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Abstract 

Fuel and emission reductions are one of the high priorities for today’s automotive 

industries.  One option to decrease the fuel consumption is to decrease the frictional 

losses by using oils and lubricants with lower viscosities in combination with 

improved surfaces. By decreasing the lubricant viscosity the risk of wear is increased 

due to a decrease in lubricant film thickness hence the influence of surface roughness 

becomes more significant.   

 

This work investigated the friction and wear behavior of traditionally ground surfaces 

at various roughness’s as well as an electropolished surface with respect to two 

lubricants. One standard lubricant, 10W-40 used as a reference and a low viscosity 

lubricant, 10W-30.  

 Additionally, the influence of process time and current density on the final surface 

was briefly investigated within the electropolishing method called 3CD. Here only 

four process times and two current densities were evaluated; 30, 60, 90 and 120 

seconds and currents of 15 and 46 Ampere combined with different distances from the 

substrate.  

 The tribometer with Block-on-Ring configuration used for friction evaluations 

available at Luleå University of technology was also evaluated as a final step.  For the 

experimental procedure a load of 4 N was selected where the speed was stepwise 

decreased from 490 rpm down to 10 rpm in order to minimize wear at the beginning 

of the test.  

  

Results shows that the 3CD-process makes the final surface rougher with an 

appearance similar to etched martensite for the process parameters used. With the 

process times investigated, times longer than 30 seconds do not alter the surface 

roughness and shorter times could be essential in achieving a final surface roughness 

closer to the initial one.  

Friction test conducted shows interesting results for the 3CD-surface which provides 

for a low coefficient of friction at high speeds and significantly larger at low speeds. 

Probably due to dimples in the surface providing with lubricant pockets for better 

lubrication at high speeds and the large asperity-tips causing an increased friction and 

wear at low speeds. However, due to alignment problems within the test equipment 

used no conclusion on what surface roughness to use for engine parts in the future 

could be made. Only indications on both the 3CD-surface and traditionally ground 

surface with a roughness of Ra about 0,03 is shown to be of interest. Therefore 

measure needs to be taken in order to properly use the Block-on-ring configuration for 

further evaluations.  
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Nomenclature 

Λ film thickness parameter  

HL Hydrodynamic lubrication  

EHL elastohydrodynamic lubrication  

H Hersey number  

Z Shipper number  

η Dynamic viscosity Pas 

v velocity rpm 

υ Kinematic viscosity m
2
/s 

p Contact pressure Pa 

µ Friction coefficient   

Sa Average surface roughness, 3D-parameter  

Ra Average roughness  

Rz Average maximum height of profile  

Rp Maximum profile peak height  

Rv Maximum profile valley depth  

Rq Root mean square roughness  

Rk Core roughness  

Rpk Reduced peak height  

Rvk Reduced valley depth   

600 Notation for surface roughness used where 600 is the final grinding paper used for 

grinding.  

 

1200 Notation for surface roughness used where 1200 is the final grinding paper used for 

grinding. 

 

2500 Notation for surface roughness used where 2500 is the final grinding paper used for 

grinding. 

 

4000 Notation for surface roughness used where 4000 is the final grinding paper used for 

grinding. 

 

3CD        patented electropolishing method  

3CD 30 3CD with final polishing step down to 4000-grit paper electropolished  for 30 seconds  

3CD 60 3CD with final polishing step down to 4000-grit paper electropolished  for 60 seconds  

3CD 90 3CD with final polishing step down to 4000-grit paper electropolished  for 90 seconds  

3CD 120 3CD with final polishing step down to 4000-grit paper electropolished  for 120 seconds  

3CD (600) 3CD with final polishing step down to 600-grit paper electropolished  for 30 seconds  

3CD (4000) Same as 3CD 30  

3CD (600) HC 3CD with final polishing step down to 600-grit paper electropolished  with higher current  

3CD (4000) HC 3CD with final polishing step down to 4000-grit paper electropolished  with higher 

current 
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1. Introduction 

Fuel and emission reductions are one of the high priorities for today’s automotive 

industries and the roads to lower fuel consumption are many. One option to decrease 

the fuel consumption is to decrease the frictional losses by using oils and lubricants 

with lower viscosities. With the changes in lubricants the risk of wear and friction will 

increase, hence further investigations to minimize wear and wear related failures for 

low viscosity oils is necessary. With friction and wear being one of the most costly 

phenomena occurring in today’s industry, scientist have directed many years of 

research within the field to prolong component life and reduce the costs.  

 

The increased risk of wear for lower viscosity lubricants is, as mentioned, related to a 

decrease in lubricant film thickness. The influence of surface roughness is therefore 

more important. For lower viscosity oils, it is clear that the surfaces needs to be 

smoother, the important question is how smooth it must be in order to maintain the 

same wear life or durability of components. This introduction aims at providing the 

basic knowledge within the field of tribology and lubrications enabling the reader to 

follow the experimental investigation on the effect of surface roughness for bearing 

materials on the corresponding Stribeck-curves.  

 

Although this thesis is directed towards the influence of surface roughness on wear of 

plain bearings yet it is also pertinent and applicable to other components e.g. gears. 

1.1. Plain Bearings 

According Lakshminarayanan et al. (1) bearings are designed to transmit the force 

between two surfaces that are in relative motion minimizing the friction while at the 

same time aiding the component movement (2) There are several types of bearings 

but they are mainly classified under two broad categories i.e., sliding (plain) bearings 

and rolling element bearings. Plain bearings, the ones investigated in this study can be 

further classified as thrust and journal bearing, consisting of two surfaces brought into 

movement separated by a lubricant film.  

 

Bearings are built up in multiple layers, namely bi- or tri-metal bearings depending on 

the number of layers deposited on a steel substrate, each of the layers serving a 

specific purpose. The first layer of the bearing material is commonly a softer material 

to provide for friction reduction. Depending on the bearing material used, additional 

protective layers might be of interest. These layers are called interlayer or overlay and 

are marked in Figure 1 (1). The materials used for bearings are designed to 

correspond to the intended use and will be discussed in the following section.  
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Figure 1. Illustration of bearings built up in different layers.  a) tri-metal bearing, b) tri-metal bearing 

with thin flash, c) bi-metal bearing (1).  

 

Lubricated contacts, like bearings, are often referred to as conformal or counterformal 

as Figure 2 illustrates. In plain bearings the conformal geometry is commonly used 

where a thick lubricant film separates two surfaces. For counterformal contacts, the 

elastic deformation is important since the contact is limited to a small area (3)   

 

  
Figure 2. Two geometries commonly used for bearing contacts, A) conformal and B) counterformal (3). 

1.1.1. Bearing Materials  

The complex design of bearings enables movement with minimal friction also 

demands for advanced engineering within material selections where multiple demands 

are to be fulfilled, e.g. fatigue strength, compressive strength, wear resistance or 

compatibility (1).  

In order to meet the requirements, soft metals have been used within bearings since 

their soft nature provides for a kind of “self-lubrication” or solid lubrication (1,4). 

With bearings commonly being built up in layers as discussed in previous section, 

each layer is consisting of various materials where the first is commonly made from 

either Babbitt, copper-alloys or an aluminum-based metal (1,5).  

1.1.1.1. Babbitt or White metal 

Babbitt, also known as White metal, is consisting of a tin or lead based alloy 

containing antimony and copper. It was first invented by Isaac Babbitt who patented 

his findings in 1839 (1,5,6). Babbitt, being the most commonly used bearing material 

A B 
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today, enables to embed particles within its soft layer. According to 

Lakshminarayanan et al.  (1) this alloy type can be divided into two groups, tin babbitt 

and lead babbitt with slight compositional and structural differences. Tin babbitt 

contains less antimony and more copper, about 5-8% antimony and 3-8% copper 

while lead babbitt contains 9-16% antimony and up to 12% tin. A very small amount 

of copper is added to lead Babbitt (up to 0,5%) to prevent segregation that can occur 

during casting (1,5) The two types of Babbitt have various structures; tin babbitt have 

a structure of inter-metallic Cu6Sn5-particles dispersed within a solid-solution matrix 

of antimony in tin. Lead Babbitt on the other hand is a eutectic matrix of lead, tin and 

antimony containing hard cuboid crystals of antimony and tin (SbSn). The low 

amount of antimony and copper within these alloys provides a good fatigue cracking 

resistance.  

1.1.1.2. Copper-alloys 

In comparison with babbitt, copper-alloys provide a superior fatigue strength with its 

higher hardness while other properties are decreased due to the same reason. Copper 

used for bearings are usually alloyed with tin as a strengthener and either lead or 

bismuth to provide a softer compatible phase (1,5). According to Lakshminarayanan 

et al. (1) copper-alloys used for bearing materials can generally be divided into three 

groups. The first one contains more lead, in total about 30%, the second group 

contains less lead and a small amount of tin, 24% and 1,5% respectively. The third 

group contains much less lead, in total about 8% and somewhat more tin, 5% in total. 

However nowadays lead free options also exist.  

Compared to babbitt, the copper-alloy microstructure consist of a copper matrix with 

dispersed tin, bismuth and lead where copper dendrites are growing perpendicularly 

to the surface (1,7). This type of microstructure enables the bearing to better 

withstand fatigue cracking, hence its superior fatigue resistance.  

1.1.1.3. Aluminum-alloys 

The aluminum-alloy bearings have the same usage as copper bearings with its 

moderate fatigue strength and excellent corrosion resistance (1,5) The aluminum-

alloy bearings can, as copper alloys, be divided into three different groups containing 

various amounts of alloying elements; The first with a high tin and low copper 

content, 20% and 1% respectively. The second is low on tin and copper, with its 6% 

tin and 1% copper and the third group have high silicon and low copper content of 

11% silicon and 1% copper.  

The alloys containing a low amount of tin and silicon is harder than other alloys and 

therefore requires a softer overlay then softer alloys. Additionally, when an 

insufficient corrosion resistant alloy is used an overlay is also needed to prevent 

corrosion, for instance no overlay is needed for aluminum-alloys (1).  
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1.1.2. Interlayer and Overlay 

For bearing materials where extra protection is required, top layers are deposited 

called interlayer and overlay depending on the number of layers as shown in Figure 1 

in section 1.1.1. Both interlayer and overlay are deposited mainly for either corrosion 

protection or improved friction resistance depending on the bearing material beneath 

and the intended product. The overlay coatings used are commonly lead, tin, polymer 

or sputtered materials. Lead overlay provides a softer and low friction surface. It 

consists of minimum 10% tin, providing the layer with its corrosion resistance.  Tin-

based overlays used contain about 3-6% copper, which hardens the overlay.  

Polymer overlays are more complex and are rather a composite overlay than a 

polymer consisting of a thermosetting polymer, solid lubricants and in some cases 

also hard particles (abrasives) (1). Molybdenum disulfide (MoS2), graphite and 

tungsten disulfide (WS2) can be used as solid lubricants while aluminum, silicon, 

silicon carbide or silicon nitride are used as abrasives. The last one, sputtered 

overlays, normally consist of AlSn20 or AlSn40 is deposited trough Physical Vapor 

Deposition (PVD) and is therefore one of the layers with a high production cost (1).  

1.2. Lubrication 

One of the most complex engineering aspects is the combination of engineering 

materials and lubrications. Both materials and lubrications are selected to best suit a 

intended final product and its use. Research within the field of tribology and 

lubrication have provided the industry with multiple types of lubrication alternatives 

all customized for a specific use within various fields of e.g. engine oils, hydraulic 

oils, gear oils and turbine oils. Not only is the combination of lubricating systems 

complex, the lubricant composition is a field of its own with many types of additives 

on the market including; detergents, viscosity index improvers, foam inhibitors, 

extreme pressure additives, antiwear additives and friction modifiers (5,8). For 

example detergents are used to suspend particles and oxidation products that cannot 

be dissolved in oil and prevent cladding and oxidation (8). For bearings and gears 

where friction can be severe, antiwear and friction modifiers are used to minimize the 

friction and its wear effects.  

When the lubricant film is thick, it provides a sufficient distance between the surfaces 

in relative motion, reducing the friction. When either load is increased or the speed 

decreased the full film thickness is reduced due to a dynamical film and frictional heat 

formed. Antiwear additives interact with the surface creating a solid protective layer 

which fills up the asperities while friction modifiers consists of long-chain molecules 

which physically absorbs on to the surface and provide the easily sheared lubricant 

film.  

 

Friction being one of the problems within e.g. bearings, lubrications reduces the 

friction effects as mentioned. If a lubricant film of sufficient thickness is present, 

friction can be significantly reduced and in some cases almost non-existent (9). 
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Within the field of lubrication these film-build-up’s are commonly discussed as 

various lubrication regimes, where different friction mechanisms are occurring 

causing for alterations in the coefficient of friction. These are commonly known as 

boundary, mixed and full-film lubrication regimes where the evolution of coefficient 

of friction can be described by a curve known as Stribeck curve.   

1.2.1. Boundary lubrication  

When the load is high or at low speed, the lubricant film thickness is small causing 

the two surfaces to be in contact (8). The lubrication regime is then called boundary 

lubrication, which is governed by asperity contacts entirely carrying the load and 

causing a friction increase (10,11). This regime provides the highest coefficient of 

friction of all three lubrication regimes which will be shown later in section 1.2.4. The 

antiwear and friction modifiers discussed earlier are here used to reduce friction and 

the risk of wear where formation of a small tribochemical layer prevents asperities 

from welding together, hence minimizing friction and wear (12).  

The film thickness parameter, Λ, is an indicator on how thick a lubricant film is and 

in what regime a system is operating. Within the boundary lubrication regime the film 

thickness parameter is the smallest, below 1(11).  

1.2.2. Mixed Lubrication 

With decreasing load or increasing speed the system moves out of the boundary 

lubrication regime and into the mixed lubrication. The mixed lubrication regime is the 

transition between the boundary- and full film lubrication regimes and the 

mechanisms carrying the load are a combination of the two, both asperities and 

lubricant film (11). The film thickness parameter, is then in between the value of 

boundary and full film, namely 1 < Λ < 3. 

1.2.3. Full-film lubrication 

In cases when the lubricant film is sufficiently thick itself, solely carrying the load 

and separating the two surfaces the lubrication regime is called full-film lubrication. 

Within this regime the coefficient of friction is low and occasionally it can be almost 

non-existent (9). In the full-film lubrication regime the film thickness parameter is the 

highest, larger than 3 indicating a thick film formation. The full-film formed is 

directly dependent on lubricant viscosity and speed since a low viscosity and 

decreased speed prohibits a thick film formation (11).  

The full-film lubrication regime can be divided into two separate groups, 

hydrodynamic- and elasto-hydrodynamic lubrication where the difference between 

the two is the influence of elastic deformation.  
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1.2.3.1. Hydrodynamic lubrication 

When the full-film lubrication regime is attained, the influence of both elastic and 

inelastic deformation can be present. In hydrodynamic lubrication (HL), the elastic 

deformation is sufficiently small to be considered as negligible and therefore the 

deformation occurring is solely inelastic.  

This type of lubrication is often encountered in journal bearings or thrust bearings 

where the lubricant pressure can be large enough to separate the two surfaces (5). For 

hydrodynamic lubrication the lubricant viscosity, sliding speed and film thickness are 

important parameters influencing the lubrication and its efficiency (5).  

1.2.3.2. Elastohydrodynamic lubrication 

This type of lubrication is commonly occurring in non-conformal surfaces, a.k.a. 

counterformal, where the contact area is significantly smaller. The small area results 

in an important pressure, about 1000 times more than the oil-film pressure of 

hydrodynamic lubrication (5). With such important pressure, elastic deformation 

cannot be neglected, hence the name elastohydrodynamic lubrication (EHL).  

Within elastohydrodynamic lubrication two types of regimes exists; hard EHL and 

soft EHL. Roughly the material of the two surfaces determines the difference between 

the two, in hard EHL, the materials involved have high elastic modulii while materials 

with low elastic modulii fall in the category of soft EHL (5,11). 

1.2.4. Stribeck-curve 

In the early 1900 Richard Stribeck presented his research in the field of experimental 

hydrodynamics showing that the minimum in coefficient of friction is a function of 

speed at different contact pressures (13). Even though he was not the first to publish 

this correlation his name is today used to describe the dependency between the 

coefficient of friction as a function of speed, contact pressure and viscosity, also 

known as the Stribeck-curve (13). This is mainly due to his publication in one of 

Germanys most highly regarded journals in 1902, Zeitschrefit des Vereins Deutcher 

Ingenierure (VDI, Journal of German Mechanical Engineers).   

The Stribeck-curve displays the relationship between coefficient of friction versus 

speed and load, sometimes plotted as the Hersey number, H=ηv/p (namely speed 

multiplied by viscosity, divided by contact pressure) or Shipper number, Z= ηv/PRa 

(where Ra is the Average surface roughness of the hardest material) as can be seen in 

Figure 3. As the Stribeck-curve indicates the friction coefficient is high for low 

Hersey numbers.  

Within this first regime, the boundary lubrication regime, the film-thickness 

parameter is low. On the opposite side of the curve, to the right, the coefficient of 

friction is low as the lubricant film is carrying the load.  In between the boundary- and 

full film lubrication regimes, there is the mixed lubrication where the load is carried 

by both asperities and lubricant (11). 
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Figure 3. Example of the influence of surface roughness on Stribeck-curves where a surface with 

higher roughness is displays to the right as the dotted curve indicates compared to a surface with 

lower roughness [1]. 

 

There are multiple parameters influencing the positions and shape of the Stribeck-

curve, where one important parameter is the surface roughness. When the surface 

roughness is high, the ratio asperities and surface is larger and the tips are then in 

contact with the counterpart surface for lower Hersey numbers compared to a smooth 

surface. Therefore either the velocity has to be increased or contact pressure 

decreased in order to reduce the coefficient of friction and entering the mixed 

lubrication regime (9) This leads to a change in the Stribeck-curve and it is shifted to 

the right for surfaces with higher surface roughness providing that all other 

parameters remain the same as indicated by Figure 3.  

  

Boundary Mixed Full-film 

Log H 

µ 

Higher roughness 

Lower roughness 
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1.4. Friction and wear of plain bearings 

The wear mechanisms occurring in bearings are various, depending on the type of 

bearing and the mode of lubrication. As mentioned in section 1.2, the three lubrication 

regimes for bearings and in particular plain bearings provide different amounts of 

friction and wear. In boundary lubrications, the friction is higher since asperities in 

both surfaces are in contact while for full-film lubrication friction is greatly reduced 

(2). In bearings experiencing full-film lubrication wear rarely occurs, besides from 

during start and stop due to insufficient lubricant flow or contaminating particles. 

Therefore a full-film lubricated bearing is more likely to fail from fatigue and not 

from wear (2).  

The effects of alloying elements and surface aspects are important within wear of 

plain bearings and will be discussed in the following sections.  

1.4.1. Lead effects 

Lead is one of the most commonly used alloying elements for plain bearing materials 

due to its unique self-lubrication and wear reduction abilities (1,4,14,15). Many 

scientists have conducted studies concluding the same thing; wear resistance of lead 

alloyed bearing materials is due to a smeared layer of lead (7). The lead-layer 

provides the surface with a softer appearance, and therefore allowing it to withstand 

load differently than un-leaded surfaces providing a reduction in wear.  In a study 

conducted by Equey et al. (7), a brief investigation was made to try and understand 

how lead can influence wear of bearing materials. The results showed that samples 

encountering wear exhibited a smeared layer of lead containing various amounts of 

lead depending on the sample. Equey et al. state that the smeared layer arises from 

two possible scenarios during wear. In the first scenario, the frictional heating of the 

surface causes lead inclusions to melt due to its low melting temperature (327,5°C), 

which is then smeared over the worn surface. In the second case, the lead particles are 

being detached from the worn surface together with other material particles (e.g. 

copper or bronze). These particles then form a third body between the two contacting 

surfaces and with lead being a soft metal it is smeared on to the surface while e.g. 

bronze particles are ejected from the contact. Both these possibilities exist even 

though none have been confirmed.  

1.4.2. Surface roughness’s effects 

Regarding wear and friction of plain bearings, the surface roughness has a great 

influence, regardless of the type of lubrication or the lubrication regime. Lundberg 

states (16) in his work that surface roughness has a higher dependency on lubrication 

than both viscosity and shear strength of the lubricant itself. 

In boundary lubrication, the surface roughness is extremely important due to the load 

carrying mechanisms occurring were a rougher surface provides for an increase in 

friction. In full-film lubrication, the surface roughness effects on friction and wear is a 

function of the lubrication film thickness. A high viscosity lubricant can provide a 
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thicker lubricant film and therefore a rougher surface is compatible with the film 

thickness and the contrary for low viscosity lubricants.  

 

Researchers have studied the influence of surface roughness and other surface 

features, e.g. dimples and textures for some time. Galda et al. (17) conducted a study 

published in 2009 on how dimples and their distribution affect the Stribeck-curve. 

They manufactured samples with dimples of various shapes and distributions, which 

acted like lubricant pockets. It was concluded that the presence of dimples compared 

to an untextured surface experienced a reduction in friction. In particular, spherical 

and long drop shaped dimples were superior and a dimple density of less than 20% 

was favorable.   

 

Xiao et al.  (9) conducted a study on surface roughness effects on friction, evaluating 

both ground surfaces as well as the post-treatments by phosphating and chemical 

deburring. The results obtained in lubricated rolling/sliding within this study were 

plotted as Stribeck-curves displaying various results. Multiple surface roughness 

values were evaluated for each type of surface treatment and both the finely ground 

(Sa=0,3µm), phosphated with a crystal size of 10 µm and the chemically deburred 

surface (Sa=0,18 µm) experienced a lower friction than others evaluated in the study. 

The chemically deburred samples had a much finer surface than the others and are 

likely to have experienced a lower friction coefficient. However, since the friction 

appeared to be dependent on the method of treatment for the phosphated surface, the 

crystal size of 10 µm was then thought to be functioning as a binder of lubricant (9).  

The bonded phosphate coatings are then believed to be the reason for the improved 

load-carrying capacity.     

 

Since the results obtained by Xiao et al. (9) implies an improved friction resistance for 

these types of surface treatments, similar ones are of interest. Therefore an electro-

polishing patented method called 3CD could provide the same results as those studied 

by Xiao et al.   

1.4.2.1. 3CD 

One way to achieve a fine surface roughness, as those in (9) is electropolishing.  

AH Automation in Smögen calls their treatment 3CD and it uses an electrolytic 

solution to polish surfaces and remove sharp edges on components. The process uses 

Faradays electrolytic laws, where the metal is removed by anodic dissolving. The 

method consists of placing a component, connected as anode in an electrolytic 

solution containing mono ethylene glycol and three ammonium salts; ammonium 

Sulphamate, Ammonium Nitrate and Ammonium Chloride (18). The connected 

components are immersed in the electrolytic solution and a direct current is supplied 

which enables material removal by ion exchange. The principle can simply be 

explained by the higher electrical charges present at the sharp edges and irregularities 

compared to smooth surfaces on which ions in the electrolyte attacks. The material, 

which in Figure 4 is illustrated by Fe oxidizes, becomes positively charged, reacting 
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with hydroxide creating an alkaline hydroxide. This will increases the initially neutral 

pH between 5,8-6,8 hence adding nitric acid in order to maintain the pH-value.    

 

The glycol used for the electrolyte solution enables the selective material removal by 

reducing the mobility of ions. This enables more ions to attack the surfaces with 

higher electrical charge, namely the edges and irregularities. An increased water-

content and temperature result in an increase in electrolyte conductivity, leading to an 

increased ion mobility. About 15 vol% water is commonly used together with 10-40% 

relative humidity and approximately 12-20°C for common steels.  

 

 
Figure 4. Schematic illustration of the 3CD-process. The metal (here Fe) is oxidized due to the applied current and 

electrolytic solution and reacts with negatively charges hydroxide ions. The process creates alkaline hydroxides, which 

increases the pH-level and hydrogen gas on the cathode (18)  

When maintaining the water and temperature parameters, the process is mainly 

governed by time and current. Larger levels demands for either higher current, more 

time to be reduced or simply altering the distance between the cathodes to alter the 

current.   

 

With this 3CD electro-polishing method used by AH Automation, the surface 

roughness is not only refined but it provides a different type of surface compared to 

traditional ground surfaces. A surface ground traditionally with grinding paper is 

composed of “hills and valleys” as Figure 5 illustrates.  A surface polished with the 

3CD-method consists of plateaus therefore providing it with a different behavior even 

thought the two surface have the same surface roughness according to Ra-values. 
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According to AH Automation, the plateau feature is believed to remove almost all 

mechanical wear, something that has not yet been proven. For example AH 

Automation have created a ball-joint consisting of a 3CD-polished surface used for a 

robot-arm which can function without any lubrication. There are still many 

unanswered questions regarding the created ball-joint and its functionality that needs 

to be further investigated.  

  

Figure 5. Schematization of a A) traditionally ground surface with “peaks and valleys” and B) a plateau surface 

similar to those achieved with the 3CD-method. Two surface like these may indicate similar Ra-values even though 

the surface characteristics are different. 

 

 The 3CD-method is a simple process with short process times for surface polishing, 

down to 30 sec. The initial costs are about 1Mkr where equipment, two batches of 

electrolyte and either equipment for filter pressing or centrifugation of electrolyte is 

required. During processing, one batch is being used for polishing while the second 

batch is filtered. 

1.4.3. Legal constraints and future restrictions 

European Parliament and Council have been evaluating the environmental and social 

impact of e.g. hazardous substances for many years. In 2000 the European Parliament 

and Council established a directive on end-of-life of vehicles determining what type of 

elements are legal to use and how to dispose of vehicles at the end-of-life (19). The 

European Parliament have established many of these directives both for vehicles and 

other products such as electronic devices in order to minimize the effect of heavy 

metals (19,20). In vehicles, lead is one of the elements causing concerns with its use 

in multiple components, one of them being engine bearing materials. Even though 

lead is still available for use within alloying and mechanical components, it is 

believed to be one of the upcoming constraints in the future something causing 

scientist to further contemplate.  

 

The research towards replacing lead with alternative elements providing similar “anti-

friction” properties without decreasing the fatigue strength is proceeding. This 

includes both substitutions of elements for lead as well as additives in lubricants as a 

combination with the lead-free bearing materials (4,7,15,21).   

One of the main reasons for why lead is being used in bearing components is its 

ability to act as a solid lubricant (section 1.4.1) (22). Another element with similar 

properties, and the element next to lead in the periodic table is bismuth. Bismuth has 

proven to be efficient in providing similar layers during wear although research have 

A B 
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shown that lead is superior within the field (4,15). In a study conducted by Kallio et 

al. (4) lead, bismuth and graphite alloyed bronze bearing materials were pitted against 

each other in both dry sliding and boundary lubrication. The results obtained showed 

for similar behaviors for lead and bismuth where a smeared layer was achieved on the 

surface as well as similar behaviors regarding micro-cracking during wear. However, 

the two layers did not provide the same friction reduction nor could both of them 

resist the same amount of maximum surface pressure. Lead is the best solid lubricant 

according to the test conducted with the best results for both boundary lubrication and 

dry sliding. The graphite alloyed bronze experienced similar maximum pressure as 

bismuth-leaded bronze, however a poor lubricant layer was formed. These results 

imply that bismuth, which is the primary candidate for substituting lead, cannot 

simply be used as a lead substitute since it does not provide sufficient tribological 

properties (4).   

 

Additional surface layers, e.g. Molybdenum disulfide have been evaluated for solid 

lubrication.  Miyajima et al. (21) directed their research towards friction reduction 

where MoS2 powder has been adhered through a shot peening process to the surface 

of a lead free Aluminum-alloy (Al-Sn-Si). Results obtained show significant friction 

reduction for alloys coated with MoS2 during the first 4300 cycles of testing, about 

70% reduction. After 4300 cycles friction increased to approximated 0,20, which is 

similar to the aluminum-alloy sample without MoS2-layer and could possibly be 

linked to the removal of MoS2. Similar results were obtained for the wear depth, 

where the MoS2-layer provided a rather constant wear depth trough out the first 4000 

cycles before increasing while the un-treated samples exhibited a wear depth increase 

all throughout 5000 cycles.   

 

Besides alloying elements and surface coatings, the lubricant itself is used to reduce 

friction. A lubricant modification together with bearing material alterations could 

provide the proper friction and wear reductions required for lead-free bearing 

materials and the opposite if the match is poor. Katafuchi et al. (23) conducted studies 

on lubricant additives in combination with bearing materials and the way friction and 

wear evolved depending on lubricant type. In the research on friction modifiers, the 

dependency on matching a specific friction modifier to the bearing material used is of 

importance since friction varies with the material. One conclusion drawn by 

Katafuchi et al. was the lubricant thickness increase with friction modifiers, which is 

due to the interactions between friction modifiers added to the lubricant and the 

bearing material. Once again, the implication of adapting lubricant additives to the 

bearing material is of importance.  
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1.5. Summary 

Bearing materials and friction reduction of the same is well studied from various 
perspective; simply by altering the surface roughness, material substitutions for lead 
in bearings, surface structures, dimples and coatings.  
Some of these options exhibit an improvement in friction reduction while others show 

no improvement at all compared to the bearings or surfaces used today. With the 

literature review conducted some questions remains unanswered, for instance how the 

Stribeck-curve shifts for a specific lubricant combined with a specific surface 

roughness. How various process parameters will affect the final surface roughness of 

a 3CD-polished surface and how such a surface will behave under lubricated 

conditions.  

However, the literature review conducted briefly summaries the following:  

• The friction coefficient is higher for rough surfaces and the Stribeck-curve is 

shifted to the right for surfaces with higher roughness.  

• The restricted use of lead in bearing materials demands for new materials and 

material replacements. Bismuth, graphite alloyed bronze and MoS2 are some 

of the materials tested even though the results have shown to be inferior vis a 

vis those with lead.  

• A MoS2-layer exhibited a 70% friction reduction for the first 4300 cycles of 

testing. The results could be linked to removal of MoS2-layer, hence the 

increase of friction coefficient after 4300 cycles.  

• Simply substitution of lead with e.g. bismuth is not sufficient. Additional 

changes have to be made in order to achieve the same friction and wear 

resistance.  

• Dimples and surface structures play an important role within the field of 

lubrication; a steel surface with spherical or long drop-shaped dimples 

exhibited a reduction in the friction coefficient for surface areas of less than 

20% dimples.  

• Electropolishing with the 3CD-method appears to be promising, even though 

no studies have been published to support its potential.  
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2. Objective 

With today’s focus on minimizing emissions and environmental impacts from 

vehicles and engines, several measures are being investigated. That along with the 

existing legal constraint from the European Parliament and Council regarding heavy 

metals e.g. lead, alternative materials are being evaluated as future prospects. These 

new materials are an important step in reducing emissions and fuel consumption. 

Reducing frictional losses, partly by reducing the viscosity of lubricants used, can 

reduce the fuel consumption. Such a simple action demands for extensive research, as 

it may lead to increased wear and friction. In order to reduce the frictional increase 

occurring when the lubricant viscosity is decreased the surface roughness needs to be 

decreased which gives rise to another important question: What surface roughness is 

required in order to not increase the friction and wear on engine components if the 

lubricant was to be replaced? 

 

From this question the objective of this Master Thesis is determined. Thus the main 

objective of this work is to evaluate the effect of surface roughness on wear and 

friction of lubricated bearings. This will be accomplished by plotting Stribeck curves 

for two types of oils and determining the surface roughness required to achieve the 

same or better operating condition as those used in today’s engines.   

 

Additional objectives of this work are to evaluate an electropolishing method called 

3CD and the test equipment used during friction tests. The goal is to study some 

process parameters in order to optimize both the 3CD-process itself as well as the 

final surface achieved and improve friction evaluations made with the block-on-ring 

configuration.  
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3. Limitations 

There are some limitations of this master thesis work. The experimental work 

pertaining to the electropolishing process parameters is limited to study four process 

times and two current densities for one initial surface roughness. Additionally, the 

investigation for a rougher surface is limited to only one process time for both current 

densities. Additional limitations of this work are that the study was made on four 

traditionally ground surfaces only.  

 

Further, the work is limited to only two oils, one reference as the once used today and 

an oil with lower viscosity. Studies on both these oils were conducted at room 

temperature only.  

 

During frictional test trials, it was discovered that two sensors for friction 

measurements were available for use on the block on ring tribometer. The first 

ranging from 0,5 to 5 N and the second from 5 to 500 N. Since the high-load sensor 

was not sensitive enough at low loads, it was decided to use the sensor with range 0,5 

to 5 N therefore limiting the load applied. The amount of oil used for each test was 

limited due to a small oil bath as well as the loss of oil at high speeds. The amount 

was therefore determined to be a smaller amount in order to maintain similar process 

parameters through out the entire test.  

Due to long delays, the amount of 3CD-batches evaluated was limited to only one 

3CD-polished surface. Due to future prospects and oil replacements that particular 

batch was further limited to only low viscosity oil.  

 

Further limitations include the use of only one bearing sample type and to focus 

mainly on friction and not on wear of lubricated bearings even though it is taken into 

considerations. The same as applied for bearing materials where the ability of bismuth 

as a lead displacement is not considered. Therefore no investigation regarding 

bismuth smearing and its abilities to reduce friction was conducted.  
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4. Material and Method 

The experimental procedure consists of surface roughness characterizations before 

and after a friction test of one bearing material lubricated with two different 

lubricants. The counterpart rings are ground using SiC-papers from #400 grit paper 

and finer to obtain different surface roughness values.  

4.1. Materials and preparations 

The material used for the experimental procedure is manufactured from main bearings 

according to Figure 6. The bearing material consists of a lead free copper-alloy 

bearing with a silver interlayer and pure bismuth overlay.  

  

A Timken A4138, outer roller bearing ring ground to proper surface roughness 

functions as a counterpart for the experimental set-up. It has an outer diameter of 

about 35mm. which can be seen in Figure 7.B in the following section.   

 

 
 

 
Figure 6. A) Illustration of bearing samples manufactured from main bearings with 

the drawings displayed in B).  

 

4.1.1. Surface polishing 

The counterpart rings were ground down to proper surface roughness using SiC-

grinding papers. One counterpart-ring was attached to a sample holder constructed by 

Luleå University of Technology, which is mounted to a lathe. The holder is slowly 

rotating with a speed of 152 rpm allowing for slow circumferential polishing of the 

rings exterior lateral surface by using a rubber strip to hold each grinding paper as can 

be seen in Figure 7.A.  

A B 
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The samples were ground/polished using abrasive papers of #400, #600, #1200, 

#2500, #4000 respectively depending on the desired final surface roughness. Each 

grinding step was conducted for a specific amount of time. Depending on the grit 

paper roughness the final grinding step was conducted for 10 or 15 minutes according 

to Table 1. Additionally an electropolishing method was used for further surface 

treatment of selected samples according to Table 2 in the following section.  

 
Table 1. Step times and the final polishing time used for all grit papers.  

4.1.1.1. Electro-polishing by the 3CD-method 

In addition to mechanical grinding, an electropolishing method called 3CD (explained 

in Section 1.4.2.1 3CD) was used after grinding with the final step of either #600 or 

#4000 SiC-grit paper.  

The equipment used for electropolishing is displayed in Figure 8 below. It includes an 

electrolyte bath, sample holder and control panel where the sample attached to a 

sample holder is immersed in an electrolyte as a direct current is applied.  

  

Figure 7. Photographs showing A) one ring attached to the sample holder and lathe where polishing is 

conducted manually using a rubber strip with grinding paper and B) one unpolished ring and polished ring 

with a outer diameter of about 35 mm.  

Grit paper Step Time 
Final polishing  

Step Time 

400 1 min - 

600 2 min 10 min 

1200 5min 10 min 

2500 10 min 15 min 

4000 15 min 15min 

A B 
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Figure 8. In A) the 3CD-equipment with the electrolyte bath where the sample is immersed. While in B) the sample holder 

constructed for electropolishing the rings on the right with a ring attached. 

Multiple parameters were varied; initially the process time was altered between 30, 

60, 90 and 120 seconds. Varying the current as well as the distance between the 

sample and current source made it possible to vary the current density as a second 

parameter. The variations were from 15 to 46 A and 100 to 5 mm as can be seen in 

Table 2 below. Altering the current density included alterations on the process 

temperature.  

 
Table 2. Process parameters used during electropolishing with the 3CD-method for each sample batch. 

During tests conducted on process time influence a longer cathode distance was used while for higher 

current densities a shorter distance was used combined with a higher current.   

Sample 
batches 

Grit 
Paper 

Process 
time 
(sec) 

Voltage 
(V) 

Current 
(A) 

Temperature 
(°C) 

Cathode 
Distance 

(mm) 

Pulsation 
on/off 
(sec) 

3CD 30/ 
3CD(4000) 

4000 

30 

35 15 10 100 1,5/1 

3CD 60 60 

3CD 90 90 

3CD 120 120 

3CD (4000)-HC 4000 30 35 46 18 5 - 

3CD (600) 600 30 35 15 10 100 1,5/1 

3CD (600)-HC 600 30 35 46 18 5 - 

Sample holder 

Control panel and 

distribution board 

Electrolyte bath Sample holder 

and sample 

A B 
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4.1.2. Lubricants 

Two lubricants with different viscosities, one standard lubricant used today with 

grade 10W-40 and a low viscosity oil 10W-30, enable the surface roughness 

evaluation.  The additives in both of the two oils used are similar and listed in Table 3 

where no anti-friction additives are used.  With the additives being similar in both oils 

it should not affect the friction results obtained.   

 
Table 3. Lubricant properties and additives where a slight difference can be seen between the two. However 

the alterations in additives should not influence the outcome of friction tests.   

  Standard  Low 

Grade 10W-40 10W-30 

Kinematic viscosity at 40 °C  (mm
2
/s) 86,3 73,6 

Kinematic viscosity at 100 °C (mm
2
/s) 13,01 11,4 

Additives (wt%) 

Ca 0,43 0,396 

Cl - 0,009 

Mg 0,004 - 

N - 0,098 

Na 0,005 - 

P 0,12 0,121 

S 0,32 0,55 

Zn 0,135 0,132 

4.2. Characterization 

For characterizing samples before and after friction test both mechanical topography 

measurements, confocal microscopy, optical microscope and Scanning Electron 

Microscope (SEM) images were used.  

4.2.1. Topography measurements 

Two types of topography measurements were conducted. One mechanical measuring 

the R-values using MarTalk with a sweeping needle measuring over a length of 

1,25mm. Eight different R-vales were measured, Ra (average roughness), Rz (average 

maximum height of the profile) Rp (maximum profile peak height), Rv (maximum 

profile valley depth), Rq (root mean square roughness), Rk (Core roughness), Rpk 

(reduced peak height) and Rvk (reduced valley depth) (24,25).  

Regarding the roughness parameters within the Rk-family it is usually said that Rk is 

the base region, or core, while Rpk is the first region in contact and Rvk the lubricant 
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retention region. The Rpk corresponds to the peaks that will be worn off during run-in 

and Rvk the valleys or holes, which will retain lubricant (24,26). 

 

Additionally an optical confocal microscope, Sensofar Plu 2300 was used to obtain 

both a 3D-image and a countour of the ring surface where two measurements were 

conducted on each ring. On each occasion measurements were made using both an 

EPI-20X and SLWD-50X objective where the scanning height was set to about 

100µm and 2,0% threshold rendering 768x576 data points.  

The 3D-images were created using Sensomap 4.1 software by first leveling the 

surface and removing curvature followed by creating a continuous axionometric with 

a 10% height amplification and 50% resolution.   

4.2.2. SEM and Optical microscopy 

A JEOL Scanning Electron Microscope equipped with a secondary electron detector 

were used to image the surface at up to 10 000 times magnification. The working 

distance was between 10 and 16mm and an electron beam voltage of 8 or 10kV was 

used.  

Additionally a Stereo-microscope was used for image rendering as well as an optical 

microscope.  

4.3. Experimental procedure 

The frictional evaluation consists of a Micro/Macro tribometer available at Luleå 

University of Technology where a block-on-ring configuration with a conformal 

geometry is used according to Figure 9. For each test, the rings were immersed in a 

lubricant bath of 5ml lubricant, which was brought up to 490 rpm (0,9 m/s). Once at 

accurate speed the bearing samples were brought in contact with rotating ring with a 

force of 4N. The speed was then stepwise decreased by 20 rpm each 60 seconds down 

to 10 rpm (0,01 m/s). Allowing for full-film lubrications at the beginning of each test 

before decreasing the speed and entering mixed and boundary lubrication (where most 

wear occur).  
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Alignment was established trough a two-sheet Fuji-pressure-sensitive film measuring 

pressures ranging from 0,5-2,5 MPa and a dial indicator. Adjustments were made by 

setting the lower fixing plate, correcting the tilt of the ring. Before and after each test, 

rings and bearing samples were immersed in industrial gasoline and cleaned using 

ultrasonic cleaning for 5 min to remove contaminating particles and grease.  

 

During the block-on-ring test a DMF-sensor with a range from 0,5 up to 5N registers 

the forces acting upon the ring every 0,005 seconds. A UTM-software calculates the 

coefficient of friction each time and calculates the average for each step of 60 

seconds, which are the values used for analysis. In total nine batches were evaluated 

according to Table 4 below.  

  

 
A 

 
 

 

 

 

B 

 
 

C 
Figure 9. A) Macro/micro multifunctional tribometer with the B) block-on-ring configuration installed. The 

block-on-ring configuration consisting of a rotating ring immersed in an oil bath where a load is applied 

trough a upper specimen holder attached with suspension on load cell and sensor as C) illustrates.  
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Table 4. Test-matrix for Stribeck curves where the lubricant is defined as Low viscosity lubricants (Low) or 

standard viscosity (Std) and the surface finish after the grinding papers or process type. Within each batch 

three test were conducted using one ring and one bearing sample per test.  

Lubricant 

Surface Roughness 

600 1200 2500 4000 3CD 30 

Low 3 3 3 3 3 

Standard 3 3 3 3 - 
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5. Results and Discus

5.1. 3CD - Process parameter

Surface roughness values measured using MarTak indicates an increased surface 

roughness (Ra-value) after electropolishing with 3CD as the values in 

displays. For an initial surface of roughe

paper, the Ra-value is approximately the same after 3CD. At the same time the 

maximum peak height is increased and the maximum valley depth is decreased 

resulting in a surface with higher peaks and shallower valle

For finer surfaces, ground with 

initial values hence both higher peaks and lower valleys after electropolishing with 

3CD. Comparing the two surface roughnesses’, lower surface roughness values are

obtained after electropolishing for the initially finer surface. However the difference 

between the two surfaces, both processed for 30 seconds, are minimal. R

0,103 and 0,136 are measured after electropolishing for the finer and rougher initia

surfaces respectively.  

 

Figure 10. The average surface roughness before and after electropolishing with the standard 

deviation using two different initial surface roughness

grinding paper of #600 and 

seconds with conditions according to 3CD

 

In SEM-micrographs in Figure 

grinding scratches with various depth depending on final polishing step. Naturally the 

alterations in line-depth is more severe for samples polished with 

though occasional deep scratches can o

here.  
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and Discussion 

Process parameters 

Surface roughness values measured using MarTak indicates an increased surface 

value) after electropolishing with 3CD as the values in 

displays. For an initial surface of rougher characteristics, polished with 

value is approximately the same after 3CD. At the same time the 

maximum peak height is increased and the maximum valley depth is decreased 

resulting in a surface with higher peaks and shallower valleys.  

iner surfaces, ground with #4000 grit paper, results indicate substantially lower 

initial values hence both higher peaks and lower valleys after electropolishing with 

3CD. Comparing the two surface roughnesses’, lower surface roughness values are

obtained after electropolishing for the initially finer surface. However the difference 

between the two surfaces, both processed for 30 seconds, are minimal. R

0,103 and 0,136 are measured after electropolishing for the finer and rougher initia

. The average surface roughness before and after electropolishing with the standard 

deviation using two different initial surface roughness values obtained trough grinding 

600 and #4000 respectively. The 3CD-process used a process time of 30 

seconds with conditions according to 3CD-30/3CD (4000) and 3CD (600) Table 2 on 

Figure 11 A-B the initial surface shows the 

grinding scratches with various depth depending on final polishing step. Naturally the 

depth is more severe for samples polished with #600 grit paper even 

though occasional deep scratches can occur even for finer surface as the one seen 

 

Surface roughness values measured using MarTak indicates an increased surface 

value) after electropolishing with 3CD as the values in Figure 10 

r characteristics, polished with #600 grit 

value is approximately the same after 3CD. At the same time the 

maximum peak height is increased and the maximum valley depth is decreased 

grit paper, results indicate substantially lower 

initial values hence both higher peaks and lower valleys after electropolishing with 

3CD. Comparing the two surface roughnesses’, lower surface roughness values are 

obtained after electropolishing for the initially finer surface. However the difference 

between the two surfaces, both processed for 30 seconds, are minimal. Ra-values of 

0,103 and 0,136 are measured after electropolishing for the finer and rougher initial 

 
. The average surface roughness before and after electropolishing with the standard 

values obtained trough grinding with 

process used a process time of 30 

on page 22. 

the circumferential 

grinding scratches with various depth depending on final polishing step. Naturally the 

600 grit paper even 

ccur even for finer surface as the one seen 
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Figure 11. SEM-micrographs of the surfaces before electropolishing. A) A rough surface with final grinding 

step of #600 grit paper and B) a fine surface finally ground with #4000 grit paper on the right. After 

electropolishing C) the initially rough sample experienced a fine martensite-like structure. While in D) the 

fine sample exhibited similar but slightly enlarged structure.  

The selective material removal achieved during electropolishing results in a 

significant change in surface texture as can be seen in Figure 11 C and D. At lower 

magnifications the surfaces have a “buckly” appearance (Figure 12 below) while a 

needle-like textured surface is observed for higher magnifications. The surface can 

greatly be associated with an etched martensitic microstructure with its needle-like 

texture and dimples between them.  

 

Even though the initially rougher surface exhibits a slightly larger surface roughness 

after 3CD compared to the initially fine surface there is a difference is surface texture 

between the two. The rougher surface, 3CD (600) shows for a finer surface texture 

where both needles and dimples are shorter and smaller compared to the finer surface, 

3CD (4000) (Figure 11 C and D). These results could indicate that there is correlation 

between the texture roughness and initial surface roughness. However, it can also be a 

result of positioning. Due to the process, various positions of the ring will be polished 

differently depending on electrode positions and therefore resulting in texture 

alterations.  

Since only a few rings and a few positions at those rings were investigated it is not 

enough to make any conclusions whether or not it is positioning or a surface 

roughness correlation.   

 

A B 

C D 
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Further evaluating the 3CD-process, investigations on process time influence on 

surface roughness and texture was conducted.  SEM-investigations showed for similar 

results with a martensite-like texture with varying texture roughness. At shorter 

process times, e.g. 30 seconds the needle-like texture is slightly larger than that 

processed during a longer time, which is observed at both magnifications visible in 

Figure 12. The surface texture observed in 3CD-120 indicates a finer surface texture 

with smaller needles and smaller dimples. However, looking at Figure 12.C2 (3CD-

90) the texture appears to be even finer than 3CD-120. Since no measurements on 

needle- or dimple size have been conducted the analysis is completely arbitrary. With 

these results two theories arises: Either there is no correlation between initial surface 

and process time and the final texture is dependent on position. Or there is a 

correlation and the surface texture is dependent on initial roughness and process time. 

Within the work of this thesis the author is of no certainty to discard one of the two 

theories and further investigations have to be made.  

 

Even though the four process times experienced various surface texture roughness 

there is no significant difference in surface roughness for theses surfaces, initially 

polished with #4000 grit paper as Figure 13 below displays. This indicates that the 

process reached a “steady state” at 30 seconds and longer time used for polishing will 

not significantly alter the surface roughness. In order to reach a smoother surface it is 

reasonable to assume that shorter process times will result in a surface with lower R-

values, closer to the initial surface.   

 

In addition, processing using higher current density was also investigated. Results 

show similar values of Ra and Rq for both lower and higher current samples.  

Additionally the investigation was also conducted on both a fine (#4000) and rough 

(#600) initial surface, processed during 30 seconds. As Figure 14. A and B displays 

the use of a higher current results in a surface with higher peaks as well as deeper 

dimples/valleys, which is confirmed with the measured R-vales as seen in Figure 15.  

Studying the SEM-micrographs of the initially finer surface 3CD(4000)-HC it is 

slightly distorted without the needle-like features, compared to samples 

electropolished with lower current density. In 3CD(600)-HC the needle-like features 

can be slightly observed in Figure 14.B, as well as small holes, similar to pitting 

holes. 
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Figure 12. SEM-micrographs of the electropolished surface for four various process times. A) for 30 seconds, B) 60 seconds, 

C) 90 seconds and D) 120 seconds.  The lower magnifications micrographs (A1-D1) reveals a “buckly” surface while larger 

magnifications (A2-D2) shows the martensite-like texture with needles and dimples at various size and distribution.  

D1 

C1 

B1 

A1 A2 

C2 

D2 

B2 
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Figure 13. Average surface roughness values and standard deviations for four different 

process times, 30, 60, 90 and 120 seconds. Measured R-values are similar for all process times 

indicating that a “steady state” have been reached after 30 seconds.   

 

 

These SEM-micrographs reveal an over-processed surface, similar to over-etched 

surfaces.  By using shorter process times, it is more likely to obtain a surface with 

similar features as those previously seen and discussed in Figure 12. The surface 

obtained here, with higher peaks, is more likely to cause an increased friction and 

wear. Especially since the texture with dimples are no longer present, providing for 

better lubrication. With these results it is unclear as to how an increased current 

density will influence the surface texture and roughness and shorter process times 

must be further investigated to reveal this influence. 
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Figure 14. SEM-Micrographs of a A) fine and B) rough initial surface processed with higher current density for 30 

seconds. Both surfaces appear over-processed, like an over-etched surface where the surface texture is distorted. For 

the initially rougher surface small holes, similar to pitting holes are visible.  

 

 

 
Figure 15. Averages surface roughness values with standard deviations for 

“normal” and high current densities (HC).  

 

5.2. Tribological properties influenced by surface roughness 

From tribological tests conducted, multiple curves have been obtained displaying the 

friction coefficient evolution with respect to speed. Representative graphs are 

illustrated in Figure 16 A-D but all results obtained can be found in Appendix (figure 

1-5). The difference in surface roughness is of importance where a longer polishing 

with finer papers shows for a finer surface roughness. Additionally the 3CD-polished 

surface exhibited values close to that of the reference sample 600 as Figure 17 

displays with slight variations in for example Rvk.  

A B 



 

 

The first remark to make is the scatteri

low viscosity lubricant and 600
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The first remark to make is the scattering in results within each batch tested. For 1200 

bricant and 600-low and standard lubricant the results obtained differ 

slightly.  For all other samples one or two tests conducted have friction values much 

greater than the lowest value obtained.  

 

 
curves obtained for four different batches A) 600-standard lubricant which are used as reference, B) 

1200 low viscosity lubricant, C) 2500 low viscosity and D) 4000 low viscosity. The results obtained are scattered indicating 

. Mean final surface roughness and standard deviations for ground and electropolished surfaces evaluated 

on-ring configuration.  
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The 600-batch tested with standard grade lubrication are used as reference samples to 

which all other results are compared. For those three results scattering is very small as 

previously mentioned however images of the worn bearing samples reveal a slightly 

rotated position of the wear scar for sample 600-f. This indicates a poor alignment 

even though the friction observed is the lowest within the batch. Curve 600-e differs 

from the other two in shape and the photograph displays the beginning of two wear 

scars, one located slightly above the deeper one. The bearing samples have then either 

been sliding in the bearing holder or the sample holder itself was displaced during the 

tests. The displacement can be a result of vibrations caused either by the equipment or 

by the number of people moving in the area during testing. Since that curve varies 

from the other is it also a possible explanation for the anomaly.  

 

  

 

 

 
Figure 18. Photographs of bearing samples emphasizing alignment problems with the equipment used. A) The wear scar 

indicates a rotated bearing-sample holder emphasizing alignment problems with the test equipment used. In B) the bearing 

sample has been displaced during testing, probably due to vibrations. The same can be seen in C) where the bearing has been 

displaced stepwise causing a wear scar in the shape of two lines. Bearing sample 600-c in D) displays a wedged ring surface 

causing a non-even wear scar. 

 

Photographs of the bearing samples in Figure 18 reveal both the displacement of the 

bearing sample and poor alignment. For example sample 600-c with a higher friction, 

experienced a wear scar located at one side, indicating a wedged ring-surface, 

probably due to manual grinding. This results in a poor contact area and higher 

friction. The first sample (600-a), exhibiting the lowest friction, a displacement can be 

seen as the bearing sample has been moving creating two lines as seen in Figure 18 C. 

The number of people moving in the area can explain these lines, since it is possible 

that the vibrations caused the bearing sample to move. However no alterations can be 

seen on the friction curve.  

This statement cannot be validated without performing further test and therefore it has 

not been done within this work.  

 

For the second batch, labelled 1200, a small anomaly is observed on the curve for 

sample 1200-d possibly corresponding to the bearing sample displacement, similar to 

that of 600-a. As the friction measured is the lowest observed within the batch, it is 

clear that even lower values can be obtained with better alignment.  

C B D A 
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All four tests conducted exhibit similar wear scars, with a slight difference on wear 

scar location. The same trend is seen for the finer surfaces, 2500 tested with low 

viscosity lubricant where two tests exhibiting low friction display a wear scar closer 

to the centre of the bearing sample. Measuring the distance from the sample bearing 

edge to wear scar, the two low-friction samples present a distance of about 5 mm as 

Figure 19 shows.  The third sample, with high friction exhibits a distance of only 2,5 

mm. Investigating the same relationship for all samples a clear trend is visible: A 

more centred wear scar results in a lower friction coefficient as can be seen for all 

sample-batches in Figure 20 below.  

 

  

 

 

Figure 19. Images of the bearing samples after tribology-tests where the red scale below 

the bearing indicates 2000µm. In A) 2500-a and B) 2500-b the wear track is located at the 

middle of the samples, about 4,8mm and 5,1mm from the upper edge respectively. In C)  

sample 2500-c, the wear track is located closer to the upper part of the sample, only 

2,5mm from the edge illustrating the most important alignment issue. The red scale is 

indicating 2000µµµµm.  

 

 
Figure 20. Graph displaying the mean coefficient of friction in the speed interval 110-490 rpm 

as a function of distance from the edge to wear scar for all samples. Each sample batch is 

displayed using different markers and here a clear trend between distance from the edge and 

4,8 mm 5,1 mm 
2,5 mm 

B A C 
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coefficient of friction can be seen where a better alignment with the wear track located at the 

middle of the sample provides with a lower friction coefficient.  

 

The trend observed is simply a result of poor alignment where the bearing sample has 

been displaced in the holder. The bearing sample holder has a slight curvature, almost 

like a cup with a stop at one short side to prevent the sample from sliding out of the 

holder as shown in Figure 21. On the long side two plates are fixated with screws to 

hold the bearing in position. This construction is not designed for a simple fixation 

and alterations can occur. For example, if the curvature of the holder is larger than 

that of the bearing sample, this type of alignment problem might occur. Secondly the 

two plates attaching the sample are screwed tightly, allowing the sample to move 

slightly during tightening. At the same time the heads for the screws used are very 

large, making it difficult to screw them both tight. This causes for alignment problems 

in more than one way.  

 

Figure 21. Illustration of the bearing sample holder and bearing placed inside. A) The bearing sample holder 

without the fixing plats attached to the sides and B) with the fixing plates.  

It is the author’s belief that the bearing sample used does not have the same radii as 

the holder. Therefore, when the sample has been pressed against the stop during 

tightening the bearing sample gets displaced causing the back-end of the bearing 

sample to stick out and therefore being the point of contact with the ring during 

testing.  

 Since the vertical force of 4N applied to the bearing sample is perpendicular to the 

ring and bearing sample, if alignment is optimal. However if the bearing is displaced 

in the holder, causing the back of the sample to stick out, the applied force is not the 

actual normal force acting upon the sample and ring. In Figure 22 this phenomenon is 

illustrated with the optimal contact and the actual contact according the mentioned 

theory. If the bearing sample or holder is displaced the force applied is merely divided 

up into two components. One perpendicular to the bearing-contact exhibiting the true 

normal force and a second component parallel to the bearing in the same direction as 

the frictional force. Since the sensor measured forces in two directions, z and x as 

illustrated in Figure 22 B) the measured force is not the actual friction force. The two 

forces Ff and FNx are added together and divided up in to two components, one in z- 

and the other in x-direction resulting in the force measured. The friction coefficient 

Fixing plate 

Front stop 

A B 



 Sofie Eklund  
 

 38

measured is therefore calculated based on the forced named FFx and FN in Figure 22 

C, while it should be calculated from Ff and FNz. The results displayed in Stribeck-

curves are therefore not accurate, but simply an alignment issue within the test 

equipment set-up and lower friction values can therefore be obtained.  

 

If the bearing sample on the other hand would be fixed with the back of the bearing 

sample pressed down to the holder, resulting in the front sticking out, the friction 

observed in test would be lower than the true friction. Due to the handling procedure 

during test preparations it is more likely to have the back-end of the sample sticking 

out. 

Due to these alignment issues it is of high importance to make sure that the bearing 

sample is perfectly aligned in the bearing sample holder and that a wear scar is 

obtained in the centre of the bearing sample.  

 

Due to the above mentioned alignment issue, 2500-samples tested with standard 

viscosity lubricant exhibited a larger scatter. One sample in particular, 2500-d, with 

the highest friction, experienced an important friction increase at velocities 390-430 

rpm. An increase for only a couple of seconds could be due to a released particle that 

got trapped between the surfaces. However this increase was visible during 2-3 

minutes and no explanation can be found since it is too long to be due to a particle 

entrapment.  

For sample 2500-f, the bearing sample was displaced during testing; since two 

different wear tracks can be seen, similar to those of 600-e seen in Figure 18. C. Since 

the wear scar of 2500-e and 2500-f are located at the same distance, it is reasonable to 

assume that the sample displacement caused for the slightly increased friction as well 

as a higher contact pressure.  

 

 
 

Figure 22. Illustration displaying A) the optimal contact between bearing sample and rotating ring with the two 

forces acting upon it. However results indicate a misalignment B) where the applied force is divided up in two 

components, FNz and FNx. In image C) the frictional forces and normal component together dived up in two 

additional components giving rise to the misalignment problem since the calculated friction coefficient is based on FN 

and FFx instead of the true normal and friction force, FNz and Ff. 
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For the finest ground surfaces, the most significant scattering is observed. Both due to 

a wedged ring-surface discussed earlier as well as holder displacement since the wear 

scar is located at various distances from the edge.  

The lowest friction was observed for low viscosity oil with the largest edge-distance 

but at 270 rpm a slight increase was observed for about 30 seconds. Probably due to 

the entrapment and release of particles between the two surfaces.  

Additionally, test conducted with standard lubricant exhibits a slight variation in 

edge-wear scar distance resulting in the friction variations observed.  

 

In addition to commonly ground surfaces the electropolished surface tested exhibited 

significantly lower friction values, with only 0,007 as the lowest value. The small 

scattering seen in Figure 23 is a result of alignment where crowning and wedge of the 

ring surface is observed for the two samples with higher friction. However, the 

bearing sample (seen in Figure 24) displays a more worn surface compared to the 

traditionally ground surface used, probably due to the high surface roughness which at 

low speeds gives rise to limited lubrication and therefore also higher wear. At low 

speeds the asperities-tips are in contact due to the high roughness and the fact that a 

sufficiently thick lubricant film is not created, hence an increased friction.  

This can also be seen on curves where high friction is observed at low speeds. 

 

 
Figure 23. Stribeck-curves attained for surfaces electropolished with 3CD. The results 

here shows for a low coefficient of friction at high speeds, where the lowest value obtained 

are as low as 0,007.  
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Comparing the various surfaces and lubricants the curves with the optimum alignment 

for each batch is plotted together. It can be seen that the two rough ground surfaces 

lubricated with low viscosity oil as well as 600 lubricated with standard viscosity oil 

experienced higher friction values, all with the same magnitude. 1200 with standard 

viscosity experienced slightly lower values, reasonable since a thicker lubricant film 

can be formed for a finer surface. The two finer surfaces experienced the opposite 

result where lubrication with standard viscosity oil resulted in a friction increase due 

to lubricant shearing. The remarkable results are the electropolished sample, which 

not only have high surface roughness values but also exhibited low friction values at 

high speeds, almost in the same magnitude as that in the case of fine ground surfaces 

.   

 

  

Figure 25. Stribeck curves for all sample-batches are displayed where the curve with the most centred wear scar is used as a 

representative within each batch. On the left the rougher ground surfaces can be seen with higher friction while the 3CD 

surface exhibits substantially lower values at high speeds. At low speed the coefficient of friction is similar to those of a 600-

surface. The fine ground surfaces (on the right) exhibit higher values for the standard lubricant, due to shearing. The two fines 

2500 and 4000, exhibits similar friction values, which is reasonable since both reveals similar roughness values. A lower 

coefficient of friction is observed for the 3CD-surface at high speed due to the dimples, which enables for better lubrication.  
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Figure 24. Photographs of bearing samples tribology-tested with the 3CD-polished 

surface exhibited a larger worn surface. Probably due higher peaks causing during low 

speeds where boundary lubrication takes place. The scale in red shows for 2000 µµµµm.  
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The measured surface roughness values can partly explain the Sribeck-curve behavior 

for 3CD. The rough surface provides for the increase in friction at lower speeds. For 

3CD in particular, the increase starts at higher speeds than the fine ground surface, 

logical considering the lubricant film thickness. However, comparing the 3CD-surface 

to 600 the valley depths are deeper for the 600 surfaces. Since the valleys are believed 

to be the cause for the improved lubrication it is the valley, or rather hole 

configuration that is of importance.  

Since the surface roughness is measured along a short line across the ring surface, 

perpendicular to the sliding direction as seen in Figure 26 below, the results could be 

misleading. Since roughness alterations in the sliding direction are not important and 

the scratches on the surface caused by grinding do not significantly improve the 

lubrication, the friction will be higher for ground surfaces with similar roughness 

values.  

 

 
Figure 26. 2500-3 surface with arrows indicating both sliding direction 

and surface roughness measurements conducted. 

 

Comparing the surface for 600, 4000 and 3CD, the visible grinding lines, especially 

for 600, are the reason for the high values for Rvk. The finer surface, 4000 has 

shallower scratches and smoother surface as Figure 27 indicates which are in 

accordance with measured R-values in Figure 17 and therefore a higher lubricant film 

thickness.  

   

Figure 27.  Images rendered with Confocal microscope illustrating the surface of the rings for A) 600-surface, B) 4000 surface 

and C) 3CD-surface.  

Sliding direction 
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The 3CD surface, with shallower valleys has the dimples distributed over the entire 

surface. Hence, misleading conclusions if one is to relay on measured R-values. It is 

therefore not merely the depth of the dimples or scratches that are of importance but 

the shape and distribution. This is supported by research conducted by Galda et 

al.(17) who concluded that the dimple-shape and distribution is of great importance 

within the field of lubrication and wear. As previously mentioned in section 1.4.2. 

Surface roughness’s effects, longdrop-shaped holes with a dimple density of less than 

20% are favorable for friction and wear reduction, where the dimples, for 3CD 

created by the surface texture provide lubricant pockets, which enable a better 

lubrication.  

 

Since Galda et al. punched holes with a certain shape the dimple distribution is the 

sole factor to control within the 3CD-process. Results previously discussed of the 

3CD-process, indications have been given on how process time and initial surface can 

influence both roughness of the 3CD-surface and fineness of the surface texture. If the 

dimple size and distribution can be controlled, possibly by altering process time, 

lubrication and friction can also be improved. Therefore the 3CD-process must be 

further investigated in order to determine any correlations and to optimize the surface.   

 

Another possible contributing factor to the low friction values obtained for 3CD is the 

shape of the asperity-tips. As mentioned in Section 1.4.2.1. 3CD, the 3CD-process is 

believed to provide a surface consisting of plateaus. Such a surface structure would 

reduce friction and wear. However the R-values measured and the friction values 

obtained shows for no indications of a plateau surface. Since no publications have 

been found within the field, the theory of plateaus is still to be proven.   

 

The results obtained within this thesis raise an important question, namely the issue of 

how fine surface to use and what surface roughness parameter to explain it. For 

example Ra is the most common surface roughness parameter but it does not give any 

indication on the structure nor its behavior during lubricated conditions. More 

importantly, two surfaces with various surface structures can provide the same Ra-

value and therefore it is not to recommend for these types of evaluations. Additionally 

Rp and Rv indicate the distance from the mean line to the highest peaks and deepest 

valleys and are therefore dependent on the mean line. Then there are functional 

parameters within the “Rk-family”; Rk, Rpk and Rvk. These values are more complex 

and related to the Abbott curve but provide a more realistic view of the actual surface 

even though the peak heights and valley depths are also based on the “core” value, Rk. 

Based on the results of this work the Rk-values are more useful even though 

conclusions can not be made entirely based on them. However additional parameters 

aiding in better describing the surface structure would be helpful.  

 

The important wear observed for 3CD-polished surfaces was further investigated by 

SEM and EDS and compared to both the reference sample and 2500 run with low 

viscosity lubricant. On the SEM images smeared silver was present at locations, 
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demonstrated with red arrows in Figure 28 below. Some particles, probably released 

from the ring surface as discussed earlier were found embedded in the bismuth 

overlay. Even though some silver was visible in SEM-micrographs and EDS analysis 

no clear silver area was detected indicating that the wear occurring did not penetrate 

deep below the bismuth overlay, not even for the most worn bearings evaluated with 

the 3CD-surfaces.  

 

   
Figure 28. SEM-micrographs displaying the worn surface of the bearing sample with red arrows indicating smeared silver. In A) the 

reference sample 600 run with standard lubricant shows for some silver being smeared on top of the bismuth overlay. In image B) no 

smearing of silver was present, however pieces consisting of iron among many other elements e.g. potassium, sodium and calcium 

which are all present as additives within the lubricants. Probably an embedded particle released during testing. The silver smeared in 

C) is clearly visible in a darker shade, here at a larger magnification than image A and B.  

 

The results obtained within this thesis indicate that if a 3CD-surface would be used as 

a counterpart for plain bearings, it would result in a lower friction once the engine is 

in operation. However it would also result in an increased wear of bearing 

components during start/stop.  

Despite these indications, it is the authors’ opinion that the 3CD-surface can be 

optimized, as previously mentioned to reduce the friction further. By altering the 

process parameters the peak height can be further decreased while at the same time 

maintaining the surface texture, which provides for better lubrication. 

5.2.1. Test-equipment assessment 

With the observed scattering through out all tests some drawbacks have been 

encountered. The results obtained within this thesis are not accurate enough to draw 

any important conclusions on what surface roughness to use in order to change 

lubricant. However the equipment can be used for this type of testing if proper 

measures are taken.  

First the alignment issues must be addressed, with the most important being the 

sample holder. The correlation between wear scar location and friction indicates that 

the sample holder must be redesigned. The most likely reason for this particular 

alignment problem is the way the bearing sample is mounted inside the holder, and 

the cup-shaped holder must be redesigned. 

One option is to redesign the entire holder, into a holder that does not depend on 

holder radii for alignment and fixation. The holder used today has a slight radius into 

which the bearing sample is placed as seen in Figure 29 below. A possible re-design 
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of the bearing sample holder is where no curvature is used. Instead two supports are 

mounted to the sample holder enabling bearing sample with various radii to be used 

without causing the bearing sample to tilt or stick out. The bearing sample itself can 

then be mounted using clamps designed for the holder. With this type of holder both 

longer and wider bearing sample can be used, which would facilitate bearing sample 

handling.   

 Additionally the bearing sample holder is attached to the load cell and sensor by 

placing the circular rod inside a bracket. By using a different shape of the rod, to more 

perfectly fit inside the bracket rotation of the bearing sample can be eliminated, hence 

eliminating one of the alignment issues.  

 
 

 

 
 

Figure 29. Illustration of A) the bearing sample holder with attached bearing sample used during tests. The 

bearing sample is fixated using two fixing plates tightened at the long sides if the holder, here visible as a 

dark blue square at the bottom in image in A. The sample holder and bearing does not have the same radii, 

which could result in a misalignment if it is not fixated properly. In B) A possible re-designed sample using 

two “edges” to place the bearing sample in position. Clamps attaching both in front and back of the sample 

is here used to hold the bearing sample in position during tests. This sample holder could then be used for 

both longer and wider bearing samples with various radii without compromising with the alignment issue 

discovered.  

 

Secondly the process parameters have to be thoroughly investigated. Within this 

thesis both load and speed were evaluated before determining the process parameters 

to be used. However, the DMF-sensors available were ranging from 0,5-5 N or from 

5-500 N where the larger sensor was not sensitive enough for the low loads intended 

to be used. Therefore the maximum load within this thesis was limited to 5N. In 

addition a higher load is correlated to a higher speed, which normally is not a 

problem.  However the lubricant container is not built for higher speed and a larger 

amount of lubricant will be spilled during testing.  

Ring 

Clamp 
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 Since a higher load would reduce some of the mentioned alignment problems a 

sensor ranging from 5-50N would be a good alternative. That, in combination with 

either a drip construction or a closed container for lubricant would further improve the 

test equipment. 

 

Despite the alignment issues discovered during testing, the test equipment and 

procedure is still an alternative for tribological tests if further improvements are to be 

made.   

5.3. Limitations and weaknesses 

The investigation made within this thesis has its limitations and weaknesses regarding 

on how process parameters influence the surface obtained with 3CD for example. 

Since only one ring-surface was microscopically investigated at two locations it is not 

fair to state how process time influences the surface texture achieved. Further 

investigations have to be made in order to statistically determine if one of the two 

above-mentioned theories are correct.   

Secondly, since there was no deeper knowledge within the field of 3CD, the process 

parameters selected provide deceptive results. Therefore the results obtained within 

this thesis have to be viewed as an initial step in understanding the process and to 

more closely define the process parameters for future work.  

 

Due to the alignment issues within the test equipment used the results obtained 

regarding both the 3CD samples and traditionally ground surface have to be analyzed 

with caution. It can provide the reader with an indication on what to continue to 

investigate within the field of surface roughness and low viscosity oils for plain 

bearings.  

Additionally, since the work conducted used lubricants at room temperature the 

investigation is not enough for real engine applications. A higher temperature will 

result in a less viscous lubricant.  
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6. Conclusion 

From the results above, many conclusions can be drawn both regarding the test 

equipment used, 3CD-process and the surface roughness effect on wear. However 

these conclusions need to be further ascertained. 

6.1. 3CD 

As regards the 3CD- process the results indicate several interesting features: 

• Finer initial surface used for 3CD-electropolishing, the lower R-values are 

achieved after 3CD.  

• There is a slight difference in R-values between the initially fine and rough 

samples electropolished.  

• No significant difference between process times of 30, 60, 90 and 120 seconds 

on the final surface roughness (R-values) is seen. The final surface roughness 

appears to have reached a “steady state” at 30 seconds and less time could 

provide a smoother surface with R-values closer to the initial surface 

roughness.  

• A higher current density provides the surface with higher peaks and lower 

valleys, hence a rougher surface than the one obtained by lower current. No 

needle-like surface observed when a higher current is used; “pitting”-holes are 

visible on the 3CD(600)-HC surface as the surface appears to be “over 

etched”. 

• There are two possible theories for surface texture achievement: 1) the 

roughness of the surface texture is dependent on both initial surface roughness 

and process time. 2) The surface texture is highly dependent on the position on 

the ring, resulting in various dimple-, and needled-sizes throughout each ring. 

6.2. Friction evaluation  

Friction evaluations indicate surfaces that can be used in order to replace today’s 

lubricant:  

• A finer surface provides for lower friction values lubricated with a low 

viscosity lubricant. 

• There is a correlation between bearing sample positioning and friction 

coefficient measured indicating alignment issues within the test equipment. 

Therefore many of the observed results are not a “best-case value” since in 

many of the test-setups the bearing samples were not properly positioned.   

• Increased friction for fine surfaces with standard viscosity oil, related to 

lubricant shearing which increases friction.  

• 3CD-surface provides for significantly better lubrication and reduced friction 

than conventionally ground surfaces with similar roughness values. The 

coefficient of friction is low at high speeds and among the highest for low 
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speeds. Probably due to dimples acting as lubricant reservoirs aiding 

lubrication at high speeds and asperity-tips causing for increased friction at 

low speeds (high Rp and Rpk values).  

• The 3CD-process could be optimized to better achieve a desired surface 

providing low friction and less wear.  

6.3. Test-equipment: Block-on-Ring 

Test equipment used was evaluated where some difficulties were discovered:  

• Three possible alignment problems observed related to the block-on-ring test 

equipment: 1) bearing sample positioning in x-direction, 2) Rotated bearing 

sample due to holder positioning and 3) position of the bearing sample inside 

the holder.   

• Positioning of the bearing sample inside the holder is the most important 

alignment issue with the tests.  

• Lubricant container is not sufficient and lubricant is being spilled during 

testing.  

• The block-on-ring equipment can be used for these types of tests if proper 

measures are taken regarding sample holder and lubricant distribution.  
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7. Recommendations and Future work 

7.1. 3CD 

• Investigate the process time dependency for 3CD polishing. Evaluating shorter 

times, 5, 10 or 15 seconds to determine if a finer surface roughness can be 

obtained.  

• Investigate the two theories regarding the influence of process time and initial 

surface roughness on the final surface texture.  

• Investigate shorter times for high current density samples to determine the 

type of texture and roughness achievable. Also further investigate the currents 

used and how it affects the final surface roughness and texture.  

7.2. Friction evaluations and test equipment 

• Evaluate the other 3CD-samples, both with longer and shorter process times as 

well as high current samples in order to truly evaluate its impact on friction 

and wear. 

• Improve sample holder since misalignment is a big issue within this method. 

An improved sample holder would provide more accurate results instead of 

indications as this thesis has shown.  

• Run test with higher load and speed, this would reduce some alignment issues 

slightly but will require a re-designed oil bath or drip feed in order not to spill 

oil during tests at higher speeds.  
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9. Appendix 

  

Figure 1. Stribeck curves obtained for 600-surfaces after testing where A) is evaluated with low viscosity lubricant and 

B) with standard lubricant. 600-std is also the reference sample. 

 

  

Figure 2. Stribeck curves for 1200 surfaces. A) Little scattering is observed for low viscosity lubricant while B) an 

important scattering is visible for tests conducted with standard lubricant due to alignment issues related to the bearing 

sample holder.  

 

  
Figure 3. Stribeck curves obtained for 2500 surfaces. In A) large scattering is seen where two test conducted are almost 

identical while a third exhibited significantly higher friction coefficient. The large increase is due to alignment issues 

discussed in section Results and Discussion. Tests conducted with standard lubricant, B) slight variations are visible. The 

large peak in friction coefficient exhibited by sample 1200-d at high speeds cannot be explained since it lasts for a longer 

period of time. The higher friction of coefficient experienced by the standard lubricant is related to an important film 

thickness and shearing of lubricant.  
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Figure 4.  Stribeck curves for fine, 4000 surface. For both low viscosity A) and standard lubricant B) important 

scattering is visible. The test experiencing the lowest coefficient of friction, 4000-a, exhibits a slight increase at about 270 

rpm. Since the increase only last for 30 seconds it is believed to be due to a particle released.  The increase occurs when 

the particle is caught between the two surfaces in motion.  The elevated friction coefficient exhibited with standard 

lubricant is due to shearing of lubricant since an important film thickness is achieved for this fine surface.  

 

 

 
Figure 5. Stribeck curves obtained for 3CD-polished surfaces. The surface experienced very low friction 

coefficient at high speeds, lowest observed was only 0,007. At low speeds, coefficient of friction is among the 

highest due to large asperity-tips in contact with the ring surface when the lubricant film is not sufficient.  
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Table 1. Surface roughness values measured using MarTak. Average and standard deviations from three measurements per ring here displaying a rather rough surface for the 3CD-

polished samples, in the same range as the traditionally ground 600 surface.  

 Ra Rz Rp Rv Rq 

 Average St.dev Average St.dev Average St.dev Average St.dev Average St.dev 

600 0,114 0,021 0,736 0,123 0,239 0,031 0,497 0,096 0,149 0,028 

1200 0,052 0,018 0,415 0,129 0,140 0,040 0,275 0,098 0,071 0,027 

2500 0,028 0,009 0,247 0,089 0,082 0,020 0,165 0,074 0,039 0,014 

4000 0,023 0,006 0,240 0,077 0,075 0,023 0,165 0,073 0,036 0,013 

3CD-30 0,103 0,016 0,669 0,126 0,328 0,067 0,341 0,064 0,131 0,021 

3CD-60 0,122 0,018 0,742 0,127 0,348 0,081 0,388 0,091 0,155 0,022 

3CD-90 0,108 0,012 0,673 0,095 0,339 0,043 0,333 0,060 0,137 0,015 

3CD-120 0,111 0,013 0,674 0,092 0,335 0,040 0,343 0,053 0,138 0,017 

3CD (4000)-HC 0,120 0,001 0,863 0,026 0,410 0,020 0,453 0,033 0,153 0,003 

3CD (600) 0,136 0,018 0,820 0,107 0,374 0,037 0,446 0,096 0,176 0,029 

3CD (600)-HC 0,137 0,021 0,949 0,143 0,460 0,068 0,491 0,082 0,176 0,029 

 

Table 2. Surface roughness, Rk-values measured using MarTak. These values provide a more representative description of the surface where the high Rpk-value for 3CD-30 provides 

for an explanation for the increased friction at low speeds.  

 Rk Rpk Rvk 
 Average St.dev Average St.dev Average St.dev 

600 0,285 0,038 0,056 0,012 0,278 0,055 
1200 0,120 0,017 0,034 0,013 0,111 0,056 
2500 0,081 0,022 0,027 0,013 0,071 0,038 
4000 0,051 0,005 0,020 0,007 0,057 0,018 
3CD-30 0,317 0,132 0,102 0,030 0,158 0,046 
3CD-60 0,328 0,125 0,131 0,035 0,192 0,051 
3CD-90 0,365 0,048 0,112 0,030 0,186 0,023 
3CD-120  0,351 0,039 0,123 0,027 0,188 0,068 
3CD (4000)-HC 0,459 0,085 0,125 0,021 0,245 0,147 
3CD (600) 0,388 0,072 0,108 0,037 0,221 0,066 
3CD (600)-HC 0,376 0,052 0,131 0,022 0,155 0,022 
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Table 3. Measured frictions and average distances from the wear scar to the bearing sample edge as seen in 

figure 19 in section Results and Discussion. The minimum friction measured is a value observed in one 

single point while the lowest average value measured is the lowest average value observed for one speed 

step.  

 

Distance from edge (um) Friction 

Average St.dev 
Minimum 
measured 

Lowest average  
value measured 

600-a 3287,27 34,24 0,055 0,062 

600-b 2328,12 12,94 0,082 0,085 

600-c 2080,46 41,34 0,078 0,079 

600-d 2708,68 51,22 0,071 0,072 

600-e 3017,39 12,95 0,062 0,064 

600-f 3595,58 25,87 0,047 0,055 

1200-a 2734,60 51,94 0,065 0,070 

1200-b 2234,85 61,08 0,085 0,087 

1200-c 2898,57 26,73 0,061 0,063 

1200-d 3829,05 14,85 0,043 0,045 

1200-e 2346,26 19,62 0,094 0,097 

1200-f 3047,59 14,80 0,033 0,053 

1200-g 2972,72 22,31 0,064 0,067 

2500-a 4812,02 45,25 0,022 0,024 

2500-b 5161,62 64,78 0,017 0,023 

2500-c 2481,33 14,91 0,066 0,079 

2500-d 1608,59 12,87 0,091 0,094 

2500-e 2903,13 46,13 0,058 0,061 

2500-f 3013,07 7,48 0,066 0,070 

4000-a 5055,07 52,13 0,006 0,020 

4000-b 2971,72 37,36 0,057 0,066 

4000-c 3143,95 110,14 0,046 0,051 

4000-d 3287,44 29,82 0,050 0,053 

4000-e 2105,00 37,03 0,082 0,088 

4000-f 3609,87 44,89 0,047 0,049 

3CD30-a 4573,01 41,26 0,024 0,032 

3CD30-b 4208,29 46,17 0,007 0,011 

3CD30-c 4565,94 12,62 0,033 0,035 
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Figure 6. Images taken with a Stereo-microscope displaying A) 600-a bearing sample B) 600-b and C) 

600-c with two various magnifications. All three processed with low viscosity lubricant.  In 1) the scale 

marked in red indicates 2000µµµµm while in 2) it is 500µµµµm.  
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Figure 7. Images taken with a Stereo-microscope displaying A) 600-d bearing sample B) 600-e 

and C) 600-f with two various magnifications. All three processed with standard viscosity 

lubricant.  In 1) the scale marked in red indicates 2000µµµµm while in 2) it is 500µµµµm.  
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Figure 8. Images taken with a Stereo-microscope displaying A) 1200-a bearing sample B) 1200-

b and C) 1200-c with two various magnifications. All three processed with low viscosity 

lubricant.  In 1) the scale marked in red indicates 2000µµµµm while in 2) it is 500µµµµm. 
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Figure 9. Images taken with a Stereo-microscope displaying A) 1200-d bearing 

sample B) 1200-e and C) 1200-f and D) 1200-g with two various magnifications. All 

three processed with standard viscosity lubricant.  In 1) the scale marked in red 

indicates 2000µµµµm while in 2) it is 500µµµµm. 

A1 A2 

B1 

C1 

B2 

C2 

D1 D2 



 Roughness effect on friction and wear of lubricated plain bearings   
 

 9

 

 

 

 

  

  

  
Figure 10. Images taken with a Stereo-microscope displaying A) 2500-a bearing sample B) 

2500-b and C) 2500-c with two various magnifications. All three processed with low viscosity 

lubricant.  In 1) the scale marked in red indicates 2000µµµµm while in 2) it is 500µµµµm. 
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Figure 11. Images taken with a Stereo-microscope displaying A) 2500-d bearing sample B) 

2500-e and C) 2500-f with two various magnifications. All three processed with standard 

viscosity lubricant.  In 1) the scale marked in red indicates 2000µµµµm while in 2) it is 500µµµµm. 
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Figure 12. Images taken with a Stereo-microscope displaying A) 4000-a bearing sample B) 

4000-b and C) 4000-c with two various magnifications. All three processed with low viscosity 

lubricant.  In 1) the scale marked in red indicates 2000µµµµm while in 2) it is 500µµµµm. 
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Figure 13. Images taken with a Stereo-microscope displaying A) 4000-d bearing sample B) 

4000-e and C) 4000-f with two various magnifications. All three processed with standard 

viscosity lubricant.  In 1) the scale marked in red indicates 2000µµµµm while in 2) it is 500µµµµm. 
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Figure 14. Images taken with a Stereo-microscope displaying A) 3CD 30-a bearing sample B) 

3CD 30-b and C) 3CD 30-c with two various magnifications. All three processed with low 

viscosity lubricant.  In 1) the scale marked in red indicates 2000µµµµm while in 2) it is 500µµµµm. 
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Figure 15. Countours rendered with confocalmicoscope displaying one measure made A) 600-a bearing 

sample B) 600-b and C) 600-c with two various magnifications. All three processed with low viscosity 

lubricant.  In 1) the countour is rendered with a 20X lens while 2) a 50X lens was used.  
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Figure 16. Countours rendered with confocalmicoscope displaying A) 600-d bearing sample B) 600-e 

and C) 600-f with two various magnifications. All three processed with standard viscosity lubricant.  

In 1) the countour is rendered with a 20X lens while 2) a 50X lens was used. 
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Figure 17. Countours rendered with confocalmicoscope displaying A) 1200-a bearing sample B) 1200-b 

and C) 1200-c with two various magnifications. All three processed with low viscosity lubricant.  In 1) 

the countour is rendered with a 20X lens while 2) a 50X lens was used.  
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Figure 18. Countours rendered with confocalmicoscope displaying A) 1200-d bearing sample B) 1200-e 

C) 1200-f and D) 1200-g with two various magnifications. All three processed with standard viscosity 

lubricant.  In 1) the countour is rendered with a 20X lens while 2) a 50X lens was used. 
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Figure 19. Countours rendered with confocalmicoscope displaying A) 2500-a bearing sample B) 2500-b 

and C) 2500-c with two various magnifications. All three processed with low viscosity lubricant.  In 1) 

the countour is rendered with a 20X lens while 2) a 50X lens was used.  
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Figure 20. Countours rendered with confocalmicoscope displaying A) 2500-d bearing sample B) 2500-e 

and C) 2500-f with two various magnifications. All three processed with standard viscosity lubricant.  

In 1) the countour is rendered with a 20X lens while 2) a 50X lens was used. 
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Figure 21. Countours rendered with confocalmicoscope displaying A) 4000-a bearing sample B) 

4000-b and C) 4000-c with two various magnifications. All three processed with low viscosity 

lubricant.  In 1) the countour is rendered with a 20X lens while 2) a 50X lens was used. 
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Figure 22. Countours rendered with confocalmicoscope displaying A) 4000-d bearing sample B) 4000-e 

and C) 4000-f with two various magnifications. All three processed with standard viscosity lubricant.  

In 1) the countour is rendered with a 20X lens while 2) a 50X lens was used. 
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Figure 23. Countours rendered with confocalmicoscope displaying A) 3CD 30-a bearing sample B) 

3CD 30-b and C) 3CD 30-c with two various magnifications. All three processed with low viscosity 

lubricant.  In 1) the countour is rendered with a 20X lens while 2) a 50X lens was used.  
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