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Abstract 
A continuous increase in environmental legislation to reduce CO2 emissions 
is forcing engineers and scientists to develop more efficient and durable me-
chanical components, i.e. bearings, crankshafts, gears, etc. Such components 
are forced to operate under more severe operating conditions, reduced lubri-
cation conditions, and under increased power density. The main failure mode 
has switched from traditionally subsurface to surface-initiated fatigue, typi-
cally caused by surface distress or micro-pitting.  

In this work, the tribology of rolling/sliding contacts, mimicking rolling 
bearing contact kinematics, operating under mixed lubrication conditions was 
studied. A special focus was directed to investigate the feasibility of employ-
ing such contacts in a crankshaft rolling bearing application by studying the 
tribological interface between a crankshaft and a roller. Three bearing steels 
were identified, selected, and then test specimens were manufactured from 
these steels for this work to represent a possible crankshaft rolling bearing 
steel for a four-cylinder light-duty internal combustion engine (ICE), as the 
current crankshaft steel does not meet the requirements to represent the roll-
ing bearing component. 

Three tribological screening techniques were selected for this work to un-
derstand and investigate the surface performance, i.e. micro-pitting and wear 
damage of the rolling/sliding contact. The effect of the surface roughness and 
hardness, steel, and lubricant on the surface performance was investigated. 
This work was purely experimental, utilizing two tribological test devices: a 
twin-disc machine and a ball-on-disc machine. The results from this work 
will allow us to select and optimize the tribology of crankshaft rolling bearing 
contacts and bearing contacts in general to maximize the surface performance 
and in turn, contribute to increased efficiency and reliability of mechanical 
components.  

Based on the results from this Ph.D. work, micro-pitting and wear damage 
presents the main damage mode that can be associated with the engine tribol-
ogy for a crankshaft rolling bearing. Micro-pitting and wear damage were 
found to be strongly dependent on the surface roughness and hardness com-
bination of both contacting surfaces. A critical hardness difference was found 
between both surfaces, which is dependent on steel and heat treatments, 
where wear mode changes from severe fatigue wear to mild wear.  

A fully formulated state-of-the-art engine oil showed an increased wear 
component and, in some cases, eliminated micro-pitting damage compared to 
using only the base oil. Furthermore, it was shown that the ZDDP additive, 
present in the engine oil, can function as an anti-wear (AW) additive, as in-
tended, or an extreme pressure (EP) additive depending on the contact 
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severity. The latter increases the wear component through mild corrosion and 
delamination of the surface tribolayer, which leads to surface-initiated fa-
tigue. 
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1 INTRODUCTION 

1.1 BACKGROUND AND MOTIVATION 
Energy consumption has increased tremendously (400 exajoules or 
400 × 10%& joules annually) since the beginning of the industrial revolution 
[1]. Today, humankind is still very dependent on energy that is produced from 
fossil fuels. Indubitably, this has had a significant adverse impact on our en-
vironment. It is, therefore, in worldwide interest to develop more efficient and 
cleaner transportation systems and industrial activities to ensure energy and 
environmental sustainability. For instance, the EU has set itself a target for 
energy savings up to 32.5% by 2030 [1]. In total, one-fifth of all energy used 
worldwide is due to tribology, i.e. frictional losses [2]. In transportation, 
which consumes around 30% of all energy produced today, one-third of en-
ergy is still lost to friction and wear between the interfaces of moving parts 
in passenger cars, busses, and trucks, on which our mobility largely depends 
[3]. It is thus obvious that a small difference in friction reduction can have a 
significant impact on achieving EU energy-saving targets. Tribology, there-
fore, plays a central role to ensure that energy and environmental sustainabil-
ity goals are met by optimizing existing and upcoming mechanical systems 
to reduce frictional losses and thereby enhance energy efficiency. 

Mechanical systems utilize components such as bearings, gears, and cam 
followers, to allow rotation. All these components operate under elastohydro-
dynamic lubrication (EHL), a key mechanism for nonconformal contacts, 
thus making it one of the most important lubrication mechanisms. The ongo-
ing trend to increase power density, i.e. downsizing in bearing design, leads 
to extreme loading of bearings and demanding application conditions. This, 
in turn, shifts the traditional failure mode from sub-surface to the surface-
initiated mode caused primarily by surface distress. Typically, sub-surface-
initiated fatigue has to a large extent been related to bearing material quality 
(grade, steel cleanliness, and heat treatments), lubricant type, and contact 
pressure. However, surface-initiated fatigue, which represents a premature 
rolling contact fatigue failure, involves also lubricant quality (lubricant type, 
lubrication conditions, and additives), and physio/chemical interactions be-
tween material and lubricant additives. This forms a very complex tribologi-
cal problem, which has been gaining significant attention in the last two dec-
ades of research.  

Mixed elastohydrodynamic lubrication (EHL), implies that the rolling sur-
faces are not completely separated by an oil film and a load is partially carried 
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by the lubricant and partially by the metal-to-metal contacts. Mixed EHL 
causes relatively high stress on the contacting surfaces. To prevent surface 
seizure and wear in e.g. bearings, gears, and camshaft, the lubricant typically 
contains different additives such as anti-wear (AW) and extreme pressure 
(EP), which are typically detrimental for bearing contacts compared to gear 
ones. Apart from this, friction modifiers (FM) are commonly used to reduce 
traction forces and thereby improve surface fatigue performance. Neverthe-
less, much more research on mixed EHL has been conducted on gear contacts, 
which have different contact kinematics than the bearings. In addition, gear 
contacts already operate under mixed EHL, for which the lubricant chemistry 
was optimized for. Much less research has, however, been done on optimizing 
bearing contacts under mixed EHL. Therefore, a deeper understanding is re-
quired to optimize the tribology of such contacts to avoid premature surface-
initiated failure.  

For this work, special attention was given to investigate the tribology of 
bearing steel contacts for crankshaft roller bearing applications in passenger 
cars. The majority of passenger cars are still powered by internal combustion 
engines (ICEs). However, due to the continuously increasing environmental 
legislation on reducing CO2 emissions, automobile industries are being forced 
to improve the efficiency of ICEs. One way to improve the efficiency is to 
replace traditionally used plain bearings with rolling element bearings to sup-
port the crankshaft. Rolling element bearings offer lower friction in general 
than plain bearings, especially during start and stop. By doing so, the overall 
engine efficiency can be improved by more than 5 percent, which corresponds 
to a 5 percent reduction in CO2 emissions [4–6].   

However, before such technology can be integrated into a serial produc-
tion engine, several challenges regarding smooth and durable operations have 
to be addressed. Several of these challenges will be addressed in this work, 
i.e. necessary crankshaft steel replacement and understanding and optimizing 
the tribology of bearing contacts under mixed EHL with and without the pres-
ence of engine oil additives. Apart from the aforementioned challenges, other 
challenges remain regarding economical aspects such as machinability, pro-
cess-friendliness and process-cleanliness that such technology will require.  

The current crankshaft steel limits the service life of the crankshaft rolling 
bearing due to insufficient hardness level achieved after surface induction 
hardening, where the journal of the crankshaft presents the inner raceway. 
Therefore, replacement of the crankshaft steel is required. In addition, engine 
oil, which typically includes an AW additive known as ZDDP, was shown to 
be detrimental to rolling bearing contacts as the additive typically prevents 
mild wear from taking place and thereby enhances the formation of micro-
pits [4,7–9], which ultimately leads to surface-initiated fatigue.  
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1.2 TRIBOLOGY IN GENERAL 
Tribology is defined as “the science and technology of interacting surfaces in 
relative motion” [10] and covers the fields of friction, wear, and lubrication, 
including the physio/chemical interactions between solids and lubricants. 
This makes the science of tribology a truly interdisciplinary field, including 
mechanical and material engineering, physics and chemistry. The word “tri-
bology” is derived from the Greek word tribos, which means rubbing.  

 FRICTION 
Friction is the force resisting the relative motion of two bodies sliding and/or 
rolling against each other. Until now, the following phenomenological fric-
tion laws were simplified that were established by Amontons (1699) and Cou-
lomb (1783) [10]: 

1. Friction is proportional to the normal load. 
2. Friction is independent of the contact area. 
3. Sliding friction is independent of the sliding velocity. 

The proportionality between friction force, F, and the normal load, N, is ex-
pressed with the following expression: 
 

 𝜇 =
𝐹
𝑁 (1) 

 
where 𝜇 is the coefficient of friction and is system dependent.  

 LUBRICATION 
Lubrication is a vital part of most modern machinery. Lubricants, either solid 
or liquid, are used to reduce friction and prevent or minimize wear. Apart 
from that, the lubricant can act as a coolant and can also remove wear particles 
from the contact. For lubricated contacts, the lambda ratio is often used to 
describe the lubricant quality of the system. The lambda ratio is expressed as 
the ratio between the minimum lubricant film thickness (ℎ,-.) and composite 
surface roughness of contacting surfaces, shown below: 
 Λ =	

ℎ,-.
1𝑅𝑀𝑆%5 + 𝑅𝑀𝑆55

 

 

 
(2) 

where RMS1 and RMS2 are the root mean square of surface roughness for sur-
face one and two, respectively. The Stribeck curve, see Figure 1, represents 
the dependence of the friction coefficient on normal load, viscosity, and en-
trainment speed, or simply, in this case, on the lambda ratio. Three main re-
gions can be distinguished: 
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Figure 1. The Stribeck curve. 

1. Boundary lubrication – In this regime, the mean lubricant film thickness 
(1-100 nm) is lower than the composite surface roughness of contacting 
surfaces. The load is mainly carried by the asperity-asperity contacts and 
the viscosity of the lubricant has very low or no effect on friction and 
wear. Here, the interaction between the contacting surfaces occurs in the 
form of asperities colliding with each other. Normally, contacting asper-
ities deform elastically and/or plastically or they can even fracture. As-
perity collisions produce heat, friction, and wear. The local or flash tem-
peratures can be short and high; this together with exposed (worn) reac-
tive surface layers can lead to chemical reactions between the surface and 
the lubricant molecules. The friction coefficient is relatively high in this 
region and oil anti-wear (AW) additives are typically required.  
 

2. Mixed lubrication – In this region, the load is partially carried by the lub-
ricant and partially by the asperity-asperity contacts or collisions. Typi-
cally, the mean lubricant film thickness (10-1000 nm) is the same as for 
the composite surface roughness of contacting surfaces. Here, the com-
bination of both hydrodynamic or elastohydrodynamic forces of the lub-
ricant and asperity collisions take place in a complex manner. Normally, 
both wear and friction are lower in this regime compared to the boundary 
regime. 

 
3. Hydrodynamic (HD) and elastohydrodynamic lubrication (EHL) – In this 

region, the load is only carried by the lubricant film (1-1000 μm). Here, 
the mean lubricant film thickness is larger than the composite surface 
roughness of the contacting surfaces. In this region, the friction is low 
and is mainly governed by the lubricant properties.  
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Hydrodynamic lubrication typically occurs in conformal contacts (journal, 

thrust bearing, etc.) where pressure is generated in the lubricant film due to a 
converging gap, where the lubricant is dragged in and pressurized. Here, the 
generated lubricant pressure is in the MPa range. However, for nonconformal 
contacts (gears, bearings, cam followers, etc.), the lubricant pressure can 
range between 0.5 to 4 GPa. At such elevated pressures, the contacting sur-
faces deform elastically. This is termed elastohydrodynamic lubrication 
(EHL). Figure 2 represents the EHL contact, where the surfaces are elastically 
deformed due to lubricant pressure build-up. The actual EHL pressure (in 
black) is compared to the Hertz analytical dry contact pressure (in red). In the 
inlet, the lubricant is dragged within the contact and typically the central film 
thickness is defined here. Within the contact, as the lubricant pressure is gen-
erated, the contacting surfaces are elastically deformed. In the outlet, due to 
the drop of lubricant pressure and to maintain flow continuity of the lubricant, 
the contacting surfaces form a closing gap, leading to an EHL spike in pres-
sure. 

 

 
Figure 2. Schematic representation of EHL contact and corresponding fluid pressure build-
up. 

The minimum film thickness, ℎ,-. , can be calculated with the famous 
Hamrock and Dowson empirical equation for elliptical contacts [11]: 
 
 ℎ,-. = 3.63𝑈;.<&𝐺;.>?𝑊A;.;BC(1 − 𝑒A;.<&G)𝑅I (3) 
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where, U, G, and W are dimensionless speed, material, and load parameters, 
respectively: 
 
 𝑈 = 𝛼𝐸I	,	

 
(4) 

 𝐺 =
𝜂𝑢O
𝐸I𝑅I

	,	

 

(5) 

 𝑊 =
2𝑁
𝐸I𝑅I

	, (6) 

where, 𝛼 is the pressure-viscosity coefficient of the lubricant, Ex is the effec-
tive young's modulus of both surfaces in contact, 𝜂 is the dynamic viscosity 
of the lubricant, ue is the entrainment speed of the lubricant in the contact, Rx 

is the effective radius of curvature, N is the contact load and k is the ellipticity 
parameter. With this equation, one can approximate the minimal film thick-
ness within the EHL contact for certain conditions. Knowing ℎ,-. makes it 
possible to estimate the lambda ratio, see Eq (2). 

 WEAR  
Wear is generally defined as the gradual loss of materials in contact caused 
by the tribo-mechanical processes. The material or wear loss, Q, is typically 
approximated through the Archard wear equation [12], which is based on the 
theory of asperity contact, with the following expression: 
 

 𝑄 =	
𝐾𝑁𝐿
𝐻  (7) 

 
where K is the dimensionless constant, N is the normal load, L is the sliding 
distance, and H is the hardness of the softest contacting surfaces. Depending 
on the interacting surfaces, contact kinematics, operating conditions, and the 
environment, different types of wear can occur.  

Adhesive wear, or commonly known as scuffing, galling, or seizure, oc-
curs when attracting forces between mating surfaces in the tribological sys-
tems are high enough to pull the material from one surface and adhere to an-
other one.  

Abrasive wear is a mechanical process when a harder surface in the tribo-
logical contact scratches the softer one. Also, abrasive wear can be further 
split into two- or three- body abrasive wear. The three-body abrasive wear 
occurs when wear debris forms within the contact and can mechanically dam-
age the contacting surfaces.   

Fatigue wear occurs under repeated cyclic loading. It can be either surface 
or subsurface initiated. Subsurface-initiated fatigue occurs under repeated 
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stress that weakens the material, leading to a subsurface crack that propagates 
and results in material removal known as pitting, spalling, flaking, or peeling. 
The surface-initiated fatigue occurs due to surface distress that generates a 
crack on the surface and causes micro-cracks, micro-spalls, and micro-pitting.  

Corrosion wear is a type of tribochemical wear that occurs due to chemi-
cal reactions. The most common corrosive tribochemical wear is oxidative 
wear, where atmospheric oxygen forms an oxide layer on the metallic surface, 
which is gradually worn off and reformed again.  

Fretting wear is when a tribological contact is subjected to load and expe-
riences only a small amount of amplitude motion. Within the contact, the 
work of adhesion causes the breakage of asperities. 

Tribochemical wear is the process of chemical reactions of solid surfaces 
in contact surrounded by a lubricant and the environment in the tribological 
system.  

1.3 ROLLING CONTACT FATIGUE 
Rolling contact fatigue (RCF) is the end life process of mechanical compo-
nents that occurs in bearings, gears, railways, and any other mechanical com-
ponents involving rolling/sliding contacts. The RCF is caused by cyclic load-
ing of the material and results in fatigue damage, typically termed pitting or 
spalling. The RCF can initiate at the surface or in the subsurface region de-
pending on various factors, e.g. operating conditions, surface and material 
quality, and lubricant quality.  

For subsurface-initiated fatigue, the crack is formed in the subsurface re-
gion of maximum Hertzian shear stress after repeated cyclic loading. Non-
metallic inclusions and any inhomogeneities in the microstructure can act as 
a stress riser and can, in turn, initiate the crack. The crack then propagates 
parallel to the surface until it reaches its critical length where it starts to prop-
agate towards the surface and forms a spall or a pit.  

For surface-initiated fatigue, the crack initiates at the surface due to sur-
face roughness, which acts as a stress riser. In addition, any other variations 
in surface geometry, i.e. dents, furrows, etc., would act as stress risers and 
would facilitate the crack initiation. Depending on the stress field below the 
surface, such pits can have various depths.   

 HERTZIAN STRESS  
When two curved bodies are loaded against each other, a certain deformation 
will occur, from purely elastic to some permanent plastic changes in shape. 
Both bodies will initially touch at either a point or along a line. Elastic defor-
mation of the bodies in contact will enlarge these into a contact area, across 
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which the contacting load is distributed as contact pressure. The first analysis 
of this was presented by Hertz and is based on the following assumptions: 

1. Both surfaces are continuous, smooth, non-conformal, and friction-
less. 

2. The size of the contact area is small compared to the size of the bod-
ies. 

3. Each solid is considered as an elastic half-space.  
 
The example of line contact and point/elliptical contact is depicted in Figure 
3. 

  
Figure 3. Line contact (left) and point/elliptical contact (right), reproduced from [13]. 

The example of contours of maximum shear stress for a line contact is de-
picted in Figure 4 (left). The maximum Hertzian shear stress is located at 
around 0.7b, where b is the Hertzian half-width in direction of rolling. This 
shear stress profile is typical for a case of pure rolling and no traction.   
 

  
Figure 4. Shear stress beneath the nominal line contact. The stress without traction force (left) 
and stress with traction force (right) with 𝜇 = 0.3. 

However, as soon as some traction and sliding are introduced, the Hertzian 
shear stress distribution is very much altered, see Figure 4 (right). The maxi-
mum resultant surface tensile stress occurs at the trailing edge of the contact. 
Any degree of surface traction has two effects: firstly, it affects the symmetry 
of the subsurface stresses and secondly, it increases the level of stress at any 
depth and moves the location of the high stress field towards the loaded sur-
face. 

Furthermore, by adding roughness on either one or both surfaces, the 
stress distribution beneath the surface becomes divided into the Hertzian 
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stress level due to roughness (micro-stress) and the bulk Hertzian stress 
(macro-stress); see Figure 5.  

 
Figure 5. Schematic illustration of surface and subsurface stresses without traction force. 

  MICRO-PITTING AND WEAR  
Micro-pitting or surface distress is a common surface-initiated failure mech-
anism of rolling/sliding, non-conformal contacting surfaces operating under 
boundary/mixed lubrication conditions at elevated contact pressures, typi-
cally found in gears and bearings. Micro-pitting is caused by rolling contact 
fatigue phenomenon at the asperity level which occurs due to repeated cyclic 
contact stresses induced by the rolling motion [7,9,14–20]. Typically, micro-
pitting is accompanied by mild wear and is characterized by numerous small 
surface micro-cracks, micro-spalls, and micro-spalled areas (grey stained). 
An example of a micro-pitted wear track is depicted in Figure 6, where micro-
cracks/pits are formed on the contacting surface. 
 

 
Figure 6. Example of micro-pitted wear track. 

The micro-pitting mechanism has been shown to compete with mild wear 
under lubricated conditions with or without the presence of additives 
[7,8,15,21,22]. The mild wear can counteract the formation of micro-pits by 
modifying the running-in of the surfaces and/or by removing the layers of 
fatigued material [7]. In general, additives such as anti-wear (AW), friction 



Introduction 
 

 12 

modifier (FM), and extreme pressure (EP) can promote or retard the micro-
pitting formation. Typically, these additives react with rubbing surfaces and 
form a tribofilm that protects the contacting surfaces.  

For instance, the ZDDP anti-wear additive forms a tribofilm that grows at 
the asperity summits and makes the surface rougher and, consequently, in-
creases the friction [23]. In addition, the tribofilm suppresses the gradual 
smoothening of the rough surfaces. This together with increased friction leads 
to relatively high local stresses at the asperity level and results in a high prob-
ability of micro-pitting [7,22,24,25]. Tougher operating conditions, i.e. con-
tact pressure, contact temperature, and the surface roughness of the counter 
body, promote the formation of a thicker ZDDP tribofilm [8]. However, the 
extent of micro-pitting damage depends more on the extent of running-in 
wear, rather than on the thickness of the final obtained tribofilm, as previously 
believed [25]. 

The micro-pitting cracks are presented in Figure 7.  The surface-initiated 
cracks grow towards the subsurface region with a shallow angle of 15-30° 
[20]. In this case, the depth of crack is around 10 μm. Also, secondary cracks 
can occur and break away the material close to the surface [9]. Micro-pitting 
damage occurs at the surface asperity level rather than the macro contact 
level, usually known as pitting or spalling. 
 

 
Figure 7. The crack growth in the subsurface region (Courtesy of Hadi Torkamani). 

The direction of the crack growth depends on the direction of rolling and 
sliding. Typically, the slower moving surface is considered to be more dam-
aged due to a fluid pressurization effect inside the surface cracks [16,26]. The 
mechanism is schematically presented in Figure 8. The crack is opened by a 
traction force in the inlet of the contact. The fluid can flow within the crack 
(stage 1). When the surface is closed due to contact, the fluid is entrapped 
inside the crack (stage 2). The fluid gets pressurized at the edge of the crack 
when the contacts move towards the end of the crack (stage 3). This increases 
the stress severity at the edge of the crack and in turn, promotes the propaga-
tion of the crack.  
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Figure 8. Fluid entrapment mechanism, reproduced from [16]. 

Severe operating conditions, e.g. high contact load, high surface rough-
ness and/or low lambda ratio, will typically result in a higher risk of micro-
pitting, or even wear if the lambda ratio is very low and no anti-wear additives 
are present. Micro-pitting initiation and progression are mainly controlled by 
the contact pressure [19] and surface roughness of the contacting surfaces 
[15]. An increasing slide-to-roll ratio (SRR) accelerates the micro-pitting 
damage due to an increased number of stress cycles [24,27] until the point 
where wear takes over and removes the fatigued layers of material [15,28].  

Surface roughness was demonstrated to be the leading cause of the micro-
pitting damage or failure, with rough-smooth contact being the most detri-
mental [15]. Furthermore, the roughness lay was shown to have a great influ-
ence on the extent of micro-pitting damage, with a transverse lay being the 
most detrimental for the counter-surface [7]. A transverse lay increases the 
number of stress cycles within the contact and further accelerates surface fa-
tigue damage compared to a longitudinal one.  

Besides operating conditions, another important consideration for micro-
pitting damage has been steel material and its properties, such as hardness. 
The surface hardness of contacting surfaces plays a crucial role when it comes 
to micro-pitting damage. The severity of micro-pitting damage largely de-
pends on the surface hardness difference of both surfaces in contact; see Fig-
ure 9. Typically, softer surfaces will experience a higher micro-pitting wear 
rate (accelerated micro-pitting damage) than if the surface is harder than the 
counterpart. In this case, the counterface roughness maintains a high plasticity 
index and, in turn, maintains high local stress severity, which promotes mi-
cro-pitting damage on the contacting surface [14].  
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Figure 9. The effect of hardness difference on the wear rate, reproduced from [14]. 

Nevertheless, further research is required to understand micro-pitting damage 
to a greater degree. For instance, a very limited amount of research has been 
done on the micro-pitting of different bearing steels. Mainly different gear 
steels have been studied in detail, which typically run under different operat-
ing conditions than the bearings, i.e. higher SRR, lower contact pressure, and 
different oil chemistry. Furthermore, very limited research was done on stud-
ying micro-pitting when utilizing engine oils and under elevated contact pres-
sures (<2 GPa). 

1.4 LUBRICANTS  
Lubricants are typically organic substances commonly composed of a base 
oil (base stock) and different specially designed additives for required perfor-
mances. Depending on the application, the lubricants contain around 90 per-
cent base oil, which acts as a solvent for the additives that form the remaining 
10 percent of the lubricant [29]. Typically, modern automotive, multigrade 
lubricants contain around 20 percent additives and the rest is base oil. The 
main function of the lubricant is to reduce friction and wear within the tribo-
logical system but also to reduce the temperature within the contact and cool 
the components. 

 BASE OIL   
The base oil can be either mineral or synthetic, depending on the origins. The 
mineral oil is the most commonly used base oil in lubrication. Depending on 
the chemical form, there are three main types: paraffinic, naphthenic, and ar-
omatic oils. The main differences between mineral oils derived from crude 
oil and those that have undergone the refining process are in viscosity, sul-
phur content, and chemical forms. The synthetic oils, on the other hand, are 
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designed to have specific properties. Such lubricants are typically more ex-
pensive as they often have higher thermal or chemical resistance. The syn-
thetic oils are divided into three basic types: synthetic hydrocarbon, silicon 
analogues of hydrocarbons, and organ halogens. The poly-𝛼-olefins (PAO) 
and esters are the most commonly used synthetic hydrocarbons. Generally, 
mineral oils are known to have a higher pressure-viscosity coefficient, which 
in turn, makes them stiffer compared to synthetic oil, which has lower pres-
sure-viscosity gradients and dampens more within the EHL contact.  

 ADDITIVES 
Lubricant additives are added to the base oil to enhance the performance of 
the lubricant for particular applications. Typically, such additives can be di-
vided into two groups based on their chemical activity: chemically active and 
chemically inert [29]. Chemically active additives interact with metallic sur-
faces and form protective tribolayers. In addition, they interact with polar ox-
idation and other degradation products to maintain the lubricant’s good con-
dition. These additives are anti-wear (AW), extreme pressure additives (EP), 
dispersants, detergents, antioxidants, rust, and corrosion inhibitors. Chemi-
cally inert additives improve the physical properties of the lubricant. These 
additives are emulsifiers, demulsifiers, pour-point depressants, viscosity im-
provers, and foam inhibitors.  

Anti-wear additives are used in boundary and mixed lubrication condi-
tions to react with the metallic surfaces and form a protective tribolayer. This 
prevents the seizure and wear of asperities in contact and in turn, establishes 
low friction and wear conditions. The most commonly used anti-wear addi-
tive is zinc dialkyl dithiophosphates (ZDDP), especially used in engine oils. 
However, this additive was shown to have a detrimental effect if operating 
conditions are severe. For instance, Figure 10 represents the wear rate of the 
base oil and also the base oil with the ZDDP additive at two operating condi-
tions. At a low load, when using ZDDP, the wear mechanism changes from 
plowing to a mild form of surface deformation; whereas, at high load, the 
plowing mechanism is changed to delamination of the surface layer [30].  
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Figure 10. Influence of load and oil temperature on wear rate for base oil and base oil con-
taining the ZDDP additive, reproduced from [30]. 

Extreme pressure additives typically react with the surface in severe con-
tact conditions (high temperature and high load) to prevent seizure or welding 
of asperity peaks. These additives are normally Sulphur/phosphorus based. 
However, EP additives have been shown to adversely affect the bearing fa-
tigue life under marginal film lubrication conditions, e.g. by a factor of 4.5 
compared to the base oil alone [31]; see Figure 11. The reduction of bearing 
life is mainly attributed to the chemical reactivity of EP additives, which can 
induce crack or pit nucleation [32,33]. 

 
Figure 11. Effect of EP additives on the bearing life of 6309 bearing, reproduced from [31]. 

1.5 STEELS  
Steel, which is the alloy of iron, carbon, and other elements, is the most com-
mon material used for mechanical components due to its high strength and 
low-cost properties. Depending on the application and the operating condi-
tions, different types of steels are used and heat-treated in various ways to 
maximise the steel performance for the particular application.  
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 ROLLING BEARING STEELS  
Bearings are in general stressed by tension, compression, and shear loading. 
The loading capacity of a bearing is a function of the material’s hardness and 
its limit of elasticity. Apart from that, several other factors determine the 
working life of bearings. These include the quality (material cleanliness and 
geometrical repeatability) and design of the bearing and external service con-
ditions, such as lubrication, dirt accumulation, wear, corrosion, and overload-
ing.  

One of the most popular steels used as a bearing material is chromium 
alloy steels with a carbon concentration in the range 0.8-1.1 wt%, e.g. DIN 
100Cr6 steel. Typically, these steels are through-hardened and have a mar-
tensitic microstructure. The high carbon content gives this alloy high strength 
and hardenability. In addition, high levels of carbon speed up the spheroidiz-
ing process so that the steel can be soft-annealed with relative ease. However, 
apart from standard steels, there are several accepted steel grades with lower 
carbon contents, down to 0.5 wt% carbon concentration. For example, me-
dium carbon alloy S53C (DIN C56E2) steel is used as bearing steel, which 
forms a bearing race for the rolling elements in wheel hub-bearings for auto-
mobiles and trucks. The race surface is induction-hardened to around 59 HRC 
to increase its fatigue life. 

Table 1 lists the fatigue life (L10) of the standard bearing materials DIN 
100Cr6, DIN C56E2, and DIN 50CrMo4. It is evident that the standard bear-
ing material has the highest fatigue life due to its high carbon content since 
higher carbon content increases the strength of the martensite [34]. Fatigue 
life for the latter two bearing steels is comparable, a clear distinction of fa-
tigue life for these steels is not visible. 

 
Table 1. L10 fatigue life of standard bearing steels based on [35]. 

Steel L10 (x104 cycles) 
AISI 52100 / DIN 100Cr6 2590 - 7650 
AISI 1055 / DIN C56E2 1060 - 1850 

AISI 4150 / DIN 50CrMo4 
 

Material hardness plays an important role in determining rolling-contact 
fatigue life. Several studies have shown that the rolling bearing life increases 
with increasing hardness for several common bearing steels [36,37]. In-
creased hardness results in higher resistance to plastic deformation, leading 
to lower wear. However, there exists an optimal hardness for specific material 
combinations and operating conditions [38]. The optimum component hard-
ness difference between the rollers and the raceways has been found to extend 
the RCF life. A study by Zaretsky et al. [39] suggests that the rolling elements 
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should be around 1-2 HRC harder in order to achieve the maximum rolling 
contact fatigue life, Figure 12. The reason behind it can be attributed to the 
fact that the rolling elements accumulate more fatigue stress cycles in com-
parison to the raceways.  

 
Figure 12. RCF life of deep groove bearings made of 52100 steel. The raceway hardness was 
63, and ∆H is the difference between the ball and the raceway hardness, reproduced from [39]. 

Bearing steels require a high carbon content ≥ 0.5 wt% C to achieve high 
hardness ≥ 58 HRC in a martensitic microstructure. Furthermore, the steels 
should have a low content of non-metallic inclusions. Typically, hard, brittle 
inclusions are more detrimental than soft deformable-type particles, such as 
sulphides. Nevertheless, bearing steels typically have a Sulphur level of ≤ 
0.025 wt%. A higher Sulphur level will drastically reduce the bearing life 
[40]. The decrease in oxygen content from 35 to 10 ppm improves the fatigue 
life of 100Cr6 steel significantly [41]. 

 CRANKSHAFT STEELS 
A crankshaft represents one of the most critically loaded components in an 
internal combustion engine and experiences cyclic loads in terms of bending 
and torsion during its service life. The crankshaft materials should, generally, 
have adequate strength, wear resistance, toughness, and high fatigue strength 
since it operates in a severe environment. Also, it should be cheap to produce 
and have a good machinability since this will have an impact on production 
costs and energy savings.  

The most common types of crankshaft materials are forged steel and cast 
iron. In general, cast iron crankshafts provide superior manufacturing prop-
erties and can present weight benefits of up to 10% more than the forged 
shafts with the same dimensions as a result of lower density [42]. However, 
forged shafts are known for their superior fatigue properties and are generally 
used in highly loaded engine applications [43,44]. 

The forged steels are then divided into two groups, depending on the pro-
cessing routes (see Figure 13): steels for quenching and tempering and fer-
ritic-pearlitic steels, also known as micro-alloyed steels. The latter was 
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developed to replace the former by omitting unnecessary processing steps and 
thus being more economically feasible.  
 

 
Figure 13. Processing routes for a forged crankshaft made from steels for:(a) quenching and 
tempering and (b) ferritic-pearlitic steel. 

The forged steels typically contain around 0.4 wt% carbon content to 
achieve sufficient strength and toughness. The journals, which represent the 
bearing surfaces and fillets, which are stress risers, are additionally processed 
or heat-treated to achieve the required mechanical properties. Usually, sur-
face induction hardening is applied on bearing surfaces to increase surface 
hardness and in turn, increase fatigue resistance and reduce wear. 

The current crankshaft steels present a limiting factor for a rolling bearing 
material due to insufficient carbon contact and cleanliness level. The journal 
of the crankshaft represents the inner raceway for the rolling bearing, and the 
low carbon content of up to 0.4 wt% results in an insufficient surface hardness 
level of < 58 HRC. Typically, bearing materials have a surface hardness of 
58 HRC or more to cope with high contact stresses (several GPa). In addition 
to that, the sulphur content of a crankshaft made from e.g. common crankshaft 
V-2908 steel (up to 0.065 wt%) exceeds the normal levels for bearing mate-
rials (up to 0.025 wt% in 100Cr6). This, in turn, can reduce the life of the 
crankshaft significantly. Therefore, steels with a higher carbon concentration 
and cleanliness level are required. 

1.6 RESEARCH GAPS 
Throughout the literature, tribological performance, e.g. micro-pitting and 
wear was mainly investigated for gear steels and standard bearing steel, i.e. 
DIN 100Cr6 under conditions prevalent to gear and bearing applications, 
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respectively. However, very limited research data exists pertaining to the 
tribological performance of different bearing steels that can replace the cur-
rent crankshaft steel, especially when different steels are in contact. 

 Furthermore, very limited data exists for the tribological performance in 
conjunction with a fully formulated state-of-the-art engine oil used as the lub-
ricant. Based on the literature, oil additives can drastically influence the tribo-
logical performance of steel surfaces.  

Therefore, further research is required to investigate and increase the un-
derstanding of the tribological performance of different steel contacts made 
of different bearing steels with and without the presence of different engine 
oils.  

1.7 RESEARCH AIM AND OBJECTIVES 
This experimental Ph.D. work investigates the tribology of rolling/sliding 
contacts operated under mixed lubrication conditions with a focus on a crank-
shaft rolling bearing application. As aforementioned, the current crankshaft 
steel is to be replaced with a rolling bearing steel. In order to understand and 
optimize the tribology of rolling/sliding contacts and to select the optimal 
crankshaft rolling bearing steel, surface hardness, surface roughness, and en-
gine oil chemistry, different objectives are proposed: 
 

a) To identify potential steels and main damage modes for a crankshaft 
rolling bearing application and to develop a methodology to investi-
gate such damages in order to select the optimal steel. 

b) To systematically tackle the problem by decoupling the effect of ma-
terial and the effect of engine oil additives. 
 

For this, three screening techniques are proposed; surface roughness and 
hardness, material, and lubricant screening: 
1. In the surface roughness and hardness screening, surface roughness 

and hardness were screened to identify and to assess the main damage 
modes.  
- Effect of surface roughness 
- Effect of surface hardness 

2. In the steel screening part, prototype crankshaft bearing steels were 
screened based on surface fatigue and wear performance in order to un-
derstand and select the optimal crankshaft rolling bearing steel.  
- Effect of steel and heat treatments 
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3. In the lubricant screening part, different oils were screened based on 
surface fatigue and wear performance in order to understand, optimize, 
and select the optimal engine oil formulation. Here, the focus was cen-
tered on understanding the effects of different oils.  
- Effect of oil chemistry 
- Effect of lubrication quality 

 
From the proposed objectives, the following research questions have been 

identified: 
I. How do different steel compositions and heat treatments affect the 

micro-pitting and wear performance of both surfaces in contact?  
II. What is the role of engine oil chemistry on surface performance, i.e. 

micro-pitting and wear? 
III. Does there exist a critical lambda where micro-pitting damage is the 

highest for a specific operating condition? 
 

With the help of the results and knowledge gained throughout this work, 
the prototype crankshaft roller bearing will be further optimized in order to 
be tested in a prototype crankshaft roller bearing engine that is under devel-
opment parallel to this project. Friction, NVH, and durability evaluation tests 
are further required for the prototype crankshaft roller bearing engine before 
such technology can be integrated into serial production. 
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2 METHODS AND MATERIALS 
The methods and materials used in this work are outlined in this chapter. The 
first and second sections describe in detail the tribological tests and the sur-
face analyses used in this work. The third and the fourth sections present the 
test specimens and the lubricants used for the tribological tests, respectively.  

2.1 TRIBOLOGICAL TESTS 
Two different tribological test devices were utilized for this work: a twin-disc 
machine and a ball-on-disc machine; these are presented in subsection 2.1.1 
and 2.1.2, respectively.   

 TWIN-DISC MACHINE 
A twin-disc machine, Wazau UTM 2000, was employed to perform a surface 
performance test. The contact is a disc-on-disc (ring-on-ring) configuration, 
where both discs/rings are rotating/sliding against each other and are lubri-
cated with an oil; see principle contact configuration in Figure 14. Since one 
or both of the discs have curvatures in both directions, this yields an elliptical 
Hertz contact. Both discs are mounted on the driving spindles which are ro-
tating independently, allowing the achievement of any slide-to-roll ratio. A 
load is applied through a deadweight system using a lever arm. The maximum 
load and speed are 2000 N and 3000 RPM, respectively. The oil is circulated 
from the oil sump (1.5 L) through the oil filter (2 filters after each other with 
grit sizes of 125 and 10 μm, respectively) and oil pump into the contact. 
 

 
Figure 14. Principle contact configuration from the twin-disc machine.
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 BALL-ON-DISC MACHINE 
A ball-on-disc tribo-machine, Wedeven Associates Machine (WAM) model 
11, was used in one investigation. The principal contact configuration is 
shown in Figure 15. The ball and the disc are independently driven by elec-
trical motors up to a speed of 25000 and 12000 RPM, respectively. The oil 
circulates from the lubricant reservoir and lubricates the contact through the 
lubricant dispenser in the middle of the disc to be evenly spread over the disc 
surface. Three temperatures are measured in the current configuration: the 
temperature of the bulk lubricant (reservoir), the outlet temperature of the 
lubricant supply, and the oil film temperature on the disc (close to the dis-
penser).  

 
Figure 15. Principle contact configuration from WAM. 

 TESTING PROCEDURE 
Prior to the duration test, the device and specimens are cleaned with heptane 
and ethanol. In addition, specimens are cleaned ultrasonically in heptane for 
5 minutes. After this, specimens are mounted on both drive spindles. Before 
the test is started, the oil is circulated until the inlet oil temperature has 
reached the desired degree. After that, both specimens start to rotate without 
any applied load. After the desired rotation speed is applied for both speci-
mens, the desired load is applied, and both discs start to rotate/slide against 
each other. The test is then suspended after the desired amount of cycles has 
been reached. Specimens are then once again cleaned in the same way as prior 
to the test. 

The testing procedure for the WAM machine is the same as for the twin-
disc machine except here, the inlet oil temperature was measured directly on 
the surface of the disc.  
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2.2 SURFACE ANALYSES 
Different analysis techniques were utilized to characterize the specimen sur-
faces before and after the tribological tests.  

 OPTICAL 3D INTERFEROMETER 
To analyse surface roughness, surface topography, and surface damage, i.e. 
surface fatigue or micro-pitting and wear damage, an optical 3D interferom-
eter, Zygo 7300, was employed. In addition, wear and micro-pitting damage 
were assessed with the commercially available MountainsMap software.  

The micro-pitting damage was measured as global (homogeneously dis-
tributed damage along the wear track) and local (not homogenously but ran-
domly distributed damage along the wear track) micro-pitting damage. Wear 
and the global micro-pitting damage of the specimen was averaged based on 
eight measurements equally distributed along the specimen’s wear track. 
However, the local micro-pitting damage was an average of the three largest 
individual pits that were manually located along the specimen’s wear track. 
Wear damage was determined by measuring the worn area of the cross-sec-
tion of the wear track; see Figure 16. This was possible because the wear track 
has a rather constant cross section-area. 

 
Figure 16. Example of assessing wear damage from a cross-sectional view. 

In some cases, specific wear rate was calculated using the following equation: 

𝑊 =	
𝑄
𝐿𝑁
		 (8) 

where, Q is the wear volume, L is the sliding distance and N is the contact 
load. 

The global micro-pitting damage was determined (see Figure 17) as the 
ratio of projected micro-pitting damage (blue area) and a contact area (green 
and blue area), similar to the method used by Oila and Bull [19]. The contact 
width presents a Hertz width for the given contact conditions, and the height 
is the given height of the specific magnification used (height similar to Hertz 
width). In addition, the local micro-pitting damage was determined as the ra-
tio of the largest single projected micro-pit and the contact area, see Paper E 
for more details.  
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Figure 17. Example of assessing micro-pitted surface damage. 

All assessments were possible when using only base oil. However, when 
engine oil was used, the assessment was possible after the removal of the 
ZDDP tribofilm, since the tribofilm interfered with the optical light measure-
ments. This was done according to the method used by Benedet et al. [45], 
who removed the film by applying an EDTA solution. The example of the 
micro-pitted wear track covered with and without the ZDDP tribofilm is de-
picted in Figure 18. 

 
After test 

 

After applying the EDTA solution

 
Figure 18. Example of the micro-pitted surface covered with a ZDDP tribofilm and the micro-
pitted surface after applying the EDTA solution to remove the tribofilm, captured with a light 
optical microscope.  

 LIGHT OPTICAL MICROSCOPE (LOM) 
To visualize the surface and the microstructure of the specimens, a light op-
tical microscope, Nikon Eclipse MA200, was employed. 

 SCANNING ELECTRON MICROSCOPE (SEM) AND EDS 
To investigate the morphology of surface damage and to perform energy-dis-
persive X-ray spectroscopy (EDS) analyses, an SEM high-resolution (ca. 0.8 
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nm) Zeiss Merlin FEG-SEM was employed. For EDS/WDS analysis the Inca 
and Aztec software from Oxford Instruments was used. 

 X-RAY DIFFRACTION (XRD)  
Residual stresses were measured using an X-ray diffractometer, X-ray Stress 
Analyser Xtronic G3, according to Table 2.  Measurements below the surface 
were performed by first removing a layer of material by electro-polishing and 
repeating the measurements. Electrolyte A2 from Struers was used together 
with Electropol 5, 45V, and flow rate 8. 
 
Table 2. Residual stress measurement parameters. 

X-ray radiation: Chromium Kα  Selected psi-angles: ±40  
Power for X-ray tube: 30 kV / 6.7 mA  Oscillation angle: ± 2° 
Collimator diameter: 0.5 mm  Lattice plan of iron: {211}  
Exposure time per psi-angle: 30 s  Background sub.: Constant  
Diffraction angle: 156.4°  Evaluation method: Cross correlation  
Number of inclinations: 5  Modulus of Elasticity: 211 GPa  

 VICKERS HARDNESS TESTER 
To measure the surface hardness, a Vickers micro-hardness indenter, Matsu-
zawa (HT 1994), was used. The surface hardness was measured before and 
after the test outside the wear track, 2 mm away from the edge of the wear 
track. The average surface hardness measurement was based on four meas-
urements equally distributed around the specimen. 

2.3 TEST STEELS AND SPECIMENS 
Based on the required bearing and crankshaft steel properties from section 
1.5, three possible crankshaft rolling bearing steel candidates have been iden-
tified; see Table 3. These steels are plain, medium-carbon DIN C56E2 (G55) 
steel, low alloy medium-carbon DIN 50CrMo4 (G50) steel, and the most 
commonly used standard bearing steel, i.e. low alloy high-carbon DIN 
100Cr6 (G3) steel. The chemical composition of these steels is listed in Table 
4. The steel G3 represents the reference steel against which the tribological 
performance is compared to.  

The proposed steel candidates are already in use as bearing steels. All 
listed steels except V-2908 have a carbon content greater than 0.5 wt% and a 
Sulphur level lower than 0.025 wt%, as is required for bearing steels. Grade 
55 steel was selected based on economic aspects, i.e. low cost and high ma-
chinability (low machining costs), and is made from plain steel. Grade 50 was 
selected as it presents an alternative to G55 with a higher amount of the al-
loying element, i.e. Chromium. This steel requires an additional heat-treating 
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step which adds to the overall production costs. Grade 3 was mainly selected 
as it represents the standard bearing steel grade, the most commonly used and 
investigated, and it serves as a comparison to the other two grades, for which 
very limited tribological data exists. 
 
Table 3. Crankshaft roller bearing steel candidates. 

Steel  

candidates 

Current 

V-2908 

Grade 55 

(DIN C56E2) 

Grade 50 

(DIN 50CrMo4) 

Grade 3 

(DIN 100Cr6) 

Type  Plain steel Plain steel Low alloy steel High alloy steel 

Heat treatments1: 

a) Core   

b) Surface 

 

CC 

SIH 

 

CC / QT 

SIH 

 

QT 

SIH 

 

QT 

SIH / QT 

1CC – controlled cooling, QT – quenched and tempered, SIH – surface induction heated 
 

The test specimens are divided into two groups. In the first group, com-
mercially available specimens made of G3 steel that were used for the twin-
disc machine and the WAM are described in section 2.3.1. In the second 
group, the prototype crankshaft rolling bearing steel specimens that were 
manufactured from G55, G50, and G3 and used for the twin-disc machine are 
described in detail in section 2.3.2. These specimens were manufactured and 
heat-treated according to the requirements from the crankshaft rolling bearing 
application.  
 
Table 4. Chemical composition of prototype crankshaft rolling bearing steels.  

  Weight % ppm 
Grade  C Si Mn S Cr Mo O N 

DIN C56E2 
(G55) 

min 0.55 0.10 0.60 - - - - 50 
max 0.60 0.30 0.90 0.015 0.20 0.10 15  

DIN 50CrMo4 
(G50) 

min 0.49 0.10 0.50 - 0.90 0.20 - - 
max 0.56 0.40 0.80 0.020 1.20 0.35 15 - 

DIN 100Cr6 
(G3) 

min 0.93 0.15 0.25 - 1.35 - - - 
max 1.05 0.35 0.45 0.015 1.60 0.10 15 - 
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 Commercially available specimens 
The commercial test specimens for the twin-disc machine, described in sec-
tion 2.1.1, were obtained from the commercially available radial/deep groove 
ball bearing, SKF 1726205-2RS1. The spherical outer ring with an outer di-
ameter of D = 52 mm was used to represent the specimen for the twin-disc 
machine. Figure 19 shows the CAD model of the ring and the cone-fit clamp-
ing system for the twin-disc machine that was specifically designed for this 
specimen. 
 

  
Figure 19. Commercial test specimen for the twin-disc machine - spherical outer ring (left) 
and clamping system for the twin-disc machine (right). 

The outer surface was selected to represent the tribological surface for this 
work and did require additional polishing steps to achieve the desired surface 
roughness, RMS (Sq). The polishing was done in five steps with different 
grinding papers to achieve the desired surface roughness. The roughness lay 
was longitudinal in this case. Table 5 lists the initial and desired surface 
roughness for each step. 
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Table 5. Polishing steps for the spherical outer ring. 

Step Abrasive paper grid size Surface roughness, RMS [nm] 
Initial roughness - 500 - 1000 

1 P320 400 ±30 
2 P400 300 ±30 
3 P800 200 ±30 
4 P1200 100 ±20 
5 P2000 +Polishing paste   50 ±20 

 
The specimens were additionally heat-treated through tempering in a salt 

bath, which was prescribed to reduce the initial surface hardness to the desired 
values. Table 6 lists the initial and desired surface hardness values and an 
estimated tempering time and temperature to achieve this. The specimens that 
were subjected to tempering were polished after tempering. 
 
Table 6. Hardness for different tempering temperatures for the spherical ring. 

Hardness 
level 

Surface hardness, 
 HRC 

Tempering time,  
t [h] 

Tempering tempera-
ture, T [°C] 

Initial  65 +	1.0 - - 
1 62 ±	0.5 1 240 
2 59 ±	0.5 1 300 
3 55 ±	0.5 1 380 

 
The commercial specimens for the ball-on-disc machine, described in sec-

tion 2.1.2, were obtained from SKF and are made of two different compo-
nents, representing both the rolling element and the steel disc. The rolling 
element was obtained from a commercially available deep-groove ball bear-
ing with a ball diameter of D = 20.625 mm. A hole in the center of the ball 
was drilled to fit on a Wedeven Associates Machine (WAM) ball-on-disc ma-
chine, model 11. The disc had similar dimensions and tolerances to the orig-
inal WAM disc with a diameter of D = 101 mm and thickness of 10 mm. 
However, the disc was further polished and honed to achieve two different 
surface roughness lays and consequently, two different levels of surface 
roughness. Table 7 lists the surface roughness, surface hardness, and rough-
ness lay for the ball and the discs used.  
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Table 7. Surface roughness and hardness for WAM specimens. 

Test specimens 
 WAM 

Surface roughness, 
RMS [nm] 

Surface hardness, 
HRC 

Roughness lay1 

Ball 25 ± 5 66 Isotropic 

Disc 1 250 ± 15 66 Transverse  

Disc 2 300 ± 15 66 Longitudinal 
1to the rolling direction.  

 PROTOTYPE CRANKSHAFT ROLLING BEARING SPECIMENS 
The prototype crankshaft rolling bearing specimens were manufactured from 
three steel candidates: G55, G50, and G3, as described in section 2.3. Two 
different types of test specimens were manufactured for the tribological tests 
in the twin-disc machine. One represents a crankshaft inner raceway, i.e. 
counterpart (flat disc), and another one represents a roller, i.e. specimen 
(curved disc). Both discs have a diameter of 52 mm, which represents the 
diameter of an existing crankshaft’s main journal for a serial production 4-
cylinder light-duty gasoline Volvo engine. The roller specimens had an addi-
tional curvature with a diameter of D = 10 mm. In this way, the maximum 
Hertz contact pressure of 3.4 GPa can be achieved with counterpart-specimen 
contact configuration. The thickness of both discs was 10 mm. 

Discs made of G55 were made from rollers with an as-forged structure; 
see Figure 20. The discs made of G50 were made from large rollers that were 
quenched and tempered. Discs made from G3 were cut down from a hot rolled 
steel bar, which was in a ferritic-pearlitic state; see Figure 20. The require-
ments of bulk hardness for all discs were set to 250-294 HV1, which is the 
hardness tolerance of the current production crankshaft steel after forging and 
controlled cooling. Due to this, additional heat treatments were required, i.e. 
tempering for G3 and quenching and tempering for G50. The summary of the 
microstructures and hardness for all three materials is listed in Table 8. As 
observed from the table, G55 showed a slightly lower hardness, as required. 

 
Table 8. The bulk hardness requirements for prototype crankshaft rolling bearing steels. 

Steel grade Microstructure Hardness, HV1 (HRC) 
G55 As forged 237 (20) 
G50 Quenched and tempered 280 (27) 
G3 Ferritic-Pearlitic 280 (27) 
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G55 - Ferritic-pearlitic microstructure 

 
G50 – Tempered martensite microstructure 

 
G3 - Ferritic-pearlitic microstructure 

 
Figure 20. Starting microstructures for G55 (above), G50 (middle), and G3 (below). 
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The counterparts made of all grades and the specimens made of G55 were 
then subjected to surface induction hardening, which was done at SKF MPD 
in Göteborg, Sweden. The surface hardening setup can be seen in Figure 21. 
The disc was clamped from both sides, positioned in the middle of the upper 
shaft. The coil (round brown circle) was oscillating vertically over the disc 
and heating it to the desired temperature for a given time. The quenching 
(white part) was done by shower-quenching of the disc for a defined time. 
The quenchant solution was a mixture of water and 8% of the polymer Aqua-
Quench 365E at a temperature of 20-23 °C.  
 

 
Figure 21. The surface hardening setup. The specimen in the middle, the coil (round brown 
circle) below the specimen, and the quenching shower (white).  

The requirement for the surface hardening depth (SHD), the depth of 
which the hardness drops down to 550 HV, was set to 1-1.5 mm. This was 
chosen to withstand a maximum Hertzian shear stress based on the maximum 
contact pressure of 2 GPa that was expected for the crankshaft roller bearing 
application. The maximum expected load on a roller was calculated with 
AVL Excite based on combustion loads in a four-cylinder light-duty ICE that 
was provided by Volvo [46]. Additionally, a grinding allowance of 0.6 mm 
was added on top of the SHD. Discs were induction heated to around 1020°C, 
depending on the steel grade, and maintained at this temperature for 1-3 sec-
onds. This was followed by quenching with the quenchant solution. A tem-
pering cycle was added after induction hardening. The tempering was done 
in a furnace without an active atmosphere. The tempering temperature was 
the sum of the peak engine oil temperature from a typical ICE for passenger 
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cars, T≈ 120°C, along with a safety factor to maintain dimensional stability, 
around 60°C. This resulted in a tempering temperature of 180°C that was kept 
for 2h. The tempering was done for all discs. In some cases, the tempering 
was omitted, e.g. for G55 and G50, and in some cases, the tempering temper-
ature and time were increased, e.g. for G3. The summary of hardening results 
is shown in Table 9.  

 
Table 9. Hardening results for counterparts made of three different bearing steels. 

Grade- 
-hardness 

level (L/H)1 

Tem-
pera-
ture 
[°C] 

Tempering 
[°C/h] 

Surface 
hardness 
[HV1 / 
HRC] 

Core Hardness 
[HV1 / HRC] 

SHD 
profile 
[mm] 

G55-L 1025 180/2 691 / 59.3 240 / 20.4 2.3 
G55-H 1025 - 817 / 62 247 / 21.8 2.3 
G50-L 1020 180/2 680 / 58.7 258 / 23.7 2.0 
G50-H 1020 - 771 / 60.9 257 / 23.5 2.1 
G3-H 1019 180/2 767 / 62.2 235 / 20 2.2 
G3-L 1019 180/2 +285/4 695 / 58.8 228 / - 2.2 

1L/H: L - Low hardness level, H - High hardness level.  
 

The hardness profiles for G55 (L/H), G50 (L/H), and G3 (L/H), according 
to Table 9, are presented in Figure 22. For this, three hardness profile meas-
urements were made from the raceway surface: top (green line), middle (red 
line), and bottom (blue line), relative to how they were positioned during 
hardening. The hardness profile was relatively stable up to a depth of approx-
imately 1.5 mm, after which there was some variation of hardness depending 
on the position of the disc during the hardening method. Nevertheless, for this 
investigation, the hardness profile of up to 1 mm was important to be rela-
tively stable for the rolling contact.   
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G55 – High hardness  

 

 
G55 – Low hardness  

 

 
G50 – High hardness 

 

 
G50 – Low hardness 

 
  

 
G3 – High hardness  

G3 – Low hardness 
Figure 22. Hardness profile for G55 Low/High hardness, G50 Low/High hardness, and G3 
Low/High hardness. 

The resulted microstructures for all three grades, after surface induction 
hardening was applied, are depicted in Figure 23. For each steel grade, two 
microstructures are shown: one 1 mm away from the surface and another one 
around 2.5 mm away from the surface. In all cases, the microstructure 1 mm 
away from the surface exhibits a fine, fully martensitic microstructure with-
out large undissolved residual carbides. The microstructures 2.5 mm away 
from the surface show partial transformation of martensite from the initial 
microstructure, which indicates a relatively steep hardness drop, as seen in 
Figure 23. 
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G55 – 1 mm 

 
G55 – 2.5 mm 

 
G50 – 1 mm 

 
G50 – 2.5 mm 

 
G3 – 1 mm 

 
G3 – 2.5 mm 

Figure 23. Microstructure of G55, G50, and G3 1 mm and 2.5 mm from the raceway surface, 
respectively, at 1000x magnification. 

Furthermore, the specimens made of G3 were through-hardened at Body-
cote in Göteborg. The specimens were hardened and tempered to achieve 
three different hardness levels. The summary of hardening is listed in Table 
10. The hardness was measured with a Rockwell indenter with 150 kg of load 
(HRC) at several places; the average hardness was calculated from 4 indents.  
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Table 10. The hardening results for the specimen made of G3. 

Hardness level Aimed HRc Tempering [°C/hrs] Resulting  
average HRc 

H - High 63 180/2 63.45 
M - Medium 61 240/4 60.7 
L - Low 59 180/2+285/4 59  

 
The resulted microstructure for specimens made of G3 is shown in Figure 

24. The microstructure exhibits fine martensite without undissolved large car-
bides.  

 

 
G3 - H 

 
G3 - M 

 
G - L 

Figure 24. Microstructure of specimens made of G3 for three different hardness levels. 

2.4 TEST LUBRICANTS 
Test lubricants in this work were divided into two groups. The first group 
simulates a base oil that does not include any functional additives. The second 
group simulates the state-of-the-art engine oils that include standard additive 
packages designed for engine tribology.   
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 LOW ADDITIVE TT9 MINERAL OIL 
The oil in this case is a low-viscosity, low-additive SKF TT9 mineral oil, 
which respresent the base oil. This oil does not include any performance-
based additives such as FM, AW, and EP additives that might affect the per-
formance or rolling contacts. Therefore, any effects on the tribological per-
formance of rolling contacts that could come from oil chemistry are excluded. 
This oil was selected due to its low viscosity and the absence of functional 
additives. Table 11 lists some of the rheological properties of TT9 oil.  
 
Table 11. Rheological properties of different oils used. 

Property Unit Value 
Kinematic viscosity, 𝜈, at 

- 40°C 
cSt 

 
 
9  

- 100°C  2.3  
Density, 𝜌 kg/m3 870 
Pressure-viscosity coefficient, 𝛼 at  

- 20°C 
GPa-1  

30 
- 100° C  22 

 COMMERCIAL AND PROTOTYPE ENGINE OILS 
In this work, two commercially available low-viscosity fully mormulated en-
gine oils and three low-viscosity prototype engine oils were selected to sim-
ulate state-of-the-art engine oils; see Table 12.  
 
Table 12. Commercial and prototype engine oils used in this work. 

Designation SAPS1 
level 

Viscosity 
grade 

Kin viscosity2 
at 100°C [cSt] 

Description 

Oil A  Mid 0W20 8.1 Standard production en-
gine oil A 

Oil A-RC Mid 0W20 7.7 Optimized for rolling con-
tact based on oil A 

Oil A 10%D Mid 0W20 7.7 Downgraded version of 
the standard oil A 

Oil A 0W16 Mid 0W16 6.6 Reduced viscosity of 
standard oil A 

Oil B  Low 0W20 7.5 Standard production en-
gine oil B 

2Sulphated ash, phosphorus, and sulphur.  
1Measured with Microlab40 device (Spectro Scientific) according to ASTM D7417 standard. 
 

Both commercially available engine oils, oil A and B, include a standard 
additive package for engine tribology. Oil A is based on a mixture of group 
III (mineral) and PAO (synthetic) oils. Oil B has an unknown base oil mix-
ture; however, it is assumed that it is based on the same base oil mixture, but 
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with a different ratio of group III and PAO. Both oils contain different con-
centrations of the ZDDP additive. The concentration of the ZDDP additive 
was measured to be around 0.09% for oil A. This was measured with a Mi-
crolab40 device according to ASTM D7417 standard.   

Apart from commercial oils, three prototype engine oils were used that are 
based on oil A. The oil A-RC (Rolling Contacts) was specifically designed 
for rolling contacts based on oil A. It contains a different ratio of the base oil 
mixture compared to the commercially available oil A with a much higher 
PAO base oil blend. The additive package is the same as for oil A. Oil A 
10%D is a downgraded version of oil A that simulates a 10% dilution by re-
ducing the VM (viscosity modifier) concentration to lower the viscosity by 
10%; it also contains a 10% less amount of the additive package. Oil A 0W16 
represents a reduced viscosity grade oil simply by reducing the viscosity mod-
ifier level from oil A but contains an identical additive package.
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3 RESULTS AND DISCUSSION 
In this chapter, a comprehensive summary of the important results from paper 
A-E is presented and discussed. This includes the study of various effects on 
surface performance, i.e. the micro-pitting and wear damage of bearing steel 
surfaces operated in mixed lubrication conditions with and without the pres-
ence of anti-wear additives. This section is divided into 4 subsections: the 
effect of surface roughness and hardness, section 3.1; the effect of steels and 
heat treatments, 3.2; the effect of oil chemistry, 3.3; and the effect of lubrica-
tion quality, 3.4. 

3.1 EFFECT OF SURFACE ROUGHNESS AND HARD-
NESS 

This section summarizes the important findings from papers A and B on the 
effect of surface roughness and hardness on surface performance, i.e. micro-
pitting and wear damage under mixed lubrication conditions with a base oil 
used only, to exclude the role of oil additives. For this, the absolute and rela-
tive harnesses between surfaces 1 and 2, that were rolling/sliding against each 
others, were studied in detail. The correlation between surface damage and 
the relative surface hardness difference between surfaces 1 and 2 is presented 
and discussed.  

 EXPERIMENTAL CONFIGURATION 
For this experiment, the twin-disc machine was employed with both the ring-
on-ring (Paper A), see section 2.3.1, and the disc-on-disc (Paper B), see sec-
tion 2.3.2, configuration. The surface performance test was conducted to in-
vestigate the surface damages of both surfaces in contact, i.e. surfaces 1 and 
2. The test was run with a maximum contact pressure between 2 and 3 GPa 
in a mixed lubrication regime with a lambda ratio between 0.2 – 1.3. The SRR 
was set to -5 % (surface 1 slower moving), typical for rolling bearing contacts. 
The number of revolutions was set to 9 million, which represents 10 percent 
of the total cycles from a standard Volvo durability test for a crankshaft. The 
surface roughness lay was longitudinal and the oil used was the base oil. The 
summary of operating conditions is listed in Table 13. For more details on 
operating conditions, see Papers A and B.
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Table 13. Operating conditions for the effect of surface roughness and hardness. 

Operating conditions Part 1 (Paper A) Part 2 (Paper B) 

Maximum contact pressure, pmax [GPa] 2 – 3 3 

Slide-to-roll ratio, SRR [%] -5 -5 

Lambda ratio, Λ [-] 0.2 -1.3 0.5  

Surface roughness lay  Longitudinal  Longitudinal 
 

Test cycles, [cycles] 9 × 10< 9 × 10< 

Oil used Base oil (TT9) Base oil (TT9) 

Testing was split into two parts. In the first part, the surface roughness of 
both surfaces was varied in order to identify micro-pitting formation regions. 
In this case, both surfaces had the same surface hardness (65 HRC). Table 14 
summarizes the test combinations for part 1. 
 
Table 14. Test matrix for different surface roughness combinations between surfaces 1 and 2. 

Test nr. Surface 1, 
RMS [nm] 

Surface 2, 
RMS [nm] 

R.01 50 200 
R.02 50 300 
R.03 50 300 
R.04 50 400 
R.05 100 100 
R.06 100 200 
R.07 100 300 
R.08 100 400 
R.09 100 500 
R.10 100 1000 
R.11 300 300 

 
In the second part, the relative surface hardness or the hardness difference 

between surfaces 1 and 2 was studied. Surface roughness combination be-
tween surface 1 and 2 was selected based on the outcome from the first part 
in order to develope micro-pitting damage. For this, 14 different levels of 
surface hardness were tested, where the positive hardness difference indicated 
that the surface hardness of surface 1 is harder compared to the surface hard-
ness of surface 2. The summary of the testing matrix is listed in Table 15. 
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Table 15. Test matrix with the surface hardness of surface 1 and hardness difference. 

Test nr. Surface 1 ∆ H1 

 Surface hard-
ness, [HV1] 

Surface hard-
ness, [HV1] 

  
H.01 793 120 
H.02 795 107 
H.03 792 103 
H.04 784 20 
H.05 793 8 
H.06 790 0 
H.07 692  6 
H.08 692 1 
H.09 691 -9 
H.10 740 -25 
H.11 734 -51 
H.12 689 -84 
H.13 730 -91 
H.14 692 -139 

1 ∆ H = H1 – H2 – surface hardness difference between surface 1 (H1) and surface 2 (H2). 
 

In addition, the absolute surface hardness of both surfaces was varied to 
investigate the competition between micro-pitting and mild wear. For this, 
three different levels of absolute surface hardness for both surfaces were se-
lected: 55, 59, and 65 HRC. In this case, all surfaces were made from through-
hardened G3 steel.  

 EFFECT OF SURFACE ROUGHNESS  
Testing conditions and results from the first part are summarized in Table 16. 
Depending on the surface roughness combination between surface 1 (slower 
moving) and surface 2, three different damage modes were identified on sur-
face 1: wear (polishing/mild wear), micro-pitting damage and mild wear (i.e. 
fatigue damage of asperities), and severe wear damage. For surface 2, in all 
cases, only polishing/mild wear was observed, and no surface fatigue damage 
was observed. 
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Table 16. Damage modes for different surface roughness combinations between surfaces 1 and 
2. 

Test 
nr. 

Surface 1, 
RMS [nm] 

Surface 2,  
RMS [nm] 

Contact 
pressure, 

pmax [GPa] 

Damage mode for  
surface 1 

R.01 50 200 2.5 Wear  
R.02 50 300 2.5 Wear + Micro-pitting 
R.03 50 300 3.1 Wear + Micro-pitting 
R.04 50 400 2.5 Wear + Micro-pitting 
R.05 100 100 3.1 Wear 
R.06 100 200 3.1 Wear 
R.07 100 300 3.1 Wear 
R.08 100 400 3.1 Wear + Micro-pitting 
R.09 100 500 3.1 Wear + Micro-pitting 
R.10 100 1000 3.1 Severe wear 

R.11 300 300 3.1 Wear 
 
Figure 25 illustrates the micro-pitting and wear regions for surface 1 as a 

function of load and surface roughness of surfaces 1 and 2. To develop micro-
pitting damage on surface 1, the surface roughness of surface 2 was required 
to have around an RMS of 300 nm or more, depending on the surface rough-
ness of surface 1.   
 

 
Figure 25. Schematic illustration of damage modes for different surface roughness combina-
tions. 

Figure 26 depicts two damage modes: wear and micro-pitting. In the case 
of only wear, abrasive wear tracks can be observed on the surface and are 
oriented in the direction of rolling. In the case of micro-pitting and wear dam-
age, several micro-cracks and micro-pits are visible on the contacting surface.  
 



Results and discussion 
 

 43 

 
R.01 – Wear 

 
R.04 – Wear and micro-pitting 

Figure 26. Surface damage mode: mild wear only (left) and micro-pitting and wear (right). 

Based on Table 16 and Figure 25, for the smooth (RMS = 50 nm) surface 
1, micro-pitting damage occurs when the RMS surface roughness of surface 
2 is equal or greater than 300 nm. However, for the rough surface (RMS = 
100 nm), micro-pitting is delayed and occurs when the RMS surface rough-
ness of surface 2 is equal or greater than 400 nm. In addition, when looking 
at the two rough surfaces in contact (RMS = 300 nm), no micro-pitting dam-
age is observed. One can say that the rougher surface requires tougher oper-
ating conditions; in this case, a higher amplitude of surface roughness to sus-
tain micro-pitting damage. This is in line with the observations from the pre-
vious study [15]. The likely explanation for this is the stress history imposed 
by the roughness, as discussed by Kim and Olver [47]. 

As the conditions are geared towards mixed/boundary lubrication, the 
rougher surface always imposes the fatigue micro-cycles onto the smoother 
one when sliding is present. For example, see Figure 27, which is an extreme 
case where one surface is completely smooth and stationary, and another is 
rough and moving. Both surfaces experience the same contact pressure, i.e. 
where the asperity peaks are in contact and the valleys experience only hy-
drodynamic pressure from the lubricant. As soon as sliding is introduced for 
the rough surface, the peaks of asperities experience the same contact pres-
sure over time. However, the smooth surface experiences pressure variations 
over time regardless if it is slower or faster moving. 

Based on the results, it can be observed that the smoother surface is always 
more prone to surface fatigue than the rougher counterpart, due to the stress 
history imposed by the rougher surface if both surfaces are of an equal hard-
ness and made from the same steel. Depending on the roughness combination 
and operating conditions for a particular case, this will govern the damage 
outcome, e.g. only mild wear, micro-pitting and wear or severe excessive 
wear.  
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Figure 27. Fatigue micro-cycles for a rough and smooth surface for stationary and moving 
conditions.  

 EFFECT OF HARDNESS DIFFERENCE  
Micro-pitting and wear damage assessments for different hardness differ-
ences between surfaces 1 (RMS = 30 nm) and 2 (RMS = 400 nm) are depicted 
in Table 17. Based on the table, four different damage modes were observed 
on surface 1: mild wear, adhesive wear, micro-pitting, and severe micro-pit-
ting wear. The exact damage mode shows a strong correlation to the surface 
hardness difference,	∆H, of surfaces in contact.  
 
Table 17. Summary of testing results for the effect of hardness difference. 

Test 
nr. 

Surface 1 ∆H  
H1-H2 

Specific wear 
rate, W 

Surface damage, SDavr  
 

 Surface 
hardness, 

HV1 

[HV1] [mm3/Nmm] 
×10-13 

[%] Comment 

H.01 793 120 2.3 <1 Mild wear 
H.02 795 107 2.3 <1 Mild wear 
H.03 792 103 2.5 <1 Mild wear 
H.04 784 20 3.0 13.1 AD1 + I2 + Micro-pitting 
H.05 793 8 4.1 17.7 AD + I + Micro-pitting 
H.06 790 0 3.6 14.0 AD + I + Micro-pitting 
H.07 692  6 2.7 <1 Micro-pitting 

H.08 692 1 5.5 5.3 Micro-pitting 
H.09 691 -9 3.3 5.4 Micro-pitting 
H.10 740 -25 9.6 12.4 Micro-pitting 
H.11 734 -41 60.8 80.3 Severe3 micro-pitting 

H.12 689 -84 152.3 100 Severe micro-pitting 
H.13 730 -91 166.9 100 Severe micro-pitting 
H.14 692 -139 272.2 100 Severe micro-pitting 

1AW – Adhesive Wear, 2 I – Indentation marks.3Specific wear rate, W > 10×10-13 mm3/Nmm.  
 
For a high positive hardness difference (∆H ≈ 100 HV1), only mild wear 

was observed on both surfaces. For a low hardness difference (∆H ≈ 0 HV1), 
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depending on whether the surfaces are hard or soft, two damage modes were 
observed.  

For the hard surface 1 (H1 = 790 HV1), signs of adhesive wear, indenta-
tions, and micro-pitting were observed on the surface. In this case, the contact 
conditions were too severe, and the lubrication was insufficient. This led to 
the local welding of asperity peaks and in turn, promoted adhesive wear. The 
formed particles did further indent the surface, where the edge of the indent 
presented the initiation site of the micro-pitting damage; see Figure 28.  

In contrast, for the soft surface 1 (H1 = 690 HV1), micro-pitting and mild 
wear damage were observed. However, for a high negative surface hardness 
difference, (∆H ≈ -100 HV1), severe micro-pitting damage was observed on 
surface 1. In this case, the wear damage was two orders of magnitude higher 
compared to the lowest wear for the positive high hardness difference. 
 

 
H.04 

 
H.06 

Figure 28. Surface damage morphology of a combination of adhesion, indentation, and micro-
pitting damage (test notation according to table 17). 

SEM analyses were carried out to observe the surface morphology of both 
contacting surfaces.  Figure 29 shows the surface morphology of surfaces 1 
and 2 for a high positive hardness difference (∆H ≈	+	100	HV ), no hardness 
difference (∆H ≈ 	0	HV), and a high negative hardness difference (∆H ≈ 
−	100	HV ). For the high positive hardness difference, abrasive wear traces 
of mild wear can be observed on surface 1. No surface fatigue cracks, or pits 
were observed on either surface, except some indentation marks. 
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Surface 1 Surface 2 
 

 

 

 
∆H ≈ +	100	HV (H.03) 

 

 

 

 
∆H ≈ 0	HV (H.09) 

 

 

 

 
∆H ≈ −	100	HV (H.13) 

Figure 29. Surface morphology for surface 1 (left) and surface 2 (right) at different surface 
hardness differences. Rolling direction from up to down (test notation according to table 17). 

For surface 2, the asperity peaks seem to be worn and flattened within the 
contact. In the case of no hardness difference, surface 1 shows signs of micro-
pitting along the wear surface, where surface fatigue cracks are randomly 
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formed. Some micro-pits were formed and flaked out from the surface. In 
contrast, no surface damage can be observed from surface 2 except for some 
indentation marks. For the high negative surface hardness difference, severe 
micro-pitting damage can be observed on surface 1 throughout the whole con-
tact. A fatigue crack pattern can be observed with cracks forming circular 
half-arcs on the surface along the wear track. This is likely the result of a 
material removal process that resulted from the stress distribution induced by 
the rolling contact. In contrast, no damage can be observed on surface 2 ex-
cept for some indentation marks. In this case, no considerable smoothing of 
asperity peaks occurs compared to the previous two cases for no and high 
positive surface hardness differences. 

To illustrate the importance of surface hardness difference, the specific 
wear rate from Table 17 was plotted against the surface hardness difference; 
see Figure 30. Based on the results from the table and figure, three main dam-
age regions are proposed for a given wear rate: the mild wear region, the mi-
cro-pitting and wear region, and the severe micro-pitting region.  

 
Figure 30. The specific wear rate of surface 1 as a function of surface hardness difference and 
bearing steel grade of surface 2. 

In the mild wear region, surface 1 undergoes only mild wear and no surface 
fatigue cracks or pits are expected along the wear track, as observed in Figure 
29. In this case, mild wear remains low and follows the Archard law for a 
sliding mixed lubricated contact. In this case, the asperity peaks of surface 2 
undergo relatively high plastic deformation and wear, with around a 30 per-
cent change in RMS value after the test; see Paper B. This increases the bear-
ing contact area and, in turn, reduces the contact stress severity and thereby, 
reduces the risk of surface fatigue.   
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For the micro-pitting region, the surface hardness of both surfaces is sim-
ilar. Mild wear again follows the Archard law for sliding lubricated mixed 
contacts. In this case, the change of surface roughness of surface 2 is lower 
compared to the previous region with around a 20% change in RMS; see pa-
per B. The asperity peaks are flattened and worn but to a lower degree than 
those from the previous case; see Figure 29. In this case, due to the similar 
surface harnesses, plastic deformations can occur on both surfaces. However, 
surface 1 is exposed to micro-stress cycles induced from the rougher surface, 
since the rougher surface always imposes fatigue micro-cycles on the 
smoother one [15]. In this region, the contact severity remains high through-
out the test, which, in this case, promotes surface fatigue damage, i.e. micro-
cracks and micro-pits on surface 1. 

 In addition, in extreme cases, when both surfaces are relatively hard, ad-
hesive wear can occur which creates wear particles that, in turn, indent the 
surface. The edge of the indent then acts as a stress riser and can initiate the 
micro-crack that further leads to micro-pitting damage. In contrast, no micro-
stress cycles occur on surface 2, as the asperity peaks are always in contact. 
However, when the surface hardness of surface 1 is lower than that of surface 
2, wear damage very rapidly increases, as observed from the figure. In this 
case, the wear damage does not follow Archard wear law anymore, as the 
wear mechanism changes from abrasive wear to severe micro-pitting wear, 
as already observed by Olver [14].  

In this case, this region corresponds to the severe micro-pitting region, 
where the wear rate is one-to-two orders of magnitude larger than that for the 
mild wear rate. As aforementioned, in this region wear does not follow the 
Archard law for sliding mixed lubricated contacts. Here, the wear is the con-
sequence of accelerated surface fatigue damage, i.e. severe micro-pitting 
wear [7,14,20,25,27]. In this case, the majority of plastic deformation occurs 
on surface 1. Due to the very low wear and plastic deformation of the asperity 
peaks for surface 2, the surface roughness is almost completely preserved 
with around 10% of change in RMS. The asperity peaks seem to be preserved 
and remain sharp throughout the test, see Figure 29. In this case, the bearing 
contact area is low, and the local stress severity remains high through the test. 
This, in turn, accelerates surface fatigue for surface 1. In this case, surface 1 
experiences severe micro-stress cycles throughout the test. Here, the loss of 
material is so high that the curvature of surface 1 is completely removed and 
the initial elliptical contact becomes a line contact. By doing so, the contact 
aligns itself to bear a lower contact pressure induced by the rolling contact. 
This, in turn, reduces the stress distribution below the surface, which slows 
down the surface fatigue process. The 2D profile for an unworn and severely 
worn surface 1 is depicted in Figure 31. 
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Figure 31. 2D profile for a severe micro-pitting wear case (H.14) and an unworn case (test 
notation according to table 17). 

In addition, a cross-sectional cut in the longitudinal direction was per-
formed for test H.14 to observe the subsurface crack morphology; see Figure 
32. The cracks show an appearance characteristic of the micro-pitting damage 
that grows from the surface towards the material with an angle of approxi-
mately 30°. The friction direction is from left to right, which is the opposite 
of the crack growth direction and the rolling direction. 
 

 
Figure 32. Subsurface crack morphology for case H.14 (Courtesy of Hadi Torkamani). 

 EFFECT OF ABSOLUTE HARDNESS 
Micro-pitting and mild wear damage assessments for three different absolute 
surface hardness levels are depicted in Figure 33. Please note that both micro-
pitting and wear damage were only assessed for surface 1 since no micro-
pitting damage was detected on surface 2. In addition, due to the relatively 
high surface roughness of surface 2, no wear assessment was feasible.  
 

 
Figure 33. Micro-pitting and wear damage as a function of absolute hardness. 
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Based on this figure, a clear trend is observed for both damage modes con-
cerning the absolute hardness of both surfaces. Micro-pitting damage is the 
highest when mild wear is the lowest, which is in line with the literature 
[14,15]. Mild wear behaviour follows the Archard wear equation for sliding 
contacts, where hardness is inversely proportional to the wear damage. In this 
case, the maximum micro-pitting damage was observed for the highest abso-
lute hardness. Here, both surfaces are relatively hard with a relatively high 
yield limit, since yield stress is proportional to hardness; consequently, the 
asperity peaks of surface 2 are plastically deformed and worn less than for the 
lowest absolute hardness. Hence, local contact stresses remain relatively high. 
This, in turn, promotes and initiates fatigue cracks on the contacting surfaces. 
Due to the relatively low wear of surface 1, the cracks and micro-pits that 
form are not sufficiently removed for a given wear rate.  

In contrast, in the case of minimum micro-pitting damage, the asperity 
peaks are plastically deformed and worn to a greater degree. This reduces the 
local contact stress severity, which in turn, reduces the probability of micro-
pitting. In addition, due to higher wear, the layers of surface fatigue material 
are removed to a higher degree.  This truly captures the competitive nature of 
the micro-pitting and mild wear mode as observed by others [7,15,22]. 

3.2 EFFECT OF STEELS AND HEAT TREATMENTS 
This section summarizes the important findings from papers B and C on the 
effect of steels and heat treatments on surface performance, i.e. micro-pitting 
and wear damage under mixed lubrication conditions. This study includes 
how different steels (surface 1) with different heat-treatments and counter 
steels (surface 2) influence the surface performance of both surfaces in con-
tact.  

 EXPERIMENTAL CONFIGURATION 
For this, the twin-disc machine was employed with the disc-on-disc contact 
configuration; see section 2.3.2 for more information on materials used. The 
surface performance test was conducted to investigate the surface damage of 
both surfaces in contact: surface 1 and surface 2. In order to accelerate surface 
fatigue damage on surface 1, surface 2 was much rougher (RMS between 180 
– 400 nm) compared to surface 1 (RMS = 30). The test was run with a maxi-
mum contact pressure between 2 and 3 GPa in a mixed lubrication regime 
with a lambda ratio between 0.5 - 0.8. The SRR was kept at -5% to promote 
micro-pitting and wear damage. The number of revolutions was set to 4.2 and 
9 million, which represents roughly 10% and 5%, respectively, of total cycles 
from a standard Volvo durability test for a crankshaft. For more details on 
operating conditions, see Papers B and C. Two different oils were used, the 
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base oil and the engine oil A. For more details on oils, see section 2.4. The 
summary of testing conditions is listed in Table 18. 
 
Table 18. Fixed operating conditions. 

Operating conditions Part 2 [Paper B] Part 1 [Paper C] 
Maximal contact pressure, pmax [GPa] 3  2 

Lambda ratio, Λ [-] 
 

0.5  0.8 

Slide-to-Roll Ratio, SRR [%] -5 -5 

Test cycles, [cycles] 
 

9 × 10< 4.2 × 10< 

Surface roughness, RMS [nm] 
- Surface 1 

 
30  

 
30 

- Surface 2 400 180 
Oil Shell TT9 oil Engine oil A 

 
Testing was split into two parts. In the first part, the effect of steel and heat 

treatments (surface 1) on the surface performance, i.e. micro-pitting and wear, 
of surface 1 was studied. In this case, the operating conditions were the same 
as in section 3.1.1, part 2. In addition, from the same section, the same meth-
odology was employed to investigate the surface performance, i.e. by varying 
the surface hardness difference between surface 1 and surface 2. For this, two 
steels were selected: plain, medium-carbon bearing steel G55 (DIN C56E2), 
and high-carbon, low alloy G3 (DIN 100Cr6) steel. The former was surface 
induction hardened (SIH) and the latter one was through-hardened (TH); for 
more details, see section 2.3.2. The testing matrix is summarized in Table 19.  
 
Table 19. The testing matrix for the effect of steel and heat treatment (surface 1). 

Test nr. Heat  
treatment 

Specimen 2 ∆H  (HV1-HV2) 
Grade Surface hardness, HV1 HV1 

HD.01 SIH 55 699 -6 
HD.02 TH 3 691 -9 
HD.03 TH 3 740 -25 
HD.04 TH 3 734 -41 
HD.05 TH 3 689 -84 
HD.06 TH 3 730 -91 
HD.07 SIH 55 700 -92 
HD.08 SIH 55 699 -137 
HD.09 TH 3 692 -139 
HD.10 SIH 55 690 -150 
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All tests were performed in the severe micro-pitting region. In total, four tests 
were done with G55 and six tests with G3 steel, which were based on Table 
17. 

In the second part, the effect of the counterface steel from which surface 
2 was made and how this affects the wear damage of surface 1 was studied. 
Please note that engine oil was used in this case as no difference in wear rate 
was observed when using the base oil. For this, surface 2 was made of 3 dif-
ferent SIH bearing steels, see 2.3.2, with two different hardness levels for 
each steel. Surface 1 was made from TH G3 steel with a surface hardness of 
793 HV1. The test summary is listed in Table 20. 
 
Table 20. Test matrix for the effect of the counter steel (surface 2).  

Test no. Surface 2 
 Steel grade Surface hardness 
  [HV1] Low/high 

CS.1 G55 ~815 Low 
CS.2 G55 ~690 High 
CS.3 G50 ~771 Low 
CS.4 G50 ~680 High 
CS.5 G3 ~770 Low 
CS.6 G3 ~659 High 

 EFFECT OF STEEL AND HEAT TREATMENTS 
In this case, the effect of the bearing steel from which surface 1 was made is 
investigated relating to the onset of micro-pitting and wear damage. In addi-
tion, the effect of different heat treatments is presented and discussed. The 
summary of the testing results is listed in Table 21. In addition, the wear rate 
of surface 1 as a function of the surface hardness difference and steel is shown 
in Figure 34.  

It can be clearly seen that the steel grade and different heat treatments do 
have an influence on surface fatigue and wear damage. The transition from 
mild wear to severe micro-pitting damage is delayed for G55 compared to G3 
with respect to the surface hardness difference.  

For the low surface hardness difference, around 5 percent of surface fa-
tigue damage is observed for G3 (-9 HV1, HD.02) along the wear track. In 
contrast, no damage is observed for G55 (-6 HV1, HD.01). Additionally, the 
wear rate shows no statistical differences between both steels. Figure 35 pre-
sents the 3D topography for the medium (≈	-100 HV) and the high (≈	-140 
HV) negative surface hardness difference cases for both steels.  
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Table 21. Surface damage results for two different bearing steels. 

Test 
nr. 

Grade  -
surface 1 

∆H 
(H1-H2) 
[HV1] 

Specific wear 
rate, W 

Damage, SDavr Surface 

[mm3/ 
Nmm] 
×10-13 

[%] comment 

HD.01 55 -6 2.5 <1 Mild wear 
HD.02 3 -9 3.3 5.4 Micro-pitting 
HD.03 3 -25 9.6 12.4 Micro-pitting 
HD.04 3 -41 60.8 80.3 Severe micro-pitting wear 
HD.05 3 -84 152.3 100 Severe micro-pitting wear 
HD.06 3 -91 166.9 100 Severe micro-pitting wear 
HD.07 55 -92 2.9 2.7 Micro-pitting 
HD.08 55 -137 6.7 11.5 Micro-pitting 
HD.09 3 -139 272.2 100 Severe micro-pitting wear 
HD.10 55 -150 24.4 28 Severe micro-pitting wear 

 
For the medium negative surface hardness case, the surface made of G3 is 

completely damaged due to severe surface fatigue with 100 percent micro-
pitting along the wear track, whereas only minor surface fatigue damage is 
observed on the surface made from G55. In addition, wear in this case is 60 
times higher for G3 compared to G55. 
 

 
Figure 34. The specific wear rate of surface 1 as a function of surface hardness difference 
for two steels. 

For the high negative surface hardness difference, again the surface of G3 
is covered throughout the wear track with severe micro-pitting damage. In 
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this case, with an even higher wear rate due to a higher hardness difference, 
the surface damage expanded in width. In contrast, for G55, wear and surface 
damage remain very low. In this case, it can be seen how micro-pitting dam-
age starts to grow in the middle of the contact, where the maximum contact 
pressure is located.  
 

HD.06 – G3 vs G55 
∆H = -91 HV 

HD.07 – G55 vs G55 
∆H = -92 HV 

  
M = 100 % 

W = 167×10-13 
M = 3.5 % (Mavr = 2.7%) 

W = 2.9×10-13 
HD.09 – G3 vs G55 
∆H = -139 HV 

HD.08 – G55 vs G55 
∆H = -137 HV 

 
M = 100 % 

W = 272×10-13 

 
M = 25 % (Mavr = 11.5 %) 

W = 6.7×10-13 
Figure 35. 3D worn topography of surface 1 for two steels at two different surface hardness 
levels. 

 RESIDUAL STRESS CHARACTERIZATION  
Further analyses were carried out on selected test combinations to investigate 
the very different surface fatigue behaviour of G3 and G55. Figure 36 shows 
the residual stress profile for two unworn and four worn discs, representing 
surface 1, manufactured from the steels G3 and G55. 

For worn discs, two combinations of worn discs were selected with a sim-
ilar surface hardness difference for both steels, i.e. ∆H ≈-10 and ∆H ≈-140 
HV, in order to observe and compare the residual stress state. The residual 
stress profile was measured in the circumferential and the axial direction with 
respect to the rolling direction. For more information on residual stress meas-
urements, see section 2.2.4.  

Looking at the as received case, for G3 (a1), the surface is in a much lower 
compressive (negative) stress state (-250 MPa) compared to G55 (b2), with a 
relatively high compressive stress (-650 MPa). In addition, the subsurface of 
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G3 is shown to be in slight tension compared to G55, which is shown to be in 
compression (-200 MPa). Although, some variation in stress is observed from 
5 to 20 μm in depth for G55, which might be due to an inhomogeneous mi-
crostructure, i.e. large grains, different orientations of grains, etc. Neverthe-
less, the high compressive stress at the surface is desired as it can delay the 
crack initiation and propagation.  

 
(a1) G3 as received 

 
(a2) G3, ∆H = -9 HV1 

 
(a3) G3, ∆H = -139 HV1 

 

 
(b1) G55 as received 

 
(b2) G55, ∆H = -6 HV1 

 
(b3) G55, ∆H = -137 HV1 

 
Figure 36. Residual stress profiles for two steels: G3 and G55,  for as received (upper) and 
after the test using two surface hardness differences: ∆𝐻  ≈ -10 (middle) and ≈ -140 HV 
(lower). The stress in circumference and axial direction is marked as 0° and 90°, respectively.  

For the worn discs, in tests HD.01 and HD.02, see Figure 36 (a2, b2), the 
compressive stress for G3 expands up to 10 μm in depth compared to the as-
received condition. The magnitude of the surface compressive stress remains 
similar. In this case, the surface of G3 already experiences micro-pitting 
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damage but not G55. However, for G55, it can be seen that the initial surface 
compressive stress is very much reduced from the initial -650 to -300 MPa, 
presumably due to mild wear, which removes the surface layers of material. 
However, this does not seem to reduce the surface fatigue behavior of G55.  

For the last combinations of worn discs in tests HD.08 and HD.09, see 
Figure 36 (a3, b3), the surface compressive stress for G3 (b3) increases up to 
-600 MPa in an axial direction, where only a marginal increase in the com-
pressive stress is seen in the circumferential direction. However, the compres-
sive stress expands in depth up to 25 μm. Similar behavior is seen for G55 
(a3) at the surface; however, compressive stress seems to be reduced in the 
subsurface region from 10 to 100 μm and becomes almost negligible.  

 CONCLUDING REMARKS  
Based on the residual stress observations, one can say that the largest factor 
in showing better fatigue behavior for the G55 is likely the fact that the sur-
face and subsurface are in a relatively high compressive stress state compared 
to the G3 from manufacturing. In a severe micro-pitting region, see Figure 36 
(a2 and a3), it seems that the compressive stresses are formed for the G3 in 
the near-surface region. In contrast, for the G55 (b2), the initial compressive 
stresses induced by the heat treatments are reduced after the test.  

However, further metallurgical investigations are required in order to bet-
ter understand the surface fatigue performance of the G55. It remains unclear 
why the surface fatigue behavior is so different between these steels. Is this 
due to different steel compositions, or due to different heat treatments ap-
plied? If looking at the different steel compositions, the microstructure of the 
G55 is free from chromium carbides, where the G3 contains a relatively large 
amount of such carbides, considering the relatively high chromium level. The 
residual carbides are known to act as a stress riser and can, in turn, increase 
the nucleation sites for the fatigue cracks. This would increase the fatigue 
initiation rate but should not considerably affect the progression rate.  

Furthermore, the microstructure of the G3 typically consists of some ratio 
of retained austenite due to a relatively high level of carbon. In contrast, the 
microstructure of G55 is likely to have no retained austenite. The retained 
austenite can transform into martensite if under high stress. Such a transfor-
mation would induce compressive residual stresses, as the martensite occu-
pies more space compared to retained austenite in the matrix [48]. This, in 
turn, would increase compressive stresses and if high enough initiate the 
crack. 

 If looking at the different heat treatments applied, the surface made of 
G55 was surface induction hardened, with a surface hardening layer of around 
2 mm. By doing so, compressive residual stresses were induced near the sur-
face region. Such stresses are known to delay the fatigue process and, in turn, 
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reduce the rate of fatigue initiation and propagation. Nevertheless, this very 
interesting behavior in different surface fatigue resistances in both steels is 
under further investigation. More work and analyses are needed to fully un-
derstand this behavior.   

 EFFECT OF COUNTERFACE STEEL 
Table 22 summarizes the wear damage of surface 1 that was rolling/sliding 
against the surface 2 made from three different steels under mixed lubrication 
conditions. Please note that in this case the engine oil A was used. In all cases, 
the main damage mode was, as expected, mild wear. However, the mild wear 
damage was shown to be dependent on the steel of the counterface, in this 
case, surface 2.  
 
Table 22. Test results for different counter steels. 

Test no. Surface 2 ∆H 
H1-H2 

Damage 
 mode 

Worn area, Aw 
on surface 1 

 Steel grade Hardness 
(Low/High) 

[HV1]  [𝜇𝑚5] 

CS1 G55 Low 98 Mild wear 34 
CS2 a,b G55 Hight 37 Mild wear 28, 36 
CS3 G50 Low 97 Mild wear 62 
CS4 G50 Hight 37 Mild wear 61 
CS5 G3 Low 96 Mild wear 64 
CS6 G3 Hight 47 Mild wear 83 

 
Figure 37 depicts the wear damage as a function of surface hardness dif-

ference between surfaces 1 and 2. It can be observed that the counterface 
made of G55 induced the lowest wear damage at both hardness levels com-
pared to G50 and G3, which induce around two times higher wear damage, 
regardless of surface hardness difference. In addition, G3 indicates slightly 
higher wear damage than G50 at a low hardness difference. Nevertheless, 
based on this observation, one can say that the counterface’s steel type does 
seem to influence the extent of induced wear damage on surface 1 with the 
presence of engine oil additives.  
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Figure 37. Wear of surface 1 as a function of the steel of surface 2, and a surface hardness 
difference between surface 1 and surface 2 after the test. 

Based on paper B when using the base oil only, the extent of wear damage 
for surface 1 depends mainly on the surface hardness difference between sur-
faces 1 and 2 and not on the steel that the counterface, in this case, surface 2, 
was made from. This suggests that the possible explanation for the wear dif-
ference could be in the interaction between the ZDDP tribofilm and the steel 
microstructure, mainly related to the ability of tribofilm formation, with re-
spect to the underlying microstructure for different counterparts.  

A recent study [49] showed that the tribofilm thickness depends on 
whether the underlying microstructure is a residual carbide or a matrix, i.e. 
tempered martensite. It was observed that the ZDDP tribofilm thickness was 
thinner if the underlying microstructure was a residual carbide rather than the 
matrix. With this in mind, both G50 and G3 possess high amounts of a chro-
mium alloying element, with the latter also having a high carbon concentra-
tion. Typically, a higher amount of residual carbides is expected for these two 
grades compared to the G55. In this case, due to the lower affinity of tribofilm 
build-up on hard residual carbides, they could be kept exposed for a longer 
time and potentially induce higher wear damage on surface 1.  
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3.3 EFFECT OF OIL CHEMISTRY 
This section summarizes the important findings from papers A, C, D, and E 
on the effect of oil chemistry on surface performance, i.e. micro-pitting and 
wear damage under mixed lubrication conditions. For this, the effect of the 
base oil and engine oil is investigated in detail. In addition, the effect of vis-
cosity, the ZDDP additive, and ZDDP concentration on the aforementioned 
performance is studied and discussed.  

 EXPERIMENTAL CONFIGURATION 
For this, the twin-disc and the ball-on-disc device were utilized as described 
in section 2.1. For the twin-disc machine, both configurations were employed, 
i.e. ring-on-ring and disc-on-disc; see section 2.3. The operating conditions 
were kept similar in terms of maximum contact pressure, working tempera-
ture, and lambda ratio to the ones expected in a four-cylinder light-duty ICE 
engine with a prototype crankshaft rolling bearing. The contact pressure was 
kept at 2/2.5 GPa and the engine oil inlet temperature at 100°C in both test 
devices. For the base oil, the oil inlet temperature was kept constant at 50°C 
to match the similar viscosity of the engine oil. The SRR was at +5/-5 percent. 
The test was performed under mixed to boundary lubrication conditions with 
different lambda ratios. The summary of the testing conditions is listed in 
Table 23. For more details on the methodology, see papers A, C, and D. 
 
Table 23. Summary of operating conditions for investigating the effect of oil chemistry. 

Operating conditions  Part 1 (Paper A) Part 2 (Paper C) Part 3 (Paper D) 
Maximum contact pressure, Pmax [GPa] 2.5 2.0 2.0 
Slide-to-roll ratio, SRR [%] -5 -5 +5 
Surface roughness, RMS [nm]    

- Surface 1 50 30 30 

- Surface 2 300 180/400 300 
Surface temperature of the disc, Ts [C°]    

- Base oil (Shell TT9) 50 - - 

- Engine oil 100 100 100 

Lambda ratio, Λ [-] 0.7 0.6 0.15 

Test cycles, n [x million] 9  4.2 4.2 

 
Six different oils were used: one base oil and five engine oils; see section 

2.4 for more details. For the first part, the effect of the base oil and engine oil, 
containing the ZDDP additive, on surface performance was studied, i.e. fric-
tion, wear, and micro-pitting. Basically, here the effect of the ZDDP additive 
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on surface performance was studied, where the base oil contained no such 
additives compared to the engine oil, which contained the ZDDP additive. In 
this case, two tests were conducted under similar operating conditions with 
the base oil and engine oil A at a lambda ratio of 0.7. 

In the second part, the dual effect of the ZDDP additive was studied. This 
was achieved by increasing the severity of contact conditions, in this case, a 
higher amplitude of surface roughness. Two tests were conducted with a low 
(180 nm) and high (400 nm) surface roughness in RMS for surface 2; see 
Table 23. The lambda ratio was kept constant at 0.6 by varying the entrain-
ment speed. 

In the last part, the effect of the base oil, ZDDP concentration, and viscos-
ity of the engine oils on micro-pitting and wear performance was studied. For 
this, 7 tests were performed with 5 different engine oils; see Table 24. Two 
selected oils were repeated to check the repeatability. The lambda ratio was 
kept constant at 0.15. 
 
Table 24. Test matrix for investigating the effect of oil chemistry. 

Test number Oil Comment 
O.1 B  Production engine oil 2 

O.2 B   

O.3 A  Production engine oil 1 

O.4 A-RC  Optimized for rolling contact based on oil A 

O.5 A-RC  

O.6 A-10%D Downgraded version of the standard oil A 

O.7 A 0W16 Reduced viscosity of standard oil A 

 EFFECT OF ZDDP ADDITIVE 
Figure 38 depicts the contact images of the worn surface 1, with the worn 2D 
surface topography transverse to the rolling direction for the base oil and en-
gine oil A. This was based on the operating conditions from part 1.  

The worn surface 1 in case (a), using the base oil, shows signs of micro-
pitting damage along the wear track. However, no sign of micro-pitting dam-
age is observed on worn surface 1, case (b), for the engine oil. Looking at the 
wear damage, three times higher wear damage was observed for case (b) com-
pared to case (a), with 220 and 70 um2 in the worn cross-section area, respec-
tively. It appears that ZDDP additives in the engine oil promoted wear of 
surface 1 and, thereby, retarded micro-pitting damage.  
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(a) without ZDDP (b) with ZDDP 
 

Surface 1 

 
 

2D surface profile 

 
 

 
Surface 1 

 
 

2D surface profile 

 

Figure 38. Surface damage and 2D wear profile for the test with base oil (a), showing micro-
pitting damages, and engine oil (b), showing no surface damages. The worn area for the base 
oil and engine oil is 70 and 220 μm2, respectively. 

In addition, surface 2 was examined to observe any changes that could 
occur. Figure 39 presents the light optical microscope image for worn surface 
2 and 2D worn surface profiles for both oils. For the base oil, the asperity 
peaks of surface 2 seem to be worn to a similar degree compared to the as-
perity peaks for the engine oil, with a surface roughness drop of around 15% 
from the initial value.  

The ZDDP additive was shown to increase the wear component through 
surface delamination of the tribolayer formed at elevated contact conditions 
[30]. This provides the likely explanation for this case, where engine oil A 
increased the wear component. When looking at surface 2, no significant wear 
occurred regardless of the oil type used. It seems that the ZDDP additive pro-
tects the rough surface from wear but promotes higher wear on the smooth 
surface. Nevertheless, this behavior will be further studied in the next section. 
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(a) without ZDDP (b) with ZDDP 
  

Rough counter-specimen 

 
 

2D surface profile 

 
RMS = 250 nm 

Rough counter-specimen 

 
 

2D surface profile 

 
RMS = 250 nm 

Figure 39. Counter surface and 2D worn surface profiles for the test with base oil (a) and 
engine oil (b).  

 DUAL EFFECT OF THE ZDDP ADDITIVE 
Table 25 summarizes the test results for both tests based on the operating 
conditions from part 2. In this case, for the low roughness case of surface 2 
(Z.1), only mild wear damage is observed on surface 1. In contrast, for a 
higher roughness level (Z.2), much higher wear was observed. In addition, 
surface damage, in this case, surface-initiated fatigue, was observed on sur-
face 1.  
 
Table 25. Test results for two different roughness levels for surface 2. 

Test Surface 2, 
Surface rough-

ness, RMS [nm]  

Lambda 
ratio,  
Λ [-] 

Damage mode Wear damage, Aw [μm2] 
 

Mean Std Dev 
Z.1 180 0.6 Mild wear 66  22 
Z.2 400 0.6 Surface fatigue +  

high wear 
107 22 

 
Figure 40 depicts the surface morphology of both surfaces in contact for 

both tests. In the high roughness case, when looking at surface 1 (b1), the 
surface appears to have different surface damage features. The most pro-
nounced form of damage has the characteristic feature of surface-initiated 
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rolling contact fatigue damage, in this case, surface pitting; a transverse crack 
is formed on the surface that stretches around 200 μm in length, and it grows 
into the material in the direction of rolling. Fragments of material are removed 
from the surface around the crack. 

 
Test Z.1 Test Z.2 

 Surface 1 - RMS = 30 nm 

 
(a1) surface damage + high wear 

 

Surface 1 - RMS = 30 nm 

 
(b1) mild wear  

Surface 2 - RMS = 400 nm 

 
(a2) wear not quantified  

Surface 2 - RMS = 180 nm 

 
(b2) wear not quantified 

Figure 40. Surface morphology of both surfaces in contact for two roughness levels of surface 
2. 

 In addition, in the middle of the contact, where the maximum contact 
pressure is located, a dark tribolayer is formed with numerous small micro-
cracks formed parallel to the rolling direction. This layer is around 300 μm 
wide. The outside of this dark region is a grey area. Here, less damage is 
observed, which shows a homogenous structure, presumably due to the lower 
contact pressure compared to that in the middle region. In contrast, looking 
at surface 2 (b2), asperity peaks show no signs of large deformation and ap-
pear to be preserved throughout the test.  
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In the case of low roughness, for surface 1 (a1), the surface shows no signs 
of damage throughout the contact, with a homogenous damage feature with a 
grey appearance. In contrast, for surface 2 (a2), asperity peaks are wide and 
flat, indicating a higher bearing carrying area compared to the (b2) case. In 
this case, flat elongated patches of tribofilm are formed on the asperity peaks 
which show a dark appearance. These contact conditions did not promote 
high wear and surface damage on surface 1 (a1) compared to (b1), based on 
the observations and wear assessments.  

Figure 41 presents a surface profile transverse to the rolling direction for 
both tests, with the worn area for surface 1 in both cases. It can be clearly 
seen that much higher wear is observed for case (b1) compared to case (a1). 
The dark area in the middle for case (b1) corresponds to the high wear region. 

However, when looking at surface 2, see Figure 41, asperity peaks seem 
to be worn and flattened for both cases, (a2) and (b2). Due to the relatively 
high surface roughness, wear assessments were not possible according to the 
method previously described in section 2.2.1. However, the surface rough-
ness RMS for case (b2) still remains high (RMS = 250 nm) compared to case 
(a2), although the change of RMS after the test is higher for case (b2), with 
around a 40 percent change compared to an only marginal change of 15 per-
cent for case (a2) after the test.  
 

Test Z.1 Test Z.2 
Surface 1 - RMS = 30 nm 

 
(a1) Mild wear 

 
RMS = 150 nm 

(a2) Wear not quantified 

Surface 1 - RMS = 30 nm 

 
(b1) Surface damage + high wear 

 
RMS = 250 nm 

(b2) Wear not quantified 
  

Figure 41. 2D worn surface profile for both surfaces in contact test 1 (left) and 2 (right). 

The presence of the ZDDP tribofilm was confirmed with energy-disper-
sive X-ray spectroscopy (EDS) analyses. In the case of smooth surfaces (sur-
face 1), Figure 42 shows an EDS line analysis that was performed across the 
contact width to aid the interpretation of Figure 40 (a1 and b1). Please note 
that the line scan was performed outside the surface fatigue damage in (b1) 
that could have interfered with the results. 
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(a1) 

 
(b1) 

Figure 42. EDS line analysis for surface 1 for both test Z.1 (a1) and Z.2 (b1).  

For case (b1), a very high concentration of O was observed, indicating a 
thick oxide layer, compared to a slightly lower one for case (a1). In addition, 
the concentration of Zn, P, and S is relatively similar for case (b1), with 
slightly higher Zn. In contrast, for case (a1), a clear difference in the concen-
tration of Zn, P, and S is observed, with Zn being much higher. It is evident 
that surface (b1) is covered with a relatively thick oxide film compared to 
surface (a1). This suggests that the ZDDP additive, in this case, worked as an 
EP (extreme pressure) additive and protected the surface from seizure but also 
promoted wear damage through the delamination of the surface layer [30], as 
observed from Figure 40. In contrast, for surface (a1), due to the lower wear 
damage and the distinctly higher concentration of the Zn element compared 
to other elements, a relatively stable Zn-rich tribofilm was formed which pro-
tected the surface from wear. In this case, the ZDDP additive worked as an 
anti-wear additive and protected the surfaces from additional wear.  

It can be said that in extreme conditions (severe contact conditions), the 
ZDDP additive works as an EP additive to protect smooth surfaces from sei-
zure but promotes wear through mild surface corrosion and delamination of 
the newly developed surface tribofilm. In mild conditions, the ZDDP works 
as an AW additive and forms a relatively stable tribofilm, in this case, rich in 
the Zn element. This protects the surface from wear. This dual effect of ZDDP 
additives has already been reported previously [30,50,51], as well as the det-
rimental effects EP additives have on rolling contact fatigue life [31]. There-
fore, rolling surfaces should be sufficiently polished for the given operating 
conditions to not promote the continuous work from EP additives, which can 
drastically reduce rolling contact fatigue life. In this case, it resulted in an 
ongoing surface-initiated rolling contact fatigue growth. 

 EFFECT OF BASE OIL MIXTURE, ZDDP, AND VISCOSITY  
The global micro-pitting and wear performance of engine oils for the ball is 
depicted in Figure 43 and Figure 44, respectively. The highest micro-pitting 
damage was observed for oil B with around 3 percent micro-pitting around 
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the wear track, compared to oil A with around 1 percent lower average surface  
fatigue damage. On the other hand, oil A shows higher wear compared to oil 
B. This is in line with the competitive nature of micro-pitting and wear dam-
age. The repeatability is good when comparing test results for oil B in both 
tests, which shows almost identical micro-pitting and wear damage.  

 
Figure 43. Micro-pitting damage for different engine oils, see Table 24. 

When assessing micro-pitting and wear damage of prototype oils, one can 
say that all three prototype oils show a lower tendency towards micro-pitting. 
The oil A-RC that was specifically designed for rolling contacts shows a re-
duction of more than half to the tendency towards surface fatigue compared 
to production oil A. In addition, mild wear was also reduced in this case.  

 
Figure 44. Wear damage for different engine oils, see Table 24. 

The lowest micro-pitting damage was observed for oil A 10%D; in contrast, 
the wear damage was similar to production oil A. The oil A 0W16 showed a 
similar tendency towards micro-pitting compared to oil A-RC. In contrast, 
wear damage was the highest for oil A 0W16.  

Based on these results, one can say that mild wear and micro-pitting are 
two competing surface damage mechanisms, as observed throughout the lit-
erature [7,15,22,25]. High wear can remove surface layers of fatigued mate-
rial and, in turn, reduce the tendency towards micro-pitting damage. This was 
observed when comparing the standard production oil A with the prototype 
oil A with a lower viscosity grade of 0W16. Furthermore, by reducing the 
amount of additive package and oil viscosity, the tendency towards micro-
pitting is reduced. The ZDDP additive is known to promote surface fatigue 
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by suppressing mild wear of asperity peaks for both surfaces and, in turn, 
maintaining a high amplitude of surface roughness for surface 2 that promotes 
surface damage on surface 1. By reducing both the amount of additives and 
the viscosity, the wear component does increase and, in turn, reduces micro-
pitting damage.  

Furthermore, the ratio of the base oil blend is shown to have an effect on 
both micro-pitting and wear damage. PAO oil tends to have a lower pressure-
viscosity coefficient and is more compressible than the stiffer mineral oil. 
Stiffer oils show a higher magnitude of EHL pressure spikes and thus, results 
in higher sub-surface stresses closer to the surface [52]. This, in turn, can 
result is higher surface damage. In addition, PAO typically shows lower EHL 
friction than mineral oil, which was shown to be the influencing factor for 
prolonged pitting life [53]. Since micro-pitting and pitting are two similar 
phenomena occurring on two different scales, one can say that lower friction 
would in turn, reduce the tendency towards micro-pitting damage.  

3.4 EFFECT OF LUBRICATION QUALITY 
This section summarizes the important findings from paper E on the effect of 
lubrication quality on surface performance, i.e. micro-pitting and wear dam-
age under mixed lubrication conditions. Lubrication quality is here defined 
as the value of the lambda ratio,	Λ, see Equation 2. In addition, the effect of a 
base oil mixture, roughness lay, and slide-to-roll ratio (SRR) on surface per-
formance is studied at the same time. 

 EXPERIMENTAL CONFIGURATION 
For this study, the ball-on-disc machine was employed. Two different engine 
oils were used: engine oil A and the oil A-RC, which had a higher ratio of 
PAO base oil. For more details about oils, see section 2.4.2. Tests were run 
under three different lubrication qualities, i.e. lambda ratios: 0.15, 0.4, and 
0.8. This was achieved by varying the entrainments speed. The SRR was kept 
constant at +5/-5 percent. The maximum contact pressure of 2 GPa, the sur-
face temperature of 100°C, and the number of revolutions of 4.2 million on 
the ball were kept constant throughout the investigation. In addition, two dif-
ferent roughness lays were selected for the disc with respect to the rolling 
direction: a transverse and a longitudinal lay. Table 26 summarizes the oper-
ating conditions. For more details on the methodology, see paper E. 
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Table 26. Summary of operating conditions for the effect of lubricant quality. 

Testing conditions  Values (Paper E) 
Maximum contact pressure, Pmax [GPa] 2.0 

Slide-to-Roll Ratio, SRR [%] +5/-5 
Lambda ratio, Λ 0.15, 0.4 and 0.8 
Roughness lay Longitudinal / Transverse 

Surface temperature of the disc, Ts [°C] 100 
Numbers of cycles - ball  4.2 million 

 
The test matrix is summarized in Table 27. In total 12 tests were performed, 
with the first two tests (Q.1, and Q.2) were the same as those presented in 
Table 24, tests O.3 and O.4. 
 
Table 27. Test matrix for the effect of lubricant quality. 

Test number Oil Lambda 
ratio 

SRR Roughness lay 

Q.01 A 0.15 +5 Transverse 
Q.02 A-RC 0.15 +5 Transverse 
Q.03 A 0.15 +5 Longitudinal 
Q.04 A-RC 0.15 +5 Longitudinal 
Q.05 A 0.4 +5 Transverse 
Q.06 A-RC 0.4 +5 Transverse 
Q.07 A 0.4 +5 Longitudinal 
Q.08 A-RC 0.4 +5 Longitudinal 
Q.09 A 0.8 +5 Transverse 
Q.10 A-RC 0.8 +5 Transverse 
Q.11 A 0.8 -5 Transverse 
Q.12 A-RC 0.8 -5 Transverse 

 

 EFFECT OF LAMBDA AND ROUGHNESS LAY 
Table 28 summarizes the micro-pitting and wear results from the effect of 
lambda and roughness lay on surface performance. The micro-pitting results 
are presented as global and local micro-pitting, as described in section 2.2.1. 
The wear damage was normalized, as described in section 3.3.4.  
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Table 28. Summary of test results for the effect of lambda and roughness lay. 

Test  
number 

Oil Lambda 
ratio 

Roughness  
lay 

Wear damage,  
Aw [μm2] 

Micro-pitting damage, 
M [%] 

Global Local 
Q.01 A 0.15 Transverse 302 2.3 5.7 
Q.02 A-RC 0.15 Transverse 247 1.3 8.9 
Q.03 A 0.15 Longitudinal 125 0 0 
Q.04 A-RC 0.15 Longitudinal 122 0 0 
Q.05 A 0.4 Transverse 147 < 0.1 7.2 
Q.06 A-RC 0.4 Transverse 98 < 0.1 13.0 
Q.07 A 0.4 Longitudinal 92 0 0 
Q.08 A-RC 0.4 Longitudinal 90 0 0 
Q.09 A 0.8 Transverse 89 < 0.1 6.1 
Q.10 A-RC 0.8 Transverse 39 < 0.1 0.1 

 
In general, micro-pitting damage is completely eliminated for the longitu-

dinal roughness lay.  For the transverse roughness lay, the local micro-pitting 
damage appears to be the highest at an intermediate lambda ratio, regardless 
of oils used. 

Tests carried out at low lambda ratios (Λ= 0.15) with the transverse rough-
ness lay showed homogeneous micro-pitting damage along the ball wear 
track regardless of the oil used, as reported in section 3.3.4. However, by in-
creasing the lambda ratio, the micro-pitting damage was almost completely 
eliminated. Therefore, the assessment of global micro-pitting damage was not 
feasible. For this, only the assessment of local micro-pitting damage was 
made, as described in section 2.2.1. Figure 45 and Figure 46 depict the as-
sessment of the local micro-pitting damage and average mild wear, respec-
tively.  

Based on Figure 45, the local micro-pitting damage was the highest at an 
intermediate lambda. This behavior was more pronounced for oil A-RC com-
pared to oil A and can be attributed to the fact that oil A-RC shows less wear 
and in turn, the wear is not sufficient to remove surface-fatigued layers of 
material. However, by increasing the lambda ratio, micro-pitting damage was 
completely eliminated for oil A-RC. In this case, better oil chemistry, i.e. a 
higher ratio of PAO blend, reduces the contact stresses close to the surface 
and in turn, reduces the tendency towards micro-pitting, as shown in section 
3.3.4.  
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Figure 45. Local micro-pitting damage as a function of lubrication quality or lambda ratio. 

Wear damage, on the other hand, reduces with an increasing lambda ratio 
for both oils and roughness lays, as expected. For the transverse roughness, 
wear damage is dependent on the base oil mixture, as observed in 3.3.4. In 
addition, the difference in wear damage for both oils are the lowest at the low 
lambda ratio compared to intermediate and high lambda. As the conditions 
are more into the boundary lubrication regime, the effect of the base oil type 
is less pronounced as the contact is mainly carried by the asperity-asperity 
contact interactions. For higher lambda, the hydrodynamic effect from the oil 
is larger; the load is carried by asperity-asperity interactions and the oil pres-
sure. In this case, lower wear for oil A-RC suggests that the oil can form 
thicker oil films and in turn, reduce wear of the contacting surfaces.  
 

 
Figure 46. Wear damage as a function of lubrication quality or lambda ratio. 

However, for longitudinal roughness, wear damage does not show de-
pendence on the base oil mixture. It seems that wear damage is less sensitive 
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to oil chemistry and rheology in this case. In addition, wear damage at the 
lowest lambda ratio (Q.03 and Q.04) is half of that as for the transverse rough-
ness lay (Q.01 and Q.02).  

At a low lambda ratio, both local micro-pitting and wear damage are the 
highest. In this case, the contact conditions are severe, with many asperity-
asperity contacts, which increase the local stresses and, in turn, promote mi-
cro-pitting and wear damage. In this case, the size of a single area of micro-
pitting damage is relatively small, but the probability of micro-pitting is rel-
atively high, as the micro-pitting damage is homogenously distributed along 
the wear track; see section 3.3.4. However, due to relatively high wear dam-
age, the growth of single micro-pits is reduced as the wear is continuously 
removing the surface fatigue layers. This also explains higher local micro-
pitting damage of the oil A-RC, due to lower wear. 

At an intermediate lambda, the contact conditions are less severe than at 
low lambda. In this case, there are fewer asperity-asperity contacts due to a 
thicker EHL film. The wear damage is more than half of that as for the lowest 
lambda ratio. However, the contact conditions are still high enough to pro-
mote micro-pitting damage. In this case, the local micro-pitting damage is the 
highest for the oil A-RC due to the lowest wear damage, which removes the 
surface fatigue layers at a lower rate. At a high lambda ratio, the contact con-
ditions are the mildest, with low asperity-asperity contacts and a relatively 
thick EHL film thickness. In this case, no micro-pitting damage was observed 
for oil A-RC, whereas micro-pitting damage was still present for oil A despite 
higher wear.  

For all of the tests, similar surface finishing methods were used and the 
topography is consequently of a similar type. However, if a completely dif-
ferent topography was used it would change the level of the critical lambda 
ratio. This is due to the lower efficiency of using the lambda ration to define 
lubrication quality [54]. 

Examples of micro-pitting damages for the transverse roughness lay are 
presented in Figure 47 at different lambda ratios. Most micro-pits tend to 
grow in a V-shape. Such growth is characteristic of surface-initiated fatigue, 
which ultimately results in pitting, as observed by [9]. Nevertheless, it can be 
observed that at an intermediate lambda, local micro-pitting damage is the 
largest and the most advanced. 
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Figure 47. Examples of micro-pitting damages for the transverse roughness lay at different 
lambda ratios. 

 EFFECT OF SLIDE-TO ROLL-RATIO (SRR) 
Two tests were performed with negative SRR and two with positive SRR to 
observe the influence of the sliding direction on the surface performance. Ta-
ble 29 summarizes the micro-pitting and wear results for two different oils at 
two different levels of SRR. As aforementioned, due to the higher lambda 
ratio, micro-pitting damage was almost completely eliminated and very local 
micro-pitting damage was observed for the two cases. Therefore, only the 
local micro-pitting assessment was feasible.  
 
Table 29. The summary of the effect of SRR on micro-pitting and wear damage. 

Test number Oil Lambda SRR Wear damage,  
Aw [μm2] 

Micro-pitting damage, M 
[%] 

Global Local 
Q.09 A 0.8 +5 89 < 0.1 6.1 
Q.10 A-RC 0.8 +5 39 < 0.1 0.1 
Q.11 A 0.8 -5 140 < 0.1 4.1 
Q.12 A-RC 0.8 -5 75 0 0 

 
Figure 48 depicts the micro-pitting and wear results for negative and pos-

itive sliding directions for both oils. In this case, the sliding distance was kept 
constant for both sliding directions. No micro-pitting damage was observed 
for oil A-RC regardless of the sliding direction. On the other hand, the local 
micro-pitting damage was reduced for oil A when sliding was changed from 
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positive to negative. In contrast, the wear damage increased for both oils, 
which explains the lower local micro-pitting damage for oil A. 

 
Figure 48. Micro-pitting and wear damage for positive and negative SRR. 

However, to better understand the influence of sliding direction on both 
micro-pitting and wear damage, one should also observe the behavior of the 
friction coefficient. In this case, the coefficient of friction is presented for all 
four cases in Figure 49 to aid the interpretation of the results. In all cases, the 
friction coefficient increased at the beginning of the test. It can be seen that 
the friction increase is prolonged for negative sliding (up to 1.5 h) compared 
to positive sliding (up to 0.3 h). In addition, absolute friction is higher for 
negative sliding compared to the positive one. 
 

 
Figure 49. The friction coefficient for both oils A and A-RC at +/- 5 SRR. 

Depending on whether the smoother or rougher surface is faster, this di-
rectly impacts the friction and, in turn, both micro-pitting and wear damage. 
This can be associated with the ZDDP tribofilm formation. As observed in 
the previous work [55], the tribofilm can be activated faster in the case of 
negative sliding and can form a thicker film. This suppresses the gradual 
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smoothening of asperity peaks at the very beginning of the experiment and, 
in turn, maintains a high amplitude of surface roughness, which promotes 
wear on the smoother surface, in this case, the ball. In addition, the ZDDP 
additive was shown to promote wear at elevated operating conditions through 
mild corrosion and surface delamination of surface layers [30], which could 
additionally promote surface wear. In contrast, a lower activation rate can be 
expected for the positive sliding. This allows gradual smoothening of the as-
perity peaks on the rougher surface, which reduces the amplitude of surface 
roughness through the test, which ultimately results in less wear and friction. 
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4 RECOMMENDATIONS  
For this work, a special focus was given to investigating the engine tribology 
of rolling-sliding contacts under mixed lubrication conditions. The specimens 
used in this work were carefully prepared to match the mechanical and pro-
cessing requirements from the current serial production crankshaft for a 
Volvo four-cylinder light-duty internal combustion engine (ICE). In addition, 
a state-of-the-art engine oil was utilized for this work to simulate the engine 
tribology. In light of the results, the following recommendations can be given: 
 
Material and heat treatment selection 
- Both DIN 50CrMo4 (G50) and DIN C56E2 (G55) steels are suitable to re-

place the current crankshaft steel. G55 steel offers economic benefits as just 
a controlled cooling cycle can be applied after forging. On the other hand, 
G50 can offer slightly better surface fatigue resistance, as it can achieve a 
slightly higher compressive residual stress after surface induction harden-
ing. 

- A tempering cycle can be omitted as no benefits from the tempering were 
seen in this work. This only led to the reduction of surface hardness and 
compressive residual stress. Also, the tempering cycle would substantially 
increase the processing time and costs for serial production.  

- It seems that at similar surface hardness levels, the weakest components of 
the crankshaft rolling bearing are the rollers and the outer rings that are 
typically made from DIN 100Cr6 (G3) steel. Therefore, such components 
should be harder and smoother than the crankshaft. Additional mechanical 
processing to induce compressive stress is recommended for rollers and 
outer rings to improve surface fatigue resistance. No benefits of applying 
surface induction hardening are observed for this grade. 
 

Lubricant selection 
- The engine oil with the lowest ZDDP concentration is recommended, as it 

allows better initial running-in wear and, thereby, reduced the local contact 
severities. However, how this will affect the performance of other compo-
nents is questionable. Another way is to prescribe a gentle running-in phase 
for the new engine to ensure lower contact pressures on rough unworn con-
tacting surfaces.  

- Engine oil specifically designed for rolling contacts (RC) is recommended 
to ensure longer surface fatigue resistance for rolling contacts. 
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Surface roughness and hardness selection 
- The roughness lay should be longitudinal in terms of the rolling direction 

for all rolling components. 
- No additional polishing is required for the crankshaft’s journal as the cur-

rent surface roughness tolerance (RMS = 180 nm) does not indicate reduced 
surface performance for the counterface, i.e. roller.  

- The roughness of the rollers should be lower than the roughness of the 
crankshaft’s journal, as the roller should be the hardest (1-2 HRC higher 
than the crankshaft’s journal and the outer ring) component since it accu-
mulates the most cycles.  

- The roughness of the outer rings should be greater than the roughness of the 
rollers but not higher than the roughness of the crankshaft’s journal. Other-
wise, the roller/outer ring interface will potentially create tribological prob-
lems. 
 

Besides the aforementioned recommendations, furthermore, more generic 
recommendations can be mentioned in light of the rolling contacts. Roll-
ing/sliding contacts require sufficient cleanliness levels of the oil to ensure 
optimal surface performance. Otherwise, such contacts will be likely to prem-
aturely fail due to the indentation marks from the wear debris within 
the oil itself.  
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5 CONCLUDING REMARKS 
In this work, the main damage modes, i.e. micro-pitting and wear damage, 
were identified to be associated with the engine tribology for a crankshaft 
rolling bearing component.  This is likely to represent the root cause of sur-
face-initiated fatigue. Therefore, a methodology for assessing surface perfor-
mance, i.e. micro-pitting and wear damage under mixed lubrication condi-
tions, was developed.  The methodology was employed to investigate the ef-
fect of surface roughness and hardness combinations on surface performance. 
Furthermore, different bearing steels that were selected to represent the pro-
totype crankshaft rolling bearing steels were characterized with and without 
the presence of engine oil additives. In addition, the effects of oil chemistry 
and lubrication quality on surface performance were assessed. Based on the 
results from this Ph.D. work, the following conclusions can be drawn: 
 

- Micro-pitting and wear are two competing damage mechanisms in 
mixed/boundary lubrication conditions. The rougher surface in contact 
always imposes the fatigue micro-cycles on the smoother one and in turn, 
can promote micro-pitting damage on the smoother surface, depending 
on their hardness difference. However, micro-pitting damage initiates 
only above certain roughness level combinations for particular operating 
conditions.   
 

- Micro-pitting and wear damage showed a strong dependence on the sur-
face hardness difference between the smooth and the rough surface in 
contact. No micro-pitting damage is expected if the smoother surface is 
sufficiently harder. In this case, the asperity peaks of the rougher surface 
are plastically deformed and worn to a higher degree. This reduces the 
contact severity at the asperity level and in turn, establishes good operat-
ing conditions. If the smoother surface is softer than the rougher one, the 
asperity peaks on the rough surface remain sharp throughout the whole 
operation. This, in turn, maintains a high-stress severity at the asperity 
level, which leads to severe micro-pitting wear of the softer surface. 

 
-  Micro-pitting and wear damage showed a strong correlation to whether 

the smoother surface was made from different steel and no correlation to 
whether the rougher counterpart steel was made from different steel or 
not when at similar surface hardness levels and utilizing oil without ad-
ditives. Surface induction hardened DIN C56E2 (G55) showed superior 
surface fatigue resistance compared to through-hardened DIN 100Cr6 
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(G3) at equal surface hardness levels. This could be attributed to the ini-
tial residual stress state of G55. 

 
- A critical hardness difference was found, which is steel and heat treat-

ment dependent, where the wear mode changes from abrasive wear to 
surface fatigue wear and the wear rate is around two orders of magnitude 
different.  
 

- Engine oil with additives showed an increased wear component com-
pared to the oil without engine oil additives under tested conditions. This 
was attributed to the engine oil chemistry that contains the ZDDP addi-
tive, which under severe conditions behaves as an EP additive and can 
corrode the surface and, in turn, promote wear but also promote surface-
initiated fatigue damage. In mild conditions, ZDDP behaves as an AW 
additive as intended that protects the surface from wear by establishing 
a stable tribofilm rich in the Zn element. 
 

- A critical lambda ratio was found for certain operating conditions where 
single micro-pitting damage is the largest. By reducing the lambda ratio, 
single micro-pitting damage is smaller due to higher wear, but micro-
pitting damage is more evenly distributed along the wear surface. By in-
creasing the lambda ratio, micro-pitting damage is almost completely 
eliminated. 
 

- A transverse roughness lay with respect to rolling direction promotes mi-
cro-pitting damage for engine oils compared to a longitudinal roughness, 
where no micro-pitting damage was detected regardless of lubrication 
quality. This is due to the larger amount of micro-cycles induced from 
the transverse roughness lay. In addition, under boundary lubrication 
conditions, the transverse roughness lay further promotes the wear com-
ponent compared to the longitudinal one. 
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6 LIMITATIONS AND FUTURE WORK 
Based on this Ph.D. work, a number of limitations have been identified. Many 
factors influence the tribological performance of rolling/sliding contacts and 
it is impossible to run the tests for all possible combinations under all possible 
conditions:  
 

- Alternative topographies have not been investigated, neither have 
surface coatings.  
 

- Performed tests have not been run under real engine conditions. 
 

- The study was performed only on a contact level and not on the com-
ponent or system level. 

 
In addition, based on the results from this Ph.D. work, a number of research 
studies have been identified that could be interesting to address for future 
work: 
 
- Investigate the correlation between the surface fatigue resistance and the 

steel microstructure for similar surface hardness levels. Is the compressive 
residual stress the biggest factor contributing to a better surface fatigue re-
sistance or are there any other factors contributing to such behaviour? 
 

- For this work, only static loading conditions were selected. However, in the 
crankshaft rolling bearing application, the component undergoes severe 
shock loading. Therefore, further investigations are required to understand 
the effect of shock loading on the surface resistance of bearing steel con-
tacts. 

 
- Further investigations are required with the engine oil to understand its dual 

effect with the additive working as an AW and EP additive to a better de-
gree. For this, in-suite tribofilm monitoring is advised together with the 
wear measurements at certain time intervals through the testing duration.
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- The sliding direction was shown to have a large impact on friction charac-
teristics and in turn on wear and surface fatigue damage. Further investiga-
tions are required to better understand different friction behaviours by e.g., 
in-suite monitoring of the tribofilm formation.  

 
- Investigate new oil additives that do not contain ZDDP as an anti-wear ad-

ditive.
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Abstract 
Micro-pitting presents a failure of the rolling/sliding contact metal asperities 
operating under boundary/mixed lubrication conditions. The studies have 
shown that micro-pitting failure competes with mild wear and that lubricant 
additives can have either detrimental or beneficial effects on micro-pitting 
evolution. This article describes a methodology to investigate micro-pitting 
damage on bearing steels using a twin-disc machine to better represent me-
chanical components, i.e. bearings, crankshafts, etc. In addition, the effects of 
roughness, hardness, and the ZDDP additive are presented and discussed. A 
sufficient hardness difference can completely eliminate the micro-pitting 
damage mode. Furthermore, the presence of the ZDDP anti-wear additive in 
fully formulated engine oil was shown to protect rougher surfaces and pro-
mote wear on smoother surfaces, thus completely eliminating the micro-pit-
ting damage mode.  
 
Keywords:  
Micro-pitting;	Mild	wear;	Hardness;	ZDDP	
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A.1 INTRODUCTION 
Micro-pitting is a common failure mechanism in rolling-sliding contacts op-
erating under boundary/mixed lubrication conditions at elevated contact pres-
sures. According to ISO 15243 [17], this type of failure mode or damage is 
considered as surface distress or surface initiated fatigue. Typically, it is ac-
companied with mild wear and is characterized by numerous small surface 
micro-cracks or micro-spalls.  

Many recent studies have focused on investigating the micro-pitting phe-
nomena experimentally and numerically [4,7,8,14,15,18,19,21,22,24,28,56–
60]. A study conducted by Laine et al. [7] showed that mild wear and micro-
pitting present the competing mechanisms in presence of ZDDP additives. 
The mild wear can counteract the formation of micro-pits by modifying the 
running-in of the surface and/or by removing the layers of fatigued material. 
Morales-Espejel and Brizmer [15] further showed that even without the pres-
ence of additives, wear and micro-pitting are indeed two competing mecha-
nisms acting on the surface, operating under boundary/mixed lubrication con-
ditions. Furthermore, it was shown that additives such as antiwear (AW), fric-
tion modifiers (FM) and extreme pressure (EP) could have either detrimental 
or beneficial effect on micro-pitting formation. For example, Laine et al. [7] 
showed that ZDDP additive reacting with rubbing surfaces increases friction 
and suppresses the gradual smoothening of the rough surfaces. This, in turn, 
leads to relatively high local stresses at the asperity level and results in a high 
probability of micro-pitting and wear to occur.  

Naveira-Suarez et al. [23] showed that ZDDP tribofilm grow at the asper-
ity summits which made the surface rougher and consequently increased the 
friction. The same study identified three different stages of ZDDP tribofilm 
layer formation process as a function of rubbing distance: activation, satura-
tion, and equilibrium. Initially, the rate of tribofilm formation is higher than 
the removal rate, leading to a relatively thick tribofilm until the saturation 
point. Here, the steel surface is completely covered by a tribofilm, which 
slows the rate of tribofilm formation. At this point, a wearing-out stage oc-
curs, where tribofilm thickness is decreased due to its higher removal rate, 
until the equilibrium stage is obtained. Furthermore, Brizmer et. al. [8] further 
studied the influence of operating conditions on tribofilm formation. It was 
concluded that the main parameters affecting ZDDP tribofilm formation are 
the temperature, the contact pressure and the roughness of the counter body, 
all were in favor of obtaining a thicker tribofilm. Moreover, the same study 
showed that ZDDP tribofilm formation promoted a tendency towards micro-
pitting in rolling/sliding contacts by reducing wear rate and increasing the 
friction coefficient.  
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Nevertheless, many of today’s studies  [7,8,15,22,24,58] utilize a triple-
disc contact fatigue rig to assess the onset of micro-pitting and wear, which 
started from the work of Olver et. al. [14]. It was shown that micro-pitting 
phenomenon includes plastic indentation on the asperity scale, fatigue crack-
ing, and particle formation under reduced lubrication conditions at low slide-
to-roll (SRR) ratios. Such surface distress is very much different from tradi-
tional mild wear that follows the Archard wear equation. Nevertheless, a 
small change in hardness was found to have a significant effect on micro-
pitting wear.  Furthermore, Clarke et al. [18] studied the running-in process 
of steel surfaces under mixed lubrication conditions. It was concluded that 
the running-in process is a rapid process, involving the plastic deformation of 
the tips of asperities. This suggested to present the contributory factor to sub-
sequent micro-pitting failure of the contacting surfaces. In addition, they 
showed that when the contacting surfaces are not of similar hardness, the bulk 
of plastic deformation during running-in process occurs on the surface with 
lower hardness.  

A study by Oila and Bull [19] showed that micro-pitting damage initiation 
of gear steels is mainly controlled by contact pressure. Micro-pitting damage 
progression is to the highest extent controlled by speed and sliding-to-rolling 
ratio. They showed that the harder steel pair leads to earlier micro-pitting in-
itiation, but progression rate is significantly lower compared to the softer steel 
pair. In addition, it was discussed that micro-pitting and martensite decay 
within surface contact region are linked phenomena. More resistant steels to 
micro-pitting are those which show low martensite decay. 

In summary, micro-pitting has been extensively studied in laboratory test 
machines such as two- or three-disc/ball-on-disc machine apparatus under 
various conditions [4,7,8,14,15,18,19,21,22,24,28,56-60]. Depending on the 
application, either gear or bearing application, different steels were studied. 
Some attempts were made to investigate the effect of hardness on micro-pit-
ting [19], however different steels were used, thus no clear correlation was 
observed. In addition, the effect of hardness on micro-pitting damage under 
boundary lubrication conditions was extensively studied by Olver et al. [14], 
however, in this study micro-pitting and wear were not distinguished. There-
fore, a comprehensive study on the effect of hardness on micro-pitting and 
wear damage is required to understand both damage modes to a greater de-
gree. In addition, recent studies have mainly focused on the behavior of mi-
cro-pitting and wear in a boundary lubrication regime in the presence of the 
ZDDP additive [7,8,22,24,58]. Further studies are required to explore micro-
pitting and wear behavior in a mixed lubrication regime. 

The purpose of this work is to first develop a methodology to reproduce 
and assess micro-pitting and wear damage of bearing steel surfaces in rolling 
contact, and secondly, to study the effects of roughness, hardness and the
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ZDDP additive on micro-pitting and wear damage under mixed lubrication 
conditions. A two-disc machine was utilized as it better mimics common me-
chanical components, such as raceways of bearings or crankshafts compared 
to three-disc machine that typically focuses on rolling elements, i.e. balls or 
rollers. 

A.2 METHODOLOGY 
The twin-disc test machine Wazau UTM 2000 was utilized to investigate mi-
cro-pitting performance of 100Cr6 bearing steel. Figure 50 shows a schematic 
of the test configuration. Both drive spindles are independently driven by 
electrical motors, allowing almost any slide-to-roll ratio. The maximum 
speed is 3000 rpm and the maximum radial load from a dead weight loading 
system is 2000 N. An oil pump is used to circulate the oil from the oil bath 
into the contact. The bulk oil is heated and maintained at a specific test tem-
perature by a heater situated below the oil bath. The bulk oil is sucked through 
two filters with grid sizes of 125 microns and 25 microns in order to remove 
fine particles. After that the oil is pumped into the contact. 

 

 
Figure 50. Schematics of the test configuration, ring-on-ring setup. In addition, clamping sys-
tem is visible in the cross-section 

The clamping system was modified to allow mounting of the outer ring 
from a commercially available Y-bearing (SKF-1726205-2RS1), see Figure 
51, which is used as a test specimen. The clamping system is a cone fit, which 
encompasses the pin, and a newly developed cone ring with external ear. The 
cone ring holds the specimen in-place; axially and radially which will lead to 
out-of-roundness values within 30-60 μm for this configuration. This leads to 
an increase in vibrations that are continuously measured throughout the tests. 
Typical out-of-roundness for rolling element raceways is in the range of few 
microns. Current levels of out-of-roundness can enhance the failure modes 
and reduce the fatigue life. The new clamping system is used on drive shafts, 
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allowing ring-on-ring configuration. The configuration can achieve maxi-
mum Hertzian (point) contact pressure of 3.14 GPa.  

 TEST SPECIMENS 
The disc test specimens used in this work were outer rings of the Y-bearing. 
These outer rings were selected in view of easy availability, simplicity, di-
mensional precision and low cost. In addition, the simple geometry (sphere) 
leads to a point contact without creating any misalignment problem. How-
ever, these specimens require further preparations to obtain desired surface 
roughness and hardness in order to investigate their influence on micro-pit-
ting. The desired surface hardness and roughness were achieved by tempering 
and polishing of the rings, respectively.  

 
Figure 51. Geometry and force equilibrium of the specimen i.e. an outer ring of the Y-bearing, 
where Fc is contact force and Fn is clamping force. 

A.2.1.1  Surface hardness  
Different surface hardness values were achieved by tempering the specimen 
in a salt bath at elevated temperature for 1 h. The original surface hardness of 
the through hardened bearing steel specimen was approximately 65 HRC (+ 
1HRC). In order to investigate the effect of hardness on micro-pitting perfor-
mance, four different surface hardnesses were selected: 65, 62, 59 and 55 
HRC. Hardness values of 62, 59 and 55 HRC were achieved by using salt 
bath temperatures of 240, 300 and 380 °C respectively. The hardness differ-
ence of 3-4 HRC between the hardness levels was believed to be sufficient to 
observe differences in micro-pitting behavior. Both specimens in the contact 
have the same surface hardness throughout the investigation. This was chosen 
as a starting point and further tests are required in order to better mimic the 
actual roller bearing, i.e. harder specimen (roller) and softer counter specimen 
(bearing raceway). After heat treatment, specimens were surface finished by 
using grinding/polishing methods to remove oxide layers and to obtain de-
sired surface roughness level.  

A.2.1.2  Surface roughness preparations 
The original outer surface of the ring specimen had machining marks from 
turning and, in some case, some waviness, since the outer surface is not 
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surface finished to the same degree as for the raceway. Typical surface rough-
ness (RMS) of the outer surface is within 600 -1000 nm.  Therefore, the sur-
face required further finishing to obtain desired surface roughness that is 
evenly distributed. For that, grinding and/or polishing were employed before 
using the test specimen. For this investigation longitudinal roughness lay to 
the rolling direction was of interest, therefore, polishing was done in the lathe 
machine according to Figure 52.  
 

 
Figure 52. Schematic representation of surface roughness preparation. 

The specimen was directly mounted onto a shaft and the shaft was 
mounted on to the chuck of a lathe machine. The rotational speed of the shaft 
was 100 rpm. The polishing holder was developed to fit the polishing sand 
paper and specimen in radial direction. For this, different grid sizes were used 
to gradually reduce the surface roughness of the specimen’s surface. Table 30 
shows the combinations of different sand papers and achievable surface 
roughness (RMS/Rq). In addition, the table also shows core roughness Rk, 
reduced peak height Rpk and valley depth Rvk parameters. Typically, high 
Rpk value indicates that a surface is composed of high peaks. On the other 
hand, high Rvk value indicates deep valleys. Water emulsion was used in 
order to cool the contact to prevent it from overheating.  
 
Table 30. Surface roughness preparation and variation depending on the abrasive paper used. 

Abrasive paper grid size Surface 
roughness, Rq 

[nm] 

Reduced 
peak height,  

Rpk [nm] 

Core 
roughness, 
Rk [nm] 

Reduced 
valley 
depth, 

Rvk [nm] 
P320 400 ±30 360 850 600 
P400 300 ±30 260 630 460 
P800 200 ±30 225 360 250 
P1200 100 ±20 250 250 170 

P2000 +Polishing paste   50 ±20 70 130 70 
 

Surface roughness was measured by a 3D optical surface profilometer, 
Zygo 7300. The surface roughness preparation process is iterative, involving 
grinding and/or polishing and measuring steps until desired roughness (Rq ≈ 
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400 – 50 nm) is achieved. As depicted in Table 30, certain variations are ob-
tained for surface roughness value Rq, other parameters serve just as an indi-
cation. The finest surface roughness that was obtained was Rq = 50 nm. 

In order to investigate micro-pitting performance, a smooth-rough contact 
configuration was employed in this investigation since it has been shown to 
promote micro-pitting [15]. The rough surface always imposes the fatigue 
micro-cycles on the smoother one. Test specimen is mostly smoother, in some 
case of equal roughness, and is prone to micro-pit compared to rougher coun-
ter specimen that promotes micro-pitting on the former one. Throughout this 
investigation only the results for test specimens are presented as the micro-
pitting always develops on them. 

A.2.2 TEST PARAMETERS 
Test parameters to investigate micro-pitting and wear performance are sum-
marized in Table 31. Maximum entrainment speed, Ue = 7.85 m/s, was kept 
in order to accelerate test cycles and the test duration was set to 50 h for all 
the tests. Only maximum contact pressure, pmax = 2.5 and 3.14 GPa, sliding-
to-rolling ratio, SRR = -5, -1 and +5 % and hardness of the specimens, HRC 
= 55, 59, 62 and 65 were varied within specified intervals. To exclude the 
role of additives on micro-pitting and wear, the oil used for this investigation 
was low-additive Shell turbo TT9 low-viscosity oil in order to mainly focus 
on material properties, i.e. hardness and roughness. 
 
Table 31. Testing conditions for ring-ring configuration. 

Entrainment speed, Ue [m/s] 7.85 
Maximum contact pressure, pmax [GPa] 2.5 – 3.14 

Sliding-to-rolling ratio, SRR [%] -5, -1 and +5  
Surface hardness, HRC 55, 59, 62 and 65 

Surface roughness, Rq [nm] 50 - 1000  
Surface roughness lay Longitudinal  
Test cycles, [cycles] 
(Test duration, t [h]) 

9 × 10< 
(50) 

Oil contact temperature [°C] 
Shell TT9 

Castrol 0W20 
Oil kinematic viscosity, ν [mm2/s] 

 
40 
100 

Shell Turbo TT9  at 40°C  
Castrol 0W20 at 100°C  

9 
8.8 

 
In addition, one test was performed with commercially available fully for-

mulated Castrol 0W20 engine oil that is based on the base oil mixture of 
Group III and polyalphaolefins (PAO) with standard additive package (Mid 
SAPS - Sulfated ash, phosphorus and sulfur). This test was conducted to 
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investigate the role of ZDDP additive on damage mode. The oil contained 
around 0.09 % of ZDDP additive. This was measured and confirmed with the 
Microlab40 device, according to the ASTM D7417 standard.  

The following testing sequence applies for all the tests. The testing starts 
by ramping up the speed of both rings to 3000 RPM with no applied contact 
load. Depending on the oil used, the heater simultaneously starts to heat up 
the lubricant from room temperature to 40/100°C, which takes about 10/20 
min. Throughout the investigation Shell TT9 oil was employed and only one 
test was conducted with Castrol 0W20 engine oil. The oil flow of 60 ml/s was 
used in order to control the temperature and to lubricate the contact. The load 
is applied after the speed of 3000 RPM is achieved for both specimens. Then, 
the speed of the smoother specimen is ramped down to achieve the desired 
negative slip. Negative slip was chosen to accumulate higher damage on the 
slower moving surface. This phenomenon can be related to a fluid pressuri-
zation effect inside the surface cracks, which occurs at the slower specimen 
[61,62]. After this, a test is run for 50 hours, without any changes. Some tests 
are repeated twice to ensure reproducibility of results. Vibration level and 
coefficient of friction are monitored throughout the entire test.  
 

A.2.2.1  Testing conditions to investigate the effect of surface 
roughness and contact pressure  
In order to identify micro-pitting formation regions, several combinations of 
surface roughness were investigated according to Table 32. Maximum con-
tact pressure pmax was calculated according to the Hertzian point contact. 
Lambda ratio (Λ) was calculated as: 

 
Λ = `abc

defgh iefgh
	, 

 

(1) 

where ℎ,-. is the minimal film thickness of the oil film, 𝑅j% and 𝑅j5 are the 
surface roughness of the smooth and rough specimens, respectively. The min-
imum film thickness was determined by utilizing  Hamrock-Dowson equation 
for lubricated point contacts [11]. Slide-to-roll ratio and specimen hardness 
were kept constant throughout the tests, negative at one percent and 65 HRC, 
respectively. All tests were done with Shell TT9 oil and were run in a random 
order. 
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Table 32. Testing conditions used to investigate effect of the surface roughness on micro-pit-
ting formation 

Test 
number 

Smooth test speci-
men – 

Surface roughness, 
Rq 

Rough counter-spec-
imen  

Surface roughness, 
Rq 

Maximum con-
tact pressure, 

Pmax 

Lambda ra-
tio1,  
Λ [-] 

1 50 200 2,5 0,99 
2 50 300 2,5 0,67 
3 50 300 3,14 0,64 
4 50 400 2,5 0,51 
5 100 100 3,14 1,37 
6 100 200 3,14 0,87 
7 100 300 3,14 0,61 
8 100 400 3,14 0,47 
9 100 500 3,14 0,38 
10 100 1000 3,14 0,19 
11 300 300 3,14 0,46 

1Mixed lubrication: 1 < Λ < 3, boundary lubrication: Λ < 1 

A.2.2.1 Testing conditions to investigate effect of hardness and 
sliding  
Once the micro-pitting formation regions were identified for surface rough-
ness and contact pressure, see section 2.2.1, it became necessary to select the 
condition at which micro-pitting damage will be assessed depending on spec-
imen hardness. For that, smooth-rough surface roughness combination of 50 
and 300 nm respectively was selected. The maximum contact load was kept 
at 2.5 GPa throughout the tests. Specimen hardness and slide to roll ratio was 
varied according to Table 33.  
 
Table 33. Testing conditions to investigate effect of hardness on micro-pitting damage. 

Test 
number 

Smooth specimen – 
Surface hardness, HRC 
 
(Rq = 50 nm) 

Rough counter -speci-
men 
Surface hardness, HRC 
 
(Rq = 300 nm) 

Slide-to-roll ratio, 
SRR [%] 

2.01 651 651 -1 
2.02 651 651 -5 
2.03 59 59 -1 
2.04 59 59 -5 
2.05 55 55 -1 
2.06 55 55 -5 
2.07 65 59 -5 
2.08 65 62 -5 
2.09 65 65 +5 

1one replica for the same condition. 
 



Paper A Methodology 
 

 94 

In addition, one replica was conducted in order to confirm the test for two 
conditions as shown in the table. All tests were done with Shell TT9 oil and 
were run in a random order to avoid any dependence on a test run.  

A.2.3 POST ANALYSES  
Post analyses of tested specimens and counter specimens were conducted 
with Optical interferometer, Zygo 7300, for quantifying global micro-pitting 
and wear damage. In addition, a light-optical microscope (LOM) was em-
ployed to generate images of the wear track.  

Global micro-pitted area Am and wear area Aw on the smoother surface 
were measured by analyzing the surface contour maps obtained with the op-
tical interferometer. An example of 3D surface topography measurement is 
depicted in Figure 53. This was measured ten times evenly distributed 
throughout the entire wear track of the test specimen followed by processing 
these measured topographies with the MountainsMap software. An example 
of assessing micro-pitting damage is depicted in Figure 53 The exact meth-
odology to assess global micro-pitting damage is described in [60]. The 
global micro-pitted area, Am, was assessed within the observed area domain 
of 1 x 1.05 mm.  

 
Figure 53.  An example of 3D surface topography obtained by optical interferometer. 

Mean percentage of global micro-pitted area, Am, was obtained based on ten 
measurements for each specimen. This was possible since the micro-pits are 
uniformly distributed along the wear track. Therefore, determining the global 
micro-pitting damage was considered feasible. 
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(a) 

 

 
 

(b) 
Figure 54. Example of micro-pitting assessment: (a) 3D surface topography obtained by the 
optical interferometry; (b) processed image, micro-pitted damage (blue) and not micro-pitted 
damage (green). The percentage of global micro-pitted area is 1.12% in this example. 

Wear damage was measured by determining the worn area of the cross-
section of the wear track, see Figure 55. Again, the mean wear area, Aw, was 
calculated from all ten measurements. Due to a relatively low wear and initial 
surface roughness, precise determination of the worn area was not possible. 
Only a rough estimation was made.  
 

 
Figure 55. Example of wear determination from the cross-section of a wear track from a micro-
pitted area above. The worn area, marked with red, is 90 um2 for this case 

A.3 RESULTS AND DISCUSSION 
The effects of smooth-on-rough combination, contact pressure, sliding, hard-
ness and difference in hardness on micro-pitting formation are described in 
the following sections.  
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A.3.1 EFFECT OF SMOOTH-ROUGH COMBINATION AND CONTACT 
PRESSURE  
Throughout the investigation smooth-rough contact configuration was mainly 
employed in order to accelerate the micro-pitting damage [15]. The objective 
of this experiment was to identify micro-pitting formation regions. For this, 
test conditions from section 2.2.1 were employed. A micro-pitting damage 
mode was considered when small pits or micro-pits were observed on the 
contacting surfaces, or, the average percentage of micro-pitting damage Am 
was greater than 0.1%. Mild wear damage was considered when the average 
wear area was lower than 1000 μm2. Above this value excessive wear was 
considered as a damage mode accompanied with adhesion and/or severe 
plowing.  

In the case of a smooth surface with surface roughness Rq = 100 nm, mi-
cro-pitting damage starts to occur when the counter surface roughness is equal 
or greater than Rq = 400 nm, see Figure 56 (a). In addition, see micro-pitting 
damage in Figure 57 (b2). Lambda ratio was around 0.47 or lower. However, 
when smooth surface roughness is only Rq = 50 nm, micro-pitting damage 
occurs much sooner, see Figure 56 (b), in this case, the roughness of the coun-
ter surface is only Rq = 300 nm, also see Figure 57 (a2). In this case, lambda 
ratio was around 0.7. 

 

 

Figure 56. Micro-pitting formation regions for two rough surfaces at SRR = -1 %.  Smooth 
specimen with fixed surface roughness (a) Rq = 100 nm and (b) Rq = 50 nm against the rough 
specimen. Micro-pitting damage always occurs on the smoother one.  

Furthermore, when roughness of the rougher surface is further increased, 
micro-pitting damage becomes even more pronounced, see Figure 57 (a3, 
b3). In case of Figure 57 (b3) the conditions are so severe, that the micro-pits 
start to merge and form larger pits. On the other hand, if both specimens are 
rough, i.e. test 5 and test 11, no micro-pitting damage was observed regardless 
the higher severity of the contact condition. Rougher contacts require more 
severe operating conditions to develop a micro-pitting damage. 
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(a1) Test 1, Rac= 200 µm 

 
(b1) Test 7, Rac= 300 µm 

 
(a2) Test 2, Rac= 300 µm 

 
(b2) Test 8, Rac= 400 µm 

 
(a3) Test 4, Rac= 400 µm 

 
(b3) Test 9, Rac= 500 µm 

Figure 57. Example of contact tracks of the smooth specimens for different operating condi-
tions at SRR = -1 % and pmax = 2.5 GPa for series (a) and 3.14 GPa for series (b). Parameter 
Rac represents the average surface roughness of the counter surface. 

In addition, how load affects the micro-pitting damage has been assessed 
for one condition only, see testing conditions in section 2.2.1. Example of 
contact tracks is depicted in Figure 58. Higher load tends to increase micro-
pitting damage and therefore affects the progression of micro-pitted damage. 
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(a) Test 2, pmax = 2.5 GPa 

 
(b) Test 3, pmax = 3.14 GPa 

Figure 58. Example of contact tracks of smooth specimen for two contact pressures at SRR = 
-1 %. Percentage of micro-pitting area Am and worn area Aw: (a) Am » 0.27 % and Aw » 54 
µm2, (b) Am » 0.45 % and Aw » 81 µm2. 

The rougher surface of the specimen requires tougher operating conditions 
for the same micro-pitting damage to occur, which in this case, measured 
higher amplitude of surface roughness of the counter specimen. The likely 
explanation for this is the stress history from the fatigue micro-cycles im-
posed by the roughness [47]. Since the operating conditions are towards 
boundary/mixed lubrication, the stress history is imposed by the dominant 
rougher surface upon the smoother one, when some sliding is present, regard-
less of sliding direction [15]. 

For example, according to the same study, if a rough surface is in motion 
(against the smooth one) and the smooth one is stationary, the smooth surface 
will experience a fluctuation in pressure from the rough surface, see Figure 
59. In this case, contact areas will experience higher pressure, whereas non-
contact areas will experience lower pressure due to viscos friction. In the op-
posite case, (when the smooth surface is in motion and the rough is standing 
still) the smooth surface will still experience pressure variations over time, 
whereas the rough will not. Therefore, a rougher surface always imposes the 
load (fatigue) micro-cycles over the smoother one.  

 
Figure 59. Fatigue micro-cycle - rough (above) versus smooth (below) surface for case; (a) 

both surfaces are stationary, (b) rougher surface is moving. 
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A.3.2 EFFECT OF SLIDING  
In this investigation, two relatively low sliding conditions have been studied 
that are typically found in rolling bearings, -1 and -5 percent SRR, according 
to testing conditions in section 2.2.2. Furthermore, an additional test at +5 
SRR was conducted to investigate the direction of sliding on the micro-pitting 
and wear damage. Based on previous studies, it was shown that a negative 
slide is more harmful for the slower moving surface in rolling contacts 
[61,62].  

Figure 60 depicts example of micro-pitted tracks for test with -1 and -5 
SRR. Based on the observations, amount of sliding can affect micro-pitting 
damage progression. When comparing two tests done at the same conditions, 
see Figure 60 and Table 34, but only varying slide-to-roll ratio, micro-pitting 
damage increases with higher sliding. This agrees well with experiments con-
ducted by Morales-Espejel et al. [15]. Based on the crack propagation con-
cept, higher sliding does increase micro-pitting damage. Higher siding in-
creases the number of micro-cycles of stress during each passage of the con-
tact as discussed in section 3.1. Furthermore, higher sliding will modify the 
subsurface stress fields, bringing the crack initiation sites closer to the surface 
[62]. However, a threshold exists above which micro-pitting damage starts to 
reduce with further increase of sliding [15,28]. This is attributed to mild wear 
since this mechanism is responsible for removing the fatigued layers of ma-
terial from the surface and thereby retarding or completely removing the mi-
cro-pitted material.  
 

 
(a) Test 2.01, SRR = -1 % 

 
(b) Test 2.02, SRR = -5 % 

Figure 60. Example of contact tracks of smooth specimen for two different SRR at pmax = 2.5 
GPa. Percentage of micro-pitting area Am and worn area Aw: (a) Am » 0.27 % and Aw » 54 
µm2 and (b) Am » 1.08 % and Aw » 63 µm2. 

Further experiments were conducted to examine whether higher sliding 
can alter the damage mode from mild wear to micro-pitting damage. For this, 
the same smooth-rough surface contact was selected with surface roughness 
Rq = 100 and Rq = 300, respectively. The maximum contact pressure was 
kept at 3.14 GPa. The negative slide-to-roll ratio was changed from -1 percent 
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to -5 percent. Based on the results in Table 34, the experiment induced micro-
pitting mode, thus higher sliding can indeed alter the failure mode. Again, 
this can be explained based on the stress history and crack propagation con-
cept. Higher sliding increases the number of micro-cycles of stress during 
each passage of the contact and thereby promotes the micro-pitting damage. 
In contrast, mild wear is unable to sufficiently remove the fatigued layers of 
material from the surface to retard the micro-pitting damage. 

In addition, test 2.09 was performed to examine the effect of sliding direc-
tion (+5/-5 SRR) on micro-pitting and wear, see Table 34. The percentage of 
micro-pitting damage for positive and negative SRR was 0.7 (std ±0.3) and 
1.1 (std ±0.1) percent, respectively. On the other hand, wear damage could 
not be distinguished between both sliding directions. Based on the results, 
one can say that micro-pitting damage for a negative sliding direction can be 
increased due to a fluid pressurization effect which can enhance crack-growth 
and the formation of micro-pits.  

 
Table 34. Micro-pitting and wear damages. 

Test number Slide-to-roll ratio, 
 SRR [%] 

Am [%] Aw [µm2] 

2.01 -1 0.27 54 
2.02 -5 1.08 63 
2.09 +5 0.7 62 
7.01 -1 0 76 
7.02 -5 0.56 122 

A.3.3 EFFECTS OF HARDNESS AND HARDNESS DIFFERENCE 
In order to investigate the effect of hardness, surface roughness combination 
and maximum contact pressure were kept constant throughout the hardness 
investigation. A summary of testing conditions is found in section 2.2.2. A 
study by Olver et al. [14] showed that high wear combined with fatigue crack-
ing is a dominant damage mechanism when the specimen is softer in compar-
ison to a harder counter face (i.e. an extreme case of wear and micro-pitting). 
Therefore, the same hardness was chosen for both rings in order to focus on 
only the hardness effect and how this affects both micro-pitting and wear 
damage. In addition to this, two tests were conducted on rings of a different 
hardness to examine the effect of a hardness difference on micro-pitting dam-
age.  

The percentage of micro-pitted damage depending on hardness and sliding 
is depicted in Figure 61. Clearly higher hardness leads to more micro-pitting 
damage for the same contact conditions. Note that in case of the lowest hard-
ness, the standard deviation (error bar) is relatively big, since the micro-
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pitting damage is not as homogeneously distributed around the contact track 
as it is in the case with higher hardness.  
 

 
Figure 61. Percentage of Micro-pitted area Am of a smooth surface with respect to sliding-to-
rolling ratio (SRR) and hardness for pmax = 2.5 GPa. 

Furthermore, the percentage of micro-pitting damage almost linearly in-
creases with hardness. In addition, sliding tends to show the similar trend for 
the investigated conditions. Olver et al. [14] showed that a soft-soft material 
combination tends to wear more, as compared to a hard-hard steel pair. There-
fore, the wear mechanism becomes dominant over micro-pitting. To support 
this, recent studies have shown that mild wear and micro-pitting damage pre-
sent two main competing failure mechanisms [7,22] . This further explains 
the reduction of micro-pitting with lower hardness, since the effect of mild 
wear becomes greater and thus removes the fatigue layers of material and 
retards the micro-pitting damage formation.  

To further support this hypothesis, wear damage depicted in Figure 62  
shows the opposite trend as for the micro-pitting damage discussed earlier. 
Clearly, the softer material pair leads to higher wear. However, relatively high 
standard deviation is seen in all cases. The amount of wear is very low 
throughout this investigation, therefore, precise wear determination is no pos-
sible, i.e. the wear track is difficult to observe. 

 
Figure 62. Wear damage- worn area Aw of a smooth surface with respect to-rolling ratio (SRR) 
and hardness fort pmax = 2.5 GPa. 
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Concerning the actual repeatability of the experiments,  clearly shows a 
good repeatability for both investigated slide-to-roll ratios; the percentage of 
micro-pitting and wear damages for a smooth surface with hardness of 65 
HRC.  

 

 
(a)  

 

 
(b)  

Figure 63. Repeatability of tests for: (a) percentage of micro-pitted area (65 HRC) and (b) 
worn area Aw (65 HRC). 

The effect of a hardness difference on micro-pitting was observed from 
test 2.07 and 2.08. The hardness difference between specimens for both tests 
were 6 and 3 HRC, respectively. The smoother surface was kept harder, as it 
was shown that the harder surface maintained a high index of plasticity and 
could significantly damage the counter surface [14]. Based on the observa-
tions, the micro-pitting damage mode was completely eliminated in the test 
with a difference of 6 HRC between specimens. In this case, only mild wear 
occurred on the harder-smooth surface. The conditions are less severe on the 
harder-smooth surface compared to the same conditions on contacting sur-
faces with the same hardness levels. The bulk of plastic deformation occurs 
on surfaces with lower hardness [14,18]. Therefore, the severity of the contact 
is higher on the softer (65/59 HRC) but rougher surface. However, no micro-
pitting was detected on the rougher surface. As discussed in section 3.1, 
rougher surface requires tougher operating conditions for the same micro-
pitting damage to occur, in comparison to the smooth surface with equal hard-
ness values. A rough surface experiences no pressure fluctuations in contact 
with a smooth one. In this case, the contact areas of a softer-rough surface 
experience high pressure, which leads to mild wear only.  

However, for the test with a difference of 3 HRC between specimens, 
some micro-pitting damage was detected on the smoother surface. In this 
case, the conditions on the harder-smooth surface were kept severe enough 
throughout the test to fatigue the surface. Nevertheless, the results regarding 
hardness difference are in-line with Olver et al. [14]. One may say that the 
hardness difference between specimens can completely eliminate micro-pit-
ting if a sufficient hardness difference is selected. 
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A.3.4 EFFECT OF ZDDP ADDITIVE 
One test was performed with a fully-formulated engine oil to investigate the 
effect of presence or absence of ZDDP anti-wear additive on micro-pitting 
and wear. The contact conditions were kept the same, see Table 35, from 
where only the oil temperature was changed to obtain the same lambda ratio. 
The initial surface roughness Rq of the specimen and counter-specimen were 
50 and 300 nm, respectively. The ZDDP additive is known for its anti-wear 
performance, especially in sliding contacts [7]. However, how this additive 
performs in rolling contacts is not as well-known. Studies have shown that 
this additive can promote micro-pitting damage, when used as only additive 
in a base oil, by preserving the original surface roughness and, thereby, main-
tain high stresses at asperity level in certain operating conditions [4,21,22,60]. 
 
Table 35. Testing conditions to investigating the effect of ZDDP on damage modes. 

Test num-
ber 

Lubricant Lambda ra-
tio, Λ [-] 

Slide-to-roll ra-
tio, 

 SRR [%] 

Max contact 
pressure, pmax 

[GPa] 
2.01 Shell TT9 0.7 -5 2.5 

2.10 Castrol engine oil 
0W20 

0.7 -5 2.5 

 
Nevertheless, Figure 64 depicts light-optical images of worn surfaces for 

the smooth specimen and rough counter-specimen. Note that ZDDP tribofilm 
was formed on both surfaces and was removed using EDTA solution accord-
ing to [45]. For case (a), where the oil did not contain any ZDDP additive, 
micro-pitting damage and mild wear was observed on the smooth surface. 
However, when the anti-wear additive is present in the oil, case (b), micro-
pitting damage was completely eliminated on the smooth surface. Only mild 
wear was observed. One may say that ZDDP additive behaves differently 
when added alone compared to when mixed with other additives, i.e. fully 
formulated engine oil. 

In contrast, when looking at rougher counter-specimens, the roughness 
was preserved in both cases, but to a different extent. For case (a), the asperity 
peaks seemed to be worn and flattened, to some extent. However, for case (b) 
roughness seemed to be almost completely preserved and no major flattening 
of asperities was visible. This observation is in line with previous studies 
[7,22,60] which explained the action of ZDDP, which protects the surfaces 
against wear by forming a tribofilm which protects from wear. Nevertheless, 
the objective of this paper is to observe the effect of this additive on the dam-
age mode, i.e. micro-pitting and wear damage. 
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(c) without ZDDP (d) with ZDDP 
 

Smooth specimen 

 

 
Smooth specimen 

 
 

Rough counter-specimen 

 
 

Rough counter-specimen 

 

Figure 64 Light-optical microscope images showing the worn surface of the smooth specimen 
and rough counter-specimen for the test, lubricated with: (a) Shell Turbo oil without an anti-
wear additive, and (b) Castrol 0W20 engine oil with anti-wear additive. 

Furthermore, the mild wear damage was further assessed for both smooth 
surfaces in order to quantitatively compare this damage mode. Figure 65 de-
picts the worn area for both tests. Clearly, mild wear was significantly in-
creased for case (b) which contains ZDDP additive compared case (a) which 
does not contain ZDDP. It appears evident that ZDDP additive enhanced the 
mild wear of the smooth surface and thereby, in this case, completely retarded 
the formation of micro-pitting. The micro-pitting damage mechanism is 
known to compete with mild wear, as previously observed in many studies, 
e.g. [7,15]. In this case, micro-pitting damage was completely eliminated; 
therefore, only mild wear presented the main damage mode, which can lead 
to the loss of a diameter and, ultimately, to a component failure.  
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Figure 65 Wear damage of the smooth surface for the test lubricated with: (a) Shell Turbo oil 
without anti-wear additive and (b) Castrol 0W20 engine oil with anti-wear additive. 

In contrast, the anti-wear additive protected the rough surface and main-
tained high amplitude of surface roughness, as observed from Figure 64. Fur-
ther studies are required in order to better understand why the roughness of 
the rougher surface is maintained with low wear and why the roughness of 
the smoother surface is reduced together with significant wear. As already 
discussed, a smooth surface experiences pressure fluctuation, whereas a 
rough surface does not. It is generally known that distributed contact is more 
detrimental than repeated contact at the same location. However, such expla-
nation would indicate higher fatigue damage for the smoother surface, which 
is not the case in this study.  

On the other hand, the action of tribofilm buildup is sensitive to contact 
conditions, as observed in [8]. The thickness of the tribofilm was shown to be 
proportional to the contact pressure, rubbing time, roughness etc. One may 
say that the formation of tribofilm on the smooth surface is different com-
pared to that of the rough surface. It was shown by Naveira-Suarez et al. [55] 
that tribofilm grows in patches at asperity summits. Having this in mind, one 
may say that for the rough surface the same contact asperities were kept in 
contact throughout the test (low wear). On the other hand, for the smooth 
surface, the contact asperities were not kept the same throughout the test and 
the location of them constantly changed (high wear). This directly influ-
encethe localized tribofilm buildup and, in turn, affects wear. Nevertheless, 
further studies are required to understand tribofilm buildup using fully for-
mulated engine oils containing ZDDP additive and how this affects wear in 
rolling contacts.
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A.4 CONCLUSIONS 
Micro-pitting damage for 100Cr6 bearing steel was reproduced in a twin-disc 
machine. A methodology for assessing micro-pitting and wear damage for 
bearing steels under mixed lubrication conditions was developed. Effects of 
roughness, sliding, hardness, hardness difference and the presence of ZDDP 
additive on micro-pitting and wear damage were presented and discussed. 
Based on this investigation, the following conclusions can be drawn: 

• Micro-pitting damage formation is a function of the surface rough-
ness combination of specimen and counter-specimen. A smooth-
rough combination accelerates micro-pitting damage. Moreover, 
damage always occurs on the smoother specimen based on the stress 
history imposed by the rougher surface.  

• A higher hardness combination leads to higher micro-pitting dam-
age. In contrast, a softer material combination tends to wear more 
and consequently reduces micro-pitting damage by removing layers 
of fatigued material.  

• A hardness difference can completely eliminate micro-pitting dam-
age mode of contacting surfaces that are made from the same mate-
rial if rougher surface is softer. 

• Both sliding and load can affect the formation and progression of 
micro-pitting. Higher slide-to-roll ratio and/or load increases the mi-
cro-pitting damage within the range of the tested conditions. 

• The presence of ZDDP anti-wear additive in fully formulated engine 
oil protects the rougher surface from wear and maintains high am-
plitude of surface roughness. This, in turn, enhances the wear of 
smoother surfaces and hence, completely retards the formation of 
micro-pitting.  
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Abstract 
The current trend of increased power density and reduction of oil viscosity in 
machine components is forcing engineers and scientists to engineer surfaces 
to endure higher contact pressures and stresses induced from the rolling/slid-
ing motion. Typically, surface-initiated rolling contact fatigue represents the 
main failure mode and has been gaining more and more attention lately. In 
this paper, the extent and morphology of the surface damage of different bear-
ing steels in disc-on-disc contact under reduced lubrication conditions are 
studied. For this, rough-on-smooth contact was selected to promote surface 
fatigue damage on the smoother surface. Special attention was given to study 
both the effect of the hardness difference of the discs and the influence of 
different heat treatments, i.e. surface induction hardening (SIH) or through-
hardening (TH), on micro-pitting and wear performance. It was demonstrated 
through tribo-testing that the faster, rough surface undergoes only mild wear 
and plastic deformation of asperities. However, three different damage modes 
were observed and assessed on the slower, smoother surface, where the dam-
age mode showed a strong dependence on a surface hardness difference be-
tween the smooth and the rough surface. Furthermore, it was observed that 
plain medium-carbon steel (DIN C56E2) showed better surface fatigue re-
sistance than low-alloy high-carbon steel (DIN 100Cr6) at similar surface 
hardness levels if SIH is applied to the former. 
 
Keywords:  
Micro-pitting;	Bearing	steels;	Mild	wear;	Surface-initiated	fatigu
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B.1 INTRODUCTION 
Micro-pitting, or surface distress, is a common surface failure mechanism, 
typically present in modern machine components which employ heavily-
loaded, non-conformal, rolling-sliding lubricated contacts, e.g. rolling bear-
ings and gears. Such damage is caused by rolling contact fatigue at the asper-
ity level, which occurs due to repeated asperity stress fluctuations when over-
rolled. It is characterized by numerous micro-cracks and micro-spalls formed 
on the rolling surfaces, which typically occur under reduced lubrication con-
ditions (low lambda), where the lubricant film thickness cannot completely 
separate rolling surfaces. Instead, the load is partially carried by both asper-
ity-asperity contacts and the lubricant. As the current trend is to employ thin-
ner lubricants to ultimately improve efficiency of machine components, sig-
nificant attention has been given to understand the micro-pitting phenomena 
and to engineer the rolling surfaces to be more resilient and to endure higher 
power density.  

Today, micro-pitting has been recognized as a surface contact fatigue phe-
nomenon that involves a competition between mild wear and asperity fatigue 
[7,63]. Mild wear can reduce the formation of micro-pits by modifying the 
running-in of the surfaces, and/or by removing the layers of fatigued material. 
It was demonstrated that additives such as anti-wear (AW), friction modifiers 
(FM), or extreme pressure (EP) can have a significant role in enhancing/re-
tarding the formation of micro-pitting [8,21,57,60]. Typically, additives that 
protect rough rolling surfaces from wear can enhance the formation of micro-
pits by maintaining a high amplitude of surface roughness and, in turn, can 
maintain/increase the high friction coefficient, which ultimately increases the 
risk of micro-pitting. In contrast, additives responsible for allowing a certain 
extent of running-in wear and/or reducing the friction coefficient usually re-
duce the risk of micro-pitting. Significant attention has given to explore the 
role of the ZDDP anti-wear additive [7,8,21,22,24,60,64,65]. This additive is 
beneficial for the tribology of sliding contacts, but can be detrimental for the 
tribology of rolling contacts [4]. A recent study [25] suggests that the extent 
of micro-pitting depends more on the extent of running-in wear, rather than 
on the thickness of the final obtained tribofilm, as previously thought [8]. In 
this case, sufficient running-in wear would ultimately reduce the risk of mi-
cro-pitting.  

Nevertheless, in the absence of additives, other factors have received more 
attention, such as operating conditions, steel surfaces, and metallurgical prop-
erties. In general, severe contact conditions will result in a higher risk of mi-
cro-pitting, or even wear, if the lambda ratio is very low and anti-wear addi-
tives are absent. Micro-pitting initiation and progression is mainly controlled
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by operating pressure [19]. An increasing slide-to-roll ratio (SRR) accelerates 
the severity of micro-pitting due to the higher sliding distance [27]. However, 
only until a certain threshold, where mild wear takes over and reduces micro-
pitting damage [15,24,28]. Furthermore, in general, negative sliding (smooth 
surface moves slower than the other surface) was considered to be more det-
rimental for the occurrence and extent of micro-pitting damage; this is due to 
the addition of the pressurized oil effect, which helps to open the cracks 
[56,62,63], although some studies suggest otherwise, i.e. micro-pitting dam-
age was more advanced for positive sliding compared to negative due to 
lower wear [64].  

Besides operating conditions, significant attention was given to study the 
role of surface topography and material. It was demonstrated that roughness 
was the leading cause of the micro-pitting failure mechanism, with rough-
smooth contact being detrimental to the smoother surface [15,65]. In this 
case, the rough surface induces fatigue micro-cycles on the smooth surface 
and, thereby, promotes micro-pitting damage. Typically, stress fluctuation 
occurs only on the smooth surface due to the roughness of the other one. Fur-
thermore, it was shown that the roughness lay, with respect to the rolling di-
rection, has significant influence on the extent of micro-pitting, with trans-
verse roughness being much more detrimental compared to longitudinal [7], 
[64]. Transverse lay induces stress fluctuations and further accelerates micro-
pitting damage.  

Another important consideration has been the steel material and its prop-
erties, such as hardness, for instance. Surfaces of rolling bearings and gears 
should have sufficient hardness levels, ranging from 58-66 HRC, to withstand 
elevated Hertzian contact pressures (>1 GPa). In general, rolling contact fa-
tigue life is proportional to hardness level. Previous studies [14,18,19,60,66] 
demonstrated that surface hardness plays an important role when it comes to 
micro-pitting damage, starting with Olver [66], who investigated severe mi-
cro-pitting wear damage. In this case, micro-pitting damage was so severe 
that rapid material loss was not due to traditional wear, but due to rolling 
contact fatigue, which resulted in high wear rates and, ultimately, in a loss of 
diameter. It was demonstrated that severe micro-pitting wear is accelerated 
when the specimen was softer than its counterface. A harder counterface 
maintains a high index of plasticity (ability of causing plastic deformation on 
the counterface) and further damages the softer specimen. In consideration of 
only mild micro-pitting damage, i.e. when surface fatigue competes with mild 
wear, a study by Oila and Bull [19] showed that harder steel surfaces lead to 
earlier micro-pitting initiation; however, the progression rate was signifi-
cantly lower compared to softer surfaces. Recently, Vrcek et al. [65] devel-
oped a methodology to investigate micro-pitting and wear performance in a 
disc-on-disc configuration and showed that the highest micro-pitting damage 
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was found for the equally hard surfaces at a relatively high hardness value, 
due to the lower mild wear. In addition, a hardness difference could com-
pletely eliminate micro-pitting damage if the rough counterface was softer. 
Nevertheless, further studies are required in order to understand surface dam-
age (i.e. the micro-pitting and wear phenomenon) to a better degree with re-
spect to hardness, the choice of bearing steel material, and its heat treatments. 

This paper addresses the importance of the surface hardness difference in 
relation to surface damage, i.e. micro-pitting and wear damage, when tested 
under reduced lubrication conditions. Three different rolling bearing steels 
are used that were heat-treated in two ways, surface induction hardening 
(SIH) and through hardening (TH). The paper highlights the benefits of ap-
plying SIH heat treatments to extend the fatigue of components by introduc-
ing a beneficial compressive residual stress state into the surface and subsur-
face region. Results suggest that proper selection of heat treatments is more 
important than selecting a better bearing steel composition when it comes to 
surface fatigue life if surface hardness levels are kept constant.  

B.2 MATERIALS AND METHODS 
The twin-disc tribometer Wazau UTM 2000 (Wazau, Berlin, Germany) was 
employed to characterize micro-pitting and wear performance for different 
bearing steels under reduced lubrication conditions. The contact consists of 
two discs rolling/sliding against each other under boundary lubrication con-
ditions. Figure 66 shows the used contact configuration with a rougher flat 
disc, representing a counterface, (diameter of 52 mm) and  a smoother 
crowned disc, representing a specimen, (diameter of 52 and a transverse ra-
dius of 10 mm).  
 

 
Figure 66. Contact configuration for Twin-disc machine, counterface (left), and specimen 

(right). 

Both discs have a longitudinal roughness lay to better represents rolling bear-
ing surfaces, where the uncrowned disc (the counterface) rotates faster in all 
the experiments reported. This configuration led to significant damage mostly 
on the on the slower, crowned disc (the specimen). In addition, the configu-
ration allows the achievement of elevated Hertzian contact pressures to be 
typical for non-conformal contacts, such as found in e.g. rolling element bear-
ings. The objective of this study was to investigate andcharacterize the
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surface damage, i.e. micro-pitting and wear damage, of different heat-treated 
rolling contact surfaces that were made of different bearing steel grades.  
 

B.2.1 MATERIALS 
For this study, three commonly used bearing steel grades were selected: me-
dium carbon non-alloy (DIN 56E2), medium carbon low alloy (DIN 
50CrMo4), and high carbon low alloy (DIN 100Cr6) steel grade, which were 
designated as G55, G50 and G3, respectively. Table 36 lists the chemical 
composition of these steel grades. All discs made of G55 were manufactured 
from rollers with a forged structure in a fine ferritic-pearlitic microstructure. 
Disc made of G50 were manufactored from large rollers in a tempered mar-
tensitic state. Disc made of G3 were manufactured from hot rolled steel bar 
in a fine ferritic-pearlitic state. All discs were subjected to different heat treat-
ments which was followed by surface finishing i.e. grinding and polishing to 
achieve a desired surface roughness value.  
 
Table 36. Chemical composition of bearing steel grades. 

  ppm 
Grade C Si Mn P S Cr Mo Cu Al O N 

G55 
DIN 
C56E2 

min 0.55 0.10 0.60 - - - - - 0.005 - 50 
max 0.60 0.30 0.90 0.030 0.015 0.20 0.10 0.30 0.050 15  

             
G50 
DIN 
50CrMo4 

min 0.49 0.10 0.50 - - 0.90 0.20 - 0.005 - - 
max 0.56 0.40 0.80 0.015 0.020 1.20 0.35 0.3 0.050 15 - 

             
G3 
DIN 
100Cr6 

min 0.93 0.15 0.25 - - 1.35 - - - - - 
max 1.05 0.35 0.45 0.025 0.015 1.60 0.10 0.30 0.050 15 - 

 
All flat discs i.e. counterfaces were subjected to surface induction harden-

ing (SIH) with a depth of surface hardening of approximately 2 mm in order 
to withstand elevated Hertzian contact pressures from the rolling motion. The 
location of maximum Hertzian shear stress is located at a depth of approxi-
mately 0.2 mm. The minimum requirement for surface hardness was 58 HRC, 
which is typical for rolling bearing steel surfaces. As aforementioned, all 
counterfaces were subjected to SIH, which was followed by one or two tem-
pering cycles for some discs. The tempering was done in a furnace without 
active atmosphere at 180°C for 2 hours. Additional tempering cycle at 285°C 
for 4 hours was done for counterfaces made of grade 3 only, in order to obtain 
the similar surface hardness level as compared to the other two tempered 
grades. Furthermore, some counterfaces were only subjected to SIH without 
the use of a tempering cycle to achieve maximum surface hardness for a spe-
cific grade. Examples of resulting microstructures that are 1 mm away from 
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the surface are presented in Figure 67. All microstructures exhibit fine mar-
tensite without any undissolved large carbides.  
 

 
G55  G50 G3 

Figure 67. Microstructure of surface induction hardened counterfaces for different steels. In 
addition, the microstructure of surface induction hardened G55 represents both, the micro-
structure of the specimen and the counterface.  

Curved discs i.e. specimens were made of G3 and G55 with different ap-
plied heat treatments. The specimens made of G3 were through hardened 
(TH) and tempered to achieve three different hardness values. Figure 68 
shows the resulted microstructure for all three different tempering. Over the 
cross-section of the disc, all microstructures are shown to be fully martensitic. 
The specimens made of G55 were SIH and tempered. The hardness was meas-
ured using a Vickers and Rockwell indenter with 1kg and 150 kg of load 
(HRC), respectively, at several places on the surface, from which the average 
of four was calculated. The summary of the hardening results for counterfaces 
and specimens is listed in Table 37.  
 

 
(a) G3 – 63 HRC 

 
(b) G3 – 61 HRC 

 
(C) G3 – 59 HRC 

Figure 68. Microstructure of through-hardened specimens tempered at three different temper-
atures; (a) low, medium and high temperature. 

All discs were ground and polished to achieve the desired surface rough-
ness. The polishing was done by hand with polishing paper (P500) and pol-
ishing paste (15µm). Counterfaces were rough, with RMS = 400 nm (± 30) 
to promote fatigue micro-cycles on the specimens, which were superpolished 
to RMS = 30 nm (± 10). The polishing and surface measuring were done 
iteratively until the specific roughness tolerance was achieved. The runout for 
all discs was within 10 µm. The lubricant used for this investigation was Shell 
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Turbo TT9 low-additive mineral oil, in order to exclude the role of additives 
and to only investigate the role of steels.   
 
Table 37. Summary of hardening results for test discs. 

Disc type Grade Heat 
treat-
ments 

Tempering 
[°C/h] 

Surface hard-
ness, HV1 

Surface hard-
ness, 
HRC 

   Std1  
Counterface 55 SIH  180/2 692 15 59.3  
Counterface 55 SIH - 813 24 62.0  
Counterface 50 SIH 180/2 680 31 58.7  
Counterface 50 SIH - 771 27 60.9  
Counterface 3 SIH 180/2 767 13 62.2  
Counterface 3 SIH 180/2 +285/4 695 15 58.8  
Specimen 3 TH 180/2 791  8 63.5  
Specimen 3 TH 180/2 + 240/4 739 11 60.7  
Specimen 3 TH 180/2 + 285/4 692 8 59.0  
Specimen 55 SIH 180/2 699 13 59.3  

1Std – Standard deviation based on 4 measurements.  

B.2.2 TEST METHOD 
As aforementioned a Twin-disc tribometer, UTM 2000, was utilized for this 
study. Both discs were independently driven by electrical motors that allowed 
a maximum speed of 3000 rpm. A radial load of 1400 N was applied through 
a dead weight system. The contact was lubricated with 1.5 l of Shell TT9 oil, 
which circulated from an oil sump through an oil pump into the contact. The 
bulk oil was not heated; however, due to internal heating, the lubricant inlet 
temperature was stabilized at 50°C. In addition, two oil filters were used to 
remove fine particles with grid sizes of 125 and 10 µm. All discs and the 
equipment were cleaned prior to testing with heptane and ethanol. In addition, 
all discs were ultrasonically cleaned in heptane for 5 min. Tests were started 
by ramping up the rotational speed of both discs without any applied load. 
The specimen rotated slower than the counterface, achieving a -5% slide-to-
roll ratio (SRR), calculated as a speed difference divided by mean entrain-
ment speed. After the entrainment speed of 7.9 m/s was achieved and the SRR 
reached, the radial load was applied, resulting in a maximum Hertzian contact 
pressure of 3 GPa. This yields an elliptical Hetzian contact with the semi con-
tact width a (in direction of rolling) and b of 0.51 and 0.43 mm, respectively. 
This load is not typical for gear application, however, it was chosen to accel-
erate the damage modes.  The test was then suspended after 50 h duration. 
The operating conditions are summarized in Table 38. The oil was changed 
after two tests.  
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Table 38. Operating conditions for experimental setup. 

Quantity Unit Value / Comment  
Entrainment speed, ue m/s 7.9 
Maximum Hertzian contact pressure, pmax GPa 3.0 
Hertzian semi width, a and b mm 0.51 and 0.43 
Slide-to-Roll ratio, SRR % -51 
Heat treatments/ Surface roughness, RMS 

- Specimen 
- Counterface 

 / nm 
 

 
 TH, SIH / 30 

 SIH / 400 
Lambda value, Λ - 0.5 
Oil inlet temperature, T °C 50 
Test duration, t / number of cycles, n h / - 50/ 8.91 million 
1for the specimen. 
 
All tests were run in the boundary lubrication regime, with a constant lambda 
ratio (Λ) of approximately 0.5 in order to accelerate fatigue/wear damage. The 
lambda is calculated as: 

 
Λ =	 `abc

delmn
hielmoh

, 
 
(1) 

where, ℎ,-.  is the minimum oil film thickness in the contact; 𝑅𝑀𝑆p 
and	𝑅𝑀𝑆q represent the surface roughness of the flat and the curved disc, re-
spectively. The minimum oil film was calculated based on the Hamrock-
Dowson equation for lubricated elliptical contacts [11], with pressure-viscos-
ity coefficient 𝛼 ≈ 30  GPa-1. After the test, all discs were ultrasonically 
cleaned in heptane for 5 min and cleaned with ethanol. The summary of the 
testing matrix with the measured surface hardness is listed in Table 39.  

The hardness was measured after the test, in this case four measurements 
were made, evenly spaced around the disc 2 mm away from the wear, and 
from this an average was calculated. Six different variants of counterfaces 
were tested against four different variants of specimens; in total, 18 tests were 
conducted. The objective of this study was to investigate and characterize the 
surface damage, i.e. micro-pitting and wear, of different heat-treated rolling 
contacting surfaces made of different bearing steel grades. All tests were run 
in a random order. 
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Table 39. Summary of the test matrix with surface hardness measurements. 

Test 
nr. 

Surface hardness [HV1] Hardness 
Difference2 

[HV1] 
Grad

e 
Counterface Gra

de 
Specimen 

 Mean Std1 Mean Std
1 

1 50 673 23 3 793 5 120 
2 55 689 12 3 795 9 107 
3 3 689 20 3 792 8 103 
4 3 764 14 3 784 13 20 
5 50 793 18 3 793 6 8 
6 55 790 8 3 790 5 0 
7 50 686 40 3 692  8 6 
8 55 691 19 3 692 8 1 
9 55 705 7 55 699 15 -6 
10 3 700 11 3 691 3 -9 
11 3 765 16 3 740 7 -25 
12 3 775 13 3 734 5 -41 
13 3 772 8 3 689 14 -84 
14 55 821 9 3 730 5 -91 
15 55 791 19 55 700 18 -92 
16 55 836 18 55 699 15 -137 
17 55 831 9 3 692 10 -139 
18 55 840 12 55 690 20 -150 

1Std – Standard deviation based on 4 measurements. 
2Hardness difference – hardness of specimen – hardness of counterface. 

B.2.3 POST-TEST ANALYSES  
For post analyses, an optical interferometer, Zygo 7300 (Zygo, Middlefield, 
CT, USA) was utilized to assess surface damage, i.e. micro-pitting and wear 
damage, and changes in surface roughness. The surface topography of the 
worn counterface and specimens is captured four and eight times, respec-
tively, equally distributed along the wear track. For the counterface, only sur-
face roughness changes in RMS were assessed before and after the test. For 
the specimens, micro-pitting and wear damage was assessed with commer-
cially available Mountains Map software [67], in a similar way as in 
[60,64,65]. 

The surface damage (SD) was shown to be homogenous around the spec-
imen; therefore, the percentage of average surface damage, SDavr, was as-
sessed. This was assessed within an observed area domain (0.915 x 1.05 mm), 
simply by dividing the projected damaged area and the observed area domain. 
The projected damaged area was obtained by fitting a plane to the worn sur-
face. Surface damage was considered consequential if formed micro-pits 
and/or wear induced damages were deeper than 0.15 µm from the plane. This 
value was chosen in order to exclude possible surface irregularities. In addi-
tion, scratches were excluded from global SD damage assessments.
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The volume of material removed was assessed from an observed area do-
main (1.40 x 1.05 mm), in this case wider width, compare to the SD analyses, 
was chosen to determine the wear scar. Series of profiles were generated from 
the area domain, from where the mean profile of the series was generated 
(including all micro-pits/wear induced damages and scratches). The worn 
area was simply a cross-sectional area of the mean profile of the series. Eve-
rything below the initial surface line was considered a micro-pitting and/or 
wear damage. Then, the specific wear rate, Wavr, was calculated according to 
the following equation:  
 

𝑊rst =
𝑉

𝐹. × 𝑠
 

 

 
(2) 

where, 𝑊rst is a specific wear; V is the volume of removed material; 𝐹. is 
the normal force acting in the contact (𝐹. = 1400	𝑁); and s corresponds to 
the sliding distance. 

B.3 RESULTS  
The surface damages of the tested discs are presented and discussed in two 
subsections, starting with the counterfaces. The rough counterfaces experi-
enced no surface fatigue damage; only plastic deformation and wear are ob-
served in terms of roughness changes before and after the test. The smooth 
specimens experienced surface fatigue that was induced from the rougher 
counterface. In this case, surface damage is assessed and discussed in detail 
in the second subsection. 

B.3.1 SURFACE ROUGHNESS CHARACTERIZATION – COUNTER-
FACES 
The surface roughness of counterfaces was analysed inside and outside the 
wear track, see Table 40. The initial surface roughness RMS tolerance was 
set to 400 nm ± 30 nm. Unfortunately, in some cases, the initial surface 
roughness was measured to be higher or lower than the prescribed tolerance.  

Figure 69 shows a change in surface roughness RMS after the test. In gen-
eral, a positive trend is observed for the surface roughness change of the coun-
terface, with respect to the hardness difference between the specimen and 
counterface (negative when the counterface is harder), when the specimen is 
made of G3. A relatively big change, approximately 30 percent, was observed 
in surface roughness difference for the positive hardness difference of around 
100 HV. In this case, the roughness of the counterface decreased from the 
initial RMS = 400 nm to approximately RMS = 300 nm.  
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Table 40. Surface roughness measurements before and after the test for rough counterfaces. 

Test 
nr. 

Before test  
[nm] 

After test  
[nm] 

Differ-
ence  

Hardness difference,  
[HV1] 

 RMS  Std1 RMS  Std1  [%]  
1 418 44 302 36 28 120 
2 384 32 286 3 25 107 
3 525 78 354 16 32 103 
4 423 21 355 46 16 20 
5 392 37 358 23 9 8 
6 357 19 316 18 12 0 
7 330 16 291 26 12 6 
8 399 18 319 19 20 1 
9 362 70 329 16 9 -6 
10 485 29 403 38 17 -9 
11 380 34 298 17 22 -25 
12 377 33 300 17 -21 -41 
13 387 12 364 18 6 -84 
14 379 46 367 19 3 -91 
15 369 41 360 32 3 -92 
16 396 41 291 33 27 -137 
17 402 29 361 20 10 -139 
18 427 36 317 52 25 -150 

1Std – Standard deviation based on 4 measurements 
 

On the other hand, a relatively small change in roughness was observed 
for the negative hardness difference. In this case, the rough counterface re-
mained rough throughout the test. Considering different steel grades, no clear 
differences were observed in RMS change when using a variety of bearing 
steels for the counterface. It seems that the large scatter in RMS change be-
tween different steel grades is due to the difference in initial RMS value and 
not due to the different steel grade used. However, when the specimen is made 
of G55, a relatively high change in RMS (around 25 percent) is observed for 
the highest hardness difference (Test 16 and 18), indicating a higher wear 
and/or deformation on the counterface despite being harder.  

 

 
Figure 69. Change in RMS for counterface with respect to surface hardness difference ∆𝐻, 
where ∆𝐻 = 𝐻wxOq-,O. − 𝐻qyz.{Otxrt{. 
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Figure 70 shows 2D surface profiles transverse to the rolling direction 
from two worn surfaces of counterfaces in order to observe the highest and 
lowest change in RMS value. In this case, both surfaces are made of G3 steel. 
In the case of the highest change in RMS (∆H	 ≈ 100	HV), asperity peaks 
seem worn and deformed to a higher degree. The flattened asperity peaks 
provide large bearing area.  This, in turn, reduces local surface stresses and 
reduces the fatigue risk on the specimen. For the lowest change in RMS 
(∆H ≈ −100	HV), the surface shows almost no plastic deformation and wear. 
Hence, roughness appears to be preserved to a higher degree, maintaining a 
high index of plasticity. Nevertheless, no surface fatigue damage was ob-
served on the counterfaces. Similar observation can be made if rough surfaces 
of counterfaces are made of different bearing steel grades.  
 

 
Test 3 - ∆𝑅𝑀𝑆= 32 % 

 
Test 13 - ∆𝑅𝑀𝑆 = 9 % 

Figure 70. 2D surface profiles transverse to the rolling direction for two worn rough counter-
faces that were in contact with softer (lower), and harder (above) specimen for reference test 
G3 vs G3. 

B.3.2 MICRO-PITTING AND WEAR CHARACTERIZATION – SPECIMENS 
The objective of this study was to examine and quantify the surface damages 
of the specimen made of G3 in contact with the counterface made of different 
steel grades at severe conditions of surface distress for different surface hard-
ness combinations. Note, surface hardness values were kept constant for all 
SIH discs as far as possible. In this way, any difference in terms of surface 
damage induced from the counterface would suggest being due to different 
steel composition rather than hardness. 

The summary of wear results is presented in Table 41, the specific micro-
pitting wear rate for all tested combinations of TH specimen, made of G3, as 
a function of initial surface hardness difference (∆H). Recall that a positive 
surface hardness value implies that the specimen is harder. In regard to the 
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wear rate, two distinct regions are clearly visible, depending on the hardness 
difference. For a positive hardness difference (∆H > 0 HV), a low specific 
wear rate is detected on the smooth surface 𝑊rst =	1 – 4 ×10-13 mm3/Nm). 
In contrast, for the negative hardness difference (∆H < 0 HV), two orders of 
magnitude higher wear rate is detected on the specimen surface (𝑊rst =	10 
– 270×10-13 mm3/ Nm), when hardness difference is sufficiently negative. 
The transition between the low wear and the high wear rate is observed when 
the surface hardness is around -30 HV. In this case, a higher scatter in specific 
wear rate can be observed as the surface damage is not evenly distributed 
around the wear track (Test 11), compared to other tests. It is evident that the 
hardness difference has a major influence on the micro-pitting wear rate. Sim-
ilar behaviour was previously observed from the work of Olver [66], where 
higher surface fatigue wear rates were observed with a negative hardness dif-
ference in comparison to a positive difference. Moreover, no clear difference 
is observed whether the counterface is made of a different steel grade, in 
terms of specific wear rate, if the hardness level is kept constant. Some scatter 
between different tests is observed from the micro-pitting wear rate for 
around zero hardness difference. 
 
Table 41. Results for surface damage and specific wear rate for specimens. 

 Counterface 
 

Specimen 
 

∆H Surface 
 Damage, 

SDavr 

Specific wear 
rate, Wavr 

Test 
nr. 

Grad
e 

Surface 
hard-
ness 

level1 

Grad
e 

Surface 
hardness 

level1 

[HV] [%] Std1 

 
[mm3/ 
Nmm] 
×10-13 

Std1 

×10-

13 

1 50 673 3 793 120 <1 - 2.3 0.3 
2 55 689 3 795 107 <1 - 2.3 0.2 
3 3 689 3 792 103 <1 - 2.5 0.6 
4 3 764 3 784 20 13.1 1.1 3.0 2.0 
5 50 793 3 793 8 17.7 3.6 4.1 5.2 
6 55 790 3 790 0 14.0 1.8 3.6 3.1 
7 50 686 3 692  6 <1 - 2.7 1.5 
8 55 691 3 692 1 5.3 2.1 5.5 3.9 
9 55 705 55 699 -6 <1 - 2.5 1.7 
10 3 700 3 691 -9 5.4 1.7 3.3 2.4 
11 3 765 3 740 -25 12.4 5.0 9.6 29.6 
12 3 775 3 734 -41 80.3 4.2 60.8 30.4 
13 3 772 3 689 -84 100 - 152.3 51.4 
14 55 821 3 730 -91 100 - 166.9 29.6 
15 55 791 55 700 -92 2.7 1.8 2.9 3.3 
16 55 836 55 699 -137 11.5 6.4 6.7 26.9 
17 55 831 3 692 -139 100 - 272.2 56.7 
18 55 840 55 690 -150 28 14 24.4 71.9 

1Std – Standard deviation based on 8 measurements. 



Paper B Results 
 

 122 

When observing worn surfaces of the specimen, one may further distin-
guish between three regions, depending on the extent of the surface damage: 
(a) severe micro-pitting wear region; (b) micro-pitting and wear region;  and 
(c) mild wear region only, according to Figure 71. 
 

Severe micro-pitting wear  Micro-pitting and/or wear Mild wear  

   
(a) (b) (c) 

Figure 71. Different surface damage regions with respect to initial surface hardness difference 
∆𝐻	𝑖𝑛	𝐻𝑅𝐶: <0 (left), ~0 (middle), and >0 (right). 

For the region with severe micro-pitting wear seen in Figure 71 (a), the 
surface topography shows a pronounced wear zone with micro-pits along the 
worn surface. For micro-pitting and wear region, Figure 71 (b), wear is ob-
served from the surface topography with some extent of micro-pitting and/or 
indentations. The last region shows sign of mild wear damage only, with very 
minor indentations. Table 41 lists the specific wear rate and average percent-
age of SD, where such assessment is possible.  

In addition,  Figure 72 presents the comparison between the surface mor-
phology of a severe-micro-pitting and a micro-pitting damage for test 13 and 
10, respectively. For test 13, it can be observed that the surface suffered from 
severe surface rolling contact fatigue.  

 

 
Test 13 

 
Test 10 

Figure 72. Surface damage morphology comparison between a severe-micro-pitting and a mi-
cro-pitting damage. Rolling direction from up do down. 
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Many cracks and removed material fragments can be observed from the 
surface. In this case, the rate of material removal is a factor of 50 higher than 
that of mild wear, hence material removal is mainly the consequence of ac-
celerated surface fatigue, i.e. severe micro-pitting wear in this case. For test 
10, several randomly formed cracks and micro-pits can be observed on the 
surface. In addition, some indentation marks are visible. 

B.4 DISCUSSION 
The effect of the steel grade and different heat treatments on micro-pitting 
and wear damage for smooth specimens is presented and discussed. Figure 
73 shows specific micro-pitting wear for two different specimens, i.e. TH 
specimen made of G3 and SIH specimen made of G55, as the function of 
hardness difference, see also Table 41. Based on the results, it is evident that 
the transition from micro-pitting to severe micro-pitting region occurred at 
higher surface hardness difference for specimen made of G55 compared to 
G3. For G55 this transition occurred when the hardness difference between 
the specimen and the counterface was around -140 HV. Again, higher scatter 
in wear assessments indicates that the surface damage is not evenly distrib-
uted around the wear track, indicating a transition. However, for G3, the tran-
sition started already when the hardness difference was around -30 HV. This 
suggest that the similar extent of surface damage is expected when the surface 
of SIH specimen made of G55 is softer for approximately 100 HV compared 
to much harder surface of TH specimen made of G3. 
 

 
Figure 73. Specific (micro-pitting) wear rate for TH and SIH specimen made of G3 and G55 
steel, respectively, as a function of bearing steel grade of the counterface and surface hardness 
difference between the specimen and the counterface. 
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Comparison of surface damage of both different specimens at similar sur-
face hardness differences were further made. Figure 74 shows 3D topography 
of the damaged smooth surface of the TH and SIH specimen made of G3 and 
G55, respectively for very low surface hardness difference (∆H ≈	0 HV). The 
surface of the G3 shows signs of micro-pitting along the wear track with SDavr 
of 8.6 percent and a wear groove along the wear track. In contrast, the surface 
of the G55 shows almost no signs of micro-pitting damage with less than 1 
percent of SDavr. This suggest that G55 performs better than the G3 based on 
assessing surface damage.  

 
 Test 8 – G3 vs G55 

∆H = 1 HV 
Test 9 - G55 vs G55 

∆H = -6 HV 

  
SD = 8.6% (SDavr = 5.3%) SDavr = 1.1% (SD<1%) 

Wavr = 5.5×10-13 Wavr = 2.7×10-13 
Figure 74. 3D topography measurement of the worn track for TH and SIH specimen made of 
G3 and G55, respectively (∆H ≈	0 HV). 

For higher negative hardness difference, the damaged 3D surface topog-
raphy for the smooth TH and SIH specimens made of G3 and G55, respec-
tively, is shown in Figure 75. In this case, the surface hardness difference was 
kept negative to further accelerate the fatigue process, as observed from the 
previous results. For the hardness difference of around -90 HV, the surface of 
the G3 suffered from severe micro-pitting wear, whereas no severe micro-
pitting wear was observed from the surface of the G55. In this case, only mi-
nor micro-pitting damage was detected along the wear track, with an average 
global micro-pitting damage of approximately 3 percent. For even higher 
hardness difference (∆H = -140 HV), the surface damage of TH specimen 
made of G3 is further increased compared to the previous case.  

However, for the specimen made of G55, the surface shows higher fatigue 
damage compared to the previous case, but it still remains very low compared 
to specimen made of G3 at similar hardness difference. Please note that in 
this case, the surface damage is inhomogeneous around the wear track (high 
scatter in wear assessments) and a high damage was selected to be shown for 
this example. This indicates, that the transition from wear and fatigue to 
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accelerated fatigue is taking place for specimen made of G55 at hardness dif-
ference of around -140 HV while specimen made of G3 is already in the state 
of accelerated fatigue process taking place. In this case, the transition from 
wear and fatigue to accelerated fatigue was observed already at hardness dif-
ference of around -30 HV (Test 11).  
 

Test 14 – G3 vs G55 
∆H = -91 HV 

Test 15 – G55 vs G55 
∆H = -92 HV 

  
M = 100 % 

Wavr = 167×10-13 
M = 3.5 % (Mavr = 2.7%) 

Wavr = 2.9×10-13 
Test 17 – G3 vs G55 
∆H = -139 HV 

Test 16 – G55 vs G55 
∆H = -137 HV 

 
M = 100 % 

Wavr = 272×10-13 

 
M = 25 % (Mavr = 11.5 %) 

Wavr = 6.7×10-13 
  

Figure 75. 3D topography measurement of the worn track for TH and SIH specimen made of 
G3 and G55, respectively for ∆H =	-90 HV and ∆H ≈	-140 HV. 

Looking at the worn geometries from the most severe cases, see Figure 
76, one can say that significant loss of both curvature and diameter is ob-
served for the TH specimen made of G3, with around a 20 µm loss of material 
in the radial direction. Please note, that line profiles were captured from the 
middle of the 3D topography of Figure 75, for test 16 and 17, perpendicular 
to the rolling direction. Furthermore, it can be observed that the contact ge-
ometry shifted from an elliptical to a line contact in this case, where contact 
width extended for around 0.4 mm from the initial width. Due to this, the 
maximum Hertzian pressure dropped from an initial 3 GPa to around 1.7 GPa. 
This implies that the contact aligned itself, through severe micro-pitting wear,
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to bear lower elevated Hertzian contact. In contrast, the worn geometry of the 
SIH specimen made of G55 showed relatively low signs of change/wear. 
Here, the specific wear rate was a factor of 40 lower compared to the test 16, 
indicating slower fatigue process. The worn geometry was almost completely 
preserved, and no widening of the contact was seen.  
 

 
Figure 76. Worn contact geometry in cross-sectional view of the rolling direction for the TH 
and SIH specimen made of G3 and G55, respectively. 

Despite G55 being a weaker bearing steel grade in terms of carbon concen-
tration it shows better surface fatigue resistance G3 in terms of surface fatigue 
at similar surface hardness levels for all tested surface hardness differences. 
Better fatigue resistance of G55 can be attributed to different applied heat 
treatment i.e. SIH, which selectively heat-treat only the near surface region. 
In this case, the surface hardening depth was very shallow, around 2 mm. 
Typically, such heat-treatment can induce compressive residual stress state in 
the near surface region. It is generally known that such stress state is benefi-
cial when it comes to the fatigue performance as it can delay crack formation 
and propagation. In this case, this might be the most likely explanation on 
why the G55 sustained lower micro-pitting wear damage compared to G3. 
However, the exact explanation for this behaviour exceeds the scope of the 
current paper, therefore, further work will be carried out to study this behav-
iour in more details.  

B.5 CONCLUSIONS 
In this investigation, surface damage, i.e. micro-pitting and wear, of different 
bearing steels were characterized in a disc-on-disc configuration under 
boundary lubricated conditions. Rough SIH (Surface Induction Hardened) 
counterfaces made of three different bearing steel grades were in contact with 
smooth TH (Through Hardened) and SIH specimens made of G3 and G55, 
respectively. Based on the results, the following conclusion can be drawn: 

• The faster, rough surface experience only mild wear and plastic de-
formation regardless of its relative surface hardness value with re-
spect to the smooth surface. However, the slower, smooth surface
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experience different damage modes that are depended on surface 
hardness difference between the specimen and the counterface. In ad-
dition, the material of the counterface did not significantly affect the 
micro-pitting or wear behaviour of G3 specimens which depended 
only on the relative hardness. 

• For the smooth specimen, three main regions of surface damage 
modes were identified. If the specimen is harder, only mild wear oc-
curs. If the specimen and the counterface are of equal hardness, both 
micro-pitting and mild wear are present. When the specimen is softer, 
the surface experiences severe micro-pitting wear, up to a factor of 
50 higher specific micro-pitting wear rate, compared to previous two 
cases. 

• The SIH specimen made of medium carbon steel G55 (DIN 56E2) 
showed better surface fatigue resistance than the TH specimen made 
of low alloy high carbon steel G3 (DIN 100Cr6) at similar surface 
hardness levels. The transition from micro-pitting to severe micro-
pitting wear occurs when the surface hardness difference is around -
140 HV and -30 HV for G55 and G3, respectively.  

• Further metallurgical examinations are needed to study the crack 
morphology beneath the surface of specimens for different tests with 
respect to surface hardness difference and to investigate the underly-
ing cause for better fatigue performance of G55 compared to G3. 
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ABSTRACT: 
A crankshaft roller bearing internal combustion engine (ICE) offers a five 
percent or more improvement in overall engine efficiency and, thereby, a re-
duction in a five percent of CO2 emissions, compared to a plain bearing sup-
ported crankshaft. Current forged crankshaft steels represent the limiting fac-
tor of the rolling component, therefore, a replacement of the crankshaft steel 
is required. Apart from this, the tribology of the rolling contacts has been 
shown to be detrimental when lubricated with current engine oils. Therefore, 
this paper investigates the tribological performance of potential crankshaft 
bearing steels, i.e. DIN C56E2 (G55); DIN 50CrMo4 (G50); and DIN 100Cr6 
(G3), while utilizing a state-of-the-art low viscosity 0W20 engine oil and un-
der conditions prevalent to ICE. For this, damage mode investigation was 
performed in a disc-on-disc setup. Based on the results, wear damage of DIN 
100Cr6 discs was shown to be dependent on the steel grade of which the 
counterpart disc was made from and surface hardness difference between 
both discs. In addition, surface fatigue and wear damage can be completely 
eliminated by selecting a proper surface roughness and hardness combination. 
Also, while under an elevated roughness level, engine oil was shown to pro-
mote both surface fatigue and wear damage through the work of ZDDP addi-
tives, which under extreme conditions can act as an extreme pressure (EP) 
additive. The residual stress measurements using the XRD technique revealed 
relatively high compressive residual stresses for G55 and G50 in comparison 
to G3 steel after surface induction hardening. In addition, no significant 
changes in residual stress for G55 and G50 were observed after the test. In-
contrast, relatively high tensile stress was observed for G3 near the surfacere-
gion. This suggests that the most commonly used 100Cr6 bearing steel, in 
this case, is the most susceptible to surface fatigue. 
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KEYWORDS: ZDDP tribofilm; surface fatigue; wear; medium carbon 
steels; induction hardening. 

C.1 INTRODUCTION 
The global trend of reducing energy consumption and CO2 emissions is forc-
ing engineers and scientists to design more efficient mechanical systems. In 
total, one-fifth of all energy used worldwide is due to tribological contacts 
[2]. In transportation, one-third of all consumed energy goes to overcoming 
friction [3]. The losses caused by friction in traditional transportations pow-
ered by internal combustion engines (ICEs) are still relatively high at approx-
imately fifty percent more than alternative solutions such as electrical passen-
ger cars powered by electrical batteries [68]. However, there is still great po-
tential to reduce the frictional losses in ICEs by, for example, replacing tra-
ditionally used sliding bearings with rolling element bearings, which offer a 
5 percent or more improvement in energy efficiency [4,6,69].  

In this case, the inner raceway for the rolling elements is found directly on 
the crankshaft and the outer raceway features a cracked/split outer ring. Both 
the rolling elements and the outer ring are made from a traditionally used 
bearing steel grade, i.e. 100Cr6. However, the crankshaft, typically forged, is 
commonly made from a medium carbon steel grade (≤ 0.4 wt% C). This com-
ponent was shown to be the weakest point for the rolling contacts, mainly due 
to the insufficient surface hardness after induction hardening as a result of 
inadequate carbon level [4]. Typically, the rolling contact surfaces are made 
of steel grades with a carbon content of more than 0.5 percent which allows 
them to achieve surface hardness levels between 58-66 HRC to withstand el-
evated contact pressures due to the rolling motion [48]. Therefore, the tradi-
tionally used crankshaft steel grade has to be replaced with a bearing steel 
grade, which also offers a higher cleanliness level to ensure sufficient rolling 
contact fatigue life. 

However, the new crankshaft steel should not have a significant detri-
mental impact on manufacturing processes and costs. Typically, a traditional 
forged crankshaft is made either from plain carbon steel/micro-alloyed or a 
low alloyed medium carbon steel grade. The former typically offers an ex-
pense reduction since the steel requires only a controlled cooling cycle after
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the forging, which results in a fine perlitic-ferrlitic microstructure. However, 
the latter requires an additional heat-treating step, i.e. quenching and temper-
ing (QT), which results in a tempered marrtensitic microstructure. After this, 
surface induction hardening (SIH) is applied to the crankshaft journal to in-
crease the surface hardness. Nevertheless, an additional heat-treating step and 
often higher machining costs make low alloyed medium carbon steels a less 
desirable choice for mass productions [70,71].  

Besides necessary crankshaft steel replacement, other challenges associ-
ated with roller bearing engines remain before such technology can be inte-
grated into an engine for serial production, e.g. integration of bearing outer 
raceways (in split design) on the crankshaft that typically induces high steps 
on the raceway that can lead to further challenges with e.g. noise, vibration 
and harshness (NVH), durability, etc. Nevertheless, this work attempts to ad-
dress tribological challenges on a contact level. One of such is the durability 
and performance of rolling contacts in conjunction with the current state-of-
the-art low viscosity engine oils, typically containing a ZDDP anti-wear 
(AW) additive. Based on a study by Baubet et al. [4], it was concluded that 
the ZDDP additive is beneficial for sliding contacts but can be detrimental for 
rolling contacts due to the action of ZDDP additives. Typically, under low 
loads and temperatures, the ZDDP anti-wear additive protects surfaces from 
running-in wear through a mild form of surface deformation [30], thus form-
ing a tribolayer and maintaining a high amplitude of surface roughness. This 
in combination with elevated friction can promote micro-pitting damage 
[7,8,22,25,60,64,65]. However, under high loads and temperatures the ZDDP 
additive can increase wear by changing the wear mechanism from plow-
ing/seizure to delamination wear of the surface layer, i.e. tribolayer [30]. An 
increase in wear rate was already reported when using engine oil formulated 
for rolling contacts and operating under adequate lubrication conditions [65]. 
Nevertheless, both micro-pitting/surface-initiated fatigue and elevated wear 
can lead to failure of the rolling contacts through either fatigue or loss of di-
ameter, which ultimately results in an engine failure.  

Therefore, it is important to understand the damage mechanisms in rolling 
contacts under reduced lubrication conditions with or without the presence of 
ZDDP additives and then optimize oil chemistry (viscosity, additive pack-
age), material (hardness, heat-treatments, steel grades) and surface parame-
ters (surface roughness, roughness lay) for the optimal tribological perfor-
mance. The role of ZDDP and its formation on steel surfaces have been in-
vestigated in many studies [8,25,55,72] and how it affects surface-initiated 
fatigue or micro-pitting [8,9,25,27]. However, this paper does not intend to 
review these effects in detail, but rather provide the reader with an overview 
and a sufficient amount of details to comprehend the following results 
throughout this paper. 
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For instance, a previous study [60] investigated how different engine oils 
affect the onset of micro-pitting and wear under accelerated conditions. It was 
demonstrated that the engine oil containing a reduced additive package al-
lowed sufficient running-in wear to take place and significantly reduced the 
tendency towards micro-pitting. Furthermore, another study [64] showed that 
surface fatigue can be completely eliminated if the surface roughness lay is 
longitudinal in regards to the rolling direction, even in instances of elevated 
surface roughness. Additionally, micro-pitting damage can be eliminated if 
the hardness difference is sufficiently high  between both surfaces in contact 
if the smoother surface is harder [65]. Moreover, recent work [73] showed 
that induction hardening significantly reduced the tendency towards micro-
pitting via introducing a compressive residual stress state from the heat-treat-
ments at and in the surface and subsurface region. Therefore, it is important 
to understand both oil chemistry, surface topography, and material properties 
in order to optimize rolling contacts to avoid premature failures.  

In this paper, the tribological characterization of different potential crank-
shaft rolling bearing steels was studied using a lubricated disc-on-disc setup 
under similar operating conditions to those in ICEs. A damage mode test was 
performed with different combinations of discs, in regard to hardness, rough-
ness, and operating conditions, to investigate and quantify surface damage 
modes and to further optimize the contact performance in terms of surface 
rolling contact fatigue. Furthermore, the characterization of residual stresses 
was performed using the XRD method to observe the magnitude of potential 
compressive residual stresses obtained after applying surface induction hard-
ening. In addition, this was also performed on selected tested discs to observe 
any potential changes in their stress state or magnitude induced from the 
tribological contact during the damage test.  

C.2 MATERIALS AND METHODS 
A twin-disc tribometer, Wazau UTM 2000 (Wazau, Berlin, Germany), was 
employed to characterize the tribological performance of different potential 
crankshaft bearing steels for a crankshaft roller bearing application. The disc-
on-disc configuration was chosen as it better represents a crankshaft-roller 
contact. Figure 1 shows the configuration where the first disc is flat, repre-
senting a crankshaft raceway, and the second disc is curved, representing a 
rolling element. This yields an elliptical contact with similar contact pressures 
to those in the aforementioned application. The objective of this study was to 
investigate the tribology of rolling contact surfaces made of different bearing 
steel grade combinations in the presence of engine oil.



Paper C Materials and methods 
 

 135 

 
Figure 77: Flat disc (counterpart) against curved disc (specimen) configuration. 

C.2.1 MATERIALS 
For this study, three common bearing steel grades were selected: medium 
carbon (DIN C56E2, AISI 1055/1060), medium carbon low alloy (DIN 
50CrMo4, AISI 4150), and high carbon low alloy steel grade (DIN 100Cr6, 
AISI 52100), designated as G55, G50 and G3, respectively. Table 42 lists the 
chemical composition of these steel grades. Flat discs, throughout this inves-
tigation referred as the counterparts, were made from all three grades, 
whereas curved discs, the specimens, were only made from G3. 
 
Table 42: Chemical composition of potential crankshaft rolling bearing steels. 

 Weight % ppm 
Grade  C Si Mn P S Cr Ni Mo Al O N 
DIN C56E2   
(G55)              

min 0.55 0.10 0.60 - - - - - 0.005 - 50 
max 0.60 0.30 0.90 0.030 0.015 0.20 0.20 0.10 0.050 15  

             
DIN 
50CrMo4 
(G50) 

min 0.49 0.10 0.50 - - 0.90 - 0.20 0.005 - - 
max 0.56 0.40 0.80 0.015 0.020 1.20 - 0.35 0.050 15 - 

             
DIN 
100Cr6 
(G3) 

min 0.93 0.15 0.25 - - 1.35 - - - - - 
max 1.05 0.35 0.45 0.025 0.015 1.60 0.25 0.10 0.050 15 - 

 
The counterpart, which represents a potential crankshaft rolling bearing 

steel, had a starting requirement of initial hardness that is similar to that used 
in a current serial production Volvo crankshaft steel. This was done to main-
tain similar structural integrity and machinability as in the current crankshaft. 
A counterpart made of G55 presents a cost-saving solution as only controlled-
cooling was applied. It was made from rollers with a forged structure which 
resulted in a fine ferritic-pearlitic microstructure, see Figure 78. A counterpart 
made of G50 presents an alternative to G55. However, quenching and tem-
pering are required in this case due to the higher amount of alloying elements. 
These discs were made from large rollers and the resulted microstructure is 
fine tempered martensite, see Figure 78. The last set of counterparts was made 
from G3 commonly used bearing steel which was cut down from a hot rolled 
steel bar. They were in a ferritic-pearlitic state (Figure 78) and were further 
tempered to achieve the starting requirements.  
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G55 

 
G50 

 
G3 

Figure 78: Microstructure of potential crankshaft rolling bearing steels before the surface heat 
treatments. 

   The counterparts were all subjected to surface induction hardening. The re-
quired surface hardness depth was around 2 mm in order to withstand a Hertz-
ian contact pressure of pmax = 2 GPa induced from the rolling motion. The 
minimum required surface hardness was 58 HRC, which is typical for rolling 
bearing steel surfaces. As aforementioned, all counterparts were subjected to 
induction hardening, which was followed by a tempering cycle for most of 
the counterparts and the tempering cycle was omitted for some. The counter-
parts were induction heated to around 1020 °C which was maintained for 1-
3 seconds, depending on the material grade. This was followed by quenching 
with a water-polymer mixture which had a temperature of Tq = 20 - 23 °C. 
The tempering temperature was established based on the peak temperature of 
engine oil in a typical ICE for passenger cars, usually up to Tmax = 120 °C, 
where the safety factor of 60 °C was added to ensure dimensional stability. 
This resulted in the tempering temperature of TT = 180 °C. This was done for 
all grades; the resulting surface hardness was measured as the maximum 
achieved hardness for the specific grade. Moreover, additional tempering was 
done on the G3 to obtain similar surface hardness achieved for the other two 
tempered grades.  In addition, some counterparts were, as aforementioned, 
only subjected to induction hardening to achieve maximum surface hardness 

Specimens, representing a rolling element, were made of G3 and were 
through-hardened (quenched and tempered) and additionally tempered to 
achieve two different hardness values. The hardness was measured with a 
Vickers and Rockwell indenter with 1 kg (HV1) and 150 kg (HRC) of load, 
respectively at several places on the surface and the average of the three meas-
urements was calculated. All discs were hand polished with a sandpaper 
(P500) and a polishing paste (15 𝜇𝑚)	to achieve different surface roughness 
levels. 

C.2.2 TEST METHOD 
The twin-disc tribometer was utilized to characterize the tribological perfor-
mance of the aforementioned steels under conditions similar to those in a 
four-cylinder, light-duty, internal combustion engine. Both discs were 
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independently driven by electric motors that allow a maximum speed of 3000 
rpm. The maximum radial load was 2000 N, which was applied through a 
deadweight system. The contact was lubricated with an oil that circulated 
from an oil sump, through an oil pump, into the contact. The bulk oil was 
heated in the oil sump and maintained at a constant temperature by a heater 
located below the sump. In addition, two oil filters were used to remove fine 
particles with grid sizes of 125 and 10 µm.  

All discs and the equipment were cleaned prior to testing with heptane and 
ethanol. Also, all discs were ultrasonically cleaned in heptane for 5 min. Be-
fore testing, the oil was heated to 100 °C and circulated into the contact for 
one hour. Once the temperature had stabilized, the test was started by ramping 
up the rotational speed of both discs without any applied load. The counter-
part rotated faster than the specimen, achieving a 5% slide-to-roll ratio (SRR), 
calculated simply as speed difference divided by mean entrainment speed. 
After achieving the desired entrainment speed and the SRR, a radial load was 
applied, resulting in maximum Hertzian contact pressure of 2 GPa, typical for 
a crankshaft rolling bearing [46]. The test was then suspended after the slower 
moving discs accumulated 4.2 million cycles. The test conditions are summa-
rized in Table 43. Each test was run with fresh engine oil, a standard com-
mercially available fully formulated production engine oil 0W20. The oil 
contains approximately 0.09% of the ZDDP additive. 

 
Table 43: Operating conditions for the performed test. 

Quantity Unit Value 
Maximum Hertzian contact pressure, pmax GPa 2.0  

Slide-to-Roll ratio, SRR % -51 

Heat treatments / Surface roughness, RMS 
- Specimen 
- Counterpart 

 - / nm  
TH2 / 30 - 180 
SIH2 / 80 - 400 

Entrainment speed, ue for lambda ratio (Λ): 
- Λ = 0.8 
- Λ = 0.6 

m/s  
4.2 / 4.93 

8.0 / 2.54 
Oil inlet temperature, T °C 100 

Oil dynamic viscosity, 𝜂	at 100°C 
Oil pressure-viscosity coefficient, 𝛼 

mPas  
GPa-1 

 6.8 
20 

Number of cycles for specimen, n  - 4.2 million 
1 The specimen is moving slower. 2 TH – through hardening and SIH – surface induction hardening.3 For 
test 13 and 14. 4 For test 18. 
 
The majority of tests were run in the boundary lubrication regime, which cor-
responds to the expected regime for the crankshaft roller bearing application 
[4], in this case with a constant lambda ratio (Λ) of approximately 0.8. For 
tests, where such lambda ratio could not be achieved, due to the speed 
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limitation of electrical motors, lambda ratio was set to 0.6. The lambda ratio 
is calculated as: 

 Λ = 	 `abc

defn
h ie�oh

, 

 

 

[1] 

where ℎ,-. is the minimum oil film thickness in the contact and 𝑅jp5  and 𝑅�q5  
represent the RMS surface roughness of the counterpart and specimen, re-
spectively. The minimum oil film was calculated based on the Hamrock-
Dowson equation for a lubricated elliptical contact [11]. To maintain a fixed 
lambda ratio for different roughness combinations, the entrainment speed was 
adjusted accordingly. After the test, all discs were ultrasonically cleaned in 
heptane for 5 min followed by cleaning with ethanol.  

C.2.3 POST-TEST ANALYSES  
An optical interferometer, Zygo 7300 (Zygo, Middlefield, CT, USA), was 
utilized to assess wear damage and any changes in surface roughness. How-
ever, before that was possible, the worn surfaces were cleaned with an EDTA 
(ethylenediamine-tetraacetic acid) solution, according to [45], to remove the 
ZDDP tribofilm that formed during the test, which interferes with optical light 
measurements. The wear damage is measured from a worn area from a cross-
section of a wear track, as depicted in Figure 79. The average wear damage, 
Aw, was obtained from eight measurements equally distributed around the 
disc.  

 
Figure 79: Measured worn area in cross-section direction of rolling, with Aw= 120 µm2. 

A scanning electron microscope (HR-SEM) Zeiss MERLIN (Zeiss, Jena, 
Germany) was employed to observe the morphology of damaged surfaces. In 
addition, elemental composition analysis was performed with energy-disper-
sive X-ray spectroscopy (EDS) to confirm the presence of a ZDDP tribofilm 
on the worn surfaces. Furthermore, residual stresses were measured with X-
ray diffraction on selected slower moving specimens. Measurements below 
the surface were done by first removing material by electro-polishing and 
then repeating measurements. Electrolyt A2 from Struers was used together 
with Electropol 5, 45V, and flow rate 8. For unworn specimens, a 2 mm col-
limator was used. The tested specimens had a narrow contact trace of around
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0.5 mm; in this case, a 0.5 collimator was used with a radiation time of 30 
seconds. All measurements were done at the center of the wear track.  

C.3 RESULTS AND DISCUSSION 
The following three sections summarise the main findings from this investi-
gation. In the first section, the results from the surface heat treatments are 
presented. In the second section, the main findings from the surface investi-
gations after performing tribological tests are presented and discussed. In the 
last section, the internal stresses that were induced after heat-treatments and 
how these stresses are affected by a tribological test are presented and dis-
cussed.  

C.3.1 SURFACE HEAT TREATMENTS RESULTS 
The summary of the hardening results for counterparts and specimens are 
listed in Table 44. All counterparts made of different bearing steel grades 
achieved required minimum surface hardness level of 58 HRC even after a 
tempering cycle was added. In this case, the surface hardness decreased ap-
proximately 125 and 91 HV for G55 and G50, respectively. Interesting to 
note is that the measured surface hardness for untempered G50 is lower than 
that of untempered G55 despite having a relatively high amount of chromium 
alloying element in the steel composition. This suggests that the carbides 
were not fully dissolved during surface induction hardening for G50, which 
led to the lower surface hardness in the untempered state.   
 
Table 44: Summary of hardening results for surface induction hardened counterparts and 
through-hardened and tempered specimens. 

Disc 
type 

CP/S1 

Grade- 
hardness 

level (L/H)2 

Temp. 
[°C] 

Tempering 
[°C/h] 

Surface hardness 
[HV1 / HRC] 

Core Hard-
ness 

[HV1 / HRC] 

SHD 
profile 
[mm] 

CP G55-L 1025 180/2 691 / 59.3 240 / 20.4 2.3 
CP G55-H 1025 - 817 / 62 247 / 21.8 2.3 
CP G50-L 1020 180/2 680 / 58.7 258 / 23.7 2.0 
CP G50-H 1020 - 771 / 60.9 257 / 23.5 2.1 
CP G3-H 1019 180/2 767 / 62.2 235 / 20 2.2 
CP G3-L 1019 180/2 +285/4 695 / 58.8 228 / - 2.2 
S G3-H - 180/2 800 / 63.5 - - 
S G3-L - 180/2 + 240/4 745 / 60.7 - - 

1 CP – Counterpart / S – Specimen. 2Initial surface hardness level; L – low surface hardness level, H – high 
surface hardness level. 
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Examples of resulting microstructures that are 1 mm away from the sur-
face are presented in Figure 67. Microstructure of surface induction hardened 
counterfaces for different steels.. All microstructures exhibit fine martensite 
without any undissolved large carbides. The surface hardness depth (SHD), 
the depth of which the hardness drops down to 550 HV, was around 2 mm for 
all counterparts. 

Grade 55 Grade 50 Grade 3 
Figure 80: Microstructure of induction hardened counterparts for different steels. 

Figure 81 shows the resulted microstructure for both tempering cycles. Over 
the cross-section of the specimen, all microstructures are shown to be fully 
martensitic.  

 
(a)  

 
(b)  

Figure 81. Microstructure of through-hardened specimens tempered at two different tempera-
tures; (a) low temperature and (b) high temperature. 

C.3.2 SURFACE DAMAGE CHARACTERIZATION 
The precise assessment of wear damage was feasible only on smooth surfaces 
(RMS ≤ 100	𝑛𝑚)	due to a relatively low wear. Therefore, wear damage was 
reported only on the specimens. Table 45 lists different combinations of tests 
that were run for this investigation. For all tests, the damage mode for differ-
ent counterparts is polishing/mild wear only, with no signs of surface fatigue. 
For different specimens, on the other hand, depending on the surface rough-
ness combination and the lambda ratio, wear and/or wear and surface fatigue 
damage is expected. In general, surface fatigue damage on the specimen was 
eliminated if the RMS value of the counterpart was kept at 180 nm. Also, 
smoother surfaces appear to experience higher wear damage than the rougher 
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counterpart, regardless of whether the smoother surface is faster or slower 
moving (test 1-6 and 15). However, in this case, smoother surfaces of speci-
mens (test 1-6 and 17-18) were harder compared to rougher softer specimens 
(test 7-16). Therefore, one cannot entirely attribute lower wear rate due to 
higher roughness. In addition, surface fatigue typically occurs on the 
smoother surface. However, wear damage can be minimized if both surfaces 
are relatively rough, test 7-15. Furthermore, relatively high wear and surface 
fatigue are expected on the specimen if the counterpart is rough (RMS ≥ 400 
nm). The following subsections discuss the results in detail. 
 
Table 45: Test matrix and damage modes and wear assessments for the specimen. 

Test 
no. 

Counterpart Specimen Operating 
condi-
tions 

Damage 
 Mode1 

Worn 
area, 
Aw 

 Grade- 
-hard-
ness 
level 

RMS 
[nm] 

Grade- 
-hard-
ness 
level 

RMS 
[nm] 

Lambda 
Ratio [-] 

[𝜇𝑚5] 

1 G55-L 180 G3-H 30 0.8 Mild wear 34 
22 G55-H 180 G3-H 30 0.8 Mild wear 28, 36 
3 G50-L 180 G3-H 30 0.8 Mild wear 62 
4 G50-H 180 G3-H 30 0.8 Mild wear 61 
5 G3-L 180 G3-H 30 0.8 Mild wear 64 
6 G3-H 180 G3-H 30 0.8 Mild wear 83 
7 G55-L 180 G3-L 50 0.8 Low wear <20 
8 G55-H 180 G3-L 50 0.8 Low wear <20 
9 G50-L 180 G3-L 50 0.8 Low wear <20 
10 G50-H 180 G3-L 50 0.8 Low wear <20 
11 G3-L 180 G3-L 50 0.8 Low wear <20 
12 G3-H 180 G3-L 50 0.8 Low wear <20 
13 G55-L 180 G3-L 100 0.8 Low wear <20 
14 G55-H 180 G3-L 100 0.8 Low wear <20 
15 G55-L 80 G3-L 180 0.8 Low wear <20 
16 G50-L 400 G3-L 50 0.6 SD + mild wear 27 
17 G55-H 400 G3-H 30 0.6 SD + high wear 107 
18 G55-H 180 G3-H 30 0.6 Mild wear 66 

1 Damage modes for the specimen: low (< 20 𝜇𝑚5), mild (< Aw <100 𝜇𝑚5) and high (> 𝜇𝑚5) wear and 
SD – surface damage i.e. fatigue cracks and/or micro-pits. 2 Test was repeated twice to test the repeatability. 

C.3.2.1 Effect of different crankshaft steels and hardness on wear 
damage of specimen 
For this setup, rough counterparts made of different steels were in contact 
with smooth specimens, which had RMS values of 180 and 30 nm, respec-
tively. Here, it was investigated if different steel grades at similar hardness 
values induce similar wear damage on the smoother specimen or not. Please 
note that a slight change in surface hardness of the specimens was measured 



Paper C Results and discussion 

 142 

after the test of approximately 20 -50 HV for a high hardness case for the 
counterparts. Figure 82 presents the wear damage of three types of steel 
grades with respect to the surface hardness difference between a specimen 
and different counterparts after the test. It can be observed that the counterpart 
made of G55 induces the lowest damage at both hardness values compared to 
G50 and G3. Interesting to note is that for both G55 and G50, wear damage 
does not show dependence on surface hardness difference, whereas G3 shows 
dependence on hardness difference. In this case, for low hardness difference, 
G3 induced the highest wear damage. Based on this observation, one can say 
that different steel grades and hardness difference do seem to influence the 
extent of induced wear damage on the specimen. However, the extent of dam-
age seems to be a function of hardness difference for G3 only. Test 2 was 
repeated to check the repeatability, the wear volume was within the standard 
deviation (error bars) of both tests, indicating a good repeatability.  
 

 
 
Figure 82: Wear damage of a specimen as a function of bearing steel composition of the coun-
terpart and hardness difference between the specimen and the counterpart after the test, for 
test 1-6. 

In the case of the lowest hardness difference (∆𝐻= ~40 HV), the G55-H 
induces the lowest amount of wear on the specimen. This is followed by G50-
H and the highest wear is observed for G3-H. In this case, for both G55-H 
and G50-H, the microstructure before the test consists of untempered marten-
site. As the test is performed under elevated temperature (100°C), such mi-
crostructure can get tempered during the test and the resulting drop of hard-
ness can, ultimately, explain lower induced wear damage on the specimen. 
For that a hardness profiles under the wear track were performed on the tested 
counterparts in order to confirm possible tempering. However, no significant 
tempering or change in hardness was measured for all the counterparts. This 
was not included in the paper as does not aid interpretation of the results. 
Nevertheless, both of these steels can potentially soften at elevated 
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temperature and that could explain lower wear compared to G3, but also no 
change is wear damage between different hardness differences.   

However, when comparing induced wear damage for high hardness dif-
ferences (∆𝐻 = ~115 HV), both the G3-L and G50-L induce a similar level 
of wear damage on the specimen but lower induced wear is observed for the 
G55-L, even though all grades exhibit stable tempered martensite at similar 
hardness levels. However, the potential softening and the hardness difference 
does not fully explain why different steel grades induce different amounts of 
wear damage if the hardness is kept relatively constant, for both high and low 
hardness difference.  

This suggests that a possible explanation could lie in the interaction be-
tween the ZDDP tribofilm and the steel microstructure, mainly related to the 
ability of tribofilm formation, with respect to the underlying microstructure 
for different counterparts. A recent study [49] showed that the tribofilm thick-
ness depends on whether the underlying microstructure is a residual carbide 
or a matrix, i.e. tempered martensite. The researchers observed that the ZDDP 
tribofilm thickness was thinner if the underlying microstructure is a residual 
carbide rather than a matrix. With this in mind, both G50 and G3 possess high 
amounts of a chromium alloying element, with the latter also having a high 
carbon concentration. Typically, a higher amount of residual carbides is ex-
pected for these two grades, compared to the G55. In this case, due to the 
lower affinity of tribofilm build-up on hard residual carbides, they could be 
kept exposed for a longer time and hence promote higher wear on the speci-
men.  

In contrast, when looking at the rough counterparts, a precise determina-
tion of wear was not feasible due to a relatively high surface roughness which 
affected the wear measurements. Based on these observations, no significant 
wear occurred but smoothening of the asperities. 

C.3.2.2 Effect of surface roughness and lambda ratio on surface 
damage of specimen  
The purpose of this investigation was to screen different surface roughness 
and lambda ratios and observe how this influenced the damage modes for 
both the smooth and the rough surface, see Table 45. Based on the results, 
mild wear was observed for polished (RMS = 30 nm) specimens (800 HV) 
when in contact with different counterparts. In this case, the extent of the wear 
damage appears to be dependent on the steel composition from which the 
counterpart is made from and the surface hardness difference between the 
specimen and the counterpart, as discussed in section 3.2.1.  

However, when the specimen is not fully polished (RMS = 50/100 nm), 
very low wear (polishing wear) was induced from the counterparts, regardless 
of their steel grade and hardness levels. It appears that a slightly rougher 
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surface (Test 7-15), despite being slightly softer (745 HV), prevents mild 
wear from taking place and only polishing wear occurs on both surfaces, as 
observed in previous work when only base oil was used [65]. In this case, 
different steel grades and hardness levels have a negligible effect on the ex-
tent of wear damage on the specimen. One possible explanation is that a 
slightly rougher surface can modify the rougher contacting surface at the very 
beginning of the test through plastic deformation and running-in wear. This, 
in turn, can establish lower wear conditions throughout the test. Also, similar 
behaviour was observed when the specimen was rougher than the counterpart 
(Test 15). 

Further tests were conducted to explore if higher surface roughness of the 
counterparts could lead to surface fatigue or not, see Table 45 (Test 16-17) 
for given rolling cycles. Based on the results, surface fatigue damage was 
detected on the smoother surface when the rougher surface was sufficiently 
rough. The surface fatigue was accelerated on the smoother surface if the am-
plitude of the rougher surface was high enough (with RMS = 400 nm). This 
would increase the EHL pressure spikes within the contact [74] and increase 
the risk of surface fatigue on the smoother surface through stress history 
[15,47].  

Interesting to note is that the surface fatigue occurred regardless of high 
or mild wear taking place on the smoother surface (Test 17/18). Previous re-
searches [64,65] showed that the same engine oil under similar operating con-
ditions completely retards micro-pitting or surface fatigue damage by increas-
ing the wear component. However, the surface roughness of the rough surface 
was slightly lower (RMS = 300 nm) and both surfaces were harder (~66 
HRC) in those studies. The lower roughness would reduce the EHL pressure 
spikes within the contact and thereby reduce the risk of surface fatigue. This 
indicates that the surface fatigue process was triggered above a certain ampli-
tude of surface roughness for the given operating conditions and a certain 
number of cycles.  

On the other hand, higher hardness could potentially increase the risk of 
fatigue by lowering the wear component and reducing plastic deformation of 
the asperity peaks. This would maintain a high amplitude of surface rough-
ness for the rougher surface and wear the fatigue layers of the smoother sur-
face to a lesser degree. Hardness is known to be proportional to yield strength 
and typically a high hardness level delays crack formation and propagation.  

Recent work [73] showed that shallower surface fatigue damage is ex-
pected for harder surfaces compared to softer ones for the same number of 
cycles. This suggests that hardness affects the extent of wear and plastic de-
formation that occurs during running-in and, in turn, affects the extent of sur-
face damage, with respect to the depth of surface damage if the fatigue pro-
cess was triggered. Surface analyses were carried out on tests 17 and 18, 
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where the rougher counterpart had an RMS of 400 and 180 nm, respectively, 
to investigate surface morphology, see Figure 83. 
 

RMS = 30 nm 

 
(a1) Test 17 - SD + high wear 

 

RMS = 30 nm 

 
(b1) Test 18 - mild wear  

RMS = 400 nm 

 
(a2) Test 17 - wear not quantified  

RMS = 180 nm 

 
(b2) Test 18 - wear not quantified 

Figure 83: Surface damage morphology concerning different surface roughness for test 17 
and 18. Where (a1) and (b1) represent the specimen and (a2) and (b2) represents the counter-
part for both tests, respectively.  

Surface fatigue damage was observed on the smoother surface that was in 
contact with the rougher surface; there was a higher amplitude of surface 
roughness despite having higher wear on the smoother surface. As aforemen-
tioned, a higher amplitude of surface roughness increases the risk of fatigue 
due to higher contact pressure induced from the roughness. In this case, it 
resulted in surface fatigue damage. The morphology of the surface damage, 
see Figure 83 (a1), indicated surface-initiated fatigue, with cracks extending 
transverse to the rolling direction and growing into the material under an an-
gle. In addition, the removal of small material fragments indicated high sub-
surface stresses close to the surface. Both high roughness and the presence of 
an anti-wear tribofilm that typically prevents running-in from taking place 
maintained high stresses at the asperity level and, in turn, increased the risk 
of surface fatigue. 
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Besides surface fatigue, all surfaces were covered with a ZDDP tribofilm 
that appeared slightly different. The presence of the film was confirmed with 
EDS analyses. In the case of both rough surfaces, the tribofilm for case Figure 
83 (b2) showed similar morphology throughout the contact, i.e. long flat 
patches of film (dark grey color) that show signs of delamination. However, 
for case Figure 83  (a2), flat patches of tribofilm were smaller and more de-
formed in the middle of the contact in comparison to the edges (especially the 
right edge), where a similar appearance of the tribofilm was observed as for 
case (b2). This suggests that the tribofilm was less stable in the middle due to 
tougher conditions, e.g. higher contact pressure. In the case of smooth sur-
faces, Figure 84 shows an EDS line analysis that was performed across the 
contact width to aid the interpretation of Figure 83 (a1 and b1). Please note 
that the line scan was performed outside the surface fatigue damage that could 
interfere with the results. 

 
(a1) 

 
(b1) 

Figure 84: SEM-EDS analyses - line scan for (a) test 19 - smooth surface and (b) test 20 - 
smooth surface 

Three distinct regions are observed regarding the tribofilm appearance and 
concentration of elements for case (a1) compared to only one region for case 
(b1). For case (a1), the dark grey edges, see Figure 83  (a1), demonstrate a 
tribofilm rich with high concentrations of P, S,  Zn and O elements (at 150 
and 800 μm). The edge typically represents a location of minimum film thick-
ness for such EHL contact. This suggests high asperity-asperity contacts, 
however, the contact pressure was relatively low in this region. The second 
region, of light grey appearance, showed signs of high deformation and very 
fine patches of tribofilm that correspond to high concentrations of S and Zn, 
but less P and O elements (from 170-300 and 720-780 μm). However, the last 
region (dark grey appearance) presented a very flat tribofilm with transverse 
cracks extending throughout the film. In this case, a very high concentration 
of O was observed, indicating thick oxide layer. For other three elements, 
very similar concentration was observed with Zn being the highest, followed 
by P, and lastly the S element (from 320 to 720 μm). Furthermore, this region 
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(location of maximum contact/EHL pressure) showed the highest wear dam-
age that was measured with the optical interferometry. This suggests that the 
ZDDP additive, in this case, worked as an EP (extreme pressure) additive and 
protected the surface from seizure but also promoted wear damage through 
the delamination of the surface layer [30]. 

In contrast, looking at the surface in case (b1), the specimen surface con-
tact was covered with a homogenous tribofilm with a similar appearance to 
case (a1) in the second region. However, when looking at the elemental con-
centration, a very different ratio of elements is observed for case (b1). In this 
case, the concentration of the O was much lower, whereas the Zn element was 
almost two times higher than that of P and S. This suggests that due to the 
lower wear damage and the higher concentration of Zn element a relatively 
stable Zn-rich tribofilm was formed which protects the surface from wear. In 
this case, the ZDDP additive worked as an anti-wear additive and protected 
the surfaces from wear. 

It can be said that at extreme conditions (high EHL contact pressure, high 
roughness), the ZDDP additive works as an EP additive to protect smooth 
surfaces from seizure but also promotes wear through mild surface corrosion 
and delamination of the newly developed surface film. In mild conditions, the 
ZDDP works as an AW additive and forms a relatively stable tribofilm rich 
in Zn element. This protects the surface from wear. This dual effect of ZDDP 
additives has already been reported previously [30,50] as well as the detri-
mental effects EP additives have on rolling contact fatigue life [31]. There-
fore, rolling surfaces should be sufficiently polished for the given operating 
conditions to not promote the continuous work from EP additives, which can 
drastically reduce rolling contact fatigue life. In this case, it resulted in surface 
initiated rolling contact fatigue. 

C.3.3 RESIDUAL STRESS CHARACTERIZATION  
Residual stress measurements were carried out on the untested counterparts 
made of potential crankshaft bearing steels to observe the magnitude of the 
beneficial compressive stress state induced from the induction hardening pro-
cess. Typically, a high compressive residual stress state is beneficial for im-
proving rolling contact fatigue as it can delay crack formation and propaga-
tion, as shown in previous work [73]. Additionally, another set of residual 
stress measurements were conducted on the tested counterparts (Test 7-10 
and 12) to explore any changes in the stress profile that could be induced from 
the actual testing. Figure 85 and Figure 86 present the residual stress meas-
urements for untested and tested counterparts made of medium carbon steel 
(G55 and G50) and high carbon steel (G3), respectively.  

All untested counterparts exhibited a high compressive stress state at the 
surface for both axial and tangential directions. This is typically the 
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consequence of machining operation after the heat treatments, i.e. grinding in 
this case. After this, the residual stresses sharply decreased in the first 10 μm 
of depth and then were more or less stable until 0.2 mm in depth.  In the 
circumferential direction, a relatively high level of compressive residual 
stress was obtained for both medium carbon steels (G55 and G50) below 10 
μm of depth.  However, almost negligible compressive stress is observed for 
high carbon steel (G3), see Figure 85. Table 46 summarises the maximum 
obtained compressive residual stress for untested counterparts in a circumfer-
ential direction.  
 
Table 46. The maximum compressive residual stress after surface induction hardening (SIH) 
and tempering (T) for untested counterparts in circumferential direction. 

Residual 
stress 

G55 IH G55 IH + T G50 IH G50 IH + T G3 IH + T 

𝜎  [MPa] -320 -180 -380 -260 -50 
 

Typically, steels with high hardenability (high carbon steels) possess a 
higher tendency to through-harden compared to low hardenability steels [48]. 
However, this is not the case here since the surface hardening depth was sim-
ilar for all three types of steel (around 2 mm). Typically, high carbon steels 
have lower Ms and Mf (martensite start and finish) temperatures compared to 
medium carbon steels. Due to this, a higher amount of retained austenite was 
formed during quenching. In this case, the Ms temperature for the G3 is even 
lower due to the addition of alloying elements. This further increased the vol-
ume fraction of retained austenite in the heat-treated microstructure. The mi-
crostructure with a high volume fraction of retained austenite exhibited low 
compressive stress [75]. This presents the likely explanation as to why a very 
low compressive stress is observed for the G3 compared to G55 and G50. 
Nevertheless, the residual stress profile in the axial direction was slightly in 
tension for all untested counterparts regardless of steel grade. This is probably 
because the whole surface of the counterpart was induction hardened, hence 
volume expansion of martensite was not restricted to the axial direction. This 
leads to slight tension.  
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(a) Stress in circumferential direction  

 
(b) Stress in axial direction 

Figure 85: Residual stress profile for surface induction hardened untested and tested counter-
parts made of G55 and G50. 

When looking at the residual stress profile for the tested counterparts, in a 
circumferential direction, one can say that almost no significant change is 
observed due to the test for the G55 and G50 discs (in tempered and untem-
pered state). However, when looking at the G3, the stress state changed from 
a relatively low compressive stress (-50 MPa) to a relatively high tensile 
stress (+185 MPa) at a depth of 10 to 50 μm. Repeated measurements were 
conducted to confirm this finding and exclude any errors that could occur 
from the measurement technique. It appears that the shift from compressive 
to tensile stress occurred due to the rolling/sliding test done under boundary 
lubricated conditions. Also, in the axial direction a similar observation was 
seen, where the initial residual tensile stress for the G3 increased to around 
150 MPa between 10 to 50 μm in depth. In contrast, for the G50 no significant 
change occurred from the test in the axial direction, whereas a slight decrease 
was seen for the G55.  

Typically, throughout the literature, an increase in compressive stress has 
been widely observed at the location of maximum Hertzian shear stress (0.1 
- 0.5 mm in depth), which was induced by the rolling motion [76,77] for the 
100Cr6 steel in full-film lubrication (Λ	> 3). This was associated with the 
transformation of retained austenite into martensite, which alters the pattern
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of stresses via the change in density [77]. However, in this case, instead of an 
increase in compressive stress, an increase in tensile stress is observed from 
a depth of 10 to 50 μm, see Figure 86. It remains unclear why tensile stresses 
were introduced. High tangential forces, plastic deformation and thermal 
heating at and beneath the surface can induce such stresses. Nevertheless, the 
exact mechanism is unknown and was not further investigated as it exceeds 
the current scope of this paper. 

 
(a) Stress in circumferential direc-

tion 

 
(b)  Stress in axial direction 

Figure 86: Residual stress profile for G3. 

Based on the residual stress profiles for all the investigated steel grades, one 
could say that the G3 is the most susceptible to fatigue, as the tensile residual 
stress is known to be detrimental to fatigue life. Previous work showed that 
the surface rolling contact fatigue is sensitive to the residual stress state. The 
rate of surface fatigue was shown to be two orders of magnitude higher for 
the surface without compressive residual stress in the subsurface region (lo-
cation of Hertzian shear stress) compared to that with the surface and subsur-
face region being in a compressive state for the same surface hardness level. 
This suggests that the counterpart made of G3 is more prone to fatigue dam-
age than the other two grades. 

C.4 CONCLUSION 
In this paper, the tribological performance of three potential crankshaft bear-
ing steels were investigated in a disc-on-disc contact configuration, lubricated 
with state-of-the-art low viscosity 0W20 engine oil. The operating conditions 
were kept similar to the ones prevalent in a light-duty ICE. Counterparts, 
which represented a crankshaft/inner raceway, were surface induction hard-
ened (and tempered), and specimens, which represented a rolling element, 
were through-hardened and tempered. All heat treatments were specially de-
signed and optimized for operating under an ICE environment. A damage 
mode investigation was performed on different combinations of disc pairs 
with respect to material, hardness and surface roughness. After the test, 
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surface damage modes were assessed and characterized. Additionally, resid-
ual stresses were characterized after the heat treatments and after the test. 
Based on the results, the following conclusion can be drawn: 

• The amount of induced wear damage on the smooth specimen was 
shown to be dependent on bearing steel grade of which the rough 
counterpart was made of and the surface hardness difference between 
the specimen and the counterpart. The counterpart made from DIN 
100Cr6 induced the highest damage this was followed by DIN 
50CrMo4 and the lowest damage was induced by DIN C56E2 steel. 
However, only polishing wear was observed if the smooth surface 
was slightly rougher but softer regardless of the steel grade that the 
counterpart was made of. 

• The ZDDP anti-wear additive was shown to have a dual effect as an 
AW or EP additive. Under extreme conditions (RMS = 400 nm) the 
EP additive was active (tribofilm concentration rich in P, S, and Zn) 
and protected the rough surface from wear but promoted wear on the 
smoother surface. In this case, this promoted surface fatigue damage. 
For moderate conditions (RMS = 180 nm), the AW additive was ac-
tive instead of the EP on the smoother surface, thus minimizing wear 
damage. In this case, the formed tribofilm was rich in Zn element and 
no fatigue damage was observed for given test cycles. 

• Relatively high compressive residual stress was observed for both 
medium carbon steel (DIN 50CrMo4 and C56E2), whereas only mar-
ginal compressive stress was observed for high carbon steel (DIN 
100Cr6). Also, no significant change in the residual stress was ob-
served after a test for the both medium carbon steels. In contrast, the 
residual stress state for the high carbon steel changed to a relatively 
high tensile stress near the surface region, indicating a higher risk of 
surface fatigue. 
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Abstract 
Current state-of-the-art engine oils tend to enhance micro-pitting damage in 
rolling contacts under certain operating conditions. The ZDDP anti-wear ad-
ditive was shown to promote such behavior. However, in order to optimize 
an engine oil formulation for rolling contacts, further studies are needed to 
assess engine oils in terms of micro-pitting and wear damage. This investiga-
tion studies the micro-pitting and wear performance of a number of engine 
oils for rolling contacts in a ball-on-disc configuration under conditions prev-
alent in crankshaft roller bearing applications. Based on the results, it was 
concluded that an engine oil containing a higher blend of PAO base oil com-
pared to the oil mixture of Group III and PAO has a lower tendency towards 
micro-pitting and wear. 
 
Keywords:  
Micro-pitting;	ZDDP;	Mild	wear;	Rolling	contact
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D.1 INTRODUCTION 
The automotive industry is continuously forced to improve internal combus-
tion engines (ICEs) and develop low cost, low emission solutions in order to 
meet the demanding CO2 regulations. One such improvement is to reduce the 
friction losses that arise in ICEs. For example, in passenger cars around one 
third of the fuel energy is wasted in overcoming friction losses [3]. Around 
12% fuel energy is lost in the actual engine due to friction. Currently, the 
majority of ICEs employ crankshaft journal bearings due to their straight for-
ward assembly in split pairs, better reliability and low cost production. By 
switching to roller crankshaft bearings, the engine efficiency improvement 
has been shown to be up to 5%, [4–6]. However, several challenges have to 
be addressed before successful replacement of journal bearings with roller 
bearings for crankshaft production engines. 

One such challenge is the smooth and durable operation of rolling ele-
ments together with a low viscosity engine oil. Baubet et al. [2] showed the 
likely failure modes of crankshaft roller bearings lubricated with current 
state-of-the-art low viscosity engine oils, where micro-pitting and polishing 
wear presented the failure mode of rollers lubricated with fully formulated 
engine oil. In addition, pitting and wear were identified as likely failure 
modes when lubricated with a pure base oil only. It was concluded that engine 
oils tend to promote the formation of micro-pitting on the rolling contact sur-
faces due to the action of ZDDP additives. This anti-wear additive is benefi-
cial for tribology of sliding contacts but detrimental for rolling contacts [4].  

Benyajati and Olver [21] experimentally showed that the ZDDP additive 
protects rolling surfaces from wear and promotes micro-pitting formation. 
The mechanism was explained to be the action of ZDDP additives forming a 
protective reaction layer on the interacting surfaces. This action, in turn, pre-
serves the original surface roughness and thus maintains high stresses at the 
asperity level. In addition, they observed an increase in friction level that 
might enhance the risk of micro-pitting. Furthermore, Laine et al. [7] clearly 
showed the action of ZDDP on micro-pitting. They also revealed the inverse 
correlation between mild wear and micro-pitting damage. Further research by 
Laine et al. [57] showed improvement in micro-pitting performance by add-
ing a friction modifier to the oil containing ZDDP additives. This led to a 
reduction in friction on the contacting surfaces and thereby reduced local 
stresses in the vicinity of the surface. 

 Morales and Brizmer [15] further showed that even without the presence 
of additives, wear and micro-pitting are indeed two competing mechanisms 
acting on the surfaces operating under boundary/mixed lubrication condi-
tions. They showed that micro-pitting damage depends on the lubrication 
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condition and roughness of contacting surfaces. Micro-pitting damage is a 
function of slip and boundary friction, where the highest micro-pitting dam-
age was observed at low percentages of slip. A continued increase in slip re-
sulted in higher wear and thereby retarding micro-pitting damage. Further-
more, they showed that rougher surfaces always impose the fatigue micro-
cycles on the smoother one. Therefore, micro-pitting damage will always ap-
pear faster on a smoother surface.  

When adding a particular additive into the base oil, micro-pitting perfor-
mance is mostly dependent on the corresponding coefficient of boundary fric-
tion and mild wear [22].  Generally they showed that lower friction and higher 
wear, leads to lower micro-pitting damage. Brizmer et al. [8] further studied 
the influence of ZDDP tribolayer formation on micro-pitting performance. 
They showed that a higher steady-state mean thickness of the tribolayer leads 
to higher micro-pitting damage. One of the key parameters affecting tribo-
layer formation and final thickness is the surface roughness of the counter 
body. Higher roughness of the counter surface leads to higher final tribolayer 
thickness.  

Based on the aforementioned research, wear and micro-pitting have been 
shown to indeed be two competing mechanisms in rolling contacts operating 
under a boundary lubrication conditions, with or without the presence of 
ZDDP additives. In order to improve an engine oil formulation to successfully 
cope with rolling contacts, further studies are needed to evaluate and improve 
existing engine oils based on micro-pitting and wear assessments. The current 
study investigates the performance of current and prototype engine oils under 
the conditions prevalent in crankshaft roller bearings, excluding the effects of 
transient loads. The investigated oils have different viscosities and additive 
concentrations to investigate their effects on micro-pitting and wear damages. 
In addition to that, different base oil blend is used for one oil.  

D.2 METHODOLOGY 
A ball-on-disc test machine, Wedeven Associates Machine (WAM) 11, was 
employed in this study. The schematics of the contact configuration is de-
picted in Fig. 1. The WAM machine features advanced positioning technol-
ogy for high precision testing at various conditions. Both the ball and the disc
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are independently driven by electrical motors up to a speed of 25000 and 
12000 RPM, respectively. The standard ball and disc specimen has a diameter 
of 20.63 and 101.00 mm. The maximum achievable Hertzian contact pressure 
for this configuration is 2.91 GPa. The machine has integrated cooling and 
heating systems allowing for lubricant test temperatures between 5 and 
100°C. The lubricant circulates from the lubricant reservoir and lubricates the 
contact through the lubricant dispenser in the middle of the disc in Fig. 1. The 
oil dispenser has small holes located on the outer side in order to distribute 
the lubricant onto the disc. The machine measures force in all three-principle 
axes, i.e. X, Y and Z. In addition to that, the machine measures shaft rotating 
speeds, oil pump speed and temperatures from thermocouples (up to twelve). 
The current configuration measures three temperatures: temperature of the 
bulk lubricant (reservoir), the outlet temperature of the lubricant supply, and 
the oil film temperature on the disc (close to the dispenser). 
 

 
Fig. 1. Schematic of contact configuration for the WAM machine 

D.2.1 TEST LUBRICANTS AND SPECIMENS  
Five different engine oils were used for this investigation; amongst those, 
three prototype oils. Table 47 summarises the information about these oils. 
All oils are based on the base oil mixture of Group III and polyalphaolefins 
(PAO). The standard production engine oil is oil A 0W20 that contains a 
standard additive package with an anti-wear additive known as the ZDDP 
additive. The optimized rolling contact oil (Oil A 0W20 RC) has the same 
additive chemistry as the standard production oil A 0W20, but without vis-
cosity modifiers and a much higher base oil blend viscosity, meaning a higher 
blend of PAO base oil compared to the standard production oil A 0W20. The 
downgraded version of the standard A oil (0W20 10% D) simulates a ten 
percent fuel dilution by reducing the viscosity modifier concentration to a ten 
percent lower viscosity and lower additive package by ten percent. The oil A 
0W16 has a reduced viscosity compared to the standard oil A 0W20, simply 
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by reduction of the viscosity modifier level to get the viscosity grade of 
0W16. The additive package remains identical compared to standard produc-
tion engine oil A 0W20. The oil B 0W20 has the same viscosity grade as other 
corresponding oils with viscosity grade 0W20, however, additive package 
(containing ZDDP additives) and mixture of base oil (PAO and mineral) is 
different.  

 
Table 47. Description of testing oils 

Designation SAPS1 
level 

Viscosity 
grade 

Kinematic 
viscosity2 at 
100°C [cst] 

Description 

Oil A 0W20 Mid 0W20 8.1 Standard production 
engine oil A 

Oil A 0W20 RC Mid 0W20 7.7 Optimized for rolling 
contact 

Oil A 0W20 10%D Mid 0W20 7.7 Downgraded version of 
the standard oil A 

Oil A 0W16 Mid 0W16 6.6 Reduced viscosity of 
standard oil A 

Oil B 0W20 Low 0W20 7.5 Standard production 
engine oil B 

1Sulfated ash, phosphorus and sulfur.  
2Measured with Microlab40 device (Spectro Scientific), according to ASTM D7417 standard. 
 

The specimens used were made from 100Cr6 bearing steel. The ball had 
a polished surface with average surface roughness RMS of 25±10 nm. The 
disc had an average surface roughness RMS of 250±30nm. Both, the ball and 
the disc had a hardness value of 60 HRC.  

D.2.2 TESTING PROCEDURE  
Before starting the test, the device and specimens were thoroughly cleaned 
with heptane and ethyl alcohol. In addition to this, specimens were addition-
ally cleaned in an ultrasonic bath for 5 minutes before and after the test in 
heptane. Prior to actual testing, the device, and the specimens, were heated 
up to 100°C and held at this temperature for 30 minutes to ensure temperature 
stability. This was achieved by circulating the oil into the contact and having 
the ball slightly above the disc so that the lubricant was circulated over the 
ball, thus ensuring warm up of the components.  

Once the temperature was stabilized, a load of 335 N (equivalent to a max-
imum of 2.0 GPa contact pressure) was applied and then the calibration of 
pure rolling was executed. After that, the test was launched. The testing con-
ditions are summarized in Table 48. In addition, prior to and after actual test-
ing, both Stribeck and traction tests were performed for all the tests in the 
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same sequence. However, these tests are not presented in this paper as they 
do not aid with the understanding. 

The ball rotated faster than the disc, thus resulting in a positive slide-to-
roll (SRR) ratio of 5 percent, which can be defined simply as the speed dif-
ference divided by the mean entrainment speed. During the test, the oil was 
continuously pumped into the contact delivering approximately 0.18 ml/min, 
ensuring a thin oil film on the disc. 
 
Table 48. Testing conditions to investigate micro-pitting and wear damage. 

Testing conditions  Values 
Maximum contact pressure, Pmax [GPa] 2.0 

Entrainment speed, Ue [m/S] 1.0 
Slide-to-roll ratio, SRR [%] +5 

Lambda ratio, Λ »0.15 
Surface temperature of the disc , Ts [C°] 100 

Test duration, td [h] < 100 

 
Tests were run in the boundary lubrication condition, with a lambda ratio (Λ) 
of approximately 0.15, calculated as: 
 

Λ = `abc

def�
h ief�

h
,  

(1) 

where ℎ,-. is the minimum film thickness of the lubricant film in the contact, 
𝑅j� and 𝑅j� represents the surface roughness of the ball and disc specimens, 
respectively. The minimum film thickness was calculated based on the Ham-
rock-Dowson equation for lubricated point contacts [11] with a pressure-vis-
cosity coefficient a of 20 GPa-1. The pressure viscosity coefficient was used 
to serve as an estimate since the exact pressure viscosity coefficients for in-
vestigated oils are unknown. Therefore, the lambda ratio might slightly vary 
depending on oil used. 

The test duration was the same for all investigated oils. The testing matrix 
is depicted in Table 49. In total, seven tests were performed, and then two 
tests were repeated in order to check the repeatability and the influence of 
outer-most and inner-most disc track diameter on the results. 
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Table 49. Testing matrix to investigate engine oil performance. 

Test number Oil Disc number Track diameter 
[mm] 

1 Oil B 0W20 1 85 
2 Oil B 0W20 1 82 
3 Oil A 0W20 1 79 

4 Oil A 0W20 RC1  1 70 

5 Oil A 0W20 RC 2 97 
6 Oil A 0W20 10 % D2 2 94 
7 Oil A 0W16 2 91 

1 RC - Rolling Contacts, 2D - Dilution 

D.2.3 POST ANALYSIS  
Post analyses were performed with an optical interferometer, Zygo 7300, to 
assess micro-pitting and wear damage. In addition to this, an optical micro-
scope was employed for generating pictures of the wear track. However, be-
fore analysing the surfaces, the ZDDP tribolayer that formed on both surfaces 
was removed using EDTA (ethylenediaminetetraacetic acid) solution accord-
ing to [45]. The percentage of micro-pitted area Am and worn area Aw on the 
ball surface were measured by processing the surface contour maps captured 
with the optical interferometer, shown in  Fig. 2. 

 
 Fig. 2. Image processing - Surface captured by optical interferometer. 

The topography of the specimens was captured ten times along the ball rolling 
track and were later on processed with the commercially available software, 
MountainsMap. The percentage of micro-pitted area, Am, was assessed within 
the observed area domain (0.555 mm x 0.522 mm) by manually adjusting the 
threshold height (plane) in order to cover all the pits, as depicted in Fig. 3. 
All valleys beneath the chosen threshold height are considered as pits. The 
threshold height was chosen based on the visual comparison of 3D or 2D 
surface image of micro-pitted measurement (a) with an analyzed image (b)
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until a reasonable comparison of a micro-pitted area was observed. The area 
domain was constant for all measurements, where one dimension represents 
the Hertzian contact width.  

 
(a) 

 
 

 
 

(b) 
Fig. 3. Example of micro-pitting measurements: (a) surface image captured from the optical 

interferometry; (b) analyzed image, micro-pitted area (blue) and non-micro-pitted area 
(green). The percentage of micro-pitted area is 2.4 % in this example. 

The described processing sequence was done manually for each measure-
ment and the final obtained percentage of micro-pitted area, Am, was simply 
the average of all ten measurements. The micro-pits are uniformly distributed 
on the wear track, therefore, this method was considered as a reliable tech-
nique to determine the micro-pitting damage.  
Wear, on the other hand, was calculated by measuring the worn area of the 
cross-section of the wear track as depicted in Fig. 4. Again, the average wear 
area, Aw, was obtained from all ten measurements of each specimen. 

 
Fig. 4. Example of wear measurement showing the cross-section of a wear track. 

D.3 RESULTS AND DISCUSSION 
Friction, micro-pitting and wear performance of tested oils are described in 
the following sections. 

D.3.1 FRICTION PERFORMANCE 
The coefficient of friction shows similar trend for all oils, see Fig. 5. At the 
beginning, the friction coefficient slightly increases. This is attributed to the 
formation of ZDDP layer on the rubbing surfaces, causing an increase in 
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friction [7,8,21]. Once the tribofilm is formulated, the friction stops increas-
ing. This is followed by a slightly negative slope of friction coefficient over 
time that lasts to the end of the test. The running in process takes place from 
the beginning of the test, however it is suppressed by constant formation of 
ZDDP tribofilm that protects the surface [21]. Therefore, the negative slope 
of friction coefficient is probably the result of the competition between tri-
bochemical and mechanical action i.e. between mild wear and tribofilm for-
mation. 

The measured friction coefficient has shown dependence on the track di-
ameter of the disc, see Fig. 5. In general, higher diameter leads to higher fric-
tion. This can be clearly observed in test four and five where the same oil is 
used. 

 
Fig. 5. Measured friction coefficient for the first 10h of test duration. 

These tests were run on the inner-most and outer-most diameter, test four 
and five, respectively. This large difference of friction could be attributed to 
the fact that the outer-most diameter on the disc has a longer circumference, 
thus having a lower rate of asperity smoothing on the disc compared to the 
inner-most diameter. This, in turn, affects the friction behavior of the ball; 
resulting in higher friction when in contact with the outer-most diameter on 
the disc compared to the inner-most one.  
Fig. 6 shows the mean coefficient of friction for the entire duration of all the 
tests. No clear trend is observed between each oil but as already mentioned 
the friction coefficient shows dependence on the track diameter. 
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Fig. 6. Mean coefficient of friction for all oils for duration tests. 

 
Nevertheless, to exclude the effect of the disc track diameter, results for the 
mean coefficient of friction can be normalized, simply as:  

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑	𝑚𝑒𝑎𝑛	𝐶𝑂𝐹- = 	
𝑟,rI
𝑟-

𝑚𝑒𝑎𝑛	𝐶𝑂𝐹- (2) 

where, rmax is the radius of test five (the largest track diameter on the disc) 
and ri is test number. Fig. 7 shows the normalized values of the mean coeffi-
cient of friction for all tests. It can be concluded that the value of the mean 
coefficient of friction is rather similar for all tested oils. One explanation be-
hind this is that the measured friction is dominated by boundary friction since 
the operating conditions are towards the boundary lubrication conditions. 
Therefore, no clear assessment of coefficient of friction with respect to dif-
ferent oils can be performed in this setup.  

 
Fig. 7. Normalized mean coefficient of friction for duration tests. 
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D.3.2 MICRO-PITTING PERFORMANCE 
The micro-pitting performance of engine oils for all tests is depicted in Fig. 
8. In addition, the micro-pitted contact tracks of all tested balls are depicted 
in Fig. 9. Clearly, oil B tends to form the highest percentage of micro-pitting 
area by approximately three percent around the wear track. In addition, two 
repeated tests for the same oils show good repeatability, oil B and oil A 0W20 
RC. 

The size of the micro-pits does vary when comparing micro-pitted damage 
on balls for test four and five, see Fig. 9. The former shows much larger mi-
cro-pit sizes up to 100 µm in diameter, but less densely distributed around the 
wear track compared to the latter one. In this case, much smaller micro-pits 
up to 30 µm are observed, but these micro-pits are much more densely packed 
around the wear track. 

The percent of micro-pitting damage when using standard production oil 
A 0W20 is one percent lower than when using oil B. This might suggest that 
the concentration of ZDDP additive is lower in this case, thus resulting in a 
lower percentage of micro-pitting damage.  

When all three prototype oils are used, the percentage of micro-pitting 
damage tends to decrease significantly compared to the standard oil. Oil A 
0W20 RC shows fifty percent less micro-pitting damage than standard pro-
duction oil A 0W20, although the additive package is the same. This implies 
that the base oil blend has an effect on micro-pitting tendency, resulting in 
less micro-pitting damage when more PAO is added in the blend. Different 
base oils show different behavior in the pressure-viscosity relationship.  

For instance, PAO oil tends to have lower pressure-viscosity coefficient 
and is more compressible than a mineral oil. Stiffer oil shows a higher mag-
nitude of EHL pressure spikes and thus, results in higher sub-surface stresses 
closer to the surface [78]. This suggests that both the pressure-viscosity coef-
ficient and the compressibility have a great influence on the tendency towards 
micro-pitting. More compressible oil might lower the stress field below the 
asperities and thus reduce the severity of the damage accumulation, and 
thereby retard micro-pitting damage. In addition, PAO has been shown to 
have higher pitting life than a mineral one due to presumably lower EHL fric-
tion coefficient [53]. This could be closely connected to micro-pitting since 
higher friction is known to bring the stress field closer to the surface and thus, 
results in higher stress history which in turn increases the probability of mi-
cro-pitting. 
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Fig. 8. Micro-pitting performance of engine oils. 

In order to investigate the influence of the lower additive package and 
lower viscosity on micro-pitting, oil A 0W20 10% D was used. In this case, 
the percentage of micro-pitting damage was the lowest amongst all tested oils. 
This suggests that both a lower concentration of the additive package and 
viscosity tend to suppress the tendency towards micro-pitting. A lower con-
centration of the additive package can retard the rate of deposition of the 
ZDDP additive, which in turn, can lead to a thinner tribofilm. The ZDDP 
additive is known to increases the friction by forming films at the summits of 
the asperities [23]. Thus, it makes the roughness amplitude larger, resulting 
in more boundary friction. Therefore, a lower additive concentration would 
suppress the increase in friction due to the reduced growth of such tribofilm. 
Hence, this will reduce the severity of the contact and thereby reduce the ten-
dency towards micro-pitting. A lower viscosity results in lower film thick-
ness, which in turn increases the wear rate. 

To further isolate the effect of lower viscosity on micro-pitting and wear 
performance, oil A 0W16 was employed. In this case, the percentage of mi-
cro-pitting damage was much lower than for the standard production oil A 
0W20. This implies that the film thickness is lower in this case, leading to 
more asperity-to-asperity interactions. Furthermore, the additive chemistry is 
the same, which results in the same rate of deposition of ZDDP additive. 
However, in this case the surface has lower protection from mild wear, see 
paragraph 2.6 wear performance, leading to a thinner tribofilm and thus, re-
sulting in more wear and less micro-pitting damage. 
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Oil B - Test 1 

 
Oil B - Test 2 

 
Oil A 0W20 Test 3 (location 1) 

 
Oil A 0W20 Test - 3 (location 2) 

 
Oil A 0W20 RC - Test 4 

 
Oil A 0W20 RC - Test 5 

 
Oil A 0W20 10%D - Test 6 

 
Oil A 0W16 - Test 7 

Fig. 9. Example of micro-pitted wear tracks of tested balls. 
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D.3.3 WEAR PERFORMANCE 
The wear performance is depicted in Fig. 10. Tests show a low scatter of wear 
results. However, relatively large differences in overall worn area can be seen 
for test four and five, which should show similar wear damages since the 
same oil is used in these two tests. This large difference could be attributed 
again to the fact that the outer-most diameter on the disc has a much longer 
circumference, as discussed in section 2.4. This, in turn, affects the wear be-
havior of the ball; resulting in higher wear damage when in contact with the 
outer-most diameter on the disc compared to the inner-most one. Neverthe-
less, to exclude this aforementioned effect, wear results can be normalized, 
as in section 2.5, simply as: 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑	𝑤𝑜𝑟𝑛	𝑎𝑟𝑒𝑎	𝐴�.,- = 	
𝑟,rI
𝑟-

𝐴�,- (3) 

where, rmax is the radius of test five (the largest track diameter on the disc) 
and ri is test number. Fig. 11 shows the results of normalized wear for all 
seven tests. In this case, repeatability between test four and five is good, thus 
a normalization technique may be employed to compare different wear results 
between all tests.  
While comparing the oil B and the standard production oil A 0W20, a clearly 
higher wear rate can be observed in case for the latter. This suggests the same 
conclusion as with micro-pitting damage but the opposite trend. Oil B tends 
to micro-pit more, however, the wear is suppressed. This might further sup-
port the higher protection from wear due to the presumably thicker tribofilm 
in case of oil B. This is in good agreement with previous research [7].  

 

 
Fig. 10. Wear performance of engine oils 

A similar trend is seen between wear and micro-pitting damage for two other 
prototype oils: oil A 0W20 10%D and oil A 0W16. Wear damage in both 
cases increases compared to the wear damage when using the standard
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production oil A 0W20. This further supports the competing damage modes 
between wear and micro-pitting. In addition, film thickness is lower for the 
0W16 compared to 0W20 10%D, which implies that the wear should be 
higher, which is the case, even though lower concentration of additive pack-
age is used for 0W20 10%D oil. This suggests that ten percent lower additive 
concentration has a greater influence on the tendency towards micro-pitting 
damage than ten percent lower viscosity on wear damage.  
 

 
Fig. 11. Normalized wear performance of engine oils. 

However, in case of oil A 0W20 RC, the behavior does not follow the 
same trend as for the other oils. In this case, both micro-pitting and wear 
damage is lower compared to the standard production oil A 0W20. This im-
plies that this oil shows better performance in terms of wear and micro-pitting 
damage modes under these conditions as mentioned before. This can be at-
tributed again to a higher blend of PAO base oil. To further support these 
results, a study by Zhang et al. [79] observed the same trend with the wear 
loss. Lower wear loss was observed when PAO lubricant was used compared 
to the mineral one. Better micro-pitting and wear performance for oil A 0W20 
RC can be again attributed to its higher blend of PAO base oil. PAO base oil 
is known to reduce the severity of the contact conditions as discussed in sec-
tion 2.5.  

D.4 CONCLUSION 
Friction, micro-pitting and wear performances of engine oils were investi-
gated in ball-on-disc configuration under a boundary lubrication conditions. 
The effect of viscosity, additive chemistry and different amounts of base oil 
on the aforementioned performance were presented and discussed. Based on 
this investigation, the following conclusion can be drawn: 
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• Micro-pitting and wear are two competing damage mechanisms. In 
general, the higher the degree of micro-pitting, the lower the degree 
of wear is observed. This is in good agreement with previous research 
[7,8,22]. 

• Standard production oil A 0W20 showed a significantly lower ten-
dency towards micro-pitting (1% less) compared to oil B 0W20 but 
had higher wear damage.  

• All prototype oils A showed a lower tendency towards micro-pitting. 
In the case of 0W16, this lead to higher wear, due to its lower viscos-
ity. 

• A ten percent lower concentration of additives and viscosity for oil 
A 0W20 10%D resulted in significant improvements in the tendency 
towards micro-pitting compared to standard production oil A 0W20. 
Wear on the other hand was slightly increased. 

• The last prototype oil, oil A 0W20 rolling contact (RC), was designed 
in order to favor rolling contacts. The results showed significant im-
provements in terms of micro-pitting and wear performances. This is 
due to the use of a higher blend of PAO base oil compared to the oil 
mixture of Group III and PAO. PAO is known to have a higher com-
pressibility and lower pressure-viscosity relationship compared to 
mineral oil. These factors reduce both the magnitude of EHL pressure 
spikes and the EHL (full film) friction compared to the mineral oil. 
This, in turn, leads to lower sub-stresses beneath the contacting sur-
faces and thereby prolongs the fatigue life.  

• In this investigation, friction coefficient did not show any clear cor-
relation to micro-pitting and wear performances since it was assumed 
to be only the result of boundary friction.  
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Abstract 
Under certain operating conditions, rolling contacts have been shown to ex-
perience some challenges when lubricated with engine oils containing the 
zinc dialkyldithophosphate (ZDDP) anti-wear additive. In order to better un-
derstand the main damage mechanisms during various operating conditions, 
further studies are needed. This article studies micro-pitting and wear dam-
ages of bearing steel surfaces under mixed lubrication conditions in a ball-
on-disc setup, lubricated with different engine oils. Based on the results, mi-
cro-pitting and wear damage is shown to be highly case-dependent. In gen-
eral, PAO-based engine oil tends to eliminate micro-pitting damage com-
pared to mineral-based engine oil at less severe lubricating conditions. More-
over, a critical lambda was found for both oils where the highest micro-pitting 
damage was observed. 
 
Keywords:  
Micro-pitting;	ZDDP;	Mild	wear;	Surface-initiated	fatigu
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E.1 INTRODUCTION 
A crankshaft roller bearing engine presents a step into the future of internal 
combustion engines (ICEs). Current ICEs employ sliding bearings and their 
efficiency is far from optimal. Typically, the total engine friction is responsi-
ble for more than 10 percent of fuel energy losses in passenger cars [3]. By 
replacing sliding bearings with rolling element bearings, the engine efficiency 
can be improved up to 5 percent or more and therefore can directly reduce 
CO2 emissions [4–6]. However, in order to successfully employ rolling ele-
ment bearings, further investigations are required for a smooth and durable 
operation. Baubet et al. [4] highlighted probable failure modes of crankshaft 
roller bearings lubricated with engine oils. It was shown that micro-pitting 
and wear present the most likely failure modes when the anti-wear additive 
ZDDP is present. They concluded that ZDDP additive promotes micro-pitting 
and is beneficial for tribology of sliding contacts but detrimental for rolling 
contacts.  

Nevertheless, micro-pitting and wear damage do not represent actual com-
ponent failures but certainly can be the root causes of resulting failures. In 
this case, surface-initiated rolling contact fatigue that results in pitting may 
develop from such root causes, as previously shown by Rycerz [9]. Having 
this in mind, throughout this investigation the term “micro-pitting” damage 
is used to quantify the progression of surface-initiated fatigue, i.e. advanced 
state of micro-pitting, which was not removed by wear that leads to pitting. 
Therefore, it is important to assess and understand the root causes of such 
surface-initiated fatigue in order to prevent such premature failure. Vrcek et 
al. [60] presented a methodology to assess micro-pitting and wear of bearing 
steel surfaces under reduced lubrication conditions in a ball-on-disc configu-
ration. They assessed different engine oils, containing ZDDP additives, in 
terms of micro-pitting and wear damage in order to improve oil formulation 
and to further understand the complexity of such tribological contacts.  

However, attempts to isolate the role of the ZDDP additive on micro-pit-
ting and/or wear have been conducted in numerous studies [7,8,21–
24,55,57,80]. Based on these studies, it can be concluded that the ZDDP ad-
ditive protects the surfaces from wear and can promote micro-pitting for-
mation.  Numerous studies have been done on the action of ZDDP additives 
[8,23,24,55,72,80–82]. In general, the ZDDP additive protects the steel sur-
face by forming a tribolayer that prevents metal-to-metal contact and thereby 
controls the wear process. The tribolayer formation was shown to have four 
main stages [55]: activation, saturation, wearing-out and anequilibrium stage. 
The thickness of the tribofilm is mostly governed by the operating conditions
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[8]. It was shown that pressure, roughness and temperature are the main fac-
tors governing the growth and final tribolayer thickness. 

Many experimental studies have isolated the operating conditions and 
studied their effect on micro-pitting and wear. For example, sliding increases 
the severity of both micro-pitting and wear through increased numbers of mi-
cro-stress cycles induced by the rougher surface, until a certain threshold 
where the micro-pitting severity is reduced along with a further increase in 
wear due to sliding [15,28]. This competition between micro-pitting and wear 
determines the outcome for certain operating conditions.  

Furthermore, Laine et al. [7] showed that the roughness lay has an im-
portant effect on micro-pitting wear; the transverse roughness accelerates mi-
cro-pitting wear compared to the longitudinal roughness lay. However, how 
this affects both the micro-pitting and wear behaviour was not studied. Mo-
rales et al. [15,58] studied micro-pitting and wear damage both numerically 
and experimentally, where they suggested that a general trend for micro-pit-
ting damage is a function of wear and lambda ratio. Where the lambda ration 
is defined as the ratio of the minimum EHL film thickness and the composite 
surface roughness. They suggest that in the presence of wear, micro-pitting 
damage is the highest at an intermediate value of the lambda ratio, i.e. micro-
pitting is less at low or high lambda. However, no actual experimental verifi-
cation was provided.  

Concerning the actual application, Hultqvist et al. [83] numerically stud-
ied the elastohydrodynamic lubrication for the finite line contact during tran-
sient events. Typically, such events are present in ICEs. Nevertheless, they 
showed that during transient events, film thickness fluctuations were induced, 
leading to oscillations of the lambda ratio within in the contact. This, in turn, 
can have a significant effect on both micro-pitting and wear behaviour. There-
fore, a further understanding on how lambda ratios affect micro-pitting and 
wear is required. Vrcek et al. [60] experimentally showed that micro-pitting 
and wear damage is sensitive to which type of base oil is used, such as PAO 
or mineral oil, although such behaviour was not observed in the previous 
study by Laine et. al. [7].  

A numerical work by Hultqvist et al. [52] suggests that a stiffer oil, in this 
case a mineral oil, can, during a transient event, move the location of the 
maximum stresses from a subsurface region to the surface region. This would, 
in turn, enhance the fatigue process of the surface and may lead to higher 
wear and micro-pitting damage compared to less stiff oil.  

Nevertheless, the expected operating conditions for the actual application 
are more likely to be favoured towards the mixed lubrication conditions. Nu-
merous studies [7,14,21,60] have been conducted to explore the effect of the 
ZDDP additive on micro-pitting and/or wear in boundary lubrication. There-
fore, the aim of this study is to investigate how engine oils with different type 



Paper E  
 

 176 

of base oils, such as mineral and PAO, affect micro-pitting and wear behav-
iour for different lambda ratios. In addition, different roughness lays were 
studied to see their effect on wear and micro-pitting damage.  

E.2 METHODOLOGY 
A ball-on-disc test machine, Wedeven Associates Machine (WAM) 11, was 
utilized in this study. The schematic of the contact configuration is depicted 
in Figure 87. Both the ball and the disc are independently driven by electrical 
motors up to a speed of 25000 and 12000 RPM, respectively. The standard 
ball and disc specimen have a diameter of 20.63 and 101.00 mm, respectively. 
The lubricant circulates from the lubricant reservoir and lubricates the contact 
through the lubricant dispenser in the middle of the disc to be evenly spread 
over the disc surface. The current configuration measures three temperatures: 
the temperature of the bulk lubricant (reservoir), the outlet temperature of the 
lubricant supply, and the oil film temperature on the disc (close to the dis-
penser). For more details about the machine, see reference [60]. 
 

 
Figure 87. Schematic of contact configuration for the WAM machine. 

E.2.1 TEST LUBRICANTS AND SPECIMENS  
Two different engine oils were employed for this study: standard production 
engine oil A and prototype engine oil B. Table 50 summarizes the information 
about these two oils. 

Both oils are based on the base oil mixture of Group III and polyalphaole-
fins (PAO) and contain the same standard additive package, including an anti-
wear additive known as the ZDDP additive. The prototype engine oil B is 
optimized for rolling contacts without viscosity modifiers and a much higher
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PAO base oil blend viscosity to have similar viscosity as oil A.  By doing so, 
oil B has higher ratio of PAO to mineral base oil compared to the standard 
production oil A. Generally, PAO base oils tend to have lower pressure-vis-
cosity coefficient (a ≈ 20	𝐺𝑃𝑎A%), compared to the mineral base oils (a ≈
30	𝐺𝑃𝑎A%). Typically, an oil having a lower pressure-viscosity coefficient 
will result in lower EHL friction coefficient [84].  
 
Table 50. Description of testing oils. 

Designation SAPS1 
level 

Viscosity 
grade 

Kinematic 
viscosity2 at 
100°C [cst] 

Description 

Oil A 0W20 Mid 0W20 8.1 Standard production 
engine oil 

Oil B 0W20 RC Mid 0W20 7.7 Optimized for rolling 
contacts 

1Sulfated ash, phosphorus and sulphur.  
2measured with Microlab40 device (Spectro Scientific), according to ASTM D7417 standard. 
 
All specimens are 100Cr6 bearing steel, where ball radius, r = 20.625 mm. 
Table 51 summarizes the information about all specimens used in this study. 
 
Table 51. Specimens and specifications of initial surface roughness and hardness. 

Specimens Roughness lay Roughness, RMS [nm] Hardness, HRC 
Ball  Isotropic 25	±5 66 

Disc 1 Transverse1  250 ±15 66 
Disc 2 Longitudinal1  300 ±15 66 

1to the rolling direction. 

E.2.2 TESTING PROCEDURE  
Prior to testing, the device and specimens were thoroughly cleaned with hep-
tane and ethyl alcohol. Specimens were also cleaned and submerged in an 
ultrasonic bath containing heptane for 5 minutes before and after the test. Be-
fore the test, the device and the specimens were heated up to 100 °C and held 
at this temperature for 30 min to ensure temperature stability. After that, a 
load of 335 N was applied followed by the pure rolling calibration. Once this 
was done, the test was launched. A more detailed description about the testing 
procedure is described in [60].  

The testing conditions are summarized in Table 52. All tests were per-
formed at the maximum contact pressure pmax = 2.0 GPa. The SRR ratio, 
which can be defined simply as the speed difference divided by the mean 
entrainment speed, was warried from +5 percent (ball rotates faster) to -5 per-
cent (disc rotates faster).   
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Table 52. Testing conditions to investigate micro-pitting and wear damage. 

Testing conditions  Values 
Maximum contact pressure, Pmax [GPa] 2.0 

Slide-to-roll ratio, SRR [%] +5, -5 
Lambda ratio, Λ 0.15, 0.40 and 0.80 

Entrainment speed, ve [m/s] for T/L**  
Λ = 0.15 
Λ = 0.40  
Λ = 0.80  

 
1.00/1.26 
4.00/5.30 
11.22/- 

Surface temperature of the disc, Ts [°C] 100 
Numbers of cycles - ball  4.4 million* 

* the same for all the balls. ** T/L – transverse roughness lay (T) and longitudinal 
roughness lay (L) on the disc. 
 
The entrainment speed was varied to achieve the desired lambda ratios and is 
calculated as: 
 

Λ = `abc

def�
h ief�

h
, 

 

(1) 

 
where ℎ,-. is the minimum film thickness of the lubricant film in the con-

tact, and 𝑅𝑞�  and 𝑅𝑞�  represent the initial surface roughness of the ball and 
disc specimen, respectively. The minimum film thickness was calculated 
based on the Hamrock-Dowson equation for lubricated point contacts [11] 
with a pressure-viscosity coefficient a of 20 GPa-1 [85]. The pressure viscos-
ity coefficient was used to serve as an estimate since the exact pressure vis-
cosity coefficients for investigated oils are unknown. Therefore, the lambda 
ratio might slightly vary depending on the oil used. 

For all tests, balls were exposed to the same number of cycles and sliding 
distance in order to compare overall micro-pitting and wear damages. The 
testing matrix is depicted in Table 53. In total, thirteen tests were performed, 
in which the lambda ratio, SRR, and roughness lay were varied to examine 
their effect on micro-pitting and wear performance.  
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Table 53. Testing matrix to assess micro-pitting and wear damage for different operating con-
ditions. 

Test 
number 

Oil Lambda SRR Roughness lay  Track diameter 
[mm] 

1 A 0.15 +5 Transverse 79 
2 B 0.15 +5 Transverse 70 
3 B 0.15 +5 Transverse 97 

4 A 0.8 +5 Transverse 79 

5 B 0.8 +5 Transverse 70 
6 A 0.8 -5 Transverse 76 
7 B 0.8 -5 Transverse 73 
8 A 0.4 +5 Transverse 64 
9 B 0.4 +5 Transverse 67 

10 B 0.4 +5 Longitudinal 64 

11 A 0.4 +5 Longitudinal 67 
12 B 0.15 +5 Longitudinal 76 
13 A 0.15 +5 Longitudinal 79 

E.2.3 POST ANALYSIS  
Micro-pitting and wear damages of ball surface were assessed by using an 
optical interferometer, Zygo 7300. In addition, light optical microscope 
(LOM) was employed to generate images of the wear track. The percentage 
of global micro-pitting damage, Am, was assessed within the observed area 
domain (0.555 mm x 0.522 mm) simply as the ratio of projected micro-pitted 
area and the observed area domain (width similar to the Hertzian contact 
width). The exact methodology to assess global micro-pitting and wear dam-
age is described in [60]. 

The local micro-pitting damage is assessed within the same area domain. 
However, local damage is considered as a single micro-pit. An example of 
micro-pitted damage and assessment of local micro-pitting damage is de-
picted in Figure 88 and Figure 89, respectively. For the surface shown in Fig-
ure 89, case (a), micro-pitting damage is located and captured within the area 
domain; for case (b), the largest single micro-pit is isolated; and (c), the ratio 
of the local micro-pitted area (percentage of local micro-pitting) to the area 
domain is determined. The assessments were only done on the balls as micro-
pitting always develops on the smoother surface, in this case, the ball [15]. 
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Figure 88. Example of 3D image of micro-pitted damage. 

For assessing the global micro-pitting, ten random measurements were 
taken along the ball wear track and were averaged to obtain the mean global 
micro-pitting. This also made it possible to estimate the statistical variation. 
For assessing the local micro-pitting damage, three maximum damages were 
captured along the ball wear track and were averaged to get the mean local 
micro-pitting damage. The local micro-pitting damage was considered zero 
when the micro-pitting percentage was less than 0.1 percent. 

 

 
(a) 

 
(b) 

 

 
Am,l = 9.0 % 

 

(c) 
Figure 89. Example of assessment of local micro-pitting damage: (a) original surface topog-
raphy, (b) all irregularities except the largest micro-pit are removed, (c) image analysis lead-
ing to a size estimate of the local micro-pitting.  

In addition, wear damage was calculated by measuring the worn area of 
the cross-section of the wear track as depicted in Figure 90. Again, ten ran-
dom measurements were taken along the ball wear track and were averaged 
to obtain the mean wear damage. The cross-section wear area was very con-
stant along the ball wear track, leading to very low standard deviation.  Fur-
thermore, the mean wear damage was normalized using a ratio between the 
maximum run diameter of the disc and the actual run diameter as it was shown 
that the magnitude of wear damage correlates with the run diameter of the 
disc [60].

0 200 400 µm

µm

0

100

200

300

400

500

µm

0

1

2

3

4

NM

0 200 400 µm

µm

0

100

200

300

400

500

µm

0

1

2

3

4

NM



Paper E  
 

 181 

 
Figure 90.  Example of wear measurement from Test 1 showing the cross-section of a wear 
track. This results in wear damage, 𝐴� = 231 µm, after normalization 𝐴�,.= 284 µm, which 
correspond to the normalized loss of material in volume, 𝑉�,.= 0.018 mm3. 

E.3 RESULTS AND DISCUSSION 
The effects of the lambda ratio, surface roughness lay, type of base oil and 
sliding direction on micro-pitting and wear damage are presented in the fol-
lowing sections. 

E.3.1 EFFECTS OF LAMBDA, ROUGHNESS LAY AND TYPE OF BASE 
OIL ON MICRO-PITTING AND WEAR  
Three different lambda ratios have been investigated for this study to explore 
how this will affect micro-pitting and wear damage: 0.15, 0.4 and 0.8. 
Tests carried out at a low lambda condition (λ = 0.15, SRR = 5%, transvers 
roughness) showed homogeneous micro-pitting damage along the ball wear 
track regardless of the oil used. Therefore, assessing global micro-pitting 
damage was considered a reliable technique to quantify the micro-pitting 
damage. As reported in an earlier work [60], the global micro-pitting damage 
at λ = 0.15 was 2.3 and 1.3 percent, for oil A and B respectively. 

However, by increasing the lambda ratio, global micro-pitting damage 
was completely eliminated. Nevertheless, local micro-pitting damage was 
still present for both oils although the severity of local micro-pitting was less 
homogeneously spread along the ball wear track. Therefore, assessing global 
micro-pitting damage in such a case was not feasible. Therefore, only local 
damage was assessed, as described in section 2.3.  
The local micro-pitting and the global normalized wear damage for all lambda 
ratios are depicted in Figure 91 and Figure 92, respectively. Moreover, fric-
tion coefficient for all lambda ratios for the first 6 hours of tests is depicted 
in Figure 93. 
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Figure 91. Local micro-pitting damage for oil A and B as a function of lambda ratio and 
roughness lay on disc. Each point/square represents a single test. Error bars represent stand-
ard deviation.  

As seen in Figure 91, the local micro-pitting damage for the transverse lay 
is the highest at the intermediate lambda for both oils. On the other hand, the 
local micro-pitted damage for the longitudinal lay was almost completely 
eliminated for all lambda ratios, except for λ = 0.8 since this test was not 
conducted, and no clear difference was observed between both tested oils. It 
appears evident that the local micro-pitting damage is definitely a function of 
roughness lay, where transverse lay induces more fatigue micro-cycles and, 
in turn, accelerates micro-pitting damage. Furthermore, it was also shown that 
under the same operating conditions, longitudinal roughness deforms more 
than transverse roughness, and by doing so promoting better lift-off [87,86].  
Clearly the lay direction of the pattern has an influence on micro-pitting for-
mation.   

Wear damage, on the other hand, reduces with increasing lambda ratios 
for both oils, regardless of roughness lay, as shown in Figure 92. In general, 
the contact conditions are more severe in low lambda regions, where more 
asperity-to-asperity interactions take place. This, in turn, increases the wear, 
which is responsible for constantly removing fatigued surface layers. During 
this process, micro-pits that might form on the surface are continuously re-
moved and the progression of such pits is mostly controlled by wear.  
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Figure 92. Normalized wear damage for oil A and B as a function of lambda ratio and rough-
ness lay. Each point/square represents a single test. Error bars represent standard deviation. 

For the transverse lay, when there is a high friction coefficient, between 
0.07-0.09 (see Figure 93), and high wear, the growth of local micro-pitting 
damage is retarded at low lambda due to high wear. At the intermediate 
lambda with a moderate friction coefficient, between 0.065-0.055, and mod-
erate wear, the local micro-pitting damage is the highest. Here, the friction is 
lower and the wear is half of that at low lambda. Due to this, the growth of 
local micro-pitting is the highest, since wear is unable to suppress the micro-
pitting growth. At high lambda, both the wear and the friction coefficient, 
between 0.04-0.045, are much lower compared to previous cases. This sup-
presses the local micro-pitting growth since the conditions are more towards 
full-film, and the resulting friction is mostly governed by EHL friction. Fur-
thermore, the local micro-pitting damage is completely eliminated when us-
ing oil B. 

Nevertheless, wear damage seems to show dependence on roughness lay, 
and the transverse roughness lay is dependent on oil used. In the case of using 
a different roughness lay, the wear damage is higher for the transverse lay 
compared to the longitudinal, as previously shown [7]. It seems that not only 
micro-pitting but also wear damage is enhanced due to transverse roughness 
lay. This can be again contributed to worse lift-off behavior [86,87] and more 
induced fatigue micro-cycles for the transverse lay. When comparing both 
oils for transverse lay, wear is higher for oil A compared to oil B. Type of 
base oil affects the wear process for the transverse roughness lay but does not 
necessarily affect the wear process for the longitudinal lay. 

Both oils have similar viscosity for the tested condition and the same ad-
ditive package, therefore, higher wear for mineral oil (oil A) can be related to 



Paper E Results and discussion 
 

 184 

having higher pressure-viscosity coefficient than PAO based oil. Higher pres-
sure-viscosity coefficient does increase the severity of the contact by having 
higher pressure gradients [52]. This, in turn, enhances the action of ZDDP 
additive by, in this case, promoting wear. In addition, at higher lambda ratios, 
both oils tend to have a larger difference in wear damage compared to the low 
lambda ratio. This might suggest that the effect of base oil type is less pro-
nounced during low lambda conditions and more pronounced in better lubri-
cation conditions.  
 

 
Figure 93. Friction coefficient for all lambda ratios for the first 6 hours of tests.  

The local micro-pitting damage tends to be higher for oil B, compared to 
oil A, at low and intermediate lambda ratios. Since the wear damage is higher 
for oil A (transverse lay), one may say that the micro-pitting damage will be 
lower due to the competitive nature of these two damage mechanisms. Based 
on the observations, a higher blend of PAO oil (oil B) increases the severity 
of the local micro-pitting tendency, compared to a higher blend of mineral oil 
(oil A), due to having lower wear. However, at a higher lambda ratio the ten-
dency towards local micro-pitting is completely eliminated for oil B. PAO 
base oil is known to have a lower pressure-viscosity coefficient [52] and 
lower EHL friction [84]. This, in turn, reduces the tendency towards micro-
pitting by reducing the stresses close to the surface. 

An example of local micro-pitting damage of ball surfaces lubricated with 
two different oils for transverse roughness lay at different lambda ratios is 
depicted in Figure 94 and Figure 95. Where, Figure 94 presents light optical 
images of micro-pitted surface (over-rolling direction from right to left) and 
Figure 95 shows the same surface (rotated for 90° counter-clockwise) cap-
tured with the optical 3D profilometer with local micro-pitting damage as-
sessment. 
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λ = 0.15 λ = 0.4 λ = 0.8 

Oil A 

 

Oil A 

 

Oil A 

 
Oil B 

 

Oil B 

 

Oil B 

 
Figure 94. LOM images - Example of local micro-pitting damage of ball surfaces lubricated 
with two different oils for transverse roughness lay at different lambda ratios. 

Based on these observations, one can say that most of the depicted micro-
pits tend to grow in a V-shape, Figure 95 and Figure 95 (both oils for λ = 0.15 
and 0.4). Such surface-initiated rolling contact fatigue growth can typically 
result in a spalling or pitting failure, where a generated pit covers all the 
Hertzian contact area, as previously observed by Rycerz P. et al. [9]. It is 
likely that such micro-pits will further grow and eventually form a pit: the 
end life of a rolling component. Nevertheless, larger and longer micro-pits 
are observed for both oils at an intermediate lambda (λ = 0.4).  
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λ = 0.15 λ = 0.4 λ = 0.8 
Oil A 

 
Am,l = 6.3 % 

Oil A 

 
Am,l = 7.3 %  

Oil A 

 
Am,l = 5.9 % 

 
Oil B 

 
Am,l = 9.0 % 

Oil B 

 
Am,l = 12.7 % 

Oil B 

 
Am,l = 0.3 % 

 
Figure 95. Optical 3D profilometer images - Example of local micro-pitting damage of ball 
surfaces lubricated with two different oils for transverse roughness lay at different lambda 
ratios. 

This further explains the maximum local damage at such conditions due 
to the competitive nature of micro-pitting and wear, as observed by [7,15,22]. 
Both oils tend to have an intermediate or critical lambda where the local mi-
cro-pitting damage is the highest. By reducing or further increasing the 
lambda, the severity of local micro-pitting damage drops due to the afore-
mentioned conditions. Such behavior was previously reported numerically by 
Morales-Espejel G.E. et al. [15,58], illustrating such trends (see Figure 96), 
although, to the authors’ knowledge, no experimental verification was pro-
vided up until now. Of course, the exact location of such intermediate lambda 
and the shape of corresponding curve are highly dependent on the lubricant 
chemistry and surface topography.  
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Figure 96. A schematic illustration of the expected trend in micro-pitting behavior in rela-
tionship to lambda ratio for case with wear [58] . 

In the previous work conducted by Vrcek A. et al. [60], it was shown that 
oil A had a higher mean global micro-pitting damage (Am,g≈ 2.3	%,	std = 0.4) 
compared to oil B (Am,g≈ 1.3	%, std = 0.3). This was attributed to a better 
lubricant chemistry for oil B. However, when assessing the severity of mean 
local micro-pitting damage oil B actually shows higher mean local damage 
(Am,g≈ 8.9	%, std = 1.0) compared to oil A (Am,g≈ 6.3	%, std = 1.4). A better 
lubricant chemistry does improve the tendency towards micro-pitting but 
does not necessarily improve the progression of local micro-pitting damage. 
In this case, better lubricant chemistry lead to lower wear, which is responsi-
ble for removing fatigue layers of material, and, in turn, increased the pro-
gression of local micro-pitting damage. Based on the observations, oil B may 
develop pitting failure mode faster than oil A due to lower wear and higher 
progression of local micro-pits. On the other hand, oil A may faster develop 
critical loss of diameter due to higher wear which can, again, lead to a prem-
ature failure. Nevertheless, one must take into consideration both failure 
modes when designing rolling components for certain operating conditions in 
order to prevent premature failures. 

E.3.2 EFFECT OF SLIDING DIRECTION ON MICRO-PITTING AND WEAR 
DAMAGE 
Two different slide-to-roll ratios were selected for this study: +5 and -5 per-
cent in order to see how this affects micro-pitting and wear damage. Other 
operating conditions were kept constant at lambda 0.8 using the transvers 
roughness lay on the disc. Table 54 shows how many revolutions perform the 
ball and the disc, for both negative and positive SRR. For this investigation, 
only sliding distance was set constant for both tests, this in turn, lead to con-
stant number of micro-revolutions induced by the roughness.  The local mi-
cro-pitting and wear damage for both oils are depicted in Figure 97. 
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Table 54. Sliding distance and number of revolutions for ball and disc as a function of SRR. 

SRR Rev ball Rev disc Sliding distance 
[m] 

+5 4.4 million 1.0 million 13478 
-5 4.2 million 1.2 million 13478 

 
A negative SRR was chosen to see whether it enhanced micro-pitting dam-

age or not. Based on the observations, the negative SRR reduced the micro-
pitting tendency by promoting wear damage. On the other hand, the ball for 
the positive SRR was exposed to slightly more overall revolutions that could 
yield higher micro-pitting damage. Nevertheless, for negative SRR wear 
damage was almost twice of that at positive SRR (oil B) and slightly less for 
oil A. In contrast, the difference in local micro-pitting damage for both SRR 
is less pronounced. However, in order to better understand the influence of 
sliding direction on both micro-pitting and wear damage, one should also ob-
serve the behavior of the friction coefficient. 

 
Figure 97. The local micro-pitting and wear damage for both oils at the highest lambda value 
and with transverse roughness. 

Negative SRR showed a higher friction coefficient compared to the posi-
tive SRR, as depicted in Figure 98. An increase in friction, with respect to 
SRR, has already been observed in previous work [55]. However, no expla-
nation was provided. Depending on whether the smoother or rougher surface 
is faster, this directly impacts the friction and, in turn, both micro-pitting and 
wear damage, as observed. From Figure 98, when the smoother surface was 
faster, the friction coefficient increased in the first 15 minutes, followed by a 
decrease in friction. When the rougher surface was faster, the increase in fric-
tion was prolonged to 1.5 hours, followed by a decrease in friction. Based on 
the previous studies [8,55], the increase in friction was observed when a 
ZDDP tribofilm was forming and may be directly associated with the tri-
bofilm thickness buildup on top of the asperity summits. This makes surfaces 
rougher and thus also lower lambda and higher friction. 
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Figure 98. Coefficient of friction for both oils and sliding direction. 

One may say that this explains the increase of friction at the beginning of 
the test followed by a slight decrease in friction as an equilibrium state is 
obtained. The equilibrium state represents the stage of the reaction layer for-
mation process, as introduced by [55], where the rate of deposition of tribo-
layer is the same as the rate of its removal. Furthermore, they showed that for 
the negative sliding, tribolayer formation is activated faster and its final thick-
ness is enhanced compared to the positive sliding. This could provide the ex-
planation for current investigation. Following the same analogy, for the neg-
ative sliding, tribolayer is activated faster and, at the beginning, forms a 
thicker tribolayer compared to the positive sliding. This directly influences 
the friction coefficient, being much higher for negative sliding. Since the 
ZDDP additive is more active for the negative sliding, higher wear is obtained 
as was shown that it can enhance wear [7]. Nevertheless, further studies are 
required to show and understand this behavior to a greater degree. 

E.4 CONCLUSION 
Micro-pitting and wear performance of 100Cr6 bearing steel surfaces was 
investigated in a ball-on-disc configuration lubricated with PAO and mineral 
based engine oils containing the same standard additive package. The effect 
of the lambda ratio, surface roughness lay, different base oils and sliding di-
rection on the aforementioned performance was presented and discussed. 
Based on this investigation, the following conclusions can be drawn:  

• Micro-pitting damage is more evenly distributed at a low lambda ra-
tio (λ = 0.15) which is accompanied by relatively high wear. This, in 
turn, reduces the size of a single micro-pitting damage, which is the 
highest at a critical/intermediate lambda (λ = 0.4).  Further increase 
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in lambda reduces the severity of the contact, thus, reduces micro-
pitting and wear damage.  

• For transverse roughness lay, PAO base oil completely eliminates 
micro-pitting damage at a high lambda ratio (λ = 0.8) in comparison 
to mineral base oil. However, at lower lambda ratios, micro-pitting 
damage is present for both base oils and the size of a single micro-
pitting damage is higher for PAO base oil compared to mineral oil, 
due to lower wear.  

• Longitudinal roughness lay, almost completely eliminates the ten-
dency towards micro-pitting compared to transverse lay. In addition, 
wear damage is lower for longitudinal lay at low lambda (λ = 0.15). 
Different base oil type does not show any clear difference in wear 
damage for longitudinal roughness lay.  

• The negative sliding reduces the micro-pitting tendency by increas-
ing friction and wear compared to positive sliding.  

• Experimentally shown that there exists a lambda critical, where mi-
cro-pitting damage is the highest, as numerically shown by Morales 
et al. [15,58]. 
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