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Efficiency of internal combustion engines (ICEs) is far from optimal. Due 

to the continuously increasing demands on CO2 regulations, automobile 
industries are forced to improve such efficiency. A crankshaft roller bearing 
(CSRB) can lead to significant improvements in engine efficiency. 
However, before this can be implemented into an actual engine, several 
challenges have to be addressed. One such challenge is the satisfactory 
performance of CSRB. The current crankshaft limits the service life since it 
must act as a roller bearing raceway. Therefore, better material properties 
are required for the use of CSRB in crankshaft applications.  

In order to select suitable material for the CSRB, development of several 
characterization methods is required. These methods are based on failure 
modes that are expected to occur in the actual application. Surface initiated 
fatigue was shown to be the main failure mode that could lead to complete 
failure of such a component. The following three characterizations needs are 
identified: material characterization, lubricant characterization and surface 
roughness characterization. Two of these methods are partially part of this 
thesis. 

Material characterization is required to select the optimal steel candidate 
for the CSRB component. A method was developed to assess the damage 
modes on a reference 100Cr6 steel pair under conditions prevalent to CSRB 
application. However, fully formulated oil was excluded from this 
investigation and only low-additive oil was employed. Micro-pitting and 
wear damage modes were identified and were later assessed. Different 
surface roughness combinations were tested, from where micro-pitting 
regions were identified. In addition, the effects of surface hardness and 
sliding on micro-pitting and wear were investigated. It was found that hard 
steel contacts are more prone to micro-pitting damage compared to soft 
ones, but less susceptible to mild wear. In addition, higher sliding increases 
the degree of micro-pitting and wear. 

Lubricant characterization was performed to optimize the engine oil 
formulation for rolling contacts. A method to assess different engine oils in 
terms of micro-pitting and wear damages of rolling contacts was employed. 
The effect of viscosity, additive chemistry and different mixtures of base 
oils on aforementioned performance were presented and discussed. In 
addition, lubricant characterization will provide in-depth knowledge for 
engine oils’ manufacturers to improve engine oil formulations for 
satisfactory performances of CSRB design. 
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The automobile industry is continuously forced to improve the efficiency 

of the internal combustion engines (ICEs) and to develop alternative 
“greener” technology for their replacement. Nowadays, the majority of 
automobiles are powered by ICEs. The efficiency of these engines is known 
to be far from optimal. In moving passenger cars, the fuel energy is 
dissipated through three main mechanisms; exhaust, cooling and mechanical 
power, based on several studies [1–6], see Figure 1. More than 30% is lost 
through exhaust in the form of thermal energy; another third of the energy is 
consumed for cooling purposes; and, finally, the rest—approximately up to 
40%—is converted into mechanical power to overcome air drag and friction 
losses. 

Figure 1. Mechanisms of energy consumption in passenger car[7]. 

Concerning the actual engine, according to [2], more than 10% of the 
initial fuel energy in a diesel engine is consumed to overcome friction. The 
main losses occur in the piston assembly interface, including the con rod 
bearings (45%); in the valve train interface (15 to 18%); within the oil pump 
(10 to 15%); and within the main crankshaft bearings (20 to 30%).  

Presently, almost all multi-cylinder ICEs employ plain sliding 
(crankshaft) main and connecting rod bearings [8]. These bearings are 
manufactured in split design and are easily assembled as main and big end 
connecting rod bearings on the crankshaft, as they have a zigzag 
construction. These bearings are known to operate under hydrodynamic 
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(HD) conditions with a relatively thick lubrication film, separating the shaft 
from the bearing to minimize the wear and friction in the interface.  

However, it is well-known that the rolling friction is lower than the 
sliding friction. The replacement of sliding bearings with roller element 
bearings therefore offers the potential of reducing friction significantly, and 
thus improves the efficiency of the automotive engines, leading to lower 
fuel consumption [8–10]. Some attempts during the last decade, have 
demonstrated this feasibility and have achieved an improved overall engine 
efficiency of up to 5,4% in fuel consumption reduction, which corresponds 
to a reduction of up to 5,4% per vehicle in CO2 emissions [11–12].  

Difficulties in manufacturing rolling element bearings in split design have 
hindered their usage in ICE, but recent technological developments have led 
to the manufacture of roller bearings in split design. Furthermore, no inner 
rings will be employed, therefore, the crankshaft will serve as the bearing 
raceway to the rolling element bearings. However, before roller bearings 
can successfully replace sliding bearings, further investigations are needed, 
especially regarding satisfactory operation, performance and durability. The 
study by Baubet et al. [13] showed that a crankshaft presents the limiting 
factor of acting as a roller bearing material. This has been attributed to its 
insufficient surface hardness and the absence of compressive residual 
stresses beneath the surface. Therefore, this component is gaining interest 
and significant attention for future research.  

���� ��	�����	����������������	������
The majority of today’s automobiles are powered by internal combustion 

engines (ICEs). One of the most critically loaded components in the engine 
is the crankshaft, Figure 2. It experiences cyclic loading during its service 
life from two main sources: gas load and inertia load. The former is the 
result of the combustion process in the combustion chamber. The load is 
then transmitted to the crankshaft by the connecting rods. The latter is the 
consequence of the spinning mass of the components and their attachments.  

Due to the dynamic nature of the system, both the gas and inertia loads 
apply bending and torque to the crankshaft. Plain (sliding) bearings, which 
are commonly used as main and connecting rod bearings in a multi-cylinder 
engine, act as a support and allow the rotating motion. 

The tribological nature of these bearing surfaces is extremely important 
for durable and smooth operation In addition, due to the complex geometry 
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Figure 2. Example of a production crankshaft for a low-duty ICE engine. 

of the crankshaft, fillets present one of the most critical locations of the 
crankshaft, apart from the bearing surfaces. Therefore, these regions are 
additionally machined or heat-treated to meet the desired properties of the 
crankshaft. The crankshaft materials should, generally, have adequate 
strength, wear resistance, toughness and high fatigue strength, since it 
operates in a severe environment. In addition, the crankshaft should be 
inexpensive to produce since this will have an impact on production costs. 

The most common types of crankshaft materials are forged steel and 
nodular cast or austempered ductile iron. In general, cast iron crankshafts 
provide superior manufacturing properties and can present weight benefits 
of up to 10% compared to the forged shafts with the same dimensions as a 
result of lower density [14]. However, forged shafts are known for their 
superior fatigue properties and are generally used in highly loaded engine 
applications. The forging process has the advantage of obtaining a 
homogeneous and fine-grain structure that exhibits fewer voids and defects 
compared to the cast crankshafts. In addition, the so-called oriented 
microstructure arising from the forging process improves the toughness and 
strength in the grain-flow direction. This direction can be aligned with the 
principal direction of maximum stress that is applied to the component 
[15].The following will only include information on the forged steel 
material, since this is the objective of current research. 

Crankshaft steel grades are typically divided into two main groups, with 
respect to their processing routes: 

1.� Quenched and Tempered (QT) steels and 
2.� Ferritic-Pearlitic steels or Precipitation hardened steels. Also 

known as micro-alloyed steels (MA).  

The former considers steel grades for quenching and tempering according to 
the DIN EN 10083 standard. The latter group considers ferritic-pearlitic 
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steels for precipitation hardening from hot working temperatures, according 
to the DIN EN 10267 standard.  

Steels for quenching and tempering have been used throughout history 
and are used for a large variety of forged components. Depending on the 
operation requirements these steels are divided into two groups: non-alloy 
medium carbon steels and alloyed medium carbon steels. Usually, the 
former is used in low-duty operations where strength requirements are low, 
whilst the latter is used for heavy-duty operations that require stronger and 
tougher steel.  

Ferritic-pearlitic steels for precipitation hardening or micro-alloyed (MA) 
steels have been gaining acceptance for many years now. These steels have 
been used worldwide in a wide range of automotive components as a 
replacement for the traditional quenched and tempered steels since the 
introduction of the first grade 49MnVS3 in Germany during the mid-1970s. 
These steels usually contain several alloying elements such as vanadium, 
titanium and nitrogen for controlling the grain growth. These steels present 
many benefits compared to quenched and tempered ones. One of them is the 
elimination of additional heat treatments, such as quenching and tempering, 
since only controlled-cooling to room temperature is required as a heat 
treatment. Another benefit is the superior machinability compared to that of 
QT steels at equivalent surface hardness values [16–18]. Better 
machinability of micro-alloyed forged steels offers major cost-savings, 
considering machine expenses present almost 50% of the total cost in the 
manufacture of a single component [19].  

The service life of the crankshaft can be significantly prolonged by 
applying various surface treatments at critical locations, such as fillets or 
bearing surfaces. Surface hardening heat treatments, including carburizing, 
carbonitriding, induction or flame hardening, generally produce surface 
compressive residual stresses with normal counter-balancing tensile stresses 
in the core. In general, compressive residual stresses are beneficial for 
fatigue life. These stresses in the surface layer act as a pre-stress on the most 
highly loaded surface layer, which increases the load capacity of the 
machine part and prevents crack formation or propagation to the surface. 
Hence, a much longer operating life of the crankshaft may be expected from 
having compressive residual stresses [20]. The magnitude and location of 
maximum compressive residual stress varies between different surface 
hardening heat treatments. The following information will only consider the 
induction-hardened heat treatments of the crankshaft journals, as this is the 
objective of current research. 
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Induction heating is used to selectively heat only the portion of a 
crankshaft that requires heat treatment. This process is very short and 
energy-efficient compared to other heat treatments. The process is followed 
by quenching and usually creates a martensitic surface microstructure with a 
high surface hardness, which, in turn, increases the fatigue resistance of a 
crankshaft. For instance, the crankshaft’s raceways are usually induction-
hardened to increase their wear resistance. For example, a production 
crankshaft for a four-cylinder low-duty engine made from V-2908 
(controlled cooled) steel can achieve surface hardness of 52-58 HRC after 
surface induction hardening. The composition of this steel is depicted in 
Table 1.  

Table 1. Composition of V-2908 steel. 

 C Si Mn P S Cr 
max 0.4 0.65 1.55 0.025 0.065 0.2 

 
In general, forged crankshaft steels are either ferritic-pearlitic steels or 

quenched and tempered steels. The former offers many benefits over the 
latter. Typically, both groups of steels have a carbon content level in the 
range of 0.3-0.5 wt%. In addition, the Sulphur content of these steels is in 
the range of 0.02-0.065 wt%. 

���� �����������������������
�����������
Tribology is the science and technology of interacting surfaces in relative 

motion. Friction, wear and lubrication present the key behaviours that are 
observed and studied. Understanding the nature of these interactions at 
different scales is crucial for solving the technological problems that are 
associated with tribological issues.  

In general, a tribological system typically consists of two surfaces in 
relative motion and also in many cases a lubricant in between, as depicted in 
Figure 3. Friction is known as the resistance to motion and acts in the 
opposite direction of the motion. The coefficient of friction, µ, is simply the 
ratio between the force resisting the motion, Ft (tangential force), and the 
normal force, Fn, according to the equation: 

 

� �
��

��
 

(1) 
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Figure 3. Tribological system; two rough surfaces and a lubricant in between. 

The characteristic of a coefficient of friction is to a large extent 
dependent on several parameters. Richard Stribeck was the first who 
revealed a clear view of how the coefficient of friction is dependent on 
velocity, which was later known as the Stribeck curve [21]. In general, three 
lubrication regimes exist in every tribological system: the boundary, the 
mixed and the full-film lubrication regime.  

Typically, the coefficient of friction is the highest in boundary 
lubrication. Here, the surfaces are mainly in contact and the load is carried 
by asperity-to-asperity interactions. Usually, high wear is present in this 
regime.  

A lower coefficient of friction is typically expected in a mixed lubrication 
regime. Here, the load is not only carried by asperity-to-asperity interactions 
but is also supported by a fluid pressure, generated in the contact. Typically, 
this leads to a lower degree of wear and, when the load is carried only by 
the fluid pressure between two surfaces, very low friction is also expected. 

This lubrication regime is known as hydrodynamic (HD) or full-film 
lubrication. Typically for the conformal contacts, a coefficient of friction 
follows the Stribeck curve for boundary, mixed and full-film lubrication 
conditions as depicted in Figure 4. In full-film lubrication, friction starts to 
increase due to the shearing losses of the lubricant. However, for non-
conformal contacts, friction does not increase in full-film lubrication but 
rather decrease. This lubrication regime is called elastohydrodynamic 
(EHD) lubrication. Due to the high contact pressures (several GPa) the 
contacting surfaces deform elastically. This lubrication regime is typically 
present in gears, cam-followers and rolling element bearings. 
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Figure 4. Stribeck curve. 

The specific film thickness, Λ, is often used to evaluate in which mode of 
the lubrication regime a system is operating. This is calculated as 

� � �
	
��

��
� � ��

�
 

 

 
(2) 

where 	
��  is the minimum film thickness and Rq1 and Rq1 is the root-
mean-square surface roughness of surfaces in the contact. Generally, a 
boundary lubrication regime is � � �, mixed between approximately � �
� � �  and full film � � � . In general, for EHD contacts, roughness 
amplitude is flattened inside the contact due to the high contact pressures, 
therefore lambda less than 1 does not necessarily lead to real boundary 
conditions. The minimum film thickness for EHD contacts can be calculated 
based on the famous Hamrock and Dowson [22] equation for elliptical 
contacts. The minimum film thickness can be written as: 

	
�� � �����
���������� ���!"#� $ % �����&' (3) 

Where, �  is the dimensionless speed parameter, �� the dimensionless 
material parameter, �  the dimensionless load parameter and k is the 
ellipticity parameter (sphere = 1). In general, the speed parameter is 
dependent on speed and viscosity. Both quantities increase the minimum 
film thickness. The load parameter is dependent on contact load. In this 
case, the load reduces the minimum film thickness. Finally, the material 
parameter is dependent on the pressure-viscosity coefficient (('�of the 
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lubricant, where higher coefficient results in higher minimum film 
thickness. This coefficient shows dependence on the type of base oil of the 
lubricant. In general, two main types of oils are used for lubricating EHD 
contacts: PAO and mineral oil. PAO oil is usually more compressible, 
leading to a higher pressure-viscosity coefficient, rather than a stiffer 
mineral or naphthenic oil. In addition, PAO generally shows a lower friction 
coefficient [23], which in turn reduces the tangential force in the contact. 
Typically, this affects the fatigue life of such contacts. 

The service life of components operating in an EHD lubrication regime is 
governed by their fatigue limit, if properly dimensioned and maintained. 
Typically, the rolling contact fatigue (RCF) represents the end life of all 
rolling components subjected to rolling/sliding motions. Rolling contact 
fatigue is a material fatigue phenomenon. Typically, rolling contacts 
undergo high numbers of repeated rolling/sliding cycles. The material 
fatigue is caused by these repeated stress cycles. There are two types of 
rolling contact fatigue failure mechanisms observed experimentally in such 
components [24]. These competing failure modes are called subsurface- and 
surface-initiated rolling contact fatigue. The former is also called spalling or 
pitting. Usually, cracks initiate in the region of maximum stress below the 
surface. After an increased number of contact cycles, the crack propagates 
parallel to the surface. Once it reaches its critical length, then it starts to 
propagate towards the surface and a pit/spall forms. The latter occurs due to 
surface irregularities or surface-on-surface contact, etc. The crack typically 
occurs at the surface and propagates with an inclination towards the region 
of the maximum stresses. There, it follows the same pattern as for the 
subsurface-initiated fatigue. The result is again the formation of a pit, e.g. 
the removal of the material. This, in turn, leads to high vibrations and can 
result in a component fracture or a complete system failure. 

For example, a life factor of some bearings in relationship to the ratio of 
film thickness and surface roughness is depicted in Figure 5. Clearly, the 
life of bearings is much longer if the surfaces are fully separated by a 
lubricant. Therefore, surface-initiated fatigue is a much more detrimental 
mechanism mode, compared to subsurface-initiated fatigue mode. This 
mechanism is gaining significant attention during the last decades and 
presents the main objective of this work. 
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Figure 5. Lubricated Life Factor for tapered and cylindrical roller bearings as a function 

of lambda [25]. 

������ � !"#$�%%�&'�(&)�*+(!�
Micro-pitting is a common, surface-initiated, failure mechanism in 

rolling/sliding surfaces operating under boundary/mixed lubrication 
conditions at elevated contact pressures. According to ISO 15243 [26], this 
type of failure mode or damage is considered as surface distress or surface-
initiated fatigue. Surface distress is, according to the same reference, 
defined as damage on the rolling contact surfaces caused by a plastic 
deformation of the surface asperities. Typically, micro-pitting (surface 
distress) is accompanied with 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. 

 

 
Figure 6. Example of micro-pitted wear track. 

A recent study on a crankshaft roller bearing engine [13] showed that 
micro-pitting and polishing wear present the likely failure modes of rollers 
lubricated with fully formulated engine oil. In addition, pitting and wear 
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were identified as likely failure modes when lubricated with a pure base oil 
only. It was concluded that engine oil tends to promote the formation of 
micro-pitting on rolling surfaces due to the action of ZDDP additives. This 
anti-wear additive is beneficial for the tribology of sliding contacts but 
detrimental for rolling contacts. 

The micro-pitting mechanism has been shown to compete with mild wear 
under lubricated conditions with or without the presence of additives [27–
31]. 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 [28]. In general, additives such as anti-wear (AW); friction 
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, increases the 
friction [32]. In addition, the tribofilm suppresses the gradual smoothening 
of the rough surfaces. This together with increased friction lead to relatively 
high local stresses at the asperity level and results in a high probability of 
micro-pitting [28].  

Extensive research has been conducted on gear and bearing steels, 
together with different lubricants with or without the action of additives, in 
order to understand micro-pitting damage. In general, high friction and high 
roughness tend to promote the micro-pitting damage mode. Depending on 
the application, either gear or bearing, different steels were studied. For gear 
materials, it was shown that the hardness plays an important role in mild 
wear and micro-pitting. Typically, higher hardness leads to lower wear and 
lower resistance to micro-pitting [33–35]. In the case of bearing steels, the 
typical and most commonly used bearing steel is 100Cr6 chromium alloy 
steel with a hardness ranging from 60-63 HRC. In general, rolling elements 
are manufactured in a harder material compared to the bearing raceways 
since they accumulate more over-rolls during bearing operation. In addition, 
mild wear typically occurs on the softer, but rougher, raceway. 

Based on aforementioned studies, it is necessary to develop a method to 
assess the micro-pitting and wear performance of crankshaft roller bearing 
steel surfaces for satisfactory operation.  
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Bearings in general are stressed by reversed tension, compression and 

shear loads. The loading capacity of bearings is a function of the material’s 
hardness and its limit of elasticity. Besides these material properties, several 
other factors determine the working life of bearings. These include the 
quality and design of the bearing and external service conditions, such as 
lubrication, dirt accumulation, wear, corrosion, and overloading. The useful 
life of bearings is governed by their fatigue limit, if the bearings are 
properly dimensioned and maintained. After its life has exceeded, incipient 
cracks occur and result in rolling contact fatigue during continued loading. 
The smallest defect in the material may be a starting point for cracks at high 
stress. Therefore, the homogeneity of the microstructure, and, especially, the 
cleanness of non-metallic inclusions should satisfy high requirements [36]. 

One of the most popular steels for bearing materials is chromium alloy 
steels with a carbon concentration in the range 0.8-1.1 wt%, e.g. 100Cr6 
steel. Typically, these steels are through-hardened and have a martensitic 
microstructure. High carbon content gives this alloy high strength and 
hardenability. In addition, high carbon speeds up the sherardization 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% of carbon concentration.  

For example, medium carbon alloy S53C (SAE 1053) steel is used as a 
bearing steel, which forms a bearing race for the rolling elements in wheel 
hub-bearings for automobiles and trucks. The race surface is induction-
hardened to around 59 HRC to increase its fatigue life. Table 2 lists the 
fatigue life (L10) of the standard bearing materials 52100 (100Cr6), S53C 
and SAE 4150.  

Table 2. L10 fatigue life of standard bearing steels based on [37]. 

Steel L10 (x104 cycles) 
SAE 52100 2590 - 7650 

SAE 1053 (S53C)/ 1060 - 1850 
SAE 4150 

SAE/AISI (American Iron and Steel Institute) 
 
It is clearly evident that the standard bearing material has the highest fatigue 
life due to its high carbon content, since a higher carbon content increases 
the strength of the martensite [38]. Fatigue life for the latter two bearing 
steels is comparable to what was discovered in the study by Tsushima N. et 
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al. [37], although a clear distinction of fatigue life for these steels is not 
visible. 

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 [39, 
40] Increased 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 [41]. The optimum 
component hardness difference between the rollers and the raceways has 
been found to extend the RCF life. A study by Zaretsky et al. [42] suggests 
that the rolling elements should be around 1-2 HRC higher in order to 
achieve the maximum rolling contact fatigue life, see Figure 7. The reason 
behind it can be attributed to the fact that the rolling elements accumulate 
more fatigue-stress cycles in comparison to the raceway.  

 

 
Figure 7. 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 [42]. 

In general, bearing steels require a high carbon content ≥ 0.5 wt% C in 
order 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. The decrease in oxygen 
content from 35 to 10 ppm improves the fatigue life of 100Cr6 steel 
significantly [43]. Nevertheless, bearing steels typically have a sulphur level 
≤ 0.025 wt%. A higher sulphur level will drastically reduce the bearing life 
[44]. 

������ 
!(&,-.(/%�!"00+!�1+(!�&'�2
��34�-%++0� (&)�)(%+-�
The current crankshaft steel presents the limiting factor of acting as a 

roller bearing raceway. This is, to a large extent, attributed to the low carbon 
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content of up to 0.4 wt%. This 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 V-2908 steel 
(up to 0.065 wt%) exceeds the normal levels for bearing materials (up to 
0.025 wt% in 100Cr6). This, in turn, reduces the life of the component 
significantly. Therefore, a better steel for the crankshaft is required to cope 
with high demands, with respect to crankshaft and bearing applications. 
Based on the aforementioned properties, CSRB steel candidates have been 
identified. The proposed CSRB steel candidates are already in use as 
bearing steels. Table 3 lists the proposed steel candidates. All listed steels 
except V-2908 have a carbon content greater that 0.5 wt% and a sulphur 
level lower than 0.025 wt%, as is required for bearing steels. 

Table 3. Crankshaft roller bearing (CSRB) steel candidates. 

CSRB steel 
candidates 

Current 
V-2908 

Grade 55 
LS 

(AISI 
1055) 

Grade 50 
(AISI 
4150) 

Ref. 
Grade 3 
(100Cr6) 

Type Plain 
steel 

Plain steel Low alloy 
steel 

High alloy 
steel 

Heat treatments: 
Core 

Surface 

 
CC 
SIH 

 
CC / (QT) 
SIH(+T) 

 
QT 

SIH(+T) 

 
QT 

SIH+T 

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

The structural requirements for crankshaft steel are depicted in Table 4, 
based on a current crankshaft steel V-2908. The steel candidate requires at 
least the same structural properties for satisfactory operation. 

Table 4. Mechanical properties of crankshaft V-2908 steel. 

Steel Thickness, 
mm 

Tensile properties Hardness, 
HBW Rp0,2 

N/mm2 
min 

Rm 
N/mm2 

min 

A5  % 
min 

V-2908 (40) - 60 450 750 12 238-280 
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In order to select a suitable steel from existing steel grades, it is therefore 

crucial to assess the selected steel candidates based on their tribological 
performances. For this, different characterization methods are required to be 
developed, in order to assess the overall tribological performance of steels 
to cope under conditions prevalent to a crankshaft roller bearing (CSRB) 
application. For this, three different characterization methods have been 
identified and proposed for this project: material, lubricant and surface 
roughness characterization: 

1.� Material characterization involves the development of screening 
methods to assess selected steel candidates in the mixed/boundary 
lubrication regime under high contact pressures in the absence of 
lubricant additives typically present in engine oils. This is done in order 
to exclude the effect of additives and to mainly focus on steel-on-steel 
interactions. The proposed reference steel is the most common bearing 
steel 100Cr6, from which rollers and outer-rings of the CSRB will be 
made. Therefore, this steel directly represents the counter steel to the 
crankshaft bearing raceway as a tribological system for a CSRB 
application. In addition, this steel will serve as a reference steel for 
other steel candidates in terms of fatigue performances. The 
technological outcome is the selection of a suitable crankshaft bearing 
steel. Research wise, the outcome is understanding the tribological 
nature of the contact based on all three interactions, but excluding the 
role of additives: steel I-lubricant -steel I(II). (part of Licentiate/PhD 
degree) 

Research question 1: How do hardness and surface roughness affect the 
damage modes of bearing steels under boundary/mixed lubrication 
conditions? 
 
Research question 2: How do different steel compositions affect the damage 
modes of bearing steels under boundary/mixed lubrication conditions? (part 
of PhD degree) 

2.� Lubricant characterization includes the development of a screening 
method in order to assess different engine oils in terms of their fatigue 
performances of contacting steel surfaces for three tribological systems:  
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a.� bearing steel 100Cr6 against bearing steel 100Cr6, lubricated 
with different engine oils. This is done to assess the 
performance of engine oils. 

b.�  the selected CSRB steel candidate in contact with bearing steel 
100Cr6, lubricated with selected engine oil for selected 
roughness. This is done to assess the tribological system.  

c.� the selected CSRB steel candidate in contact with a ceramic 
ball. This is done to show a tribological solution. 

The technological outcome is the optimization of engine oil 
formulations. The research outcome is to understand the tribological 
nature of the contact based on all three interactions: steel I(II)-lubricant-
steel I. (part of Licentiate/PhD degree) 

 
Research question 3: How do different formulations of engine oils affect the 
micro-pitting and wear damage of bearing steels under boundary/mixed 
lubrication conditions? 

3.� Surface roughness characterization involves the development of 
screening methods to select the optimal surface roughness of a 
crankshaft raceway for a CSRB application. The tribological system in 
this case represents the selected CSRB steel in contact with 100Cr6 
bearing steel lubricated with the selected, fully-formulated engine oil. 
The technological outcome is the optimal surface roughness for 
satisfactory performance as a CSRB component. From the research 
point of view, the outcome is to understand and optimize the 
tribological nature of the contact based on all three interactions: steel I-
lubricant-steel II. (part of PhD degree) 

Research question 4: What combination of surface roughness/hardness of 
the bearing steels lubricated with engine oil under boundary/mixed 
lubrication conditions will completely eliminate the micro-pitting damage 
mode? (part of PhD degree) 
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The following sections describe the exact methodology that is applied for 

material and lubricant characterization. Both characterizations employ 
surface-fatigue tests that are based on lubricated rolling/sliding contacts 
which are carried out at a laboratory level. The material characterization 
employs a disk-on-disk test setup and the lubricant characterization utilizes 
ball-on-disc test configuration. A detailed description of each individual 
characterization method is described in section 2.1 and 2.2  

After testing, all surfaces of the specimens were analyzed. Surface 
analyses were performed with an optical interferometer, Zygo 7300, to 
assess micro-pitting and wear damage. In addition, pictures of the worn 
tracks were generated with an optical microscope. The percentage of the 
micro-pitted area Am and the worn area Aw on the ball surface were assessed 
simply by processing the surface contour maps captured with the optical 
interferometer, shown in Figure 8. The topography of the specimens was 
captured ten times along the specimen rolling track and were later on 
processed with the commercially available software, MountainsMap. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

(a) (b) 

Figure 8. 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). [Paper II] 

The percentage of the micro-pitted area was assessed as depicted in the 
same figure. The percentage of micro-pitting, Am, is the ratio between the 
micro-pitted area (blue) and the whole area (green and blue). Wear, on the 
other hand, was assessed by measuring the worn area of the cross-section of 
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the wear track as depicted in Figure 9. The detailed processing sequence for 
the material and lubricant characterization is described in the paper I and II, 
respectively. 

 
Figure 9. Example of wear measurement showing the cross-section of a wear track. 

[Paper II] 

���� ��	�����������	��"�����
In order to assess CSRB steel candidates, the development of a screening 

method is required. The assessment of steels is based on their damage 
modes. The assessment is done in two stages. The first stage focuses mainly 
on developing the methodology to identify and assess the damage modes of 
the reference bearing steel 100Cr6 pair. In addition to that, different 
hardness levels are investigated in order to see the effect of hardness on 
damage modes. The second stage, part of a PhD project, assesses identified 
damage modes of CSRB steel candidates in order to select the optimal 
candidate. 

For this, a lubricated disc-on-disc tribological setup was selected, see 
Figure 10. This was done in order to imitate the real tribological system as it 
is in the application (crankshaft raceway against roller). A Twin-disc 
machine Wazau UTM 2000 was utilized as a tribo device. Due to certain 
limitations of the machine, the geometry of the discs is slightly modified in 
order to better represent the operating conditions prevalent in CSRB
application.  

 
Figure 10. Schematics of the test configuration, ring-on-ring setup for twin-disc machine. In 
addition, clamping system is visible in the cross-section. [Paper I] 
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Based on the simulation results conducted with the multibody software 
Beast, a NU 208 roller bearing experiences up to around 2.0 GPa of contact 
pressure for load cases within the ICE provided by Volvo Car Corporation. 
In addition to this, based on the same simulations, lambda values for the 
same load case indicate the operating conditions to be within 0.5 - 0.8 (the 
ratio of film thickness to the equivalent average surface roughness). This 
implies that the operating conditions for CSRB application are within 
boundary/mixed lubrication conditions. Furthermore, this suggests that 
when the same bearing is properly lubricated and dimensioned, the main 
failure mode will probably be surface-initiated fatigue damage.  

The typical lubricant used in many modern internal combustion engines 
is a low viscosity 0W20 engine oil with a viscosity of 8.8 mm2/s at 90°C 
(operational temperature). For this, a low-additive, low-viscosity SKF TT9 
mineral oil was used as reference (base) oil, with a viscosity of 8.8 mm2/s at 
40°C. This was done to mimic the same viscosity it is during the operation 
and to reduce the complexity of the actual experimental testing (omitting 
heating at elevated temperatures). 

In order to achieve the maximum contact pressure of up to 3.14 GPa, the 
geometry of the discs was selected accordingly. This was done because of 
the limitation of the test rig for a static load. Higher contact pressures, in 
this case 2.5 and 3.14, in comparison to 2.0 GPa, were chosen to accelerate 
corresponding damages. In addition, the clamping system was modified to 
allow mounting of the outer ring from a commercially available Y-bearing 
(SKF-1726205-2RS1), which is used as a test specimen.  

Both drive shafts 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 temperature by a heater 
situated below the oil bath. The bulk oil is pressed through two filters with 
grid sizes of 125 microns and 25 microns in order to remove fine particles. 
After this, the oil is pumped into the contact.  

The outer ring of the Y-bearings was selected due to easy availability, 
simplicity, dimensional precision and low cost. In addition, the simple 
geometry (sphere) leads to a point contact without creating a misalignment. 
However, these specimens require further preparations to obtain desired 
surface roughness and hardness in order to investigate their influence on 
damage modes. This was achieved by tempering and polishing the rings.  
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The exact procedure of obtaining the desired surface roughness and 
surface hardness of the rings is described in paper I. To summarize these 
preparations, five different surface roughness values and 3 different levels 
of hardness have been prepared and later on investigated. Testing conditions 
are depicted inTable 5. Maximum entrainment speed, Ue = 7.85m/s, was 
kept constant in order to accelerate test cycles. The test duration was set to 
50 h for all the tests. The test duration represents ten percentage of the 
whole duration from the Volvo durability test that a crankshaft has to 
endure. Maximum contact pressure was kept at two levels, pmax=2.5 and 
3.14 GPa, as previously mentioned, to accelerate the damages. A low slide-
to-roll ratio  

Table 5. Testing conditions for ring-on-ring configuration.  

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

Slide-to-roll ratio, SRR [%] -5, and -1  
Surface hardness combinations, HRC  

(Ring I/Ring II), 
55/55, 59/59 
and 63/63 

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

)*�+� 
(50) 

Oil sump temperature [°C] 50 

Oil kinematic viscosity, ν at 40°C [mm2/s] 8.8 
 
was selected as it is present in any kind of roller element bearings, SRR = -5 
and -1 %. A low slide-to-roll ratio was selected as it is present in any kind 
of roller element bearings, SRR = -5 and -1 %. Sliding was kept negative 
throughout the whole investigation, as it was shown that this is more 
harmful for the slower moving surface in rolling contacts [46, 47]. The 
hardness combinations of the testing/counter specimens were in three levels: 
HRC = 55/55, 59/59, and 63/63. These were selected in order to investigate 
how hardness affects the damage modes. It is believed that candidate steel 
grades with a carbon content lower than this and also made of steel 100Cr6 
will probably achieve a lower surface hardness. Therefore, hardness 
presents one of the key parameters to investigate. 
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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. The heater simultaneously starts to heat up the lubricant from room 
temperature to 50°C, which takes about 10 min. An 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. After this, a test is run for 50 hours without any 
changes. Some tests are repeated twice to ensure reproducibility of results. 
The vibration level and the coefficient of friction are monitored throughout 
the entire test.  

Testing was performed with several combinations of surface roughness 
for ring 1 (testing specimen) and ring 2 (counter specimen), refer to Table 6 
to observe damage mechanisms. The maximum contact pressure, pmax, was 
calculated according to the Hertzian point contact. The minimum film 
thickness was calculated based on the Hamrock-Dowson equation for 
lubricated point contacts [22]. The slide-to-roll ratio and specimen hardness 
were kept constant throughout the tests, negative at one percent and 63 
HRC, respectively. All tests were run in a random order. 

Table 6. Testing conditions used to investigate the effect of the surface roughness on 
damage modes. Surface hardness is approximately 63 HRC for all rings. 

Test 
no. 

Test specimen - 
Surface roughness, 

Rq [nm] 

Counter specimen 
Surface roughness, 

Rq [nm] 

Max. contact 
pressure, 

Pmax [GPa] 

Labmda 
ratio, 
� [-] 

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 
 
Further tests were performed to examine the effect of hardness and 

sliding on the observed damage modes. The test conditions are summarized 
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in Table 7. In this case, smooth-on-rough surface roughness combination of 
50 and 300 nm, respectively, were selected. The maximum contact load was 
kept at 2.5 GPa throughout the tests. The specimen hardness and slide-to-
roll ratio were varied according to the table. A study by Olver et al. [33] 
showed that the mild wear mechanism is dominant when  

Table 7. Test conditions to investigate effect of hardness on damage modes. 

Test 
no. 

Smooth 
specimen – 

Surface hardness, 
HRC 

Rough counter 
specimen 

Surface hardness, 
HRC 

Slide-to-roll 
ratio, 

SRR [%] 

(2, 12)* 63 63 -1 
(13, 14)* 63 63 -5 

15 59 59 -1 
16 59 59 -5 
17 55 55 -1 
18 
19 

55 
63 

55 
59 

-5 
-5 

( )*one replica for the same condition. 
 
the specimen is softer in comparison to a harder counter face and therefore 
the same hardness was chosen for both rings in the contact in order to focus 
on the hardness effect only. In addition, one test was conducted on rings of a 
different hardness to examine the effect of a different hardness on micro-
pitting damage, where a harder-soft and a softer-rough ring presents the 
roller and the CSRB raceway. 

���� ���������������	��"�����
In order to optimize the engine oil formulation, characterization of 

current state-of-the-art engine oils is required based on micro-pitting and 
wear damages of rolling/sliding contacts operating under conditions 
prevalent to CSRB application. For this, the ball-on-disc test machine, 
Wedeven Associates Machine (WAM), was utilized. This configuration 
allows the study of the tribological nature of rolling elements. Rolling 
elements were shown to present the CSRB component that is the most prone 
to micro-pitting damage. Therefore, the lubricant characterization is done 
based on the micro-pitting and wear damage assessments of the rolling 
element, in this case, a ball. 
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The schematics of the contact configuration is depicted in Figure 11. The 
standard ball-and-disc specimens are made from 100Cr6 bearing steel with a 
diameter of 20.637 and 101 mm, respectively. The ball has a polished 
surface with an average surface roughness Rq of 30±15 nm. The disc has an 
average surface roughness Rq of 250±30nm.  

 

 
Figure 11. Schematics of the contact configuration for the WAM machine. [Paper II] 

Five different engine oils were assessed, and amongst these, three were 
prototype oils. Table 8 summarizes the information about these oils. All 
Castrol oils are based on the base oil mixture of Group III and 
polyalphaolefins (PAO). 
Castrol 0W20 is a standard production engine oil that contains of a standard 
additive package with an anti-wear additive known as the ZDDP additive. 
Castrol oil 0W20 RC is the optimized oil for rolling contacts. It has the 
same additive chemistry as the standard production Castrol oil 0W20, but a 
much higher PAO base oil blend in comparison to standard production oil. 
Castrol 0W20 10%D is a downgraded version of the standard Castrol oil 
that simulates a ten percent fuel dilution by reducing the viscosity modifier 
concentration by ten percent and lowering the additive package by ten 
percent. The Castrol 0W16 has a lower viscosity compared to the standard 
Castrol oil 0W20 and the same additive package. The Lukoil 0W20 has the 
same viscosity grade as other corresponding oils with a viscosity grade of 
0W20, however, the additive package and type of base oil is different.  
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Table 8. Description of test oils. 

Designation Viscosity 
grade 

Description 

Castrol 0W20 0W20 Standard Castrol engine oil 
Castrol 0W20 RC* 0W20 Optimized for rolling contact 

Castrol 0W20 10%D** 0W20 Downgraded version of the 
standard Castrol oil 

Castrol 0W16 0W16 Reduced viscosity of standard 
Castrol 0W20 oil 

Lukoil 0W20 0W20 Standard Lukoil engine oil 
* RC - Rolling Contacts 
** D - Dilution 

 
Before actual testing, the device and specimens were thoroughly cleaned 

with heptane and ethyl alcohol. In addition to this, specimens were 
additionally cleaned in an ultrasonic bath for 5 minutes before and after the 
test in heptane. The device, and the specimens, were then heated to 100°C 
and held there for about 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 circulated over the ball, thus 
ensuring warm up of the components.  

After the temperature stabilized, the maximum contact pressure of 2.0 
GPa was applied and then the calibration of pure rolling performed. After 
this, the test was launched. The test conditions are summarized in Table 9. 
The ball rotated faster than the disc, thus resulting in a slide-to-roll ratio  

Table 9. Test 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, � ≈0.15 
Surface temperature of the disc , Ts [C°] 100 

Test duration, td [h] < 100 
 
(SRR) of 5 percent. 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. The surface temperature of the disc was kept constant at 100°C 
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to ensure a relatively similar temperature to engine oil during operation. The 
lambda ratio for this investigation was set to around 0.15, which is much 
closer to boundary lubrication conditions in comparison to actual 
application (around 0.5-0.8). Nevertheless, the same trend of results for the 
oils is expected when testing under less severe conditions. 

The same test duration is applied for all investigated oils. The test matrix 
is depicted in Table 10. In total, seven tests were performed on five different 
oils. Two tests were then repeated for the same oils in order to check the 
repeatability. From this, the influence of outer-most and inner-most disc 
track diameter on the results was investigated for one oil. 

Table 10. Test matrix to investigate engine oil performance. 

Test 
number 

Oil Disc 
number 

Track diameter 
[mm] 

1 Lukoil 0W20 1 85 
2 Lukoil 0W20 1 82 
3 Castrol 0W20 1 79 
4 Castrol 0W20 RC 1 70 
5 Castrol 0W20 RC 2 97 
6 Castrol 0W20 10 % D 2 94 
7 Castrol 0W16 2 91 
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This section presents the results based on the material and lubricant 

characterization. The former considers the effect of material on damage 
modes. The latter considers the effect of engine oil on micro-pitting and 
wear damage.  

���� 	��	�������	��������
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This section presents a summary of the results from paper I based on the 

material characterization part. The effects of surface roughness and hardness 
on damage modes are presented and discussed. 

������ �//+ %�"/�-5!/( +�!"5'.&+--� "61�&(%�"&�
Based on the test matrix from Table 6, the main damage modes were 

observed to be mild wear, micro-pitting and, in some cases, excessive wear. 
In addition to this, Table 11 reports the damage modes for each 
corresponding test number. 

Table 11. Test matrix with damage modes. 

Test 
no. 

Test/counter 
specimen 

Surface roughness, 
Rq [nm] 

Max. contact 
pressure,  

Pmax [GPa] 

Damage modes 

1 50/200 2,5 Mild wear 
2 50/300 2,5 Micro-pitting/mild wear 
3 50/300 3,14 Micro-pitting/mild wear 
4 50/400 2,5 Micro-pitting/mild wear 
5 100/100 3,14 Mild wear 
6 100/200 3,14 Mild wear 
7 100/300 3,14 Mild wear 
8 100/400 3,14 Micro-pitting/mild wear 
9 100/500 3,14 Micro-pitting/mild wear 

10 100/1000 3,14 Excessive wear 
11 300/300 3,14 Mild wear 
 
Based on this, micro-pitting formation regions can be defined with 

respect to the maximum contact pressure and surface roughness of the 
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counter material, see Figure 12. The micro-pitting damage mode always 
occurs on the smoother testing specimen. The rougher surface of the test 
specimen requires tougher operating conditions for the same micro-pitting 
damage to occur, which in this case, measured a higher amplitude of surface 
roughness in the counter specimen.  

 

 
 
(a) 
 
 
 
 
 
 
(b) 

Figure 12. Micro-pitting formation regions for two rough surfaces at SRR = -1 %.  Test 
(smooth) specimen with fixed surface roughness (a) Rq = 100 nm and (b) Rq = 50 nm 
against the counter (rough) specimen with varied roughness. Micro-pitting damage 

always occurs on the smoother one. [Paper I] 

The likely explanation for this is the stress history from the fatigue micro-
cycles imposed by the roughness [47]. Since the operating conditions are 
geared towards boundary/mixed lubrication, the stress history is imposed by 
the dominant rougher surface upon the smoother one when some sliding is 
present, regardless of sliding direction [29]. 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. In this case, contact areas will experience 
higher pressure, whereas non-contact areas will experience lower pressure 
due to viscos friction. In the opposite 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.  

������ �//+ %-�"/�.(!)&+--7�.(!)&+--�)�//+!+& +�(&)�-0�)�&'�
The effects of hardness and sliding on micro-pitting damage are depicted 

in Figure 13. It can be reported that greater hardness can indeed induce 
more micro-pitting damage compared to the softer specimen pair. In 
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addition, higher sliding can also induce higher micro-pitting damage. The 
same trend is observed for mild wear, see Figure 14. However, relatively 
high standard deviation is seen in all cases. This might be due to the limited 
precision of determining wear since the wear is relatively low, hence no 
clear step is seen in the cross-section to precisely assess the wear, i.e., the 
wear track is difficult to observe.  
 

 
Figure 13. Percentage of Micro-pitted area Am of a smooth surface with respect to 

sliding-to-rolling ratio (SRR) and hardness fort pmax = 2.5 GPa. [Paper I] 

Olver et al. [33] showed that a soft-on-soft material combination tends to 
wear more, as compared to a hard-on-hard steel pair. Therefore, the wear 
mechanism becomes dominant over micro-pitting. To support this, recent 
studies have shown that mild wear and micro-pitting damage present two 
main competing failure mechanisms [29, 49, 50]. 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 the material and 
retards the micro-pitting damage formation. 

Figure 15 shows an example of the contact tracks of the tested specimens 
for test 2 and 3. Here, the sliding-to-rolling ratio was varied accordingly. 
Based on the observations, higher sliding increases both micro-pitting and 
mild-wear damage. In addition, it has an effect on micro-pitting damage 
initiation and progression. Based on the crack propagation concept, higher 
sliding does increase micro-pitting damage. Higher sliding increases the 
number of micro-cycles of stress during each passage of the contact, as 
already discussed. 
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Figure 14. Wear damage- word area Aw of a smooth surface with respect to-rolling ratio 

(SRR) and hardness fort pmax = 2.5 GPa. [Paper I] 

Furthermore, higher sliding will modify the subsurface stress fields, 
bringing the crack-initiation sites closer to the surface [45]. However, there 
exists a threshold above which micro-pitting damage starts to reduce with a 
further increase of sliding [29, [50]. This is attributed to mild wear since this 
mechanism is responsible for removing the fatigued layers of material from 
the surface and, thereby, retarding or completely removing the micro-pitted 
material. 

 

(a)� Test 2, SRR = -1 % (b)� Test 13, SRR = -5 % 
Figure 15. 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. 

The effect of a hardness difference on micro-pitting was investigated 
through a test on whether a softer, although rougher surface can induce the 
micro-pitting damage mode. Based on the results, the micro-pitting damage 
mode was completely eliminated. Only mild wear occurred on the harder 
(63 HRC) smooth surface. The conditions are less severe on the harder 
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smooth surface compared to the same conditions on contacting surfaces of 
the same hardness levels. The study by [50] showed that the bulk of plastic 
deformation occurs on surfaces with lower hardness. Therefore, the severity 
of the contact is higher on the softer (59 HRC) but rougher surface. 
However, no micro-pitting was detected on the rougher surface. As 
discussed in section 3.1.1, rougher surfaces requires tougher operating 
conditions for the same micro-pitting damage to occur, in comparison to the 
smooth surface with equal hardness 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.  

���� 	��	�����	����	�����������������������
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This section presents the summary of results from paper II based on the 

lubricant characterization part. The effect of the base oil blend, viscosity, 
additive concentration and engine oils on micro-pitting and wear damage is 
presented and discussed. 

Micro-pitting and wear performance of engine oils for all tests are 
depicted in Figure 16 and Figure 17, respectively.  

 
Figure 16. Micro-pitting performance of engine oils. [Paper II] 

Wear performance is normalized to exclude the effect of the disk run 
diameter on the wear results. For more details of the normalization, see 
paper II.  
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Figure 17. Normalized wear performance of engine oils. [Paper II] 
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Castrol 0W20 RC (Rolling Contacts) was designed to favour rolling 

contacts. This oil shows more than a fifty percent lower tendency towards 
micro-pitting, although the additive package is the same. This implies that 
the base oil blend has an effect on the micro-pitting tendency, resulting in 
less micro-pitting damage when more PAO is added into the blend. 
Different base oils show different behavior in the pressure-viscosity 
relationship. For instance, PAO oil tends to have a lower pressure-viscosity 
coefficient and is more compressible than a mineral oil. A stiffer oil shows a 
higher magnitude of EHL pressure spikes and thus, results in higher sub-
surface stresses close to the asperity level [51]. This suggests that both the 
pressure-viscosity coefficient and the compressibility have a great influence 
on the tendency towards micro-pitting. A 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 a longer pitting-life than a mineral 
one, due to a presumably lower EHL friction coefficient [52]. 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 a higher stress 
history which, in turn, increases the probability of micro-pitting. 
The wear for Castrol 0W20 RC oil, on the other hand, is the lowest amongst 
all Castrol oils and is similar to that of using Lukoil. This can be attributed 
again to a higher blend of PAO base oil. To further support these results, a 
study by Zhang et al. [53] observed the same trend with the wear-loss. 
Lower wear loss was observed when the PAO lubricant was used in 
comparison to the mineral one. Better micro-pitting and wear performance 
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for Castrol 0W20 RC oil can be again attributed to its lower EHL pressure 
spikes and EHL (full film) friction.  

������ �//+ %�"/�8�- "-�%9�
For example, to investigate the effect of viscosity on micro-pitting and 

mild wear, Castrol 0W16 oil was used. In this case, the tendency towards 
micro-pitting was reduced by around fifty percent compared to the standard 
oil. This implies that the film thickness is lower in this case, which leads to 
more asperity-on-asperity interactions. Furthermore, the additive chemistry 
is the same, which results in the same rate of deposition of the ZDDP 
additive. However, in this case the surface is less protected from mild wear, 
leading to a thinner tribofilm and thus, resulting in higher wear and lower 
micro-pitting damage. 

������ �//+ %�"/�())�%�8+� "& +&%!(%�"&-�
Castrol 0W20 10%D was used to investigate the influence of the lower 
additive package and lower viscosity on micro-pitting and wear damage. It 
appears evident that this oil shows the lowest tendency towards micro-
pitting compared to all the other tested oils. Wear, on the other hand, is 
slightly higher in comparison to the standard Castrol 0W20 oil. This 
suggests that both a lower concentration of the additive package and 
viscosity tend to suppress the tendency towards micro-pitting. A lower 
concentration 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 increase the friction by forming films at the summits of 
the asperities [32]. 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 
tendency towards micro-pitting. A lower viscosity results in lower film 
thickness, which, in turn, increases the wear rate. It is evident that the lower 
concentration of the additive package has a much higher impact on reducing 
the tendency towards micro-pitting compared to a lower viscosity, based on 
observation from using 0W16 oil. 
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Based on the results, Lukoil shows the highest tendency towards micro-

pitting (Am = 3 %) in comparison to all Castrol oils. Wear, on the other 
hand, is the lowest for this oil. This further supports the competing 
mechanism between mild wear and micro-pitting, as reported in several 
studies [28–30]. The ZDDP tribolayer is known to protect the surfaces in 
contact. It 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 probability of micro-pitting [28].  

In the case of standard production Castrol 0W20, the percentage of 
micro-pitting is Am = 2 %, which is one percent less than Lukoil. This 
suggests that Lukoil might have a higher concentration of ZDDP additives, 
thus resulting in a higher percentage of micro-pitting damage. To further 
support this, wear is lower for Lukoil. This further explains the competing 
action between micro-pitting and mild wear. 
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Based on the experimental testing, two research questions have been 

addressed. Micro-pitting and mild wear present the main damage modes for 
conditions similar to crankshaft roller bearing application (CSRB). A 
methodology for precise determination and quantification of micro-pitting 
damage for CSRB steels under boundary/mixed lubrication conditions has 
been developed for the material characterization part. The effects of surface 
roughness, hardness and sliding on micro-pitting 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 
roughness combination of specimen and counter-specimen. A 
smooth-on-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 degree of micro-
pitting damage. In contrast, a softer material combination tends to 
wear more, which consequently reduces micro-pitting damage by 
removing layers of fatigued material.  

•� Higher sliding increases both the severity of micro-pitting damage 
mode and the mild wear. 

•� A hardness difference can completely eliminate the micro-pitting 
damage mode of contacting surfaces that are made of the same 
material if the rougher surface is softer. 

In addition, micro-pitting and wear performances of engine oils were 
investigated in a ball-on-disc configuration under 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 conclusions can be 
drawn: 

•� Both lower viscosity and lower concentration of the additive package 
reduce the tendency towards micro-pitting, but wear, on the other hand, 
is increased. 

•� A higher blend of PAO oil compared to the standard production Castrol 
0W20 oil (PAO and Group III mixture) showed a significant reduction 
in both the tendency towards micro-pitting and mild wear.  
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State-of-the-art crankshaft steels have been reviewed. In addition, the 

tribological challenges for the satisfactory operation of a crankshaft roller 
bearing (CSRB) have been addressed. Based on the literature, current 
crankshaft steels present the limiting factor of acting as a bearing material 
due to their low achievable surface hardness and high sulphur level. In 
addition, the requirements for CSRB have been addressed. Based on this, 
several CSRB candidates have been proposed and present the main 
objectives for further research.  

Based on the current literature review, CSRB failure modes have been 
identified. Surface initiated fatigue was identified as the main mode 
responsible for complete failure of the CSRB. This is the result of the 
surface distress or micro-pitting. The main factors responsible for this are 
the operation under mixed conditions and the presence of the anti-wear 
additives such as ZDDP in an engine oil. Both factors promote micro-pitting 
damage. Nevertheless, micro-pitting failure mode is known to compete with 
mild wear. Based on this, this project aims to understand the tribology of 
CSRB on a laboratory level in order to: 

−� select a suitable CSRB steel, 
−� specify engine oil requirements, 
−� specify the optimal surface roughness and hardness of the CSRB 

design. 

Further research is needed in order to fulfil the aforementioned 
objectives. In this research, the methodology to assess the micro-pitting and 
wear performance has been developed. The methodology was employed to 
explore the effects of hardness and surface roughness on the aforementioned 
mechanisms. This study (part of paper I) presents the key understanding in 
order to further assess different steels and specify the optimal surface finish 
for CSRB application.  

Furthermore, different engine oils have been assessed based on micro-
pitting and wear performance. The effect of viscosity, additive chemistry 
and different amounts of base oil on aforementioned performance were 
presented and discussed. This research (part of paper II) presents a key 
understanding of a whole tribological system (steel/engine oil). 



 

 



 

  39

#� �	�	�	��	��
[1] O. Pinkus and D. F. Wilcock, “Strategy for energy conservation 

through Tribology,” Strateg. Energy Conserv through Tribol, 1977. 
[2] O. R. Lang, “Friction losses in internal-combustion engines,” 

Tribology, vol. 29, 1982. 
[3] B. S. Andersson, Paper XVIII (iii) Company Perspectives in Vehicle 

Tribology - Volvo, vol. 18. 1991. 
[4] R. I. Taylor, “Engine friction lubricant sensitivities: A comparison of 

modern diesel and gasoline engines,” TriboTest, vol. 7, no. 1, 2000. 
[5] W. J. Bartz, “Fuel economy improvement by engine and gear oils,” 

Tribol. Ser., vol. 34, 1998. 
[6] S. C. Tung and M. L. McMillan, “Automotive tribology overview of 

current advances and challenges for the future,” Tribol. Int., vol. 37, 
no. 7, 2004. 

[7] K. Holmberg, P. Andersson, and A. Erdemir, “Global energy 
consumption due to friction in passenger cars,” Tribol. Int., vol. 47, 
2012. 

[8] H. Tunander, “Application within Energy.” 2015. 
[9] C. Tiemann, M. Kalenborn, K. Orlowsky, C. Steffens, and W. Bick, 

“An effective way to the consumption reduction of rolling bearing in 
the internal combustion engine | Ein effektiver Weg zur 
Verbrauchsreduktion Wälzlagerung im Verbrennungsmotor,” MTZ 
Motortechnische Zeitschrift, vol. 68, no. 4, 2007. 

[10] M. McKenzie and R. Lugosi, “An investigation into the use of roller 
bearings in an internal combustion engine,” SAE Tech. Pap., 1987. 

[11] R. V. K. I. Charles W. Shattuck, “Evaluation of a low friction - high 
efficiency roller bearing engine,” 2009. 

[12] C. Tiemann, K. Orlowsky, C. Steffens, W. Bick, and M. Kalenborn, 
“The roller bearing engine - A cost effective contribution to CO2 
reduction,” in Proceedings of the Spring Technical Conference of the 
ASME Internal Combustion Engine Division, 2006. 

[13] Y. Baubet, C. Pisani, P. Carden, L. Molenaar, and A. Reedman, 
“Rolling Elements Assessment on Crankshaft Main Bearings of 
Light Duty Diesel Engine,” SAE Int. J. Engines, vol. 7, no. 3, 2014. 

[14] W. Menk, L. Kniewallner, and S. Prukner, “New perspectives in 
vehicle construction - Cast crankshafts as alternative to forged | Neue 
Perspektiven im Fahrzeugbau -Gegossene Kurbelwellen als 
Alternative zu Geschmiedeten,” MTZ Motortechnische Zeitschrift, 
vol. 68, no. 5, 2007. 



References 

 40 

[15] M. Zoroufi and A. Fatemi, “A literature review on durability 
evaluation of crankshafts including comparisons of competing 
manufacturing processes and cost analysis,” 26th Forg. Ind. Tech., 
no. November, 2005. 

[16] J. H. Hoffmann and R. J. Turonek, “High performance forged steel 
crankshafts-cost reduction opportunities,” SAE Tech. Pap., 1992. 

[17] A. Ebrahimi and M. M. Moshksar, “Evaluation of machinability in 
turning of microalloyed and quenched-tempered steels: Tool wear, 
statistical analysis, chip morphology,” J. Mater. Process. Technol., 
vol. 209, no. 2, 2009. 

[18] D. Bhattacharya, “Machinability of a medium carbon microalloyed 
bar steel,” 1987. 

[19] D. J. Naylor, “Microalloyed forging steels,” Mater. Sci. Forum, vol. 
284–286, pp. 83–94, 1998. 

[20] J. Grum, “Analysis of residual stresses in main crankshaft bearings 
after induction surface hardening and finish grinding,” Proc. Inst. 
Mech. Eng. Part D J. Automob. Eng., vol. 217, pp. 173–182, 2005. 

[21] R. Stribeck, “Die wesentlichen Eigenschaften der Gleit und 
Rollenlager,” Zeitschrift des Vereines Dtsch. Ingenieure, vol. 36, 
1902. 

[22] B. J. Hamrock and D. Dowson, “Isothermal Elastohydrodynamic 
Lubrication of Point Contacts Part 1—Theoretical Formulation The,” 
J. Lubr. Technol., vol. 99, no. 2, pp. 223–228, 1976. 

[23] S. Gunsel, S. Korcek, M. Smeeth, and H. A. Spikes, “The 
elastohydrodynamic friction and film forming properties of lubricant 
base oils,” Tribol. Trans., vol. 42, no. 3, pp. 559–569, 1999. 

[24] T. Tallian, “On competing failure modes in rolling contact,” ASLE 
Trans., vol. 10, pp. 418–439, 1967. 

[25] J. Y. Liu, T. E. Tallian, and J. I. McCool, “Dependence of Bearing 
Fatigue Life on Film Thickness to Surface Roughness Ratio,” A S L 
E Trans., vol. 18, no. 2, pp. 144–152, 1975. 

[26] ISO Standard 15243, “Rolling Bearing-Damage and Failures-Terms, 
Characteristics and Causes.” 2004. 

[27] C. Benyajat and A. V Olver, “The effect of a ZnDTP anti-wear 
additive on the micropitting resistance of carburised steel rollers,” 
AGMA Tech. Pap., 2004. 

[28] A. V Olver, T. A. Beveridge, and E. Laine, “Effect of lubricants on 
micropitting and wear,” Tribol. Int. J., vol. 41, pp. 1049–1055, 2008. 

[29] G. E. Morales-Espejel and V. Brizmer, “Micropitting Modelling in 
Rolling–Sliding Contacts: Application to Rolling Bearings,” Tribol. 
Trans., vol. 54, no. 4, pp. 625–643, 2011. 

[30] V. Brizmer, H. R. Pasaribu, and G. E. Morales-Espejel, 



References 

 41

“Micropitting Performance of Oil Additives in Lubricated Rolling 
Contacts,” Tribol. Trans., vol. 56, no. 5, pp. 739–748, 2013. 

[31] V. Brizmer, C. Matta, I. Nedelcu, and G. E. Morales-Espejel, “The 
Influence of Tribolayer Formation on Tribological Performance of 
Rolling / Sliding Contacts,” Tribol. Lett., vol. 65, no. 57, 2017. 

[32] A. Naveira Suarez, M. Grahn, R. Pasaribu, and R. Larsson, “The 
influence of base oil polarity on the tribological performance of zinc 
dialkyl dithiophospate additives,” Tribol. Int., vol. 43, no. 12, pp. 
2268–2278, 2010. 

[33] A. V Olver, P. B. Macpherson, and H. A. Spikes, “Wear in rolling 
contacts,” Wear, vol. 112, pp. 121–144, 1986. 

[34] M. N. Webster and C. J. J. Norbart, “An Experimental Investigation 
of Micropitting Using a Roller Disk Machine An Experimental 
Investigation of Micropitting Using a Roller Disk Machine,” Tribol. 
Trans. ISSN, vol. 38, no. 4, pp. 883–893, 1995. 

[35] A. Oila and S. J. Bull, “Assessment of the factors influencing 
micropitting in rolling / sliding contacts,” Wear, vol. 258, pp. 1510–
1524, 2005. 

[36] M. N. K. Tedric A. Harris, Rolling bearing analysis: essential 
concepts of bearing technology, 5th ed. 2006. 

[37] N. Tsushima, K. Maeda, and H. Nakashima, “Rolling Contact 
Fatigue Life of Various Kinds of High-Hardness Steels and 
Influence of Material Factors on Rolling Contact Fatigue Life,” Eff. 
steel Manuf. Process. Qual. Bear. steels, pp. 132–148, 1988. 

[38] J. Hoo and W. Green, Bearing Steels: Into the 21 st Century. 1996. 
[39] D. W. Reichard, R. J. Parker, and E. V Zaretsky, “Residual stress 

and subsurface hardness changes induced during rolling contact,” 
Nasa Tn D-4456, p. 30 p., 1968. 

[40] E. G. Jackson, “Rolling contact fatigue evaluation of bearing 
materials and lubricants,” ASLE Trans., vol. 2, no. 1, 1959. 

[41] R. A. Baughman, “Effect of Hardness, Surface Finish, and Grain 
Size on Rolling-Contact Fatigue Life of M-50 Bearing Steel,” J. 
Basic Eng., vol. 82, no. 2, p. 287, 1960. 

[42] W. Zaretsky, E. V., Parker, R. J., and Anderson, “Component 
Hardness Differences and Their Effect on Bearing Fatigue,” J. 
Tribol., vol. 89, no. 1, pp. 47–62, 1967. 

[43] T. J. Akesson; Lund, “SKF rolling bearing steels - properties and 
processes.,” BALL BEAR. J., no. 217, Oct. 1983, 1983. 

[44] K. Hashimoto, K. Hiraoka, K. Kida, and E. Costa Santos, “Effect of 
sulphide inclusions on rolling contact fatigue life of bearing steels,” 
Mater. Sci. Technol., vol. 28, no. 1, pp. 39–43, 2012. 

[45] M. Kaneta and Y. Murakami, “Effects of oil hydraulic pressure on 



References 

 42 

surface crack growth in rolling / sliding contact,” Tribol. Int., vol. 
20, no. 4, pp. 210–217, 1987. 

[46] W. Cheng, H. S. Cheng, and L. M. Keer, “Experimental 
Investigation on Rolling/Sliding Contact Fatigue Crack Initiation 
with Artificial Defects,” Tribol. Trans., vol. 37, no. 1, pp. 1–12, 
1994. 

[47] T. H. Kim and A. V. Olver, “Stress history in rolling-sliding contact 
of rough surfaces,” Tribol. Int., vol. 31, no. 12, pp. 727–736, 1998. 

[48] E. Lainé, A. V Olver, and T. A. Beveridge, “Effect of lubricants on 
micropitting and wear,” Tribol. Int., vol. 41, no. 11, pp. 1049–1055, 
2008. 

[49] P. Rabaso, T. Gauthier, M. Diaby, and F. Ville, “Rolling Contact 
Fatigue : Experimental Study of the Influence of Sliding , Load , and 
Material Properties on the Resistance to Micropitting of Steel 
Discs,” Tribol. Trans., vol. 56, no. 2, pp. 203–214, 2013. 

[50] A. Clarke, I. J. J. Weeks, R. W. Snidle, and H. P. Evans, “Running-
in and micropitting behaviour of steel surfaces under mixed 
lubrication conditions,” Tribol. Int., vol. 101, pp. 59–68, 2016. 

[51] E. Höglund and R. Larsson, “Modelling non-steady EHL with focus 
on lubricant density,” Tribol. Ser., vol. 32, pp. 511–521, 1997. 

[52] J. Johansson, On the Influence of Gear Oil Properties on Pitting 
Life. PhD thesis, Luleå University of Technology, 2015. 

[53] X. A. Zhang, Y. Zhao, K. Ma, and Q. Wang, “Friction behavior and 
wear protection ability of selected base lubricants,” Friction, vol. 4, 
no. 1, pp. 72–83, 2016. 



 

 43

���	�
	
����	���
 



 

 
 
 
 



 

 45

���	�����
A.� Vrcek, T. Hultqvist, Y. Baubet, B. Prakash, P. Marklund and R. 

Larsson 

“Effects of hardness and roughness of bearing steel surfaces on 
micro-pitting under boundary/mixed lubrication conditions” 
 
Submitted to Tribology international (2018) 
 



 

 
 
 
 
 
 

 



47

Effects of hardness and roughness of bearing steel surfaces on 
micro-pitting under boundary/mixed lubrication conditions 

A. Vrcek1*, T. Hultqvist1, Y. Baubet2, B. Prakash1, P. Marklund1, R.
Larsson1 

1 Luleå University of Technology, Division of Machine Elements, Lulea, 
Sweden 

2 SKF, Nieuwegein, Netherlands  
*Corresponding author: aleks.vrcek@ltu.se

ABSTRACT:  
Micro-pitting is a failure mechanism typically encountered in gears and 
bearings. It presents a failure of the rolling/sliding contact metal asperities 
operating under boundary/mixed lubrication conditions. The latest 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. However, how hardness affects the micro-pitting 
formation of bearing steels has not yet been extensively studied. This article 
describes a methodology to investigate micro-pitting failures of bearing 
steels using a twin-disc machine. Micro-pitting formation regions have been 
identified through surface roughness and hardness investigations. It was 
shown that a higher hardness of steel pairs tends to suppress the wear and 
enhance micro-pitting damage. In addition, a hardness difference can 
completely eliminate micro-pitting damage mode. 

KEY WORDS: 
Micro-pitting; Surface Distress; Mild Wear; Hardness 

1� Introduction 
Micro-pitting is a common failure mechanism in rolling-sliding contacts 
operating under boundary/mixed lubrication conditions at elevated contact 
pressures. According to ISO 15243 [1], this type of failure mode or damage 
is considered as surface distress or surface initiated fatigue. Typically, it is 
accompanied with mild wear and is characterized by numerous small 
surface micro-cracks or micro-spalls.  

Many recent studies have focussed on investigating the micro-pitting 
phenomena experimentally and numerically [2–11]. A study conducted by 
Laine et al. [5] 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 
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surface and/or by removing the layers of fatigued material. Morales-Espejel 
and Brizmer [7] further showed that even without the presence of additives, 
wear and micro-pitting are indeed two competing mechanisms acting on the 
surface, operating under boundary/mixed lubrication conditions. 
Furthermore, it was shown that additives such as antiwear (AW), friction 
modifiers (FM) and extreme pressure (EP) could have either detrimental or 
beneficial effect on micro-pitting formation. For example, Laine et al. [5] 
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. Naveira-Suarez et al. [12] also showed 
that the ZDDP tribofilms grew at the asperity summits made the surface 
rougher and consequently increased the friction. 

In order to predict micro-pitting damage, Morales-Espejel and Brizmer 
[7] developed the micro-pitting model for various operating conditions,
roughness values and material properties of the contacting surfaces. The
model was validated by performing a series of experiments with pure base
oil, showing a good correlation in percentage of micro-pitting with
experimental results. The model was later upgraded to take into account the
effect of additives on boundary friction coefficient and wear rate [8]. This
engineering approach, however, lacked the detailed modelling of tribofilm
build-up, wear and localized damage assessment [10], which were later on
studied and incorporated into the model.

Clarke A. et al. [11] 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 was suggested that presents the contributory factor to 
subsequent 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.  

Study by Oila A. and Bull S. [3] showed that micro-pitting damage 
initiation of gear steels is mainly controlled by contact pressure. Micro-
pitting damage progression is to the highest extend controlled by speed and 
sliding-to-rolling ratio. They showed that the harder steel pair leads to 
earlier micro-pitting initiation, but progression rate is significantly lower as 
if for 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. 

Micro-pitting has been extensively studied in laboratory test machines 
such as two- or three-disc machine apparatus under various conditions [2–
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11]. Depending on the application, either gear or bearing application, 
different steels were studied. For gear materials, it has been shown that the 
hardness plays an important role in mild wear and micro-pitting. Typically, 
higher hardness leads to lower wear and lower resistance to micro-pitting [2, 
3, 13].  

In the case of bearing steels, a typical and most commonly used bearing 
steel is 100Cr6 chromium alloy steel with a hardness ranging from 60-63 
HRC. In general, rolling elements are manufactured in a harder material 
compared to the raceways in bearings since they accumulate more over-rolls 
during operation. In addition, mild wear typically occurs on the softer, but 
rougher raceway. However, how hardness affects the micro-pitting 
formation on bearing steels has not been extensively studied. Therefore, the 
purpose of this work is first to reproduce the micro-pitting phenomena 
under controlled laboratory conditions and secondly to study the influence 
of surface roughness and hardness on the micro-pitting formation regions 
and damage accumulation.  

2� Methodology 
The twin-disc test machine Wazau UTM 2000 was utilized to investigate 
micro-pitting performance of 100Cr6 bearing steel. Figure 1 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 temperature 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 1. Schematics of the test configuration, ring-ring setup. In addition, clamping 
system is visible in the cross-section  
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The clamping system was modified to allow mounting of the outer ring 
from a commercially available Y-bearing (SKF-1726205-2RS1), see Figure 
1, 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 
are 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, allowing ring-on-ring configuration. The 
configuration can achieve maximum Hertzian (point) contact pressure of 
3.14 GPa.  

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

Figure 2. 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. 

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 63 HRC 
(� 1HRC). In order to investigate the hardness effect on micro-pitting
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performance, three different surface hardnesses were selected; 63 HRC, 59 
HRC and 55 HRC. Hardness values of 59 HRC and 55 HRC were achieved 
by using salt bath temperatures of 300 and 380 °C respectively. The 
hardness difference of 4 HRC between the hardness levels was believed to 
be sufficient to observe differences in micro-pitting behaviour. Both 
specimens in the contact have the same surface hardness throughout the 
investigation. This was chosen as a starting point for further tests that 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 desired surface roughness 
level.  

 
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 
surface finished to the same degree as for the raceway. Therefore, the 
surface 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 3.  

 

 
Figure 3. 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 1 shows the combinations of different sand papers and 
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achievable surface roughness (Rq). Water emulsion was used in order to 
cool the contact to prevent it from overheating.  

 
Table 1. Surface roughness preparation and variation depending on the abrasive paper 

used.  

Abrasive paper grid size Surface roughness,  
Rq [nm] 

Variation,  
Rq [nm] 

P320 400 ��� 
P400 300 ��� 
P800 200 ��� 

P1200 100 ��� 
P2000 +Polishing paste 50 ��� 

 
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 ≈ 400 – 50 nm) is achieved. As depicted in Table 1, certain 
variations are obtained and unavoidable. 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 [7]. The rough surface always imposes the 
fatigue micro-cycles on the smoother one. Test specimen is always 
smoother and is prone to micro-pit compared to rougher counter 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. 

 
2.2� Test parameters 
Test parameters to investigate micro-pitting performance are summarized in 
Table 2. Maximum entrainment speed, Ue = 7.85m/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 and -1 % and hardness of the specimens, HRC = 55, 59, and 
63, were varied within specified intervals. The oil used for this investigation 
was the special low additive SKF TT9 low-viscosity mineral oil in order to 
isolate micro-pitting damage only due to the material effect (excluding the 
effect of additives). 
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Table 2. 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, and -1
Surface hardness, HRC 55, 59 and 63 

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

����� 
(50) 

Oil sump temperature [°C] 50 
Oil kinematic viscosity, ν at 40°C [mm2/s] 8.8 

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. The heater simultaneously starts to heat up the lubricant from room 
temperature to 50°C, which takes about 10 min. 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 is chosen since it was shown that is 
more harmful for the slower moving surface, thus resulting in more damage 
[14, 15]. 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.  

2.2.1� Testing conditions to investigate the effect of surface roughness 
and contact pressure on micro-pitting  

In order to identify micro-pitting formation regions, several combinations of 
surface roughness were investigated according to Table 3. Maximum 
contact pressure pmax was calculated according to the Hertzian point contact. 
Lambda ratio (	
 was calculated as: 

	 �
���

���
� ����

�
�, 

(1) 

where ���� is the minimal film thickness of the lubricant film, ��� and ��� 
represents the surface roughness of the smooth and rough specimens, 
respectively. The minimum film thickness was calculated based on 
Hamrock-Dowson equation for lubricated point contacts [16]. Slide-to-roll 
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ratio and specimen hardness were kept constant throughout the tests, 
negative at one percent and 63 HRC, respectively. All tests were run in a 
random order. 

Table 3. Testing conditions used to investigate effect of the surface roughness on micro-
pitting formation 

Test 
no. 

Smooth test 
specimen – 
Surface roughness, 
Rq [nm] 

Rough counter-
specimen 
Surface roughness, 
Rq [nm] 

Max. 
contact 
pressure, 
Pmax [GPa] 

Labmda 
ratio, 
	 [-] 

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 

2.2.2� Testing conditions to investigate effect of hardness and sliding 
on micro-pitting  

Once the micro-pitting formation regions were identified for surface 
roughness and contact pressure, section 2.2.1, it became necessary to select 
the condition at which micro-pitting damage will be assessed depending on 
specimen 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 4. In addition, one replica was 
conducted in order to confirm the test for two conditions as shown in the 
table. All tests were run in a random order to avoid any dependence on a test 
run.  
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Table 4. Testing conditions to investigate effect of hardness on micro-pitting damage. 

Test 
no. 

Smooth specimen 
– 
Surface hardness, 
HRC 

Rough counter -
specimen 
Surface hardness, 
HRC 

Slide-to-roll 
ratio, 
SRR [%] 

(2, 12)* 63 63 -1 
(13, 14)* 63 63 -5 
15 59 59 -1 
16 59 59 -5 
17 55 55 -1 
18 
19 

55 
63 

55 
59 

-5 
-5 

( )*one replica for the same condition. 
 

2.3� Post analyses  
Post analyses of tested specimens and counter specimens were conducted 
with Optical interferometer, Zygo 7300, for quantifying micro-pitting 
damage. In addition to that, an optical microscope was employed for 
generating pictures of the wear track. 

The percentages of micro-pitted area Am and wear area Aw on the 
smoother surface were measured by processing the surface contour maps 
captured with the optical interferometer shown in Figure 4. The topography 
of specimens was captured ten times throughout the track of the test 
specimen and was later processed with the software MountainsMap. The 
percentage of micro-pitted area, Am, was assessed within the observed area 
domain of 1 x 1.05 mm, by adjusting the threshold height in order to cover 
all the pits, as depicted in Figure 5. 

 
Figure 4.  Image processing - Surface captured by optical interferometer. 
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The described sequence is done manually for each measurement and the 
final obtained percentage of micro-pitted area, Am, is 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 technique to 
determine the micro-pitting damage.  

 

 

 

 

(a) (b) 

Figure 5. Example of micro-pitting measurement: (a) surface image captured from the 
optical interferometry; (b) analyzed image, micro-pitted area (blue) and not micro-pitted are 
(green). The percentage of micro-pitted area is 1.12% in this example. 

Wear on the other hand, was measured by determining the worn area of 
the cross-section of the wear track as depicted in Figure 6. Again, the 
average wear area, Aw, was obtained from all ten measurements for each 
specimen. Due to a relatively low wear, precise determination of the worn 
area was not possible.  

 

 
Figure 6. Example of wear measurement showing the cross-section of a wear track. The 

worn area, marked with red, is 58,3 um2 for this case 
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3� Results and discussion 
The effects of smooth-on-rough combination, contact pressure, sliding, 
hardness and difference in hardness on micro-pitting formation are 
described in the following sections.  

3.1� Effect of smooth-rough combination and contact pressure on 
micro-pitting formation 

Throughout the investigation smooth-rough contact configuration was 
employed as it has been shown that it accelerates the micro-pitting damage 
[7]. An objective of this experiment was to identify micro-pitting formation 
regions. For this, testing conditions from section 2.3.1 were employed. 

In the case of a smooth surface with surface roughness Rq = 100 nm, 
micro-pitting damage starts to occur when the counter surface roughness is 
equal or greater than Rq = 400 nm, see Figure 7 (a). In addition, see micro-
pitting damage in Figure 8 (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 7 (b), in this case, the 
roughness of the counter surface is only Rq = 300 nm, Figure 8 (a2). In this 
case, lambda ratio was around 0.64 or lower.  

(a) 

(b) 

Figure 7. 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. 

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 imposed by the roughness [17]. 
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(a1) Test 1 (b1) Test 7 

(a2) Test 2 (b2) Test 8 

(a3) Test 4 (b3) Test 9 

Figure 8. Example of contact tracks of the smooth specimens for different operating 
conditions at SRR = -1 % and maximum contact pressure: a) pmax = 2.5 GPa and b) pmax = 
3.14 GPa. 

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, regardless of sliding direction 
[7]. For example, according to the same study, if a rough surface is in 
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motion (against the smooth one) and the smooth one is stationary, the 
smooth surface will experience a fluctuation in pressure from the rough 
surface. In this case, contact areas will experience higher pressure, whereas 
non-contact areas will experience lower pressure due to viscos friction. In 
the opposite 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.  

Furthermore, when roughness of the rougher surface is further increased, 
micro-pitting damage becomes even more pronounced, see Figure 8 (a2, 
b3). In case of Figure 8 (b3) the conditions are so severe, that the micro-pits 
start to merge and form larger pits.  

In addition, how load affects the micro-pitting damage has been assessed 
for one condition only, see testing conditions in section 2.3.1. Example of 
contact tracks is depicted in Figure 9. Higher load tends to increase micro-
pitting damage and therefore affects the progression of micro-pitted 
damage. 

(a)� Test 2, pmax = 2.5 GPa (b)� Test 3, pmax = 3.14 GPa

Figure 9. 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. 

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, according to 
testing conditions in section 2.3.2. Furthermore, sliding was kept negative 
throughout the whole investigation, as it was shown that this is more 
harmful for the slower moving surface in rolling contacts [14, 15].  

Based on the results, sliding has an effect on micro-pitting damage 
initiation and progression. When comparing two tests at same conditions, 
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see Figure 10, but only varying slide-to-roll ratio, micro-pitting damage 
increases with higher sliding. This agrees well with experiments conducted 
by [9]. Based on the crack propagation concept, higher sliding does increase 
micro-pitting damage. Higher siding increases the number of micro-cycles 
of stress during each passage of the contact as discussed in section 3.1. 
Furthermore, higher sliding will modify the subsurface stress fields, 
bringing the crack initiation sites closer to the surface [14]. However, there 
exists a threshold above which micro-pitting damage starts to reduce with 
further increase of sliding [7, 9]. This is attributed to mild wear since this 
mechanism is responsible for removing the fatigued layers of material from 
the surface and thereby retarding or completely removing the micro-pitted 
material. Furthermore, Morales-Espejel and Brizmer [7] showed that micro-
pitting damage is the highest at 1 percent of sliding. However, in their study, 
the contact configuration consisted of 3 rings with transverse roughness lay 
and a smooth roller in between. The roller accumulated three times more 
stress cycles compared to the configuration in this study. However, the 
circumference of the roller was much smaller than the circumference of all 
three counter-rings. This in turn, could led to higher wear rates on the roller 
and thus, moved micro-pitting threshold towards low sliding conditions.  

 

(a) Test 2, SRR = -1 % (b) Test 13, SRR = -5 % 

Figure 10. 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, see 
Figure 7. For this, the same smooth-rough surface contact was selected with 
surface roughness Rq = 50 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 to -5 percent.  
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Based on the results, the experiment induced micro-pitting mode, see 
Figure 11 (b), thus higher sliding can indeed alter the failure mode. Again, 
this can be explained based on the stress history and crack propagation 
concept. 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.  

(a)� Test 7, SRR = -1 % (b)� Test 19, SRR = -5 %
Figure 11. Example of contact tracks for smooth specimen for two different SRR at pmax 

= 3.14 GPa. Percentage of micro-pitting area Am and worn area Aw: (a) Am ≈ 0 % and Aw ≈ 
76 μm2 and (b) Am ≈ 0.56 % and Aw ≈ 122 μm2. 

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 2.3.2. A 
study by Olver et al. [13] showed that the mild wear mechanism is dominant 
when the specimen is softer compared to a harder counter face, therefore, 
the same hardness was chosen for both rings in the contact in order to focus 
on hardness effect only. In addition to that, one test was conducted on rings 
of a different hardness to examine the effect of a different hardness on 
micro-pitting damage. Optical images of the contacts for smooth rings are 
depicted in Figure 12 and the percentage of micro-pitted damage depending 
on hardness and sliding is depicted in Figure 13. Clearly higher hardness 
leads to more micro-pitting damage for the same contact conditions. Note 
that in case of the lowest hardness, the standard deviation (error bar) is 
relatively big, since the micro-pitting damage is not as homogeneously 
distributed around the contact track as it is in the case with higher hardness.  
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(a)� Test 13, 63 
HRC 

(b)� Test 16, 59 
HRC 

(c)� Test 18, 55 
HRC 

Figure 12. Example of contact tracks of smooth specimen for different hardness at SRR = 
-5 % and pmax = 2.5 GPa. Percentage of micro-pitting area Am and worn area Aw: (a) Am ≈ 
1.08 % and Aw ≈ 63 μm2 , (b) Am � 0.57 % and Aw ≈ 74 μm2 and (c) Am ≈ 0.35 % and Aw ≈ 
108 μm2 . 

Furthermore, the percentage of micro-pitting damage almost linearly 
increases with hardness. In addition, sliding tends to show the similar linear 
trend for the investigated conditions. Olver et al. [13] showed that a soft-soft 
material combination tends to wear more, as compared to a hard-hard steel 
pair. Therefore, the wear mechanism becomes dominant over micro-pitting. 
To support this, recent studies have shown that mild wear and micro-pitting 
damage present two main competing failure mechanisms [5, 7, 9]. 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.  

 
Figure 13. 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. 

To further support this hypothesis, wear damage depicted in Figure 14 
shows the opposite trend as for the micro-pitting damage discussed earlier. 
Clearly, the softer material pair leads to higher wear. However, relatively 
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high standard deviation is seen in all cases. This might be due to the limited 
precision of determining wear since wear is relatively low, hence no clear 
step is seen in the cross-section to precisely assess the wear i.e., the wear 
track is difficult to observe.  

The effect of a hardness difference on micro-pitting was observed from 
test 19, see Table 4, Based on the observations, the micro-pitting damage 
mode was completely eliminated. Only mild wear occurred on the harder-
smooth surface with the worn area, Aw ≈ 57 μm2. The conditions are less 
severe on the harder-smooth surface compared to the same conditions on 
contacting surfaces with the same hardness levels. The study by Clarke A. et 
al. [11] showed that the bulk of plastic deformation occurs on surfaces with 
lower hardness. Therefore, the severity of the contact is higher on the softer 
(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 hardness 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.  

 

 
Figure 14. Wear damage- word area Aw of a smooth surface with respect to-rolling ratio 

(SRR) and hardness fort pmax = 2.5 GPa. 

Concerning the actual repeatability of the experiments, Figure 15 clearly 
shows a good repeatability for both investigated slide-to-roll ratios; the 
percentage of micro-pitting damage and the wear damage for a smooth 
surface with hardness of 63 HRC.  
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(a)� (b)�
Figure 15. Repeatability of tests for: (a) percentage of micro-pitted area (63 HRC) and 

(b) worn area Aw (63 HRC).

4� Conclusions 
Micro-pitting damage for 100Cr6 bearing steel was successfully reproduced 
in a twin-disc machine. A methodology for precise determination and 
quantification of micro-pitting damage for bearing steels under 
boundary/mixed lubrication conditions was developed. Effects of smooth-
rough contact configuration, sliding, hardness and hardness difference on 
micro-pitting damage formation and progression were presented and 
discussed. Based on this investigation, the following conclusions can be 
drawn: 

•� Micro-pitting damage formation is a function of the surface
roughness 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.  

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

•� A higher hardness combination leads to higher micro-pitting
damage. 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
damage mode of contacting surfaces that are made from the same 
material if rougher surface is softer. 
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ABSTRACT:  
The replacement of journal crankshaft bearings with roller bearings poses 
several tribological challenges, where one important challenge is related to 
the formulation of engine oils. Current state-of-the-art engine oils tend to 
enhance micro-pitting damage in rolling contacts. ZDDP anti-wear additive 
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 
investigation studies the micro-pitting and wear performance of a number of 
engine oils for rolling contacts in a ball-on-disc configuration under 
conditions prevalent in crankshaft roller bearing applications. Based on the 
results it was concluded that an engine oil containing higher blend of PAO 
base oil compared to the oil mixture of Group III and PAO has a lower 
tendency towards micro-pitting and wear. 

KEY WORDS: 
Micro-pitting; ZDDP; Mild Wear; Rolling contact; PAO; 

1� Introduction 
The automotive industry is continuously forced to improve internal 
combustion 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 
[1]. 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 forward 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%, [2–4]. However, several 



PAPER II  
 

  70 

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 
elements 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 surfaces due to the action of ZDDP additives. This anti-wear 
additive is beneficial for tribology of sliding contacts but detrimental for 
rolling contacts [2].  

Benyajati and Olver [5] 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, 
preserves 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. [6] 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. [7] showed improvement in micro-pitting performance by 
adding 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 [8] 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 
conditions. They showed that micro-pitting damage depends on the 
lubrication condition and roughness of contacting surfaces. Micro-pitting 
damage is a function of slip and boundary friction, where the highest micro-
pitting damage was observed at low percentages of slip. A continued 
increase in slip resulted in higher wear and thereby retarding micro-pitting 
damage. Furthermore, they showed that rougher surfaces always impose the 
fatigue micro-cycles on the smoother one. Therefore, micro-pitting damage 
will always appear faster on a smoother surface.  

When adding a particular additive into the base oil, micro-pitting 
performance is mostly dependent on the corresponding coefficient of 
boundary friction and mild wear [9].  Generally they showed that lower 
friction and higher wear, leads to lower micro-pitting damage. Brizmer et al. 
[10] further studied the influence of ZDDP tribolayer formation on micro-
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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 tribolayer 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. Based on the results, higher blend of PAO base oil 
shows better wear and micro-pitting performances. 

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 
depicted in Fig. 1. The WAM machine features advanced positioning 
technology for high precision testing at various conditions. 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 
has a diameter of 20.637 and 101 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). 
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Fig. 1. Schematic of contact configuration for the WAM machine 

2.1� Test lubricants and specimens  
Five different engine oils were used for this investigation; amongst those, 
three prototype oils. Table 1 summarises the information about these oils. 
All Castrol oils are based on the base oil mixture of Group III and 
polyalphaolefins (PAO).  
 

Table 1. Description of testing oils 

Designation SAPS 
level** 

Viscosity 
grade 

Kinematic 
viscosity* 
at 100°C 

[cst] 

Description 

Castrol 
0W20 

Mid 0W20 8.1 Standard Castrol 
engine oil 

Castrol 
0W20 RC 

Mid 0W20 7.7 Optimized for 
rolling contact 

Castrol 
0W20 10%D 

Mid 0W20 7.7 Downgraded 
version of the 

standard Castrol 
oil 

Castrol 
0W16 

Mid 0W16 6.6 Reduced viscosity 
of standard Castrol 

0W20 oil 
Lukoil 
0W20 

Low 0W20 7.5 Standard Lukoil 
engine oil 

*measured with Microlab40 device (Spectro Scientific), according to ASTM 
D7417 standard. 

**Sulfated ash, phosphorus and sulfur.  
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The standard production engine oil is Castrol 0W20 that contains a 
standard additive package with an anti-wear additive known as the ZDDP 
additive. The optimized rolling contact oil (Castrol oil 0W20 RC) has the 
same additive chemistry as the standard production Castrol oil, but without 
viscosity modifiers and a much higher base oil blend viscosity, meaning a 
higher blend of PAO base oil compared to the standard production Castrol 
0W20 oil. The downgraded version of the standard Castrol 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 Castrol 0W16 has a reduced viscosity compared to the 
standard Castrol oil 0W20, simply by reduction of the viscosity modifier 
level to get the viscosity grade of 0W16. The additive package remains 
identical compared to standard production Castrol engine oil. The Lukoil 
0W20 has the same viscosity grade as other corresponding oils with 
viscosity grade 0W20, however, additive package and type of base oil is 
different.  

The specimens used were made from 100Cr6 bearing steel. The ball had 
a polished surface with average surface roughness Rq of 25±10 nm. The 
disc had an average surface roughness Rq of 250±30nm.  

 
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 
additionally 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 
maximum 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 
conditions are summarized in Table 2. The ball rotated faster than the disc, 
thus resulting in a slide-to-roll (SRR) ratio of 5 percent, which can be 
defined simply as the speed difference 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. 
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Table 2. 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, � ≈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 

(�' of approximately 0.15, calculated as: 
 

� �
����

���
	 
���

	
, 

 

(1) 

 
where ��� is the minimum film thickness of the lubricant film in the 
contact, ��� and ��� represents the surface roughness of the ball and disc 
specimens, respectively. The minimum film thickness was calculated based 
on the Hamrock-Dowson equation for lubricated point contacts [11] with a 
pressure-viscosity coefficient α of 20 GPa-1 for all oils. 

The test duration was the same for all investigated oils. The testing 
matrix is depicted in Table 3. 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. 

 
Table 3. Testing matrix to investigate engine oil performance. 

Test no. Oil Disc number Track diameter [mm] 
1 Lukoil 0W20 1 85 
2 Lukoil 0W20 1 82 
3 Castrol 0W20 1 79 
4 Castrol 0W20 RC* 1 70 
5 Castrol 0W20 RC* 2 97 
6 Castrol 0W20 10 % D** 2 94 
7 Castrol 0W16 2 91 
* RC - Rolling Contacts 
** D - Dilution 
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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 
microscope was employed for generating pictures of the wear track. 
However, before analysing the surfaces, the ZDDP tribolayer that formed on 
both surfaces was removed using EDTA solution according to [12]. 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 
adjusting the threshold height in order to cover all the pits, as depicted in 
Fig. 3. 

 

 

 
 

(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. 
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The described processing sequence was done manually for each 
measurement 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 technique 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. 

3� Results and discussion 
Friction, micro-pitting and wear performance of tested oils are described in 
the following sections. 

 
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 
friction [6, 10, 5]. Once the tribofilm is formulated, the friction stops 
increasing. 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 [5]. 
Therefore, the negative slope of friction coefficient is probably the result of 
the competition between tribochemical and mechanical action i.e. between 
mild wear and tribofilm formation. 

The measured friction coefficient has shown dependence on the track 
diameter of the disc, see Fig. 5. In general, higher diameter leads to higher 
friction. This can be clearly observed in test four and five where the same 
oil is used. 
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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. 
Nevertheless, to exclude the effect of the disc track diameter, results for the 
mean coefficient of friction can be normalized, simply as:  

 

����������������� !� " �
�#$

��
������ !� 

(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 
coefficient 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 behind this is that the measured friction is dominated by 
boundary friction since the operating conditions are towards the boundary 
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Fig. 6. Mean coefficient of friction for all oils for duration tests. 

lubrication conditions. Therefore, no clear assessment of coefficient of 
friction with respect to different oils can be performed in this setup.  

 

 
Fig. 7. Normalized mean coefficient of friction for duration tests. 
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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, Lukoil 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, 
Lukoil and Castrol 0W20 RC oil. 

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 micro-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 
Castrol 0W20 oil is one percent lower than when using Lukoil. 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. Castrol 
oil 0W20 RC shows fifty percent less micro-pitting damage than standard 
production Castrol oil 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 magnitude of EHL pressure spikes and thus, results in higher sub-
surface stresses closer to the surface [13]. This suggests that both the 
pressure-viscosity coefficient 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 friction coefficient [14]. 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 micro-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, Castrol 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 concentration 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 [15]. 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 tendency towards micro-pitting. A lower 
viscosity results in lower film thickness, which in turn increases the wear 
rate. 

To further isolate the effect of lower viscosity on micro-pitting and wear 
performance, Castrol oil 0W16 was employed. In this case, the percentage 
of micro-pitting damage was much lower than for the standard production 
Castrol oil 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, leading to a thinner tribofilm and thus, resulting in more wear and less 
micro-pitting damage. 
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Lukoil - Test 1 Lukoil - Test 2 

Castrol 0W20 Test 3 (location 1) Castrol 0W20 Test 3 (location 2) 

Castrol 0W20 RC - Test 4 Castrol 0W20 RC - Test 5 

Castrol 0W20 10%D - Test 6 Castrol 0W16 - Test 7 
Fig. 9. Example of micro-pitted wear tracks of tested balls. 
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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 behavior 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. Nevertheless, to exclude this aforementioned effect, wear results can be 
normalized, as in section 2.5, simply as: 
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(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 Lukoil and the standard production Castrol 0W20 
oil, 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. Lukoil tends to micro-pit more, however, the wear is suppressed. This 
further supports the higher protection from wear due to the thicker tribofilm 
in case of Lukoil. This is in good agreement with previous research [6].  
 

 
Fig. 10. Wear performance of engine oils 
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A similar trend is seen between wear and micro-pitting damage for two 
other prototype oils: Castrol 0W20 10%D and Castrol 0W16. Wear damage 
in both cases increases compared to the wear damage when using the 
standard Castrol 0W20 production oil. 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 package 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 0W20 RC oil, 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 Castrol 0W20 oil. This 
implies that this oil shows better performance in terms of wear and micro-
pitting damage modes under these conditions as mentioned before. This can 
be attributed again to a higher blend of PAO base oil. To further support 
these results, a study by Zhang et al. [16] 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 
Castrol 0W20 RC oil 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 section 2.5.  
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4� Conclusion 
Friction, micro-pitting and wear performances of engine oils were 
investigated 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: 

•� 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 [6, 9, 10]. 

•� Standard production Castrol oil 0W20 showed a significantly lower 
tendency towards micro-pitting (1% less) compared to Lukoil 0W20 
but had higher wear damage.  

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

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

•� The last prototype oil, Castrol oil 0W20 rolling contact (RC), was 
designed in order to favor rolling contacts. The results showed 
significant improvements 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 compressibility 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 surfaces and thereby prolongs 
the fatigue life.  

•� In this investigation, friction coefficient did not show any clear 
correlation to micro-pitting and wear performances since it was 
assumed to be only the result of boundary friction.  
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