two effects; the 

first effect is that the high pressure in the film locally increases the viscosity of the lubricant. 

This change in viscosity allows the fluid to support the load. Because of this high pressure the 

second effect arises, the high load deforms the surfaces elastically until the area of the point 

contact is big enough to support the load. 

2.7.3 Mixed lubrication 

Mixed lubrication is the regime where the lubrication gradually goes from hydrodynamic 

lubrication to boundary lubrication. This regime contains elements from both lubrication 

mechanisms which mean that the coefficient of friction is determined by both viscosity shear 

stresses and the shearing of boundary films. 

2.8 Running in 

At the start of sliding transient behaviour is sometimes observed, until equilibrium surface 

conditions have been established. This period is called running in and the wear rate may be 

lower but is usually higher than the corresponding steady state wear rate. Running in is 
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associated with a smoothing of surface topography, where the highest asperities come in 

contact and deform, or the formation of an interfacial oxide layer or a hard phase. 

2.9 Surface treatments 

Two different surface treatments were used in the preparation of the cylinder liners: 

atmospheric plasma arc spraying technique and honing. Atmospheric plasma spraying was 

used to apply the Cr2O3, TiO2 and F2071 coatings and honing was used on the grey cast iron 

and F2071 liner. These processes are presented in the following sections. 

2.9.1 Atmospheric plasma spray 

Atmospheric plasma spray is part of the more general term thermal spraying processes and the 

main components of the system are: 

• Gas supply: argon, helium, nitrogen, hydrogen 

•  Water-cooling circuit 

• DC power supply 

• Powder feeder 

• Plasma gun (Figure 15) 

• Control console 

 

Figure 15. Schematic of a plasma gun [21]. 

Plasma is produced by transferring energy into a gas until the energy level is high enough to 

ionize the gas. This allows the electrons and ions to act freely and if currents can be sustained 

as the free electrons move through the ionized gas, a plasma state is achieved. When the 

energy is removed the electrons and ions will recombine releasing energy in form of heat and 

light. Plasma state is achieved when the gas passes an electric arc (20-200 kW) between the 

anode and cathode in the gun [22]. The gas expands radially and axially during the rapid 

expansion and this accelerates the droplets of the coating material to 250-500 m s-1 [16]. The 

feedstock material is injected into the hot gas plume, where it is melted and propelled towards 
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the target substrate to form the coating. In the arc the temperature may exceed 20 000 K and a 

few centimetres from the exit the temperature is still over 10 000 K. Plasma arc spray is a 

flexible process because of the different materials that can be sprayed such as polymers, metal 

alloys and ceramics. This is due to the high temperature and velocity along with the use of 

inert gases. A porosity of 1-10 % is obtained in this process because the nonuniform 

deformation of the droplets creates small gaps between them. A cross section of the F2071 

coating is shown in Figure 16 where the porosity can be seen. Powders with particle sizes in 

the range of approximately 10–60 µm are the preferred feedstock materials for most thermal 

spray processes. Particles are deformed on impact, the substrate thereby remains non-melted 

and the coating is primarily mechanically bonded to the substrate. The coating thickness 

typically lies within the range of 100–500 µm [23]. 

 

Figure 16. Cross section of the F2071 APS coating, where the porosity can be seen. 

2.9.2 Honing 

To increase the wear resistance and at the same time reduce oil consumption, the cylinder 

liners are honed to a desired surface finish. The honing process leaves cutting marks that 

forms a diagonal pattern of valleys on the liner surface. Three stages are used during the 

honing process to achieve the desired surface these are listed below. 

1. Rough honing to get the rough size of the cylinder liner and the deep valleys. 

2. Peaks are removed using a smoother honing tool 

3. Material that has become embedded in the valleys is removed with a very fine honing 

tool, or brush. 

This process partially removes the running in process and the valleys control the amount of oil 

available in the contact, by both retaining oil on the liner surface and improving the 

distribution of oil. 
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2.10 Previous studies on the piston rings, materials and lubrication type 

During each stroke the conditions change of the piston, this is because there is no constant 

movement of the piston during running conditions. This provides a unique and difficult 

lubrication environment, both from a measurement and a computational point of view [24]. 

Kurbet et al [2] have conducted a literature survey on oil consumption and frictional losses 

and concluded that the piston and ring dynamics is a complex phenomenon. To understand the 

dynamics completely a thorough three dimensional analysis must be conducted according the 

author. This is considered to be too much for this thesis work but it is important to realise that 

that the piston enters all three regimes of lubrication during its stroke [11], [24], [25]. At top 

and bottom dead centre the piston movement equals zero for a short time, the lubrication 

parameter in the Stribeck-curve would then be zero and that corresponds to boundary 

lubrication. A hydrodynamic film is created as the piston starts moving and during the mid-

stroke full film hydrodynamic lubrication is achieved. To minimize the friction, the 

lubrication regime near the minimum in the Stribeck-curve is desirable. On the other hand an 

extremely thin film is desirable to obtain the best sealing between the top compression ring 

and cylinder liner to prevent blow back and optimal heat dissipation [12]. At the top dead 

centre, when the gas is ignited, the piston and the ring are exposed to temperatures up to 600 

°C and pressures around 250 bar [26]. 

The working conditions vary during operation of the engine, the variety of applications causes 

different speed and loading conditions, both affecting the friction between the piston rings and 

cylinder liner. To maintain constant engine speed when the load on the engine increases, the 

amount of air and fuel brought into the cylinder to be compressed and burned during 

combustion must be increased. As a result higher peak pressures are reached in the cylinder. 

Grant [1] compared the effect of varying engine load by comparing two different engines 

operating at different loads. The peak pressure for the high load engine was 80 bar while the 

low load engine had a peak pressure of 20 bar. The friction power loss for each piston ring 

was plotted against the crank angle shown in Figure 17 (a) and (b). By comparing these two 

figures, reducing the engine load mainly affects the friction power loss on the top ring and at 

the lower engine load the oil control ring is the main contributor to friction. 
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Peak pressure 80 bar 

 
(a) 

Peak pressure 20 bar 

 
(b) 

Figure 17. Friction power loss for each ring at, (a) 80 bar and (b) 20 bar [1] 

Nadel et.al [27] investigated the cylinder liner wear in low speed diesel engines, where they 

used cylinder liners made of grey cast iron. Low wear was classified as a wear depth of 0.01 

mm per thousand hours. A low wear surface was covered with parallel grooves and small pits 

evenly dispersed. This wear was classified as abrasive wear caused by ash and oxides from 

the fuel or air. Wear at the rate of 1 mm per thousand hours was classified as heavy wear and 

the surface consisted of a plate-like flow structure leading to the appearance of delamination. 

They also found transverse cracks in the flowed layers indicating that the surface stresses 

exceeded the tensile strength of the material. The wear varied down the cylinder liner and at 

the top dead centre wear was primarily caused by abrasion, where the rubbing action had 

caused the hard phases to protrude. They suggested that wear particles that ploughed through 

the pearlite were obstructed by the hard phase and climbed over it and continued to plough 

through the material on the other side. At bottom dead centre the original machining marks 

were still present, abrasion had taken place but in a mild form without any corrosion or 

differential wear. One conclusion Nadel et al. drew from their analysis was that because of the 

varied cylinder liner wear, it may only be necessary to protect the top dead centre with 

another material to reduce abrasive wear. 

Randil [28] used a reciprocating test-rig to test chromium coated piston rings against grey cast 

iron cylinder liners. The ring was electroplated with a 250 µm thick chromium coating. The 

results were compared with a cylinder liner and piston ring from an engine with 650 000 km 

of service. Wear areas of the ring and cylinder liner specimens both showed vague wear lines 

in the sliding direction indicating a mild abrasive wear mechanism. There were also cracks in 

the liner surface probably caused by fatigue. Comparison with the parts from the real engine 

showed that the same abrasive wear mechanism is active for both ring and liner. One 

difference was that the ring surface also contained cracks and micro-pitting. The cracks were 
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most likely caused by exposure to the repetitive thermal shock loads produced by combustion 

and the mechanism responsible for the micro-pits may be a result of spalling due to thermal 

cycle fatigue and/or micro-welding. The wear coefficient from the rings ranged from 5.2x10-

10 to 1.2x10-9 mm3/Nm and the liner wear coefficient was 1.0x10-8 mm3/Nm. 

Skopp et al. [23] tested two substoichiometric titania (TiOx) coatings applied on a grey cast 

cylinder liners with plasma spraying. The cylinder liners were tested against different piston 

rings and with different lubrications. Both coatings reached to or exceeded the wear resistance 

of the grey cast iron when paired with the right piston ring. These coatings showed no effect 

on friction reduction and it was concluded that the coefficient of friction is determined by the 

lubricants or by an individual interaction between lubricant and a specific material. The piston 

rings had a wear coefficient between 10-8 to 10-9 mm3/Nm. Tests on the cylinder liner showed 

a wear coefficient of 1.9x10-7 to 1.0x10-10 mm3/Nm and a coefficient of friction from 0.03 to 

0.15. 

Kwon et al. [29] studied the tribological behaviour of plasma sprayed chromium oxide, by 

testing the coating in a reciprocating test in dry and lubricated environment. The lubricated 

test was run at room temperature and at 200 °C. At room temperature the coefficient of 

friction was 0.12 and at 200 °C the friction coefficient was reduced to 0.09. Contact pressure 

used was 2.4 MPa, stroke length was 15 mm at a frequency of 20 Hz and the test was 

conducted for 90 minutes. The total volume loss was 1.27x10-10 m3 for the test which 

corresponds to an average wear coefficient 3.7x10-7 mm3/Nm. During these conditions surface 

films were created, which reduced the friction and the wear coefficent effectively. 

2.11 Present study 

The friction losses in a heavy duty engine may exceed 15 % where piston rings stand for a 

significant amount, and thus a better understanding of their friction is especially important for 

fuel economy improvement. Piston rings are exposed to extreme stresses, impact, corrosion, 

and abrasion. They must be able to operate with a minimum of lubrication and still provide 

service at low wear conditions [22]. This master thesis was focused on recreating the 

environment the top piston ring endures. Even in the most advanced test set-ups it is difficult 

to recreate the exact working conditions and predict the actual performance in the engine 

because of the complexity, both chemically and mechanically [30]. The goal was to develop 

the test method and evaluate and rank four different materials using a test-rig with the 

replicated working conditions. Tested materials are grey cast iron, F2071, TiO2 and Cr2O3. 
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Titanium and chromium oxide are the new materials to be tested and are potential candidates 

to reduce friction and wear because of their high hardness. Three parameters were used in 

evaluation and ranking of the different materials: surface roughness parameters, friction and 

wear coefficient. Friction and wear were the most important properties in this test and the 

surface parameters along with SEM-analyse were used as a tool to explain the behaviours 

seen in the friction curves. 

After testing the following questions will be answered: 

• What material has the lowest coefficient of friction? 

• Are the friction affected by the surface roughness? 

• What material has the lowest wear coefficient? 

• Is the wear and friction correlated? 
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3 Methods 

To evaluate the friction and wear coefficient between the cylinder liner and piston ring in an 

easy and effective way, a tribotester from Cameron-Plint was used. More information about 

the rig is found in section 3.1. To give a useful result, each parameter effecting both friction 

and wear must be considered. It is important to see if the result is reproducible that is why 

each material tested is run three times. The result should be compared with a real cylinder 

liner and piston ring taken from an engine to see if the wear process is the same in both cases. 

The tools used to evaluate this along with test parameters chosen will be presented in this 

chapter. 

3.1 Cameron-Plint 

A Cameron-Plint test-rig model TE77 was used for all testing and Figure 18 shows the 

principle of the test-rig. The setup consists of: specimens, an oil-bath where the cylinder liner 

specimen is placed and a reciprocating arm where the piston ring segment is mounted. Under 

the oil-bath four heaters are mounted, allowing tests at elevated temperatures. This type of test 

is called reciprocating pin-on-disc and was used here to replicate the motion of the piston ring 

against the cylinder liner. The applied force can be set between 0 and 1000 N, the frequency 

may be adjusted between 0 and 20 Hz and the maximum temperature that the thermocouples 

can sample is 600 °C, because of safety regulations the maximum temperature allowed is 80 

°C. The friction force is measured by the load cell and recorded by a computer that also stores 

the applied force, temperature and time. 

 

Figure 18. Schematic of the Cameron-Plint TE77 test-rig. 
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3.2 Weighing 

Each cylinder liner specimen was weighed before and after the test to calculate the material 

loss during each test. A Mettler-Toledo 204-S balance was used with the lowest resolution of 

0.1 mg and a tolerance of ±0.1 mg. Before weighing the specimens were cleaned in ethanol 

using an ultrasonic washing machine. 

3.3 Profile measurements 

Each cylinder liner sample was measured 10 times along the surface with a stylus 

profilometer. The profiles were evenly spread over the cylinder liner sample width with a 

distance of 0.9 mm apart, the profile was 20 mm long to cover the worn area together with 

unworn profiles at the ends. These unworn profiles at the ends were used to match the profiles 

before and after testing. Snihs et al. [6] created a program that calculates the wear rate 

coefficient, Wr,coeff, of the material using Equation (12). This equation contains the worn of 

volume, V, that is calculated from the surface profiles. F is the applied force in the test rig and 

f is the frequency of the reciprocating arm in Hz. l is the stroke length and t is the test time in 

seconds. These parameters are set in chapter 3.7 Test parameters. The surface profiles were 

also used to calculate the surface roughness before and after the wear test. The equipment 

used to measure the surface was Mahr’s measuring system MarSurf 120, with a stylus radius 

of 2 µm and a step length of 0.5 µm [31]. The data were analysed with the program Senso 

Map from Digital Surf. Each profile was cut off to 4 mm, according to DIN EN ISO 

4288:1998 should the surface parameters be evaluated over this length. An important thing is 

the use of the right filter removing form and waviness profiles in the profile analyse, the 

standard filter used in the program is the Gaussian filter ISO 11562. This is an old filter that 

creates artefacts, see Figure 19. This might mess with the surface parameters resulting in a 

surface that is rougher and have higher peaks that really exist. This is not a correct image of 

the surface and a better filter to use is the robust Gaussian filter, which uses an iterative 

method based upon the Gaussian regression. The same profile as in Figure 19 is shown in 

Figure 20 but here is the waviness profile removed with the robust Gaussian filter. 

Fflt
VW coeffr 2, =  (12) 
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Figure 19. Artefacts marked with rings that the Gaussian filter (ISO 11562) creates when removing waviness. 

 

Figure 20. Same surface profile as in Figure 19 but filtered with the robust Gaussian filter (ISO 16610). 

3.4 SEM 

A Scanning Electron Microscope (SEM), from Zeiss Sigma VP with Gemini field emission 

column, was used to study the cylinder liner surfaces before and after the wear test. The SEM 

is equipped with three detectors: A Secondary Electron (SE) detector, a Back Scatter Electron 

(BSE) detector and an Energy Dispersive X-ray (EDX) detector. With a SEM it is possible to 

study how the surfaces changes before and after testing and to evaluate what type of wear 

mechanism that was active. Knowing the wear mechanism will in further investigations help 

reducing friction and wear. 
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3.5 Hardness measurements 

The micro Vickers hardness test was used to evaluate the hardness of the surface layers. Test 

machine used for testing was Matsuzawas model MXT30. 10 indents was made and measured 

on the surface layers. Variations in hardness are seen in the surface layer because of the 

porosities, if a pore is located under or near the indention the material would appear soft and 

if no pore is close to the indention the material would appear hard. To avoid this, the two 

highest and lowest hardness values measured were removed and an average value was 

calculated from the six remaining values. 

3.6 Test specimens 

Cylinder liner test specimens were prepared from a cylinder liner prepared with the right 

surface treatment, each test specimen was 10 mm wide and 58 mm long with two M4 holes at 

each end. The cylinder liner had an inner diameter of 130 mm and the top piston ring had a 

diameter of 127 mm. A 45 mm long segment of the piston ring was cut out 90 ° from the 

opening. This provided the most conformable fitting between the ring and liner, the spacing 

between the liner and ring can be seen in Figure 21 (a)-(c). Ring segments in these figures 

correspond to 140 ° in (a), 90 ° in (b) and 25 ° in (c). 

 

(a) 

 

(b) 

 

(c) 

Figure 21. The conformability of the piston ring against the cylinder liner at (a) 140 °, (b) 90 ° and (c) 25 ° from 

the opening. Best conformability was obtained with the segment 90 ° from the opening. 

 

Figure 22. Placement of the piston ring segment on the piston ring. 
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3.7 Test parameters 

The test parameters used for testing are shown in Table 1 where a description to each 

parameter is presented in section 3.7.1 to 3.7.4.  

Table 1. Test parameters used during each test 

Stroke length 13.2 mm 

Frequency 10 Hz 

Force 240 N (22 MPa) 

Temperature 80 °C 

Lubrication Fully immersed in new 10W-30 oil 

Time 6 h 

3.7.1 Velocity 

The velocity of the piston can be described with Equation (12). 
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Where L is the stroke length, k is the conrod length, N is the engine speed and ϕ is the crank 

angle. Highway cruising speed for a truck is 80 km/h at that speed the motor typically runs at 

1000 rpm, the stroke length of the studied engine is 16 cm and the conrod length is 25.5 cm. 

The change in velocity during one stroke is shown in Figure 23. 

 

Figure 23. Piston velocity for a truck engine at 1000 rpm. 
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The stroke length of the test-rig is 13.2 mm and this is the part at top dead centre that shall be 

simulated. To calculate how much the crank shaft turned to move the piston 13.2 mm after top 

dead centre is a simple model in Figure 24 used, where r is half the stroke length, l the conrod 

length and x is the position of the piston. Knowing that the piston has moved 13.2 mm and 

using the two relationships in Equation (13) and (14) the crank angle θ and conrod angle φ 

can be calculated. 

 

Figure 24. Model to determine the location of the piston during its motion. From [32] 

ϕθ sincos lrx +=  (14) 

ϕθ sinsin lr =  (15) 

Solving this equation system yield that θ is 29 ° and φ is 8.8 ° when the piston has travelled 

13.2 mm from top dead centre. Integrating Equation (12) over the first 29 ° and then dividing 

that area with the 29 ° again the average piston velocity is obtained for the first 29 °. The 

average velocity is calculated to 2.71 m/s for the first 13.2 mm at a speed of 1000 rpm. This 

corresponds to a frequency of 207 Hz in the test-rig, which is impossible to achieve and only 

5 % of that velocity is obtainable at frequency of 10 Hz. 

3.7.2 Pressure 

The contact area between the cylinder liner and piston ring determines the force that is being 

exerted between the two components. The piston rings have a rounded face with a profile 

according to Figure 25. The measured profile was from a worn ring, and the worn width on 

the surface is measured in Figure 26 to 1.12 mm. 
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Figure 25. Profile for the top compression ring. 

 

Figure 26. Width of the worn area on a run-in piston 

ring from an engine test. 

The peak pressure in Scania’s engines can potentially reach 250 bar, this pressure is applied 

on the back of the piston ring, half of the running surface and the top side of the ring. This 

pushes the ring to the bottom of the groove creating the sealing effect. Pbelow is the pressure 

between the first and second compression ring, this pressure reaches a few bars due to leakage 

from the first ring [11]. Figure 27 show all forces acting on the piston ring, and to 

approximate the contact pressure Pc between the ring and liner it is assumed that half of the 

running surface is not in contact with the liner and the same pressure Pabove is exposed to both 

sides of the piston ring, thus not adding any force to the contact area. The bottom pressure of 

the ring is not high enough to add any lifting force and Pbelow can thus be assumed to zero. 

Left is the pressure acting on the other half of the rings back and the contact pressure, these 

areas are almost the same size leading to Pc=Pabove. The pressure caused by ring tension is 

around 1 MPa and does not add much to the total pressure. Ffric,rad reduces the contact pressure 

a little but is not taken into account in this assumption. 
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Figure 27. Illustration of the pressure acting on the piston ring 

[33]. 

Axial direction: 

• mass force: xmR ⋅  

• friction force between liner and 

ring running surface: axfricF ,  

• gas force: axgasF ,  

• damping force caused by the oil 

filling of the groove: axhydrF ,  

Radial direction 

• force caused by tension: radresidF ,  

• gas force: radgasF ,  

• friction force between ring and 

ring groove: radcntF ,   

• force due to hydrodynamic fluid 

film super-imposed with asperity 

contact pressure: radfricF ,  

• gas force acting on the ring 

running face at the non-oil-wetted 

area: radgasRF ,  

Figure 28 shows the variation of gas pressure in the combustion chamber for different speeds 

and loads. Choosing a worst case scenario to simulate the cylinder liner piston ring contact at 

1000 rpm and indicated mean effective pressure of 2630 kPa. The mean pressure over the first 

13.2 mm after top dead center is calculated to 220 bar. The width of the contact is 1.12 mm in 

Figure 26 and the arc length of the cylinder liner specimen is calculated to 10.00247 mm, this 

can be assumed to be 10 mm. For a wider specimen the arc will have a larger influence which 

should be calculated. The contact is calculated to 11.2 mm and the force to achieve a pressure 

of 220 bar on this area is 246.6 N. The test-rig is thus set to apply 240 N but the actual applied 

force may vary a few N up and down during the run. 
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Figure 28. Variation of gas pressure in the combustion chamber, IMEP – Indicated Mean Effective Pressure [34]. 

3.7.3 Lubrication and temperature 

The lubricant used in this study was 10W-30, the standard oil used in Scania’s engine tests. 

The liner specimen was fully immersed in the oil. This does not represent the real lubricant 

condition in the engine but as Spencer et.al [11] showed, full film lubrication is only achieved 

during low loads and high speeds. The lubricant condition in this test will be in the boundary 

region as defined in Chapter 2.7. The kinematic viscosity temperature dependency is shown in 

Figure 29. The viscosity rapidly changes at room temperature but as the temperature raises the 

viscosity stabilizes. Figure 30 shows the temperature in the cylinder liner at different locations 

and at different speeds. The highest temperature reached is above 180 °C and in this case for a 

highway cruising truck at 1000 rpm the maximum temperature is 140 °C. This temperature is 

possible to achieve in the rig but safety regulations limit the temperature to 80 °C but as seen 

in Figure 29 the kinematic viscosity between 80 and 140 °C is quite stable and 80 °C gives a 

good approximation of the of the oil behaviour even though a higher temperature would be 

desirable. 
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Figure 29. The dynamic viscosity for the oil 10W-30 

as a function of temperature. 

 

Figure 30. Temperature changes from Top Dead 

Centre (TDC) down the cylinder liner. 

3.7.4 Time 

A piston ring in an engine is said to be run-in after 120 hours of service. In this thesis the 

same piston ring segment will be used for all the materials. A new ring will be run in for 120 

h in the rig with the same parameters presented in this section. After 120 h it is believed that 

the contact area is the same as the contact area in the motor. Using one piston ring that has 

been through the running in process for all testing excludes the 120 h needed for the for the 

piston ring to get the right contact area and only the cylinder liner needs to adapt to the 

service conditions. Two of the previous master students [4], [5], have used 6 h test time while 

one used 20 h [6]. These theses have also included piston ring wear which is a slower process 

than cylinder wear [30]. In this thesis a test time of 6 h is used because this provides the 

possibility to run 2 tests each day. 

3.8 Piston ring holder 

The old ring holder is shown in Figure 31 (a). The ring is clamped between two metal plates 

and the edges are chamfered to support the sides of the ring. The mid-section of the holder, 

shown in Figure 31 (b), supports the ring at three points; the edges and the middle. A slot is 

made in the rings back to keep it in place. This design forces the ring-segment to open rather 

than to close it which is bad for the conformability. As a result only the edges of the cylinder 

liner are in contact with the piston ring. This can be seen on the worn cylinder liner surface 

shown in Figure 31 (c) where the liner is only worn close to the edges. 
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(a) (b) 

 

(c) 

Figure 31. (a) old piston ring holder, (b) forces are exerted from the holder to the ring at three places, the middle 

end the edges of the holder, (c) worn surface with the old ring holder, the arrow show the sliding direction. 

This type of wear does not replicate the conditions in the engine since the contact pressure on 

the edges is high enough to cause severe abrasive scratches. This type of wear is absent in an 

engine which concludes that this setup provides the wrong wear mechanism. Inspiration to 

solve this problem came from Spencer et al. [11] and Truhan et al. [30] who both used a 

section of the ring groove from a piston to hold the ring segment in place. A threaded hole is 

drilled in the centre piston portion in the groove. This allows the radius of the ring to be 

adjusted to get a better conformability. Two side-plates are used to keep the ring segment in 

place with a hole in each plate where the ring segment can rest. A CAD-model without the 

side-plates is shown in Figure 32 (a). The figure show how the segment from the piston is 

clamped against the reciprocating arm. In Figure 32 (b) the piston ring holder is fully mounted 

in the ring holder. The long black screws add extra clamping force on the piston segment and 

are beneficial when removing the front plate to adjust the bore screw. With the correct ring 

pressure from the bore screw, a worn surface like the one in Figure 32 (c) is achieved. 
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(a) 

 
(b) 

 
(c) 

Figure 32. (a) CAD-model of the new piston ring holder, (b) the new piston ring holder with a mounted piston 

ring segment, (c) worn surface from a test with the new piston ring holder, the arrow show the sliding direction. 

Fujifilm Prescale LLLW pressure film was used to ensure a good conformability in the 

cylinder liner-piston ring contact. This film has a pressure range between 0.2-0.6 MPa [35] 

and during setup was 12 N applied with the test-rig. A low load allowed a high resolution of 

the pressure distribution. Typical an initial to final setup looked like the one shown in Figure 

33 Initially the contact was unconformable where the pink colour only appeared at the right 

side of the liner. Moving the liner to the left in in a few small steps was a more conformable 

contact obtained with an evenly distribution of the colour in the contact. 

  
  

Figure 33. Fujifilm Prescale pressure measuring film used during the conformability adjustment, from the initial 

attempt (left) through to the conformal contact (right). 
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3.9 Test material 

Four different materials were tested in this thesis, grey cast iron was the base material in all 

specimens and the chemical composition of the cylinder liner can be seen in Table 2. The 

other three specimen liners had been plasma sprayed with Metco’s mixture F2071, Cr2O3 and 

TiO2. The F2071 mixture contains 65 % Fe14CrMo2 and 35 % of a ceramic which contains 

Al2O3 and ZrO2 [21]. The specimens from the grey cast iron were taken from two different 

liners that had different honing patterns, one had distinct honing marks and the other had 

honing that was less eminent. The different topographies are shown in Figure 34, the liner 

with distinct honing marks was denoted good honing showed in (a) and the other liner was 

denoted with bad honing in (b). The rings in the figure marks where material have filled the 

valleys in the honing texture. This reduces the textures ability to provide oil to the piston ring 

cylinder liner contact which increases the friction. 

 
(a) 

 
(b) 

Figure 34. Topography for the grey cast iron surfaces with (a) good honing and (b) bad honing where the rings 

mark where the valleys are filled with material.  

Table 2. Chemical composition of the grey cast iron cylinder liner 

Element Weight % 
C 3.0-3.5 
Si Approx. 2 

Mn 0.6-1.0 
P 0.4-0.8 
S max 0.12 

Cr 0.4-0.7 

Piston ring used came from Federal Mogul with the product name Goetze CKS®, in this ring 

is the following martensitic steel X90CrMoV18 used. The steel has been through a nitriding 

process and the running surface was coated with both chromium and aluminium oxide. 

Process used to apply the coating was electrochemical deposition. This coating has a cracked 
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network that extends all the way through the thickness of the coating. This cracked surface of 

the piston ring can be seen in Figure 35. Compared to hard chromium coatings this coating 

has about a 50% lower wear rate and significantly improved scuff resistance [13]. Hardness of 

the ring is specified to 900- 1200 HV and the chemical composition can be seen in Table 3. 

 

Figure 35. Running surface of the piston ring. The dark areas of the surface is Al2O3 and the main element is 

chromium. 

Table 3. Chemical composition of the piston ring 

Element Weight % 
C 0.85-0.95 
Si 0-1.00 
Mn 0-1.00 
P 0-0.04 
S 0-0.03 
Cr 17.00-19.00 
Mo 0.90-1.30 
V 0.07-0.12 

Tribo-films and adsorbed particles on the piston ring can influence friction and wear-rate. To 

avoid that each material was affected by the material tested before the materials was tested 

randomly. Tribo-films and adsorbed particles could still affect the test afterwards but at least 

it was not the same material that was affected each time. Each material was tested three times 

to see the reproducibility of the test. The tests were run according to Table 4. 

Table 4. Scheduled tests. 

Test 1 Test 2 Test 3 
Good honing F2071 TiO2 

F2071 Good Honing Bad Honing 
Bad Honing TiO2 Cr2O3 

Cr2O3 Cr2O3 Good Honing 
TiO2 Bad Honing F2071 

javascript:popupscroll('kw_1237.htm',%20250,%20300)
javascript:popupscroll('kw_1151.htm',%20250,%20300)
javascript:popupscroll('kw_1151.htm',%20250,%20300)
javascript:popupscroll('kw_1420.htm',%20250,%20300)
javascript:popupscroll('kw_1161.htm',%20250,%20300)
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4 Results and discussion 

In this section are the results from the surface measurements and SEM evaluation presented 

and discussed along with the friction and wear tests. 

4.1 Roughness parameters 

In Figure 36 the surface roughness parameters with the standard deviation for the different 

materials tested presented. These values are compared to the parameters after the wear test. 

The F2071 material has the smoothest surface with a Ra of 0.2. The grey cast iron liners have 

a little rougher surface with a Ra value of 0.4-0.5 µm. Both the TiO2 and the Cr2O3 have a 

much rougher surface with a Ra value of 2.1-2.4 µm. Scania CV AB have surface parameters 

regulations for cylinder liners in production, both grey cast iron liners and the F2071 liner 

meet these criteria while the new coatings with TiO2 and Cr2O3 do not. These coatings is not 

used in production and do not have any parameter regulations. Honing was done on these 

materials as well but the first step in the process removed too much material. Gaining a better 

understanding how to machine these materials would allow a better tuned surface to be 

obtained. Even though the visual difference was great between the two grey cast liners in 

Figure 34, the surface parameters only show a small difference between them and the liner 

with bad honing had deeper valleys.  

The idea of the valleys is that they provide oil to the cylinder liner-piston ring contact and 

thus reduce the friction. Considering the surface parameters the bad honing liner segment has 

deeper reduced valley depth than the good honing liner segment. Deeper valleys can hold 

more oil and provide more oil to the cylinder liner-piston ring contact. This would mean that 

the cylinder liner segments that visually looked bad performs better in friction reduction 

because they provide more oil to the contact, only considering the surface parameters. There 

was an excess amount of oil in this test and the valleys were filled after the piston ring passed 

scraping off the oil. In an engine there will be no extra oil to fill the valleys. Clear valleys are 

important to distribute the oil over the running surface and hence the liners with bad honing 

will perform different in this test and in an engine. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 36. Surface roughness parameters and the standard deviation before the wear test. The parameters is 

measured with an stylus profilometer, (a) surface roughness Ra (b) core roughness Rk, (c) reduced peak height 

Rpk (d) reduced valley depth Rvk 

Most of the contact will be exerted at the peaks, these will also be worn off first and high 

peaks might give a higher wear coefficient. As seen for the TiO2 and Cr2O3 the peak height 

(Rpk) is reduced with a great amount compared to the values before the tests. The peaks have 

been worn to that extent that the core roughness (Rk) is reduced as well. This significant 

change will probably be seen on the surface in the SEM. For the grey cast irons and the F2071 

liners the reduced peak height (Rpk) is reduced a little and the reduced valley depth (Rvk) has 

increased. The increase in valley depth and reduction in peak height might cause the friction 

to be reduced over time. It is worth mentioning the great standard deviation the TiO2 liner has 
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for core roughness and peak height. This is caused by the first liner that was tested. According 

to the surface profile of the first TiO2 liner, the surface did not change much at all and it 

should look almost the same before and after the test even though the worn area on this 

specimen can easily be spotted. It might be that something went wrong with the measurement 

because this is one of few specimens that experienced a weight loss seen in Figure 48. For the 

other sample materials, the test specimens have been worn evenly according to the roughness 

parameters and the standard deviations have not massively increased after testing compared 

with the parameters before. 

A disadvantage with measuring a 20 mm long profile is that it takes time. Each profile took 

30 minutes to complete, which can be seen as time consuming and unnecessary because only 

a 4 mm long profile was used for surface parameter evaluation. In this case it allowed 

choosing what part of the profile that should be evaluated and extremely high peaks and 

valleys could be avoided. These high peaks and valleys should be avoided as they can be seen 

as artefacts. 

4.2 Friction 

From the three tests of each material was the average coefficient of friction calculated and 

plotted in Figure 37, the grey cast iron and F2071 liners are grouped around 0.13 while the 

liners with titanium and chromium oxides have an elevated friction coefficient compared to 

the other three at 0.15. All tests show a fluctuating coefficient of friction at the beginning of 

the test period. This is due to the instability of the oil bath temperature. As seen in Figure 37 

the surfaces that was finished to a finer surface roughness has a lower friction, the two new 

surface coating, titanium and chromium oxide have a rougher surface and also a higher 

friction. The differences in friction coefficients might be linked to the differences in surface 

roughness. To draw that conclusion these coarse surfaces must be prepared to a finer quality 

and tested. The Rpk-value is reduced during the test and only a slight reduction of the friction 

coefficients can be seen over time. Higher peak height would mean more asperities in contact 

and the oil- or boundary-film is not high enough to separate the surfaces and a higher friction 

is obtained. 
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Figure 37. Average coefficient of friction from the three tests for each material. 

Frictions dependency on temperature for the first hour is plotted in Figure 38. The friction 

curve follows the temperature and its fluctuation. This concludes that the instability of the oil 

bath after it reached the set temperature of 80 °C effects the friction coefficient. Considering 

the lubrication parameter in the Stribeck curve (Figure 14) a lower dynamic viscosity at 

higher temperature reduces the lubrication parameter. Following the curve in the boundary 

lubrication zone a reduction in viscosity results in higher friction because the load is carried 

by asperities instead of the oil. A different temperature other than the set temperature changes 

the conditions at the contact. The test time is six hours and running the test under different 

conditions for one hour is a long time and should be avoided in further testing. The test should 

only be started after a stable temperature in the oil bath is reached. Influence of temperature 

on friction has to be taken into consideration in further testing as well, as mentioned in section 

3.7.3 a higher temperature is desirable to get the right dynamic viscosity of the oil. 
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Figure 38. Correlation between temperature and friction for the first hour for the second test with the F2071 

cylinder liner segment. 

All the friction curves for each test run are plotted in Figure 39, where each sub figure 

contains the results from one material. Figure 39 (a) shows the three runs for the grey cast 

iron with good honing. All runs showed similar friction coefficient around 0.13 but the last 

run had a little lower friction while the first two showed almost exactly the same friction 

coefficient. Spikes like the one for the first test only occurs when either the frequency is 

changed or the machine is stopped. This was the first test and changes were made mid-run 

which was avoided for the rest of the tests. 

For the grey cast iron with bad honing, the two first tests showed similar friction coefficient of 

0.12 after it stabilizes while the last run had a higher coefficient of friction. During the third 

test the coefficient of friction change rapidly between 0.14 and 0.15 a few times indicating 

changes in conditions during the run. Exactly what happens is hard to determine, it could be 

material adhesion and removal to the cylinder liner or piston ring segment. 

The F2071 cylinder liners showed the widest spread of the friction coefficients and each run 

had a different friction value, see Figure 39 (c). The first run showed the highest friction 

coefficient of 0.15, during the second run the coefficient of friction decreased to 0.13 and at 

the end of the third test the friction was further reduced to 0.12. This behaviour has also been 

seen in engine tests here at Scania CV AB [36]. The general opinion is that correctly honed 
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F2071 liners give a lower friction over all, no answer has been found on why these differences 

in coefficient of friction are seen. Surface roughness parameters of the F2071 liner indicate no 

differences between the specimens surfaces explaining why the friction varies this much. One 

explanation in differences for this test could be the extent of alignment that was obtained for 

each test.  

The TiO2 showed different friction coefficients at the beginning of each test but they all 

stabilize at a coefficient of friction around 0.16 at the end, see Figure 39 (d). It is obvious that 

something happened after 2 hours in the second test. During a period of 10-20 minutes the 

coefficient of friction changed from 0.14 to 0.15. These results are only seen after the test is 

stopped and the data is analysed, to recall exactly what happened is impossible and the 

behaviour can only be discussed. One possibility is that a tribo-film was present on the ring in 

the beginning of the test could have been worn off resulting in a change of the friction. 

Another theory might be that particles were present in the beginning and rolling between the 

contact and hence reducing the friction. The increase in friction happens because these 

particles are removed from the contact, either by the lubricant or milled to a very fine fraction. 

The Cr2O3 liners showed the most stable friction coefficient where the three test results had a 

coefficient of friction of 0.15, see Figure 39 (e). These types of friction curves are desirable 

because this indicates that the running conditions are the same between the tests.  
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Figure 39. Friction curves for (a) grey cast iron with good honing, (b) grey cast iron with bad honing, (c) F2071, 

(d) TiO2 and (e) Cr2O3. 
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4.3 Surface evaluation with SEM 

In this section will the surfaces of the worn materials be presented and compared with the 

unworn surfaces and surfaces from an engine. 

4.3.1 Piston ring 

In Figure 40 (a), a surface of a piston ring from an engine test is shown. Grinding marks from 

the manufacturing are gone. Dimples and pits are distributed over the surface where material 

from the piston ring has been torn off by brittle fracture. The running surface is coated with 

Cr and Al2O3 and the aluminium oxides can be seen as darker spots formed in bands with a 

higher acceleration voltage seen in Figure 40 (b). Another phenomenon seen on the surface is 

material transfer, the two big dark spots are marked in Figure 40 (a) and this is material that 

has adhered to the ring. This is a thin film and can only be seen with a low voltage on the 

electron beam and is thus not detectable with the EDX-analyse. 

 
(a) 

  
(b) 

 
(c) 

Figure 40. (a) Piston ring from a motor-test, (b) new piston ring with higher acceleration voltage to show the 

Al2O3 bands and (c) the ring from the rig-test. 
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There is not much likeness between the worn surface form the motor in Figure 40 (a) and the 

ring used for the tests in (c). The aluminium oxides have been removed from the surface 

leaving valleys over the surface. There is however a thin film over the worn surface but this 

covers almost the entire surface. In this film wear marks can be seen along the sliding 

direction. The usage of one ring segment worked satisfactory as the worn area did not change 

much between the first and last test. The final width of the worn area after the wear tests can 

be seen in Figure 41. The contact width is measured to 1.4 mm this should be compared with 

the 1.1 mm contact width in the engine measured in Figure 26. This affects the pressure and 

with a contact width of 1.4 mm is the pressure 171 bar instead of 22 bar which was supposed 

to be the contact pressure. The worn area on the piston ring is not in the same place as in the 

engine this does not affect the contact conditions but might tamper with the alignment. In this 

test the piston ring wear was not considered. If that is something that will be measured must 

the right area of the ring is be worn. Alignment of the cylinder liner got harder during the last 

tests and the friction curves from the third test is a little off compared with the first two runs. 

Expecting the exactly the same surface might be too much to hope for, mainly because the 

explosion and hot gases that the ignition provide in an engine but are absent in this test. The 

lower temperature in this test along with a slower speed does also change the conditions but 

they were chosen according to the regulations and the test-rig performance. 

 

Figure 41. Piston ring after wear test. 

4.3.2 Grey cast iron 

For the grey cast iron with good honing in Figure 42 (a) the valleys are clear. After testing the 

valleys have been filled with some material leaving the valleys filled to some extent. There 

are also pits where the bulk material has been torn off these are marked in Figure 42 (b). The 

fine honing marks have been worn off and vague wear marks can be seen in the sliding 

direction. This should be compared with Figure 42 (c) where a cylinder liner surface form an 
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engine is shown. There are differences in magnification and acceleration voltage which makes 

the surfaces look a little different. The fine honing marks have also been worn off on this 

surface. No pits can be seen but there are wear marks in the sliding direction. The engine 

surface is worn to a greater extent than the test surface, which is due to the longer service time 

in the engine than the 6 h in the test. Over all does both the surfaces show similarities and the 

test setup can be used to simulate the engine conditions. 

 
(a) 

 
(b) 

 
(c) 

Figure 42. Grey cast iron with good honing, (a) before wear test and (b) after testing (c) from an engine. 

The grey cast iron surface with bad honing is shown in Figure 43. The deeper valleys in (a) 

are filled with bulk material that have been smeared out during the honing process, this is the 

surface before testing. After testing, only the deepest honing marks remain and the valleys 

have been cleaned from some of the material that previously filled the valleys. Small chunks 

of material have been torn from the surface creating pits. Thin vague wear marks can be seen 

in the sliding direction over the surface, these are most likely caused by the chunks of material 

that have been torn from the bulk. 
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(a) 

 
(b) 

Figure 43. Grey cast iron with bad honing, (a) before wear test and (b) after testing. 

The worn surfaces of the grey cast irons did not show distinct differences. Both showed thin 

wear marks in the sliding direction just as Randil et al. [28] and Nadel et al. [27] found in 

their research. Hence a mild abrasive wear mechanism is believed to be active in this test. 

Enlarging the surfaces of grey cast iron in a SEM reveals that the surfaces are covered with a 

thin film and surface cracks. Surface cracks were something that Randil et al. saw in his 

investigation as well indicating that the fatigue limit is reached [28]. The surface film 

observed in present study was something that neither of the researchers found, see Figure 44. 

This film is not thick enough for the EDX-analyse to give a trustworthy result. This might be 

hydro carbons that have attached to the surface. One possibility why this film is not seen in 

the engine is that it burns due to the high temperature or wears off because of debris in the oil. 

 

Figure 44. Tribo-film on the grey cast iron liners. 

4.3.3 F2071 

On the F2071 surface in Figure 45 a uniform distribution of honing marks along with scales 

and porosities can be seen, the brighter spots are the ceramic phase in the coating material. 

After testing the honing marks have faded a little but are still visible and the ceramic 
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inclusions are still there but smaller in numbers than before. The removal of inclusions has led 

to an increase in porosity. Both honing removal and an increase in porosity correlate well with 

the decrease of the Rpk and increase of Rvk parameters. This surface is compared with the 

surface in Figure 45 (c) which is a picture of a cylinder liner from an engine. The ceramic 

inclusions have been worn off here as well and the honing marks have faded but can still be 

seen just as the surface in the test show. The difference seen between the surfaces is the more 

distinct wear marks in the sliding direction on the engine surface. One way that might 

simulate this is to use old oil from an engine instead of new oil. Used oil contains some debris 

and hard particles that can cause wear marks like this. 

 
(a) 

 
(b) 

 
(c) 

Figure 45. F2071 surface, (a) before wear test and (b) after testing (c) from an engine. 

4.3.4 Titanium oxide 

The TiO2 surface is shown in Figure 46 (a), the surface is rough just as the Ra value indicates. 

There are some particles on the surface, appearing as brighter spots, EDX shows that these are 

silicon oxides that adhere to the surface during the attempt to process the surface. After 

testing the peaks have been worn off which leaves a flat surface where only the deepest holes 

remain, shown in Figure 46 (b). There are no differences that can be seen between the three 

specimens even though the stylus profile from the first cylinder liner only showed a small 
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difference before and after the wear test. The SEM picture and the surface parameters for the 

titanium oxides correlate very well where a distinct reduction in peak height roughness can be 

seen. 

 
(a) 

 
(b) 

Figure 46. TiO2 surface, (a) before wear test and (b) after testing. 

4.3.5 Chromium oxide 

Just as the titanium oxide the SEM-picture of the unworn area of the chromium oxide does 

show a rough surface in Figure 47 (a). The surface only contains the plasma sprayed 

chromium coating without any foreign particles. After testing the peaks have been worn 

down, seen in Figure 47 (b), leaving a surface with a lot of plateaus just as expected from the 

Rpk value. Kwon et al. [29] found surface films on the chromium oxide but such films are 

absent in this case. These films should also influence the coefficient of friction when they are 

created, as for the chromium oxide the friction coefficient is constant during the test. This 

concludes that these films are not missed in the SEM because they were never created. 

 
(a) 

 
(b) 

Figure 47. The Cr2O3 surface, (a) before wear test and (b) after testing. 
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4.4 Wear 

In Figure 48 the weight change for each specimen is presented. A positive value indicates a 

weight gain while a negative value indicates a weight loss. Roos [5] found that the F2071 

cylinder liners adsorbed 5 mg of oil during a 6 h period in an oil bath. Because of the wide 

spread of the weight change is this not a trustworthy result and no focus is put in to analysing 

it. Even though using a scale to determine the weight change is an easy and fast method there 

are too many sources for error. There is a chance that a film is created on the liner surface as 

seen in Figure 44. This is a source to weight gain if the worn weight is smaller than the weight 

of the film. Even though an ultrasonic cleaner was used it is not certain that the liners are 

cleaned from all that is stuck on the surface. When one liner segment was weighed it 

increased in weight between the times it was placed on the scale even though it was handled 

with plastic gloves, which should prevent fat on the fingers to stick on the surface. With this 

said is the scale a simple method to use and provides a fast result but if it will be used, 

cylinder lines segments need to be handled with extra care that no foreign particles adhere to 

the surface and a method to remove the adsorbed oil from the liner is necessary. 

Table 5. Calculated worn off volume.  

 

Figure 48. The weight change in gram for each liner that 

was tested measured with a scale. 

 Test 1 
(mm3) 

Test 2 
(mm3) 

Test 3 
(mm3) 

Good honing 1.861 0.104 0.236 

Bad honing 0.285 0.318 0.313 

F2071 0.426 0.150 0.271 

TiO2 0.387 0.333 0.176 

Cr2O3 0.212 0.198 0.135 
    

The wear coefficient was calculated for each test shown in Figure 49 (a) using the values in 

Table 5 and the average wear coefficient is calculated and plotted in (b). Lowest wear 

coefficient showed the chromium oxide with a rate of 7.9x10-9 mm3/Nm. Kwon et al. [29] 

reported a wear coefficient at 3.7x10-7 mm3/Nm and comparing these values might not say 
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anything because the testing condition differ. The lower wear coefficient in this test is 

probably caused by the lower temperature which creates a less hostile environment. Second 

lowest wear coefficient showed the F2071 liner with a wear coefficient of 1.2x10-8 mm3/Nm, 

just as the friction the result is spread but the coefficient of friction and wear coefficient does 

not correlate. Both the grey cast iron and the TiO2 show a more even wear coefficient of 

1.3x10-8 and 1.5x10-8 mm3/Nm respectively. The wear coefficient of the TiO2 lies in the same 

range that Skopp et.al [23] measured but again this does not say much because of the different 

conditions. What could be said on the other hand is that this test is working similar with the 

previous researcher tests because the wear coefficient is in the same range. Worst wear 

coefficient showed the grey cast iron liner where the first test was heavily worn even though 

the friction coefficient was the same as the later tests. It is commonly known that the graphite 

is working as such a good solid lubricant that the coefficient of friction is maintained even 

though the wear coefficient is high. The high wear coefficient in the first grey cast iron test is 

probably caused by the geometry of the piston ring after the run in phase and that the ring was 

tilted in the groove and worked as a razor. It can be discussed if this result should be 

presented or not because it is off with such a great number but it is presented here to show the 

importance to find the right angle of the ring against the cylinder liner and that a low fiction 

does not necessarily mean low wear coefficient. 

 
(a) 

 
(b) 

Figure 49. Wear coefficient during each test in (a) and the average wear coefficient in (b). 

The wear coefficient is plotted in test order in Figure 50 to see if a pattern in the wear 

coefficient can be seen. As the figure implies there is no pattern which means that the wear 

coefficient is not affected by the previous test. 
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Figure 50. Wear coefficient plotted in the test order. 

4.5 Hardness 

The hardness HV 0.1 for each of the tested materials is presented in Figure 51. Comparing the 

hardness with the wear coefficient in Figure 49 chromium oxide is the hardest material tested 

and also shows the lowest wear coefficient. As for the other materials the hardness did not 

correlate with the wear coefficient. 

 

Figure 51. Vickers hardness of the tested materials. 
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4.6 Comparison 

In Table 6 are all the results from the tests presented to summarize this thesis work.  

Table 6. A comparison of all results of all the tested materials1 

Material 
Coefficient 
of friction 

Wear rate 
coefficient 

(x10-8 
mm3/Nm) 

Ra 

(µm) 
Rk 

(µm) 
Rpk 

(µm) 
Rvk 

(µm) 
Wear 

mechanism 

Grey cast 
iron good 

honing 
0.127 3.212 0.41 0.28 0.16 1.90 

Severe or 
mild 

abrasive 
wear 

Grey cast 
iron bad 
honing 

0.128 1.34 0.52 0.24 0.17 2.25 
Mild 

abrasive 
wear 

F2071 0.132 1.24 0.21 0.19 0.13 1.10 
Mild 

abrasive 
wear 

TiO2 0.150 1.31 2.16 6.32 1.28 4.57 
Mild 

abrasive 
wear 

Cr2O3 0.152 0.79 2.41 7.24 1.53 5.31 
Mild 

abrasive 
wear 

 

  

                                                 
1 These values are average values calculated from three samples, check each result chapter to see the spread. 
2 This value is high because of one test sample that had a high wear coefficient, no explanation has been found 

why. 
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5 Future work 

There are a few things that can be done to make the test-rig work better even though it works 

as it is now. The side plates on the piston ring holder could be manufactured in a more precise 

way ensuring that the piston ring rests in a way that it is not tilted in the groove. Ensuring a 

good alignment is time consuming as it is now and a method to align the specimens faster is 

needed if a lot of tests should be made. 

A slower heating time of the oil bath could be good to decrease the fluctuating temperature 

the first hours of testing. 

New materials should be tested with the same surface roughness as the cylinder liners used in 

production today to really conclude if the new materials tested are better than the materials 

used today. 
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6 Conclusions 

• Evaluating the average coefficient of friction the following result was obtained, where the 

lowest friction is presented first 

1. Grey cast iron independent of honing quality at 0.127 

2. F2071 at 0.132 

3. Chromium oxide at 0.150 

4. Titanium oxide at 0.152 

• There is a difference in surface roughness between the grey cast iron and F2071 liners the 

chromium and titanium oxide surfaces where the roughness surfaces show higher 

coefficients of friction. To conclude if the roughness affects the coefficient of friction for 

the titanium and chromium oxides they have to be tested with a finer surface. During the 

wear the peak and core height is reduced without a reduction in friction but an initial 

smoother surface might affect the friction. 

• Ranking the tested material after wear coefficient the following result was obtained, 

where the lowest wear coefficient is presented first. 

1. Chromium oxide 7.98x10-7 mm3/Nm 

2. F2071 1.24x10-8 mm3/Nm 

3. Titanium oxide 1.31 x10-8 mm3/Nm 

4. Grey cast iron with bad honing 1.34x10-8 mm3/Nm 

5. Grey cast iron with good honing 3.21x10-8 mm3/Nm 

• The grey cast iron liners showed that a low friction can be maintained even though the 

wear is severe. This is achieved by right distribution and size of the graphite. No 

correlation between friction and wear coefficient can be seen in this test. All cylinder 

liners except one showed a mild abrasive wear and vague wear marks were found on the 

grey cast iron and F2071 cylinder liner surfaces. 
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