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Abstract 
To meet the stringent demands set on future gear transmissions, and to allow for 

manufacturers to make them more efficient and durable, it is essential to understand 
what mechanisms that govern their performance. This work was launched with the 
chief targets of establishing key competence in gear lubrication. The fundamental 
film-forming mechanisms in rolling-sliding, heavily loaded, and rough surface 
elasto-hydrodynamic lubrication (EHL) were explored by means of ball-on-disc 
experiments arranged in a highly idealized setting. Tribological tests were conducted 
to explore the interplay between surface roughness and the transition between the 
EHL, mixed lubrication (ML), and boundary lubrication (BL) regimes. It was found 
that the onset of film breakdown is fairly well represented by the classical Λ-ratio 
(the film thickness over the surfaces RMS or Sq level) when surfaces are closely 
Gaussian. Accordingly, the criterion typically considered for full film (FF) EHL, Λ ≥
3, was confirmed, and in addition, moderately revised to Λ ≥ 2. However, it was also 
found that when asperity peaks have been subjected to running-in wear, the validity 
of the Λ-ratio no longer holds. A reduction in the Sq parameter by approximately e.g. 
15 % was found to cause a reduction in the EHL lift-off speed by a remarkable 90 %. 
This means that FF-EHL is possible even in cases where the Λ-ratio falsely suggests 
boundary lubrication (BL). To better understand this discrepancy, a set of well-
controlled running-in and measurement routines, together with a novel surface 
topography transformation tracing technique, was developed and employed for 
assessment of the topographical transformations associated with running-in and EHD 
lift-off. Accordingly, from a range of running-in tests conducted under a wide variety 
of conditions, it was found that the running-in improves surfaces micro-conformity 
of local surface irregularities, and consequently, their hydrodynamic load carrying 
capacity (HLCC). More specifically, the reduction of peaks and growth of their radii 
were attributed to the establishment of the micro-EHL regime – a thin film state 
which allows for FF-EHL even when the nominal film thickness is less than the 
measured surface RMS level. With this in mind, and by leveraging existing well 
established EHL and surface metrology theory, a new film parameter was deduced, 
Λ∗. The parameter accounts for the fluid-structure interaction (micro-EHL) induced 
by essentially any type of machined surface structure, isotropic or anisotropic. 
Validity was made possible through the utilization of the above-mentioned test and 
surface analysis techniques. Furthermore, the parameter was derived to be accessible 
for the broader spectrum of researchers and engineers interested in a straightforward, 
yet accurate, assessment of the lubrication quality. The ability to accurately predict 
the mode of lubrication is important in the manufacturing of tribological interfaces 
for optimal efficiency and durability – an example was provided. Finally, the 
proposed model was used to assess whether a novel additive technology, P-SiSO, can 
be employed as a running-in agent for improved micro-EHL. Such an in-situ 
modification would enable for surfaces to be prepared rough in production and thus 
respect the restrictions imposed on the manufacturing economy, but without 
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compromising the lubrication quality in service. The remarkable performance 
observed indicates that the strategy is promising indeed. 
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1 Introduction 

1.1 Background 
The global temperature rise this century must not exceed 1.5°C above pre-

industrial levels to avoid causing serious threats on the prosperity of the natural world 
and human life [6]. Alarmingly, at the present rate, this is likely to occur between the 
year 2030 and 2052 [7]. The key pathway towards holding global warming in check 
involves reducing emissions of greenhouse gases (GHG). The largest impact on GHG 
emissions is expected from end-use energy efficiency with 38 % reduction in CO2 
emissions between 2011 and 2050, compared to the key technologies listed by 
International Energy Agency (IEA) [8]. The transportation sector is a major player in 
this area, not least due to insufficient lubrication that adversely affects energy 
consumption by increased friction, wear and maintenance. 

In fact, recent estimates suggest that 28 % (111 EJ) of the world’s annual total (396 
EJ) energy use was consumed by transportation vehicles alone [9]. Of that, 
approximately one-third was lost to friction and wear-related causes in machine 
elements of cars, buses, and trucks. In general, around 5 % of the annual fuel energy 
consumption of such vehicles is lost to overcome the parasitic viscous and frictional 
losses found in transmission systems [9, 10]. Along with the immense number of cars 
and heavy vehicles in use (>1×109), there are great gains to be made by incorporating 
advanced tribological solutions [11], and actions are urgently needed. With the global 
freight demand expected to at least double between 2012 and 2050, the impact on the 
environment needs to be approximately half to keep the forthcoming influence on 
acceptable levels [12]. To make this possible, it is of critical concern that efforts in 
R&D are concentrated toward developing more efficient transmissions.  

The outlook is however encouraging. Scania, a heavy-duty truck and bus 
manufacturer based in Sweden, aims to be the leader in sustainable transportation [13] 
and they are driving the shift towards a world of mobility that is better for business, 
society and, the environment. Accordingly, they have pledged to reduce emissions at 
the scale and pace necessary to limit global warming to 1.5°C. This is reflected in the 
substantial investments (SEK 7.2 bn) focused on R&D with an increasing part 
focusing on sustainable transport solutions. Such focus includes tribological 
optimization of power transmissions for reduced energy consumption and enhanced 
service life and payload capacity. This project was launched accordingly, with the 
chief target focused on establishing key knowledge of gear tribology at Scania. 

1.2 Needs for a new film parameter 
The gear contact is a crucial link in a vehicles drivetrain, and must at the same time 

withstand substantial contact stress in order to maintain proper functionality. In fact, 
there are cases in a gearbox or a rear axle where the mechanical power must be 
transmitted by a single pair of gears. This is quite remarkable given that the gear flank 
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surface must transmit this power over a contacting area of only a few square 
millimetres. Of course, this would not be possible, as surfaces would quickly 
deteriorate, if not for the formation of a protective lubricant oil film.  

Gears depend on a characteristic mode of lubrication known as elasto-
hydrodynamic (EHD) lubrication (EHL) [14–18]. The developed thickness of the 
lubricant film is quite modest, typically in the range of nanometre to micrometre scale 
depending on the operating conditions. Despite this, its materialization is crucial for 
the functionality of various machine elements such as gears, bearings, and cam-
followers. Specifically, the film helps to lower friction and to mitigate contact distress 
that adversely affects performance and service life. Fig. 1 depicts how effective 
protective measures (lubrication, surface finishing, treatments, coatings) strengthens 
the tribological interface. 

 

Operating 
conditions

(load, speed, 
temperature)

Stresses
(the detrimental 

forces acting on the 
gear teeth)

Damages
(contact fatigue)

Reduced
 performance

(reduced reliability, 
service life and power 

efficiency)

Protective measures
(lubrication, surface 

finishing, treatments, 
coatings etc.)

 

Fig. 1 With sufficient active protective measures such as lubrication and surface finishing, 
an adverse contact situation leading to damages and reduced performance may be avoided. 

In the ideal EHD contact, the surfaces are smooth with respect to the nominal film 
thickness and the service life is generally of less eminent risk [19]. For such a case, 
knowledge about EHL film-forming mechanisms are well understood by means of 
practical use [20–22]. However, due to cost restrictions imposed on the design stage 
of manufacturing, it is seldom economically beneficial to produce gear surfaces with 
nanometre finish at an industrial scale. Rather the contrary in fact, surfaces are 
typically prepared comparably rough and this increases the risk of rupturing the film 
at the most prominent surface irregularities (asperities). Oil film breakdown due to 
increased surface roughness results in increased friction and, if uncontrolled, a 
gradual, or in the worst case, instantaneous deterioration of the tribological interface 
due to various modes of wear, plastic deformation, and contact fatigue [17, 23]  

Additionally, making the contact situation potentially more precarious, is that key 
actions to improve transmission efficiency is by downsizing and the use of lower 
viscosity lubricants. Lower weight component with maintained or improved power 
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density leads to cost savings in manufacturing and improved fuel economy [24]. Low 
viscous lubricants are used to minimize the pumping and churning losses, i.e. the 
load-independent power losses that arise in the gears and bearings of transmissions 
[25]. However, these actions also force gear contacts to operate towards even more 
severe lubrication regimes, hence risking to adversely affect contact efficiency and 
durability if not adequate lubrication quality is maintained. Hence, in order to allow 
gear surfaces to remain rough, knowledge about lubrication is of primary concern in 
manufacturers strive to develop sustainable transmissions. 

The rough surface EHL contact problem has been widely explored since the 1950’s 
and many characteristic features have been identified. This involves in particular 
complex interactions between the fluid and structure interface which allows for a 
lubrication regime known as micro-EHL – a state of lubrication that may postpone 
film breakdown due to elastic deformations of the most prominent asperities [26]. 
However, despite that the field of EHL, along with considerable aid from the adjacent 
field of surface metrology for surface roughness assessment [27], has indeed seen 
some tremendous advancements in the film-forming mechanisms, there has been little 
success in turning the knowledge into a straightforward, yet accurate, design tool 
accepted by the tribological community.  

As matter of fact, researchers and engineers are still persistently and routinely 
relying on the so-called Λ-parameter i.e., the ratio of the nominal lubricant film 
thickness and the composite root-mean-square (RMS) surface roughness height. This 
design parameter was introduced in the 1960’s [28, 29] and is still recommended by 
the International Organization for Standardization for designing e.g. gear surfaces 
(ISO/TS 6336-22:2018), despite proved erroneous in many cases [30–37]. As will be 
shown in this thesis, its deficiency lies particularly within the assumption of rigid 
roughness, which often is a gross oversimplification that leads to poor estimates. 
Consequently, EHL type of machinery is often designed with an imposed restrain 
from attaining their full capability in terms of minimized friction and maximized 
service life, thereby contributing to unnecessary tribological energy waste and CO2 
emissions. 

The purpose of this project was to establish key knowledge of fluid film lubrication 
in concentrated contacts to facilitate the development of a new, much more accurate, 
film parameter for rough surface EHL, than offered by the classical approach (the Λ-
parameter). The specific research objectives are as follows. 
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1.3 Research objectives 
Based on the above-outlined needs, the objectives of this thesis are to: 
 

1. Explore the fundamental mechanisms of lubricant film- breakdown/-
formation in rough surface, heavily loaded, and rolling-sliding EHL 
contacts by 

a. developing tribological tests and surface analysis routines that 
can be used for tribological exploration 

b. determining the influence of operating conditions and the 
topographical structure (height, lay, spacing, etc.)  
 

2. Develop a new improved film parameter that much more accurately 
estimates the lubrication quality in rough surface EHL contact than offered 
by the classical approach (the Λ-ratio) 

1.4 Delimitations 
The research presented in this Ph.D. thesis should be read with the following 
delimitations in mind. 

• The ball-on-disc experiments were conducted with one of the surfaces rough and 
the other smooth (single-sided-roughness). This to minimize the complex nature 
of the two-sided-rough and transient EHL contact problem. 

• A pure base oil was employed (if not otherwise stated) to minimize any tribo-
film-forming effects. This, to confine the film-forming mechanisms to the 
interplay between surface roughness and the lubricant rheology. 

• No efforts were made to measure the high sampling rate electrical contact 
resistance (ECR) signal. With such a procedure incorporated, it would likely be 
possible to measure occasional electrical passages due to metallic contact in cases 
deemed full film EHL. However, such collisions are expected to be too mild to 
be detectable using the developed surface-relocation analysis approach. 
Consequently, FF-EHL is considered at the completion of running-in (a sharp 
ML-EHL transition does not exist for engineering roughness). 

• No efforts were made to develop any deterministic EHL models in the quest to 
understand the film-forming mechanisms associated with running-in. Only semi-
analytical theory is considered in the development of a new film parameter. This 
to reduce complexity and enhance engineering usability. 

• The developed film parameter only accounts for the lubrication quality in terms 
of whether separation or interference occurs. No efforts were made to incorporate 
wear or a stress history for fatigue estimates. 
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1.5 Outline 
The Ph.D. thesis is structured as follows. Chapter 2 discusses the lubrication of 

non-conformal contacts in general. The elemental contact classifications are 
discussed and the full fluid film lubrication regimes are introduced. Chapter 3 
provides a state-of-the-art introduction to the smooth EHL contact problem. Key 
references are provided, core mechanisms are explained, and a procedure to compute 
the film thickness is outlined. Chapter 4 provides a detailed literature review of the 
most important aspects of the rough surface EHL problem. This expands particularly 
over topics covered in Sec. 1.2. Particular emphasis is directed to describe the nature 
of surface topographies, how they may be quantified, and what aspects are involved 
in the formation of the EHD film. Chapter 5 describes the experimental approaches 
used and their capabilities for studying the rough surface EHL oil film formation. 
This includes a thorough description of the ball-on-disc machine, the electrical 
contact resistance signal, as well test specimens. Chapter 6 explains the surface 
roughness measurements and procedures. Particular emphasis is on the surface re-
location analysis approach developed and its capabilities for investigating the 
topographical transformations with running-in. Chapter 7 explores the influence of 
surface roughness height, speed, and SRR on the EHL-ML transition when surfaces 
are freshly made isotropic and Gaussian. The Λ-ratio is assessed and moderately 
revised and deemed adequate for use. Chapter 8 expands upon the findings of chapter 
7 and investigates the situation when the Λ-ratio is unjustified for use, i.e., when 
following a running-in sequence. The missing mechanism was attributed to the 
establishment of the micro-EHL regime. The topographical features that govern the 
fluid-structure interaction were identified and quantified. Surface micro-conformity, 
i.e. removal of heights and increased asperity radii were highlighted as particularly 
important. In chapter 9, a new film parameter incorporating the micro elasto-
hydrodynamics is proposed, and finally, in chapter 10 a novel tribo-improving 
additive (P-SiSO) was utilized to explore its possibility in producing tribological 
surfaces with the characteristic features found important for the establishment of the 
micro-EHL regime. 
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2 Lubrication in non-conformal contacts 
In practice, some form of lubrication is generally always added to systems 

encountering rolling and sliding motion. In gears and bearings, the lubricant typically 
consists of either oils or greases. The main purpose of the lubricant is to form an easily 
sheared lubricant film that lowers friction and wear by separation of the contacting 
surfaces. The separation depends on several factors such as contact geometry, the 
topographical structure and material (e.g. coating), the lubricant technology, and the 
operating conditions. This section will outline the fundamental mechanisms of fluid 
film lubrication found in concentrated contacts such as gears and rolling element 
bearings. 

2.1 Contact classifications 
Fluid film lubricated machine elements are generally classified with respect to their 

contact geometry. The two elemental contact geometries are either conformal or non-
conformal, see Fig. 2. If the surfaces fit well into each other, the contact is said to be 
conformal. In this situation, the contact area is decoupled from the applied load since 
the load is distributed over a relatively large apparent contact area, typically 
comparable to the dimensions of the machine element. Generally, the contact pressure 
is less than 10 MPa, hence not high enough to cause significant elastic deformations 
to the contacting surfaces. Slider and journal bearings are examples of components 
having conformal contact geometry.  

 

Fig. 2 Idealization of the two main classifications of contact geometries found in machine 
elements. 

On the contrary, in the case when the contact curvatures do not match, the contact 
is classified as non-conformal. When two convex surfaces are brought together, they 
will touch at a point (a point contact), ellipse (elliptic contact) or along a line (line 
contact). Ball bearings, for example, form an elliptical contact between the ball and 
raceway, whereas gears may form either an elliptic- or a line contact depending on 
the teeth geometry. Generally, the contact area is small compared to the dimensions 
of the contacting bodies thus giving rise to a highly concentrated zone to support the 

Body 1

Body 3
Body 2

Non-conformal 
contact

Conformal 
contact
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load. The contact area increases substantially with load but is still much smaller than 
that of conformal contacts, typically three orders of magnitude or more. 
Consequently, the lubrication area must support very high contact pressures, typically 
between of 0.5 to 4 GPa. This is the type of circumstances that will be dealt with in 
this thesis. 

2.2 The Hertzian contact model 
The most widely used theory for contact mechanics was originally derived by 

Hertz in 1881 [38, 39], although a more accessible version is given in the classical 
work of Johnson [40]. 

Consider the general Hertzian non-conformal contact represented by two ellipsoids 
in Fig. 3. The bodies are assumed to have dissimilar materials by the elastic modulus 
𝐸𝐸1,2  and Poisson’s ratios 𝜈𝜈1,2 , with the sub-indices 1 and 2 denoting each body. 
Additionally, the geometry of each body can be represented by the smallest and 
largest radius of curvature, i.e. the principal radii, 𝑅𝑅1,𝑥𝑥 and 𝑅𝑅1,𝑦𝑦, for the upper body. 
In the general case, and under loading, an elliptic contact zone with semi-axis 𝑎𝑎 and 
𝑏𝑏 is formed. Note here that the point and line contact represents special cases of the 
elliptic case; when 𝑎𝑎 = 𝑏𝑏, the contact becomes circular; and when 𝑏𝑏 >> 𝑎𝑎 or vice 
versa, the contact geometry may be simplified as a two-dimensional infinity long line 
contact (rectangular contact). 
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Fig. 3 Hertzian contact between two bodies forming an elliptical contact. Re-sketched and 
modified from [41]. 

The contact geometry and the corresponding pressure can be estimated by the 
analytical Hertzian formulas given that the following assumptions apply. Firstly, 
materials are elastic, isotropic, homogenous, the strains are small, and the yield stress 
is not exceeded. Secondly, surfaces are nominally smooth so that no tangential forces 
are introduced between the bodies (frictionless interface). And finally, the contact 
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area is much smaller than the general dimensions of the bodies, i.e. 𝑎𝑎 & 𝑏𝑏 << 𝑅𝑅, hence 
the half space assumption applies. Accordingly, the two bodies can be represented by 
one equivalent body through the effective elastic modulus, 𝐸𝐸′, given in [Pa] according 
to Eq. (2.1) 

 

 𝐸𝐸′  =  2 × �
1 − 𝜈𝜈12

𝐸𝐸1
+

1 − 𝜈𝜈22

𝐸𝐸2
�
−1

 (2.1) 

 
and the equivalent radius, 𝑅𝑅𝑥𝑥′  in [m], according to Eq. (2.2) 

 

 𝑅𝑅𝑥𝑥′  =  �
1
𝑟𝑟1𝑥𝑥

+  
1
𝑟𝑟2𝑥𝑥

�
−1

 (2.2) 

 
The radius in y-direction is computed analogously. In the case the convex surfaces 
form a point contact, the radius of the contact circle, 𝑎𝑎, is given from Eq. (2.3) in [m] 

 

 𝑎𝑎 = �
3𝑤𝑤𝑅𝑅𝑥𝑥′

2𝐸𝐸′
�

1
3
 (2.3) 

 
and the corresponding maximum Hertzian pressure , give in [Pa], is computed from 
Eq. (2.4) 

 

 𝑃𝑃0 =
3𝑤𝑤

2𝜋𝜋𝑎𝑎2
 (2.4) 

 
where 𝑤𝑤 is the applied normal load in [N]. Due to the experimental nature of this 
work, the Hertzian contact parameters for the circular (point) contact is of primary 
interest and therefore presented. The corresponding parameters for the line contact 
can be found in e.g. Ref. [22]. For the elliptical contact, there exist no explicit solution 
but a graphically based analysis which relates elliptical contact geometry and size to 
the contact pressure was given by Johnson [40], and later summarized by e.g. Spikes 
[22].  

Examples of Hertzian pressure solutions for the ball-on-disc (point) contact, both 
made of AISI 52100 steel, are shown for three different normal loads in Fig. 4. The 
ball was a 13/16 inch standard ball bearing ball, hence Eq. (2.2) reduces to simply 
𝑅𝑅𝑥𝑥′ = 𝑅𝑅1𝑥𝑥′ = 10.3 mm, given that  𝑅𝑅2𝑥𝑥 = ∞ for a plane geometry. As can be seen, the 
elastic zone and pressure distribution clearly increases with load.  
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Fig. 4 Pressure distribution for a normally loaded AISI 52100 point contact with 𝑅𝑅𝑥𝑥′ =
10.3 mm. It can be seen, that contact pressure and width increases significantly with the 

applied normal load in non-conformal contacts. 

The corresponding schematic representation of the gear-cylinder line contact is 
depicted in Fig. 5. The gear teeth profiles are approximated by two contacting 
cylinders which forms a rectangular shaped cylinder-on-plane ‘line contact’ during 
transmission. The equivalent Hertzian pressure distribution is depicted in the inset 
plot. 
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Fig. 5 Gear-cylinder equivalence for the Hertzian line contact. Re-sketched and modified 
from [40]. 

2.3 Regimes of full fluid film lubrication (FFL) 
There are two types of lubrication conditions that may arise in lubricated contacts 

in relative motion; hydrodynamic lubrication (HL) and elasto-hydrodynamic 
lubrication (EHL). HL occurs when the fluid is dragged in and pressurized in a 
converging gap shaped contact geometry, which is an attribute of both conformal and 
non-conformal contacts. The hydrodynamic pressure build-up give rise to a fluid film 
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that in the ideal case may fully support the load – a condition which is known as full 
film (FF) lubrication (FFL). EHL may be viewed as a special case of HL with the 
main difference being a significant fluid-structure interaction imposed by the 
generated hydrodynamic pressure. Whether HL or EHL occurs depends on the 
magnitude and significance of two major physical effects; the increase in fluid 
viscosity with hydrodynamic pressure, and the elastic deformation of the contact 
geometry. Based on these effects, four different regimes [42–44] in FFL can be 
defined: 

1. Isoviscous-rigid: In this regime, the pressure is not high enough to 
significantly affect the lubricant viscosity, and the elastic deformation of 
the contact geometry is small with respect to the fluid film thickness. 
Hence, both the elastic deformation of the contact geometry and pressure-
viscosity effects are negligible. This mode of lubrication constitutes the 
classical HL regime, and machine elements often involve those with 
conformal contacts, e.g. slider and journal bearings, and the tilting pad 
thrust bearing where the pressures are in the MPa range. 

2. Piezoviscous-rigid: The pressure is high enough to significantly affect the 
lubricant viscosity, but not high enough to significantly affect the contact 
geometry. Hence, the contact geometry is considered rigid, while it may 
be appropriate to consider the pressure-viscosity characteristics of the 
lubricant. Applications that may encounter this type of lubrication involve 
moderately loaded tapered rollers and the contact between piston-ring 
cylinder liners. 

3. Isoviscous-elastic: The pressure is significant enough to deform the 
contact geometry, however, not enough to significantly affect the lubricant 
viscosity. This may be either due to low pressure, or else, due to a lubricant 
with low pressure-viscosity sensitivity (such as e.g. water). This regime is 
typically referred to as soft EHL and may be found in contacts with e.g. 
low elastic modulus such as seals, synovial joints, and tires. 

4. Piezoviscous-elastic: The pressure is high enough to significantly affect 
both the lubricant viscosity and the shape of the contact geometry. This 
regime is known as hard EHL and is often found in non-conformal 
contacts such as gears, cam and followers, and rolling element bearings 
where the pressures are in the GPa range. 

Hamrock has summarized film thickness formulas for each of these different 
regimes, see e.g. [15]. From this point onwards, the piezo-viscous elastic type of fluid 
film lubrication (hard EHL) will be considered. 
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3 Elasto-hydrodynamic lubrication 
Hard EHD fluid film lubrication occurs in non-conformal contacts in relative 

motion. When the lubricant is entrained into the concentrated contact zone, the 
piezoviscous-elastic response of the fluid-structure interface allows for the formation 
of a thin EHL oil film. The thickness of the film is typically less than 1 µm, while 
EHD pressures typically are in the range of 0.5 to 4 GPa. Machine elements such as 
gears and bearings rely heavily on the EHD film to support such substantial loads. 
This section will explain the fundamental mechanisms of EHL in more detail starting 
with a brief review of the literature. 

3.1 Early developments towards EHL 
It could be argued that the start and foundation of the development of 

hydrodynamic (and the elastohydrodynamic) lubrication was initiated and laid out in 
1883 when Beauchamp Tower [45] performed his famous experiments on a specially 
constructed test rig for journal bearings. Tower simulated the conditions found in 
railway boxes and found a lubricating hydrodynamic film that could a carry 
significant load. In 1886 another major leap was taken in the process of understanding 
the lubrication mechanism when, based on Towers experiment, Osborn Reynolds [46] 
published a differential equation describing the pressure build-up of the oil in the 
narrow converging gap between journal bearing surfaces (conformal contacts). 
Arnold Sommerfeld [47] then refined the work by Tower and Reynolds into a formal 
theory of hydrodynamic lubrication in 1904. 

In 1916, the first attempt to extend the hydrodynamic lubrication theory from 
conformal to non-conformal contacts was performed by Martin [48] and Gümbel [49]. 
They modelled the meshing of spur gears as two smooth cylinders assuming the fluid-
structure interaction to be isoviscous-rigid. The predicted film thickness in these 
studies was however far lower than the gear teeth’ surface roughness, thus failing to 
explain why gear teeth could operate for years without failing prematurely due to fluid 
film breakdown. Even though these studies failed to describe the film thickness in 
non-conformal contacts, as it lacked the ability to calculate the elastic deflection, they 
still were of significant importance as they showed that further development of the 
theory was necessary.  

In the coming decades, little progress was made in terms of EHL and it would take 
about an additional 20 years before the next major leap was taken. Based on the work 
by Ertel [50] and later published by Grubin [51], the first solution to include both the 
elastic deformation and the pressure-viscosity effects could finally be presented in 
1949. Grubin employed the Hertzian dry contact theory for the deformation of semi-
infinite elastic bodies, and the ‘Barus equation’ for the viscosity’s exponential 
increase with pressure, and derived a formula for estimation of the film thickness in 
the central zone of the EHL contact. As a side note, it is worth considering that the 
exponential form of the pressure-viscosity relationship often is referred to as the 
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‘Barus equation’ in EHL research, despite that Barus actually proposed a linear model 
in his work [52]. It is not clear when and by whom the exponential model was first 
introduced [53]. However, to stick with the prevailing consensus, this thesis may 
occasionally refer to the Barus equation when discussing the exponential pressure-
viscosity relationship. Taking us back to 1949 and the very important discovery of 
Ertel and Grubin; with consideration of the elastic deformation imposed by the 
hydrodynamic pressure, the formula presented was able to predict film thicknesses in 
the orders of magnitude larger than those predicted by Martin and Gümbel. Hence, at 
last, after much effort, predictions agreed well with experimental findings.  

At this time, there was still one more major finding waiting to be discovered before 
all the fundamental features of the elasto-hydrodynamic problem could be modelled. 
Although Grubin in qualitative terms discussed that the pressure distribution would 
exhibit a rather spectacular maximum near the outlet of the contact, his approximate 
formula lacked the ability to predict this effect. In 1951 Petrusevich [54] confirmed 
Grubins postulates when he presented a solution that simultaneously satisfied the 
governing elastic and hydrodynamic equations and thus managed to produce the first 
full numerical solution that revealed, for the first time, the so-called Petrusevich 
pressure spike.  

The next major leap in theoretical EHL development came in 1959 when Dowson 
and Higginson [55], introduce a new approach (inverse solution technique) in solving 
the EHL problem, and thus overcame the limitation of slowly converging numerical 
solutions, which was a major obstacle at the time. Based on their approach, Dowson 
and Higginson then obtained several solutions over a wide range of material 
properties, loads and speeds which in 1961 resulted in a useful regression formula for 
line contacts [56]. This is the equation currently employed in the ISO/TS 6336-
22:2018 standard for the calculation of micro-pitting load capacity. A few years later, 
in 1963, Gohar and Cameron [57] managed to experimentally reveal the classical 
horseshoe shape constriction of EHL point contacts for the first time. However, it 
would take until 1975 before Ranger managed to solve the point contact problem 
numerically and thus, for the first time in theoretical EHL history, show the horseshoe 
shape constriction. Shortly after Ranger, Hamrock and Dowson systematically 
studied through a series of papers [20, 58, 59] the effect of operating conditions, 
material properties, and contact ellipticity on the point contact problem through full 
numerical simulations. Based on a large number of numerical results, they derived 
two nowadays classical EHL formulas describing the central and minimum film 
thickness for isothermal and fully flooded elliptical conjunctions. These will be more 
extensively described in the sections to come, and as we will see, they will have a 
central role throughout this thesis. 

In the 1980’s, the main characteristics of fluid film formation of the nominally 
smooth EHL conjunction had been established. Later studies have been focusing on 
exploring the mechanisms of EHL in a greater amount of detail by refining the 
experimental and numerical techniques, and not least, directing vast efforts on trying 
to understand the very complex lubrication mechanisms arising when surfaces are 
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rough (see Ch. 4). We shall not pursue the historical development of EHL further 
here, instead, readers are directed to the following books and reviews [14–18, 22, 23, 
31, 60–71], which should provide a pretty clear overview on the subject. In the 
forthcoming subsections, the smooth EHL contact problem is discussed in more 
detail. 

3.2 The mechanisms of EHL 
Fig. 6a shows the piezo-viscous elastic equivalent EHD contact for the smooth 

infinitely wide cylinder-on-plane configuration obtained from a deterministic EHL 
model. Note that the scale in z-direction is strongly exaggerated (µm) compared to 
that in x-direction (mm) to reveal the film thickness shape.  

Consider that the cylinder is loaded against the flat in the presence of a lubricant 
and that the surfaces move with speed 𝑢𝑢1 = 𝑢𝑢2 (pure rolling) in the direction from the 
inlet to outlet zone. As the fluid is dragged, or entrained, into the wedge-shaped 
contact inlet by the moving surfaces, a hydrodynamic pressure, 𝑃𝑃 = 𝑃𝑃(𝑥𝑥) , is 
generated giving rise to an EHD film profile, ℎ = ℎ(𝑥𝑥) . Once the lubricant has 
entered the Hertzian contact zone, it becomes heavily pressurized. This causes the 
lubricant viscosity to increase several order of magnitude (solidifies), and as a result, 
the surfaces separate due to the generated hydrodynamic load carrying capacity 
(HLCC) in combination with the elastic deformation of the contact geometry.  

The lubricant film developed consists of a narrow almost constantly flat region, 
with the exception of a constriction at the outlet. The flat zone is referred to as the 
central film thickness, ℎ𝑐𝑐, and the constriction is referred to as the minimum film 
thickness, ℎ𝑚𝑚. Accordingly, the generated pressure within the Hertzian zone is overall 
similar to the Hertzian pressure, 𝑃𝑃0 = 𝑃𝑃0(𝑥𝑥), but with the main exception for the 
constriction zone, where a pressure spike followed by a rapid drop occurs. As will be 
explained below, this constriction and associated pressure response occur to preserve 
fluid flow continuity. 
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Fig. 6 a) The EHL film thickness and pressure compared to the Hertzian (dry) contact 
pressure (note that the scale in z-direction is three orders of magnitude smaller than that in x-
direction). b) Velocity profile with the Couette- and Poiseuille-flow as appearing in the inlet-, 

central and outlet-zone. 

Fig. 6b the flow profiles at the vicinity of the contact inlet, central part, and outlet 
are depicted. Two different types of flow are present; a surface driven flow (Couette 
flow - yellow solid arrows), and a pressure driven flow (Poiseuille flow - blue dashed 
arrows), which together make up the actual velocity profiles (black solid lines). The 
Poiseuille flow is significant close to the contact extremes because of the large 
pressure gradients, which act to squeeze out lubricant from the contact. At the central 
part of the contact, where there is no pressure gradients, the Couette flow 
predominates the velocity profile entirely. The positive pressure gradient in the inlet 
causes the Poiseuille flow to counteract the Couette flow, while on the contrary, at 
the outlet, the negative pressure gradients drive the Poiseuille flow in the same 
direction as the Couette flow. The sum of the Couette and Poiseuille flow must, 
however, be the same at any instance within the contact due to the fluid continuity 
law. Hence, the closing gap (the lack of elastic deformation) and the associated 
pressure spikes appear at the contact outlet to balance the flow in and out of the 
contact. Consequently, the amount of lubricant entrained into the converging inlet 
zone controls the film thickness both at ℎ𝑐𝑐 and at ℎ𝑚𝑚.  

The motion that controls the lubricant entrainment is the mean speed of the 
surfaces, typically referred to as the lubricant entrainment speed, 𝑢𝑢𝑒𝑒: 
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 𝑢𝑢𝑒𝑒 =
𝑢𝑢1 + 𝑢𝑢2

2
 (3.1) 

 
Since the amount of fluid entrained into the contact must be transported to the outlet 
zone, it follows that the pressure and lubricant properties within the contact have no 
influence on the film thickness, neither at the central zone nor at the constriction. 
Remarkably, this means that the pressure and properties of the lubricant within the 
contact have no influence on the fluid film formation. In fact, the inlet region and the 
Hertzian zone are effectively decoupled, where the inlet determines the film 
thickness, while the Hertzian zone determines EHL friction, see e.g. [22].  

Because of the low pressure at the inlet, which not usually is high enough to 
elastically deform the surfaces [16], the low shear rate properties of the fluid can 
typically be used to predict the EHD film thickness. This is however not always the 
case since some fluids experience shear thinning already at the shear rates present in 
the inlet zone of a pure-rolling EHD contact. By contrast, the effective properties of 
the fluid within the Hertzian zone, i.e. the high pressure rheology [72], must be 
accounted for if one attempts to accurately predict EHD friction. In practice, what this 
means is that EHL contacts can be designed for thick films with simultaneous low 
friction by an appropriate selection of the lubricant and surface properties. For 
instance, this can be accomplished by selecting a high viscous lubricant at ambient 
conditions, but with a weak pressure-viscosity dependency, and in addition, by 
incorporating a thermally isolating surface coating [73–75]. 

3.3 The EHL point contact 
The film-forming mechanism of circular (or point) EHL contact is similar to that 

of the line contacts, although there are some differences in the film thickness 
appearance. The left part of Fig. 7 shows a typical EHD point contact optical 
interferogram obtained from a ball-on-disc experiment. Each color represents a 
certain film thickness. In similarity to the line contact, there is a large plateau of 
constant film thickness in the central zone. However, along the contact outlet, there 
is now a horse-shoe shaped constriction in which the minimum film thickness occurs. 
Perhaps this is better viewed in the film thickness map shown in the right part of Fig. 
7. The two symmetrical side lobe constrictions are formed to preserve flow continuity 
as a result of the additional possibility of flow in the y-direction (prevent side leakage 
transverse to the fluid entrainment). 
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Fig. 7 EHL film thickness for the ball-on-disc configuration. The horse-shoe shape 
constriction is clearly visible in left; EHL film thickness interferogram (2D view), and right; 

the corresponding film thickness map (3D view). 

3.4 Isothermal EHL film thickness 
In order to deterministically compute the EHL film thickness and hydrodynamic 

pressure, a set of five equations are required. These involve; (1) the Reynolds equation 
to describe the continuity of the thin flow; (2) an equation that describes the film 
geometry; (3) an equation that describes the elastic deformation of the contact 
geometry; (4) an equation that describes for force equilibrium; and (5) equation of 
state of the lubricant (pressure-viscosity and pressure-density dependency). The 
system of equations can be solved iteratively, using an appropriate cavitation model 
to prevent large negative pressures in the contact outlet zone, and with atmospheric 
boundary conditions specified at the contact extremes, see e.g. [60, 68] for details.  

In practice, however, it is not a straightforward matter to solve real world 
engineering EHL problems deterministically, and a considerable amount of 
computing power and time is readily required. Fortunately, there is a wide range of 
useful and accurate EHL formulas available in the literature, see e.g. the following 
summarizing works by Dowson [71] for the early developments, the works by 
Lubrecht [21], Spikes [22] and Ref. [76] for more recent compilations. Probably the 
most famous and most frequently employed in EHL research, is the Dowson-
Hamrock (D-H) equations for the central and minimum film thicknesses, as discussed 
previously.  

By solving the deterministic isothermal and fully flooded (inlet fully immersed in 
lubricant) elliptical EHL problem over a wide range of material-, speed-, and load-
conditions, they managed to deduce the following two regressions fitted formulas for 
ℎ𝑚𝑚 and ℎ𝑐𝑐 [15, 20, 60]: 

 

 
ℎ𝑚𝑚
𝑅𝑅𝑥𝑥′

=  3.63 × 𝑈𝑈0.68 × 𝐺𝐺0.49 × 𝑊𝑊−0.073 × (1 −  𝑒𝑒−0.68𝑘𝑘) (3.2) 
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ℎ𝑐𝑐
𝑅𝑅𝑥𝑥′

=  2.69 × 𝑈𝑈0.67 × 𝐺𝐺0.53 × 𝑊𝑊−0.067 × (1 −  0.61𝑒𝑒−0.73𝑘𝑘) (3.3) 

 
where the elliptical parameter, 𝑘𝑘, is estimated from 

 
 𝑘𝑘 = 𝑏𝑏

𝑎𝑎
≈ 1.03 × �𝑅𝑅𝑦𝑦′ /𝑅𝑅𝑥𝑥′  �2/𝜋𝜋

  (3.4) 
 

and where 𝑎𝑎  and 𝑏𝑏  are the semi-axis in the x- (parallel with entrainment) and y-
direction (transverse), according to Fig. 6. The variables 𝑈𝑈, 𝑊𝑊 , and 𝐺𝐺 , being the 
dimensionless speed, load and material parameter, respectively: 

 

 𝑈𝑈 =
𝜂𝜂0 × 𝑢𝑢𝑒𝑒
𝐸𝐸′ × 𝑅𝑅𝑥𝑥′

 (3.5) 

 

 𝑊𝑊 =
𝑤𝑤

𝐸𝐸′ × 𝑅𝑅𝑥𝑥′
2 (3.6) 

 
 𝐺𝐺 = 𝛼𝛼 × 𝐸𝐸′ (3.7) 

 
stems from the non-dimensionalization of the EHL governing equations, see Ref. [68] 
for two different procedures. Eq. (3.2) and (3.3) are applicable to any contact 
geometry from point (𝑅𝑅𝑦𝑦′ /𝑅𝑅𝑥𝑥′ = 1), elliptical (1 < 𝑅𝑅𝑦𝑦′ /𝑅𝑅𝑥𝑥′ ≤ 10) to when the contact 
tends towards the equivalent line problem (𝑅𝑅𝑦𝑦′ /𝑅𝑅𝑥𝑥′ >  10) [21]. The solution to the 
film thickness equations yields a linear relationship when plotted against log(h) vs 
log(𝑢𝑢𝑒𝑒). For additive free base oils, this linearity appears to hold for film thicknesses 
less than 10 nm, see the work by Hartl et al. [77] and e.g. the review by Spikes [78]. 
The additional parameters α and 𝜂𝜂0 are the pressure-viscosity coefficient in [Pa-1] and 
the dynamic viscosity [Pa.s] at the prevailing inlet temperature and pressure, which 
in most cases can be taken at the ambient bulk conditions [22].  

The minimum film thickness is the most critical in practical terms since it is at the 
constricting gap where the oil film will collapse first. Stating Eq. (3.2) on a 
dimensional form, we get: 

 
 ℎ𝑚𝑚 =  3.63(𝑢𝑢𝑒𝑒𝜂𝜂0)0.68𝛼𝛼0.49𝑅𝑅𝑥𝑥′0.466𝐸𝐸′−0.117𝑤𝑤−0.073(1 −  𝑒𝑒−0.68𝑘𝑘) (3.8) 

 
Now, from the exponents, it is possible get an idea of how the different parameters 
affect the EHL film generation. While the effective radius (0.47) and the pressure-
viscosity coefficient (0.49) are about equally important for the film build up, the 
entrainment speed (0.68) and the viscosity (0.68) are by far the most influential. The 
elastic modulus (-0.12), and especially the load (-0.073), are however only weakly 
restraining the film development. This is because a change of these parameters only 
marginally affects the inlet geometry, while significantly affects the contact area.  
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The above lubricant properties and their effect on the lubrication capability will be 
discussed in the forthcoming sections in a greater amount of detail. A PAO (poly-
alpha-olefin) oil will be used as a reference case study; the outlined analysis is of 
course applicable to other types of lubricants as well. 

3.5 Temperature-viscosity dependency 
For most lubricating oils, the temperature has a substantial influence on the 

lubricant viscosity and consequently the EHD film-forming capability, as we have 
already noticed from Eq. (3.8). In order to compute the film thickness accurately, it 
is hence of crucial concern to take the viscosity at the correct temperature.  

Most oil suppliers include viscosities at 40 and 100°C in data-sheets, but extensive 
temperature-viscosity data is generally lacking. In such case, it is possible to calculate 
the kinematic viscosity, 𝜈𝜈(𝑇𝑇) , where 𝑇𝑇  is the temperature, from the tabulated 
viscosities at 40 and 100°C. This is easily done using the MacCoull-Walther [79, 80] 
viscosity-temperature Eq. (3.9), which is claimed valid for extrapolation up to 140°C 
[81], i.e.: 

 
 log10 log10(𝜈𝜈 + 0.7) = 𝐴𝐴 × log10(𝑇𝑇 + 273.15) + 𝐵𝐵 (3.9) 

 
where the constants 𝐴𝐴 and 𝐵𝐵 are given from 

 

 𝐴𝐴 =
log10(log10(𝑣𝑣40 + 0.7) / log10(𝑣𝑣100 + 0.7)) 

log10(313.15/373.15)
 (3.10) 

 
 𝐵𝐵 = log10(log10(𝑣𝑣40 + 0.7)) − 𝐴𝐴 × log10(313.15) (3.11) 

 
The dynamic viscosity is then obtained by multiplying with the density 𝜂𝜂(𝑇𝑇) = 𝜌𝜌 ×
𝜈𝜈, which also is dependent on the temperature. Typically, lubricant manufacturers 
specify the density at 15 °C, 𝜌𝜌15 . The density at the desired temperature can be 
estimated from [81]: 

 

 𝜌𝜌 = 𝜌𝜌15 × �1 − 0.7 ×
(𝑇𝑇 + 273.15) − 288.15

𝜌𝜌15
� (3.12) 

 
The lubricant density is however not very sensitive to the temperature, with only 
around 10 % reduction when the temperature is varied from 0 to 140°C.  

The solution to the above set of equations for the PAO oil considered in most 
results of this thesis (if not otherwise stated) is shown in Fig. 8a. The viscosities at 40 
and 100°C were 104 and 15.4 mm2/s, respectively, and the density as reported by the 
manufacturer was 836 kg/m3 at 15°C.  
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Fig. 8 PAO viscosity-temperature dependency according to ASTM D341. Input viscosity 
at 40 and 100°C were 104 and 15.4 mm2/s, respectively, and the density at 15°C was 836 

kg/m3. 

From Fig. 8, we see that the viscosity reduces several orders of magnitude with 
increasing temperature. The temperature range is typical for the oil reservoir of a 
transmission in between start-up and cruise temperature. Considering the work of 
Michaelis et al. [82], who examined the load-independent gearbox power losses at 
different lubricant viscosities, it is easily realized that losses due to oil churning are 
severe during e.g. cold starts, although providing the benefit of a highly developed 
film thickness. In contrast, when the vehicle reaches cruise temperature, the churning 
losses will be less, but to the expense of a less developed film thickness. Normally, a 
premium class GL5 transmission fluid is designed to have a high viscosity index (VI), 
which is a non-dimensional indicator of a fluid's change in viscosity relative to the 
change with temperature. That is, the viscosity-temperature response is stabilized in 
order to ensure that the fluid viscosity is acceptably thin at start-up temperatures to 
minimize the churning losses, while sufficiently thick to ensure adequate lubrication 
at the cruse temperatures.  

3.6 Pressure-viscosity dependency 
While material- and the bulk viscosity-data often is readily available as input to 

Eq. (3.2), it is often more difficult to obtain the 𝛼𝛼-value. The most commonly used 
equation in EHL [17] for describing the relation between the dynamic viscosity and 
pressure near the inlet zone is by means of the exponential equation often mistakenly 
attributed to Barus [52]: 
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 𝜂𝜂 = 𝜂𝜂0 × 𝑒𝑒𝛼𝛼×𝑃𝑃 (3.13) 
 
The viscosity-pressure dependency as predicated by Eq. (3.13) is shown together 

with experimental data provided by Bair [72] in Fig. 9. The experimental data 
represents the pressure-viscosity response of a PAO lubricant obtained using a low-
shear high-pressure viscometer at 40 and 100 °C. The corresponding pressure-
viscosity coefficients used as input to Eq. (3.13) were 15 and 10.9 GPa-1.  

 

Fig. 9 Lubricant (PAO) low-shear viscosity versus pressure curves. The pressure-increase 
near the contact inlet zone, which causes the lubricant entrainment, is quite accurately 
predicted by the ‘Barus equation’. However, as can be seen, when comparing with the 

experimental measurements conducted by Bair [72], a simple exponential power law cannot 
accurately predict the viscosity-pressure dependency within the highly loaded Hertzian zone. 

From Fig. 9, it can be seen that at low pressures (<0.25 GPa), the pressure-viscosity 
response increase exponentially, and there is quite a good agreement between the 
predicted and experimentally obtained data. At higher pressures, however, there is an 
ever-increasing discrepancy, and the predictions from the exponential equation 
become invalid. Alternative models of various complexity exist for higher pressures, 
e.g. the Roelands equation [83] which may be valid up to 0.5-1 GPa, and which in 
addition also accounts for the lubricant temperature, see any review on EHL, e.g. [17, 
18, 22, 64, 84]. At even higher pressures, after being generally concave downward, 
the viscosity of Fig. 9 may be expected to exponentially increase again, to form a 
generally concave upwards appearance. This occurs because the viscosity reaches its 
glass transition, see e.g. [85] which shows several lubricants displaying such 
response. 

However, since the pressure in the EHL contact inlet zone (which determines the 
lubricant entrainment) typically is less than 0.15 GPa, it is often sufficient to simply 
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take the slope of the loge[𝜂𝜂(𝑝𝑝)]-curve (the slope of the exponential equation) as a 
first approximation for the 𝛼𝛼-value as input to the D-H film thickness equations. 
Although, in practice, when tabulated pressure-viscosity data from high pressure 
viscometers are available, it is suggested [18, 86–88] that the pressure-viscosity 
coefficient: 

 

 𝛼𝛼∗ = ��
𝜂𝜂0
𝜂𝜂(𝑃𝑃) 𝑑𝑑𝑃𝑃 

∞

0
�
−1

 (3.14) 

 
formally termed ‘the reciprocal asymptotic isoviscous pressure’, should be used. 
Generally, it may be difficult to obtain the viscosity data at elevated pressures since 
a high-pressure viscometer is required, which only a few specialized tribological 
research laboratories in the world possess (LTU being one of them). The alternative 
approach to high-pressure viscometry and Eq. (3.13) is to conduct optical 
interferometry EHD film thickness measurements. The ‘effective’ 𝛼𝛼-values are then 
simply calculated from the measured film thicknesses inserted into an appropriate 
EHL film thickness formulae, see [22] which shows several 𝛼𝛼-values obtain with such 
an approach. In this work, however, using film thickness measurement to obtain the 
𝛼𝛼-values would be rather risky due to the high pressures considered [87]. 

3.7 Inlet shear heating 
Until now, the film thickness has been discussed from the aspect of pure rolling 

conditions. However, machine elements such as gears operate under a combined 
rolling and sliding motion and this adversely affects film formation.  

When the lubricant is entrained into the converging gap, the reverse flow driven 
by the positive pressure gradient (the negative Poiseuille flow) will cause the lubricant 
to shear at the inlet, which in turn generates viscous heating. At low speeds, and in 
particular, under pure rolling conditions, this effect is generally negligible, and the 
isothermal assumption of the D-H equation generally holds. However, when sliding 
is imposed to the rolling motion, and especially under high entrainment speeds, high 
shear rates at the contact inlet may generate enough heat to affect the inlet-viscosity 
and consequently the film-forming capability. In such a case, thermal effects must be 
accounted for in order to estimate the film thickness accurately. 

There are several empirical formulas available in the literature to correct for the 
inlet shear heating effect, see e.g. [89–92]. Probably the most widely used is that 
derived by Gupta et al. [93], which more recently was modified and validated by Hili 
et al. [94] for several different fluids. The Gupta formula with the regression 
coefficients updated for PAO oil reads: 

 

 𝐶𝐶𝑇𝑇 =
1 − 13.2 × �𝑃𝑃0𝐸𝐸′� × 𝐿𝐿0.42

1 + 0.18 × (1 + 2.2 ∙ 𝑆𝑆𝑅𝑅𝑅𝑅1.8) × 𝐿𝐿0.54 (3.15) 
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with 𝐿𝐿 being the thermal loading parameter (the Brinkman number): 

 

 𝐿𝐿 = �−
𝜕𝜕𝜂𝜂
𝜕𝜕𝑇𝑇
�
𝑢𝑢𝑒𝑒2

𝑘𝑘
≈
−𝛽𝛽𝜂𝜂0𝑢𝑢𝑒𝑒2

𝑘𝑘
 (3.16) 

 
and where 𝜕𝜕𝜂𝜂/𝜕𝜕𝑇𝑇 is either determined directly from a known viscosity-temperature 
curve (Fig. 8), or estimated from the temperature-viscosity coefficient, 𝛽𝛽: 

 

 𝛽𝛽 =
𝑙𝑙𝑙𝑙𝑙𝑙(𝜂𝜂/𝜂𝜂0)
𝑇𝑇 − 𝑇𝑇0

 (3.17) 

 
 where the 𝑇𝑇0 is inlet temperature, and 𝑇𝑇 some known temperature. Additionally, 𝑘𝑘 is 
the thermal conductivity [W/mK] of the lubricant which may be obtained from e.g. 
the following regression equation proposed by Larsson et al [95, 96]: 

 

 𝑘𝑘 = 𝑘𝑘0 × �1 +
𝑐𝑐1 × 𝑃𝑃

1 + 𝑐𝑐2 × 𝑃𝑃
� (3.18) 

 
with the corresponding constants for PAO oil being: 𝑘𝑘 = 0.154, 𝑐𝑐1 = 1.40 and 𝑐𝑐2 =
0.34. The variation of lubricant conductivity with pressure can be seen in Fig. 10. 
Note that the dashed line represents extrapolation outside of the experimentally 
verified range.  

Extrapolated

 

Fig. 10 Lubricant thermal conductivity for use as input to the correction factor by Gupta in 
order to account for inlet shear heating. 
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The final parameter needed as input to Eq. (3.15) in order to correct for the inlet 
shear heating effect on the viscosity, is the slide-to-roll ratio (SRR). The SRR is one 
of the most important parameters for EHD film formation and represents the standard 
way to describe the degree of sliding imposed on the rolling motion in EHL research. 
The SRR is defined as the sliding speed over the entrainment speed, i.e.: 

 

 𝑆𝑆𝑅𝑅𝑅𝑅 =
Δ𝑢𝑢
𝑢𝑢𝑒𝑒
 (3.19) 

or expanded: 
 

 𝑆𝑆𝑅𝑅𝑅𝑅 = 2 ×
𝑢𝑢2 − 𝑢𝑢1
𝑢𝑢2 + 𝑢𝑢1

 (3.20) 

 
and its value range spans between -2 to 2 when the tangential speed of the surfaces 
are oriented in the same direction. This is the case in most practical applications and 
research works, although not always, see e.g. [97]. When the 𝑆𝑆𝑅𝑅𝑅𝑅 equals 0 or ±2, 
then pure- rolling and (simple) sliding apply, respectively, and at any combination in 
between, there will be a combined rolling and sliding motion.  

Now, having defined all the inputs required for Eq. (3.2), (3.3) and (3.15), a simple 
multiplication will yield the thermally corrected film thickness, i.e. ℎ𝑚𝑚/𝑐𝑐 × 𝐶𝐶𝑇𝑇. The 
minimum and central film thicknesses developed in a ball-on-disc contact with 
increasing entrainment speed, and for two different SRRs, are shown in Fig. 11, 
together with the corresponding isothermal solution. The contact was loaded with 300 
N giving 1.94 GPa of maximum Hertzian pressure and the oil reservoir temperature 
was set to 40°C. The isothermal- and thermal-input variables required for Eq. (3.2), 
(3.3) and (3.15) are summarized in Table 1. The influence of inlet shear heating on 
the film thickness with increasing SRR is especially apparent at speeds above 2 m/s 
for this particular lubricant and probably in general as well.  

Table 1 Input variables for the isothermal and thermally corrected film thickness 
computations of Fig. 11 for a steel ball-on-disc contact lubricated with a PAO oil at 𝑇𝑇0 = 40°C. 

Isothermal Thermal 
𝑤𝑤 
[N] 

𝐸𝐸′ 
[GPa] 

𝑅𝑅𝑥𝑥′  
[mm] 

𝑢𝑢𝑒𝑒 
[m/s] 

𝜂𝜂0 
[Pa.s] 

𝛼𝛼 
[GPa-1] 

𝑃𝑃0 
[GPa] 

𝜕𝜕𝜂𝜂/𝜕𝜕𝑇𝑇 
[Pa.s/K] 

𝑘𝑘 
[W/(mK)] 

𝑆𝑆𝑅𝑅𝑅𝑅 
[-] 

300 231 10.3 1-10 0.0129 15 1.94 -0.0038 0.4 0.5/1.0 
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Fig. 11 PAO isothermal and thermal film thickness dependency on entrainment speed at two 
different SRRs. The maximum Hertzian pressure was 1.94 GPa (300 N) and the inlet 
temperature was 40 °C. 

3.8 Friction in rolling-sliding EHL 
This section starts with an introduction to the concept of lubricant rheology and 

proceeds with an experimentally oriented discussion on the fundamental concept of 
friction in rolling-sliding FF-EHL.  

3.8.1 Lubricant rheology 
So far, the lubricant characteristics which govern the EHL film thickness has been 

discussed, i.e. the prevailing low-shear viscosity characteristics at the contact inlet. 
However, while the film thickness is controlled by the conditions at the inlet, this is 
not the case when it comes to friction. Friction in EHL is by contrast almost entirely 
governed by the effective viscosity within the heavily loaded and Couette-shear-
dominated Hertzian zone. For his purpose, it is at this point appropriate to introduce 
the concept of rheology. Lubricant rheology relevant for rolling-sliding EHL may be 
defined as the relationship between the lubricant shear stress and shear strain rate at 
different pressures and temperatures [96]. Mathematically, this may be expressed as 
the apparent (shear) dynamic viscosity: 

 

 𝜂𝜂 =
𝜏𝜏 �𝑃𝑃,𝑇𝑇,𝜕𝜕𝑢𝑢𝜕𝜕𝜕𝜕�

�̇�𝛾
 

 
(3.21) 
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where, 𝑇𝑇, is the temperature, 𝜏𝜏 the shear stress, �̇�𝛾 the shear strain rate, 𝜕𝜕𝑢𝑢/𝜕𝜕𝜕𝜕 (or just 
strain rate), given from the derivative of the velocity profile. The relation to the 
coefficient of friction (denoted CoF or 𝜇𝜇) is simply: 

 

 𝐶𝐶𝑙𝑙𝐶𝐶 =
𝜏𝜏
𝑃𝑃

=
𝜂𝜂�̇�𝛾
𝑃𝑃

 
 (3.22) 

 
As long as 𝜏𝜏 is linearly proportional to �̇�𝛾 (typical for small 𝜕𝜕𝑢𝑢/𝜕𝜕𝜕𝜕), i.e. when 𝜂𝜂 is 

a proportionality constant, then the lubricant is said to be a Newtonian fluid. However, 
with increasing shear stress, lubricants typically exhibit what is known as ‘shear 
thinning’. When shear thinning occur, the viscosity decreases with increasing shear 
rate, thus causing a non-linear relation between 𝜏𝜏 and �̇�𝛾. In this case, the lubricant is 
said to be a non-Newtonian fluid. With further increase in the shear rate, the shear 
stress reaches a maximum, known as the limiting shear stress (often denoted 𝜏𝜏𝐿𝐿). This 
maximum may be increased if the pressure is increased, see e.g. [96] for more details. 
However, under fixed pressure, and with further increase in the shear rate, no further 
increase in shear stress is possible, and the viscosity typically reduces at a linear rate 
in double log scale, see e.g. [72, 98, 99] which shows such behavior for several 
lubricants and pressures. 

Now, having defined lubricant rheology and its relation to the CoF, the discussion 
will progress with a more experimentally oriented approach in which the different 
rheological regimes of rolling-sliding EHL may be defined.   

3.8.2 Friction and the rheological regimes  
 A standard way of characterizing the friction in lubricated rolling-sliding contacts 

is using e.g. a ball-on-disc machine or a twin-disc machine. Fig. 12a shows a typical 
EHL ‘𝜇𝜇 -slip curve’, i.e. with the CoF on the vertical axis, and the SRR on the 
horizontal axis. The curve was obtained with a ball-on-disc traction machine (see Ch. 
5) lubricated with a PAO oil under the following conditions; 𝑇𝑇0 = 40 °C, 𝑃𝑃0 = 2.44 
GPa (𝑤𝑤 = 600 N), and 𝑢𝑢𝑒𝑒 = 2.5 m/s [1].  
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Fig. 12 EHD traction curves obtained using a ball-on-disc machine. The maximum Hertzian 
pressure was 2.44 GPa (600 N), the inlet temperature was 40°C and the entrainment speed was 
2.5 m/s. a) Coefficient of friction against the SRR including the EHD friction regimes. b) the 
corresponding shears stress versus strain rate curve with the limiting shear stress marked on the 
y-axis. c) The total heat generated from the EHL contact as a function of SRR. d) Ree-Eyring 
fit on the data presented in b) up to a strain rate of 2.5×105 [1/s]. 

As can be seen, the CoF is highly sensitive to the SRR close to pure-rolling 
conditions where it increases rapidly from zero to a maximum at approximately 0.05, 
before reducing moderately in a close to linear manner. This curve is easily converted 
into a mean shear stress (𝜏𝜏̅)- and shear rate (�̇�𝛾)-curve as. For this sake, consider Eq. 
(3.22), which for the ball-disc contact can be expressed: 

 

 𝜏𝜏̅ = 𝐶𝐶𝑙𝑙𝐶𝐶 × 𝑃𝑃 =
𝐶𝐶𝑙𝑙𝐶𝐶 × 𝑤𝑤

𝐴𝐴
=

𝑇𝑇�
𝜋𝜋𝑎𝑎2

 
 (3.23) 

 
where, 𝑇𝑇�, is the EHD traction force and, 𝐴𝐴, is the Hertzian contact area for circular 
contacts. Additionally, under the assumption that the film thickness is constant in the 
central zone, and by making use of the expression for the SRR in Eq. (3.20), the 
expression for the shear rate is given from: 
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 �̇�𝛾 =
𝜕𝜕𝑢𝑢
𝜕𝜕𝜕𝜕

≈
Δ𝑢𝑢
Δℎ

=
𝑢𝑢2 − 𝑢𝑢1
ℎ𝑐𝑐

=
𝑆𝑆𝑅𝑅𝑅𝑅 × 𝑢𝑢𝑒𝑒

ℎ𝑐𝑐
 

 
(3.24) 

 
The resulting 𝜏𝜏̅ vs �̇�𝛾 curve is plotted in Fig. 12b. Note that the �̇�𝛾-axis was plotted 

logarithmically to spread the small SRR measurement points. Now, from Fig. 12a and 
b, it is possible to define four different rheological regimes associated with the EHL-
CoF-dependency on the SRR [100–102]: 

1. The linear regime. This regime occurs close to pure rolling where the lubricant 
shear stress is proportional to the shear rate (follows the Newtonian law), thus 
causing a linear increase in the CoF with increasing SRR.  

2. The non-linear viscous regime. At somewhat higher SRRs, outside of the linear 
regime, shear thinning, and/or thermal dissipation, and/or the limiting shear stress 
of the lubricant are increasingly affecting the CoF. This depart of the linear 
dependency leads to a non-Newtonian EHL type of contact problem. 

3. The plateu regime. Once the CoF takes an asymptotic value, and only changes 
moderately with the SRR, it is proposed to be governed by the limiting shear 
stress of the lubricant, see Fig. 12b. 

4. Thermoviscous regime. At even higher SRRs, the CoF starts to decrease due to a 
combination of shear thinning and shear heating (thermal softening), which then 
predominates the EHL friction response. 

The heat dependency to the CoF at high SRRs may be better understood by 
considering the total energy dissipated in the rolling-sliding contact, which can be 
determined by the friction force and the relative sliding velocity. Assuming that all of 
this energy dissipates as heat, then the rate of heat [W/m2] may be estimated from: 

 
 𝑞𝑞𝑡𝑡𝑡𝑡𝑡𝑡 = 𝐶𝐶𝑙𝑙𝐶𝐶 × 𝑃𝑃𝑚𝑚 × Δ𝑢𝑢 = 𝐶𝐶𝑙𝑙𝐶𝐶 × 2/3 𝑃𝑃0 × 𝑆𝑆𝑅𝑅𝑅𝑅 × 𝑢𝑢𝑒𝑒  (3.25) 

 
By scaling 𝑞𝑞𝑡𝑡𝑡𝑡𝑡𝑡  with the Hertzian contact area (0.37 mm2), we get the heat 

developed within the EHL contact. The result is displayed in Fig. 12c as a function of 
SRR. At pure-rolling, very little heat is generated due to lack of Couette shear and 
thus friction. With increasing SRR, heat develops close to linearly, until reaching a 
remarkable 30 W at 0.5 SRR. The heat is substantial for such a small area of contact 
and hence makes the consolidation of the thermoviscous regime at high SRRs quite 
easy to appreciate. In fact, scaled to the unit of meters, we find that the heat generated 
is comparable to the energy output a full-scale power plant (80 MW/m2). The heat-
CoF-dependency is the reason why researchers employ thermally isolating layers, 
such as diamond-like carbon (DLC) coatings [74], in order to minimize the CoF under 
FF-EHL. 

Moreover, making use of a traction machine as a rheometer in this way has been 
an approach frequently employed by tribologists since the early 1960’s [22, 103, 104], 
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and is indeed a useful strategy to get an idea of the rheological response of a lubricant 
in EHL. It should however be noted that the above approach may not be as accurate 
as those measurements obtained using high pressure and high shear viscometry [105], 
and such data may therefore be preferable in some cases. In fact, it is still a very open 
research question whether the shear stress vs. strain rate relationship in piezoviscous 
EHL follows a sinh-law (the ‘Ree-Eyring’ model) or a type of a power law (the 
‘Carreau-Yasuda’ model, not shown) [84]. The former is typically promoted by those 
using EHL traction machines, whereas the latter is often promoted by those using 
high shear rate viscometers. Nonetheless, for the purpose of explaining the 
fundamental aspects of EHL friction dependency with varying SRR, the approach is 
quite convenient and meaningful.  

Following the Ree-Eyring approach, we find that the shear stress indeed clearly 
fits experimental data very well up to around 2.5×105 [1/s] where the thermal 
development is small, see the curve fit of Fig. 12d obtained from: 

 

 𝜏𝜏̅ = 𝜏𝜏𝑒𝑒 × sinh−1 �
𝜂𝜂 × �̇�𝛾
𝜏𝜏𝑒𝑒

� 
 

(3.26) 

 
where 𝜏𝜏𝑒𝑒  is the Eyring stress (20 MPa for this case), i.e. the stress at which the 
viscosity starts to behave like a non-Newtonian liquid, and where 𝜂𝜂 is the low shear 
viscosity at the prevailing conditions – obtained by the curve fit or e.g. using Eq. 
(3.13). Thus, this equation can be used in e.g. numerical simulations to predict friction 
in situations when non-Newtonian effects is important to account for. Note that under 
low shear rates, Eq. (3.26), reduces to the more simple Eq. (3.13). 
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4 Rough surface EHL 
So far, EHL has been discussed from the perspective of nominally smooth surfaces 

and when the gap is fully separated. However, in reality, even the most carefully 
prepared surface contains large irregularities compared to molecular dimensions, and 
the film is often not thick enough to cause complete separation. Such a situation 
causes complex interactions between the fluid-solid interfaces involving both elastic- 
and plastic-deformations, as well as various modes of wear. This section deals with 
the mechanisms involved in rough surface EHL film formation, starting with an 
introduction to surface topographies.  

4.1 The surface topography 
The fundamentals of engineering surface topographies are explained. The first part 

identifies the surface roughness in relation to machine elements macro-scale surface 
geometry. This is followed by a discussion of the nature of surfaces in three-
dimensions, and how they typically are presented in the literature, which may be a bit 
misleading without proper consideration of the augmentation of the vertical axis. In 
the final part, it is shown how different features of the surface roughness can be 
quantified using surface metrology. 

4.1.1 Surface roughness 
The idealized multiscale nature of a tribological surface is depicted in Fig. 13. The 

macro-geometry, i.e. the geometrical shape of a work piece, which may e.g. be a gear 
tooth, is typical of the order of 10-2 m. Further magnification (10-3 m) separates the 
nominal form from the macro geometry. Under much higher magnifications (10-6 to 
10-9 m), three different geometrical properties of a surface topography appear [60, 
106]: 

1) The error of form – deviations of the theoretical form, typically due to inherent 
errors in the machining process. 

2) Waviness – long wavelength (>2a) components associated with unwanted 
variations in the machining process. 

3) Roughness – surface irregularities excluding the unwanted errors of form and 
waviness. This component of surfaces may be considered being a product of 
the surface finish specification, rather than an artefact of machining.  
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Fig. 13 Multiscale nature of tribological surfaces. 

The main components of the surface texture are waviness and roughness, which 
when added together, becomes the primary surface profile. The roughness profile is, 
however, the geometrical variation that controls friction, wear, and lubrication, and 
which is of primary focus in this thesis. High local maxima of the roughness profile, 
i.e. peaks or summits, are typically termed asperities, whereas local minima are 
termed dales or valleys. 

4.1.2 The nature of surface topographies 
Fig. 14a shows a typical roughness profile obtained with an optical profilometer 

after the appropriate post surface acquisition treatment (see Sec. 6.2). The multiscale 
aspect of the roughness profile is observable in its intrinsic irregularity which 
indicates the composition of many different amplitudes and wavelengths. In fact, the 
roughness of engineering surfaces are often self-affine fractal over a wide range of 
length scales [107], and the smallest components available for evaluation are limited 
mainly by the resolution of the measurement instrument. 

A prominent asperity and valley are highlighted in Fig. 14a. While they may look 
very aggressive with high slopes, it should be remembered that the height scale makes 
the visual interpretation rather deceptive. The horizontal dimension (x=0.5 mm) is 
typical set to the size of the Hertzian point contact, as seen from Fig. 3, while the 
height scale is three orders of magnitude smaller in order to resolve the roughness 
features. In this regard, it should be noted that the error of form, waviness, and 
roughness (Fig. 13) would in fact appear flat if compared to the height scale of the 
macro-scale-geometry. This applies to the geometrical features of the EHL contact 
too and is hence the reason why the vertical scale in both film profiles and surface 
roughness profiles appearing in the literature often is exaggerated by a factor of 10-3 
compared to the horizontal scale.  

Most asperity slopes of engineering surfaces span between 0-25°, with the narrow 
band in between 5-10°, as suggested by Dowson [60]. This appears very well-
grounded indeed; Fig. 14b shows the ‘prominent’ asperity under magnification, but 
with the vertical and lateral axis scaled equally, as well as the aspect ratio. In view of 
the true shape of the asperity, it appears much flatter (~7° slope) than as illustrated in 
Fig. 14b. The significance of asperity wavelengths, slopes, and heights are of 
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fundamental importance for EHD fluid film quality and will be discussed in more 
detail throughout the thesis. 

 

Fig. 14 a) typical surface roughness profile showing the multiscale nature of roughness 
with two prominent roughness features highlighted. b) the prominent asperity in a) as it 

appears in actual scale – asperities are much flatter than they typically are displayed. 

The topography of machined engineering surfaces are often three dimensional in 
nature and two-dimensional profiles can therefore not give a complete picture of their 
composition. Fig. 15 shows two different surface topographies as viewed from above. 
The upper surface is composed of an isotropic finish (uniform texture in all directions) 
whereas the lower surface is composed of anisotropic finish (different texture in the 
lateral directions). The anisotropic surface has a specific lay, i.e., a predominant 
direction in the surface roughness pattern. If the lay is directed in parallel with the 
lubricant entrainment (x-direction), then the contact is known to have a longitudinal 
(or circumferential) lay. If the lay on the other hand is directed transversely to the 
lubricant entrainment, the contact is known to have a transversal lay. The anisotropic 
surface is close to two dimensional, i.e. the wavelengths span rather consistently 
across the contact. Such a surface is often produced in a machining process such as 
turning. Other machining processes such as grinding or honing may cause more three-

Prominent valley

Prominent asperity

Prominent asperity in a)

a)

b)
7° 

Angles are small
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dimensional-like roughness structures but still with a distinct lay. The work of Patir 
and Cheng demonstrates the fundamental lay configurations clearly [108] – and of 
course its influence on HL. Additionally, there exist other surface structures as well, 
e.g. cross-hatch, although the ones presented in Fig. 15 are likely the most widely 
explored in EHL researched. Including the wavelengths, slopes and heights; isotropy, 
anisotropy, lay, and structure constitutes the functional nature of engineering surfaces 
relevant for fluid film EHL. 

 

Fig. 15 Two surfaces having almost exactly the same surface roughness RMS but a 
different structure. a) Isotropic roughness; Sq=0.282 µm. b) Anisotropic roughness with 

either longitudinal or transversal lay with respect to the EHL contact; Sq=0.284 µm. 

4.1.3 Surface metrology 
The most salient parameter in fluid film research is obtained by calculating the 

root-mean-square (RMS) level of a surface. The importance of this parameter for EHL 
functionality has been acknowledged since at least the 1960’s with the prominent 
work of Tallian [28], although, the importance of roughness was recognized already 
in the1930’s with the establishment of the Abbott and Firestone curve (or bearing area 
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ratio curve) [109]. The RMS surface roughness parameter for 2D and 3D surfaces, 
respectively, may in the discrete form be expressed: 
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(4.2) 

 
where 𝑛𝑛 and 𝑚𝑚 are the number of discrete points in x and y, and where z is the mean-
subtracted and processed surface in 2D (i) or 3D (i,j). Note that the naming system 
for 2D-profiles is R (roughness), W (waviness), and P (primary profile), whereas, in 
3D, the S-designation refers to the surface regardless of previous processing steps. In 
this thesis, the S-parameters will however always refer to the surface in which the 
nominal shape, error of form, and waviness has been removed. 

While the RMS level is helpful in describing the finish of surface topographies, it 
is not sufficient for rendering information of surfaces three-dimensional nature. As 
an example, recall the surface shown in Fig. 15. By calculation of the Sq parameter, 
we find that the two surfaces have almost exactly the same surface finish (Sq=0.282 
and 0.284 µm), despite that their inherent structures are very different indeed. Clearly, 
the Sq parameter is insufficient for discriminating between the two surfaces, and some 
additional parameters are required to better quantify their composition.  

Fortunately, a vast range of standardized parameters are available in the literature. 
In particular, thanks to the work of Stout [110] and co-workers and their establishment 
of the “Birmingham 14” set of 3D surface roughness parameters [27], four main 
classifications of roughness’s geometrical features have been identified  (ISO 25178). 
These include the; height-, spatial-, hybrid- and the feature-group of parameters, see 
Table 2 (which in addition shows the functional group for completeness). 
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Table 2 The fundamental surface roughness parameters of the four groups characterizing 
3D surfaces, and the additional, functional group, derived from the Abbott-Firestone curve for 
surfaces. Ref: MountainsMap 7.4 manual. 

Heighta Spatiala Hybrida Featureb Functionala,c 
Sq Root mean 
square deviation 
Sa Average 
amplitude 
Ssk Skewness,  
Sku Kurtosis 
Sp, Sv Maximum 
peak/valley height 

Sal Fastest 
decay auto-
correlation 
length 
Str Texture-
aspect ratio 
Std Texture 
direction 

Sdq Root mean 
square slope 
Sdr Developed 
interfacial area 

Sds Density of 
summits 
Ssc Arithmetic 
mean summit 
curvature 

Sk Kernel roughness 
depth (roughness 
depth of the core) 
Spk Reduced peak 
height (roughness 
depth of the peaks) 
Svk Reduced valley 
depth (roughness 
depth of the valleys) 
Smr1, Smr2 
Upper/lower 
material ratio 

aISO 25178 

bSds and Ssc (EUR 15178N) are equivalent to the Spd and Spc  parameters in ISO 25178 but excluding the surface 
segmentation procedure 

cAdaptation for 3D surfaces of the ISO 13565 (or DIN 4776) 

 
The height parameters describe the surface finish departure of the mean plane in 

terms of; dispersion (Sq, Sa), asymmetry (Ssk), peakedness or sharpness (Sku) and 
extreme (maximum height Sz=Sp+Sv). The spatial properties of surfaces are the most 
difficult to quantify due to the random and multi-wavelength aspects of surfaces. 
Characterization can be made on whether surfaces are composed of predominantly 
high or low spectral frequencies (Sal), the degree of isotropy/anisotropy (Str), and the 
main texture direction or lay (Std). The hybrid group combines characteristics of the 
height and spacing group. Any change in the height or spacing properties may 
consequently affect the hybrid properties which include RMS slope (Sdq), and the 
additional surface area contributed by texture compared to an ideal plane of an equal 
sized measurement area (Sdr). Finally, the feature group which describes the number 
of peaks per unit area (Sds), and the mean peak curvature (Ssc). Note here that the 
ISO 25178 specifies the feature parameters (including seven additional parameters) 
based on motif analysis. These were omitted here to reduce complexity. Additionally, 
note that this is not an exclusives list of parameters, but include many of the most 
important and well known for describing the characteristics of 3D surfaces. Readers 
are directed to the following reference literature [27, 111, 112], or any surface 
metrology software manual, where detailed descriptions and corresponding 
mathematical expressions can be found.  

Finally, coming back to the discrimination of the two surfaces of Fig. 15 by means 
of quantitative analysis. As with the Sq parameter, calculation of the Sdq parameter 
of the hybrid family yields no further insight in this regard, with almost identical 
values, 8.9 and 8.6°, for the isotropic and anisotropic surfaces, respectively. However, 
by visual inspection, we can see that there are distinct differences in both wavelengths 
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and direction. Hence, consulting the spatial group which is more sensitive to 
directionality and spacing seems appropriate. Indeed, the two surfaces can be 
discriminated by means of e.g. the Str parameter; yielding 0.8 for the isotropic 
surface, whilst only 0.01 for the anisotropic (Str=0 → fully anisotropic and Str=1 → 
fully isotropic).  

4.1.4 The Abbott-Firestone curve 
It is quite remarkable that Abbott-Firestone curve [109], after some 90 years after 

publication, still attracts researchers attention, see e.g. the following work [113]. 
Hence, in any complete description on ‘specifying surface quality’, it deserves at least 
a minor introduction. 

The Abbott-Firestone-, the bearing area-, or the material ratio-curve, presented in 
Fig. 16, is the cumulating function of the amplitude (or depth) distribution (see the 
colorbars in Fig. 15). The horizontal axis represents the bearing (material) ratio in 
percent, and the vertical axis, the depths in measurement units (typically µm). The 
three sections of the curve is the fundament for the definition of the functional group 
of parameters listed in Table 2, i.e.; the peaks above the central zone represented by 
the reduced peak height (Spk); the central zone represented by the core (or kernel, k) 
roughness depth (Sk), and; the valleys below the central zone represented by the 
reduced valley depths (Svk). The Smr1 and Smr2 are the material portions defining 
the transition between the points between the peak-central zone and the central-valley 
zone, respectively. 
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Fig. 16 Schematic (not to scale) definition of the functional Spk, Sk, and Svk on; a) the 
Abbott-Firestone bearing area curve, and; b) a surface as observed in profile. 

The standard approach to define these three portions is that of Schneider et al. [114] 
where a 40 % wide (material ratio) window is passed across the bearing area curve 
until the minimum slope of the curve is identified. The secant line at this position is 
expanded maximally, and the height which separates the two intercepts is then defined 
as the core roughness. The area above the intercept is calculated, followed by the 
construction of a right-angled triangle of equal area. The height of this triangle is 
defined as the ‘reduced’ peak height. The reduced valley depth is defined equivalently 
but from the other height intercept.  

Criticism on the method outlined above was raised by Zipin [115] on the grounds 
that the top and the lower curved portions of the bearing area have no physical 
connection to peaks and valleys, and in addition, that it simply yields mathematical 
properties of the Gaussian distribution. Thomas [106], however, pondered about 
whether perhaps a more serious criticism would be that the construction is quite 
arbitrary and lacks any theoretical basis. Nonetheless, from an engineering viewpoint, 
the Abbott-Firestone curve, with associated parameters, is indeed helpful in providing 
insightful observation on the surface running-in process. 

The advantage of the functional parameters (Table 2) is that they offer a convenient 
overview of a surfaces amplitude distribution sorted into three well defined areas. The 
Spk parameter is typically associated with the running-in period – the initial settling 
period when asperities conform due to wear and plastic deformations. For example, a 
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large Spk value indicates a surface composed of many prominent peaks increasing 
the potential for more contact spots to become plastic, see e.g. the following reference 
work [116] by Greenwood and Williamson. The Sk parameter represents the core of 
the surface and hence attributes for a significant part of the hydrodynamic load 
carrying capacity (HLCC) once surfaces have been adequately run-in. The Svk 
parameter is commonly said to be important for fluid retention under starved 
lubrication. However, caution is advised since, although valleys in some cases appear 
to have beneficial effects in rolling/sliding lubrication by forming “micro-reservoirs”, 
they may also cause prompt film collapse. Their depth appears to be a prominent 
factor for this outcome [117–122]. 

Finally, some additional groups that deserve to be mentioned, and which are 
derived from the Abbott-Firestone curve for 3D surfaces, include the functional 
indices in EUR 15178N, and the V-family (volume) in ISO 25178 (in addition to the 
S-family). Additional tools interesting for the wear characterization associated with 
running-in includes motif-analysis and segmentation (ISO 25178), as well as fractal 
analysis, Fast-Fourier Transform analysis (FFT), and the power spectral density 
(PSD) analysis. The latter, to facilitate the possibility to examine changes in the 
multiscale nature of surfaces which, in the literature, have appeared as a key 
influencing factor for EHD film formation, see e.g. Paper [2, 3]. This will be further 
discussed in Sec. 4.6. 

4.2 Lubrication regimes 
The classical way of describing the contact performance in lubricated contacts is 

using the ‘Stribeck curve’, often credited the works of Stribeck [123, 124], Gümbel 
[125] and Hersey [126] for their outstanding experimental achievements laid out in 
the early 1900’s. Although, credit should probably also be attributed Martens who 
appears to have explored the same relationship much earlier, in 1888 [127]. In any 
case, the curve was developed to illustrate how the frictional response in plain journal 
bearings depends on the Hersey number 𝐻𝐻 = 𝜔𝜔𝜂𝜂/𝑃𝑃, where 𝜔𝜔 is the rotational speed, 
in addition to the pressure and lubricant viscosity. Additionally, in modern day EHL 
research comprising rough surfaces, and especially thanks to the work of Tallian [28], 
Wellons and Harris in [29] and Hamrock & Dowson [60], to mention a few important 
works, the horizontal axis is typically expressed using the Λ-ratio (also called the 
specific film thickness or the film parameter), see Fig. 17.  
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Fig. 17 Stribeck curve; variation of CoF with the film parameter Λ (or Hersey number). 

The film parameter describes the adequacy of lubrication from the ratio of the 
minimum film thickness to the composite surface roughness: 

 

 Λ =
ℎ𝑚𝑚

�𝑆𝑆𝑞𝑞12 + 𝑆𝑆𝑞𝑞22
 

 
(4.3) 

 
where Sq is the root-mean square (RMS) level for a surface roughness profile in 2D 
(see Sec. 4.1.3 for more details). This parameter is by far the most employed approach 
in engineering and lubrication science, and its usefulness lies in particular in the 
possibility of characterizing the lubrication state based on three regimes; the E(HL)-, 
mixed lubrication (ML)- and boundary lubrication (BL)-regime. 

The EHL- regime is said to occur when the film parameter is more than three (or 
sometimes five) multiples of the composite surface roughness level, i.e. Λ ≥ 3. In this 
regime, the film is considered thick enough to fully support the load, and friction to 
be dominated by hydrodynamic effects. Although occasional asperity contacts may 
occur, they are typically very mild, and the contact is considered well lubricated. The 
more general FFL-regime is often depicted with a departure in the HL and EHL 
friction curves. Conformal contact often sees a friction increase in HL with increasing 
speed (and thus Λ), whereas non-conformal contact sees a corresponding decrease. 
Dowson and Hamrock explained this elegantly [60]. Consider the EHL film thickness 
Eq. (3.2), of which we find that 𝑤𝑤 ∝ 1/ℎ0.073. The weak exponent implies that the 
load is approximately proportional to a constant, i.e. 𝑤𝑤 ∝ 𝐶𝐶. In contrast, in conformal 
HL contacts, the film thickness-load-dependency is much stronger with 𝑤𝑤 ∝ 1/ℎ2. 
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Additionally, in both HL and EHL, the traction force is inversely proportional to the 
film thickness, i.e., 𝑇𝑇� ∝ 1/ℎ. Making use of this and that 𝐶𝐶𝑙𝑙𝐶𝐶 = 𝑇𝑇�/𝑤𝑤, see Eq. (3.23), 
we find: 

 

 (CoF)EHL ∝
1/ℎ

1/ℎ0.073 ≈
1

ℎ × 𝐶𝐶
∝

1
ℎ

  
(4.4) 

 
and  

 

 (CoF)HL ∝
1/ℎ
1/ℎ2

∝ ℎ  
(4.5) 

 
That is, we find that the CoF in EHL is inversely proportional to the film thickness 
and thus speed, whilst proportional in HL. Another approach would be to consider 
the viscous heating effects that are very different in EHL and HL. As explained in the 
previous section, at high speeds and SRRs, the thermal effects start to dominate the 
frictional response by thermal softening in EHL, which generally is not the case in 
HL since friction will continue to increase with increasing sliding speed. 

The separation of the EHL and HL typically marks the transition between FFL and 
the ML regime on schematic representations of the Stribeck curve. Reviews on ML 
was provided by Spikes and co-workers [62, 66, 67]. At Λ < 3 the fluid film starts to 
break down and the contact adversity initiates. As seen from Eq. (4.3), the onset of 
ML can either happen due to a lowering of ℎ𝑚𝑚 or increase in surface roughness. When 
more asperities are coming into contact to support the load, an increasing part of the 
CoF is attributed to the shearing of metallic junctions, thus causing the friction to 
increase [128]. At the same time, a gradual increase in wear and plastic deformations 
occurs at the most prominent asperities. Still, since the load is supported by a ‘mix’ 
of asperity contacts and lubricant containing zones, the contact distress is generally 
not too severe, and lubrication may be considered adequate in many cases. Note that 
the transition between EHL and ML is often is accompanied by an intermediate 
regime known as the micro-EHL regime. The micro-EHL regime materializes due to 
elastic deformations of the hydrodynamic pressurized asperities. Consequently, this 
regime postpones the onset of fluid film breakdown from the EHL-regime. Generally, 
a lowering of Λ causes the surface roughness to become more pressurized, more 
elastically deformed, and hence the CoF to increase. Note, however, that the micro-
EHL regime typically is not accounted for in the criteria associated with the Λ-ratio. 
As we will see in Ch. 7-9, this is precarious as it often leads to unrealistic estimates 
of the lubrication quality. The mechanisms of the micro-EHL regime will be further 
discussed in Sec. 4.5 and 4.6.  

With further lowering of the film thickness, the state of lubrication finally enters 
the BL regime, see e.g. [129–131] for an introduction to the topic. This regime is 
typically considered when Λ < 1 , and is the most adverse regime in which 
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considerable asperity contact occurs. The hydrodynamic effects are negligible and the 
CoF is governed by the shearing of direct metallic-metallic contacts – the solid 
component of friction predominates. In this regime, wear may be so substantial that 
‘errors of form’ may be introduced in surfaces, if not adequate countermeasures are 
taken, see Ch. 10. 

Finally, it should be noted that the EHL- (Λ ≥ 3), ML- (1≤ Λ < 3), and the BL- 
(Λ < 1) regimes are not fixed and that all regimes often are found to occur at Λ:s 
much less than what commonly is anticipated. This applies particularly to surfaces 
that have been used in service for which the Λ-parameter is erroneous. Readers are 
referred to Sec. 4.5 and 4.6 for a discussion on the fundamental mechanisms that make 
the Λ-ratio insufficient, and Sec. 7.1 where the Λ-criteria defining FF-EHL is revised 
(for fresh surfaces). For a new film parameter that can be used for any surface, readers 
are referred to Ch. 9 and 10. 

4.3 Surface degradation modes 
When EHL contacts operate in the ML or BL regimes, prominent asperities are at 

risk of various degradation modes. The most important connected to inadequate 
lubrication of rolling/sliding contacts are summarized accordingly [132]. 

• Wear, including: 
o Adhesion – due to localized bonding which leads to material 

transfer between the surfaces or loss from either surface. 
o Abrasion – due to hard particles or prominent asperities that 

ploughs through the counter surface. 
o Corrosion – due to chemical- or electro-chemical reactions 

between the solid-liquid interfaces. 
• Plastic deformations – due to excessive load and friction which cause 

permanent damages by displacing material in the normal- and sliding-
direction. 

• Scuffing – due to welding of asperity junctions when a critical contact 
temperature is reached (severe adhesion). High SRR (thermal 
development, recall Fig. 12c) and load are likely to increase the risk of 
scuffing.  

• Rolling contact fatigue (RCF) – due to either subsurface originated 
spalling and/or surface originated pitting. A completely smooth surface 
operated under pure-rolling in EHL will sooner or later fail due to 
subsurface initiated fatigue due to the Hertzian induced shear stress field, 
see e.g. Fig. 4.9 in Ref. [132] for such contours. For the ball-disc contact, 
the max shear stress of the subsurface stress field is given approximately 
by 𝜏𝜏1,𝑚𝑚𝑎𝑎𝑥𝑥 = 0.31 × 𝑃𝑃0  and is located at 𝜕𝜕𝜏𝜏1,𝑚𝑚𝑚𝑚𝑚𝑚 = 0.48 × 𝑎𝑎  below the 
surface. When surfaces are rough, or when hard inclusions (e.g. carbides 
in the steel matrix) are located in the vicinity of the surface, then in 
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addition to the Hertzian (macro) stress field, local maxima (micro-
stresses) appear just below the surface (but above 𝜕𝜕𝜏𝜏1,𝑚𝑚𝑚𝑚𝑚𝑚). Hence, the risk 
of surface-initiated fatigue is increased due to the roughness (or 
inclusions), see e.g. Ref. [23] that shows such contours. Furthermore, 
when sliding is imposed to the rolling motion, the overall shear stress field 
increases in magnitude and, at the same time, shifts towards the surface. 
Hence the sliding increases the risk of both subsurface- and surface-
initiated fatigue. RCF may be postponed in the presence of wear, but then 
obviously, to the cost of material removal which may risk imposing form 
errors in the surface profile. Thus, wear and micro-pitting are two 
competing modes of failure. For example, if Λ  is low, wear will 
predominate and thus micro-pitting will be suppressed by the removal of 
fatigued surface layers. On the contrary, if Λ is increased, the diminishing 
of wear will allow micro-pitting to take place. With further increase in Λ, 
the micro-stresses will be damped out by a thick EHL film and, 
consequently, also micro-pitting will diminish. Accordingly, and as 
illustrated in Fig. 11 of Ref. [133], this suggests a critical Λ of which a 
maximum in micro-pitting exist.  

Clearly, there are many ways a lubricated rolling/sliding EHL contact may 
deteriorate, and researchers are currently focusing vast efforts on understanding the 
mechanism beyond the limit of plastic flow [134, 135], as well as the mechanisms 
causing contact fatigue [136–140], to mention a few studies relevant for gear-like 
conditions. Indeed they have come a long way and state-of-the-art semi-analytical 
models are currently able to predict such damaging modes with impressive accuracy 
and detail [133, 141–143]. 

4.4 Tribo-chemistry 
The contact harshness in practical applications are typically so severe that most 

machine elements would not survive for long without the aid of the tribo-chemistry 
[144, 145]. Fully formulated lubricants are composed of around 1-20 mass percent 
additives while the other part being the base oil. The additives may be categorized 
into rheo-improvers, stabilizers and sustainers, and tribo-improvers. The tribo-
improves are interesting from a film-forming point of view, and the additives relevant 
for the ML- and BL-regimes include anti-wear agents (AW) and extreme pressure 
agents (EP). Although, the latter nomenclature is a bit misleading since in reality, the 
local pressure may not be very much greater under BL than in ML due to the fact that 
it cannot exceed the pressure-flow of the metal, as postulated by Bowden and Tabor 
already in 1939 [146]. Hence, perhaps a more precise terminology would be extreme-
temperature agents, referring to the considerable local frictional heat liberated, known 
as flash temperatures; see e.g. the historical work of Blok [147] and the very recent 
work by Morales-Espejel [148]. 
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When wear takes place, the nascent metallic surface is exposed, and a highly 
reactive metallic-fluid/air interface is formed. This situation is utilized by adopting 
the AW and EP additives, which with subsequent chemical reactions, allows for the 
formation of inorganic protective ‘tribofilms’. When surfaces are exposed to severe 
sliding conditions and under simultaneous asperity interference, AW:s functions by 
forming durable tribofilms that enhance the wear resistance of the upper-most layers 
of the steel surface. These are typically active in the ML regime. On the contrary EP:s 
are not used to resist wear, but rather the contrary, to form sacrificial surface layers, 
i.e. by generating corrosive wear. While harmful in some aspects indeed, it serves as 
a last resort to increase seizure or scuffing loads, in particular in the BL-regime. A 
third additive in the class of tribo-improver includes the friction modifiers (FM). 
These help to control friction by forming easily-sheared vertically oriented adsorbed 
monolayers on top of the metallic surfaces [149], and are typically in effect at the 
transition between the EHL and ML regime.  

Work conducted by e.g. Brizmer and co-workers has investigated the development 
of tribolayer formation on rolling/sliding EHL contact performance [150, 151]. 
Increased temperature, pressures, and roughness appear to stimulate tribofilm growth 
(ZDDP) which may promote micro-pitting if the tribofilm is ‘too durable’. Additional 
complexity with additive treated base oils stems from the fact that the linear log(h) 
and log(𝑢𝑢𝑒𝑒) relationship appears to break down at very thin films (~10 nm) due to 
interfacial interactions with the additive compounds [77]. Hence, while some aspects 
of this work will touch upon the tribo-chemical nature of lubrication, most parts will 
be focused on the lubrication mechanisms occurring in a neat base oil environment, 
i.e., to minimize the complex nature imposed by the tribo-chemical reactions. 

4.5 Running-in and EHD lift-off 
Another way of perceiving the significance of the Λ-ratio is by substituting the CoF 

on the vertical axis of the Stribeck curve (Fig. 17) to the percent of film thickness, see 
Fig. 18, which was re-drawn and modified from the work of Wellons and Harris in 
Ref. [29]. The curve then takes an s-shaped appearance with either the Λ-ratio, film 
thickness, or speed as the independent variable (or simply lubrication quality). Such 
a curve is typically referred to as an EHD ‘lift-off curve’ in which the ‘lift-off speed’ 
is defined close to the transition between ML and EHL, see e.g. [152–154]. In 
practice, the vertical axis shows the percentage of time for which there is no contact 
between surfaces. Thus qualitatively, the inverse of the real area of contact in time 
[155], or more simply the lubrication quality.  

Now consider Fig. 18, at 100 % EHD film, the surfaces are completely separated 
and FF-EHL is established ubiquitous throughout the contact area. When the speed is 
lowered, the film starts to rupture at the most prominent asperity sites, and the percent 
EHD film becomes less than 100 %. At e.g. 50 % EHD film, there are occasional 
asperity collisions occurring hence ML applies. Furthermore, at even lower speed, 
when the film tends to 0 %, there are contacts at all times, and hence the lubrication 
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quality tends towards BL. There exist a wide range of in-situ measurement 
methodologies for EHL applications [156], and in this research, the percent EHD film 
was quantified using the time average of the electrical contact resistance (ECR) 
signal, see e.g. [1, 33, 157–162] for similar approaches, and Ch. 5 for details on the 
present set-up and its functionality. 

Pe
rc

en
t E

H
D

 fi
lm

BL  EHL

Lubrication quality

100

Region of 
increased 
contact 
distress 

Region of 
ocassional contact

Region of increased life

0

50

Curve suppressed 
with running-in

Running-in time

 

Fig. 18 A typical s-shaped EHD lift-off curve. Re-drawn and modified from [29]. 

Moreover, the moment film breakdown occurs, and in particular under a combined 
rolling-sliding motion, running-in [163], i.e., mild- or polishing-wear, in combination 
with plastic deformations, initiates at the upper-most asperity tops. If the operating 
conditions are held fixed under such occurrence, then the running-in will cause a 
gradual improvement in the lubrication quality with time by blunting the surface 
irregularities. In progression, this causes a complete recovery of the EHD film to FF-
EHL. For example, in Fig. 18, consider a point on the curve less than e.g. BL, then 
with ‘running-in time’ (see the axis projected on top), the percent film once again 
follows an s-shaped- ‘EHD lift-off’-curve, although now advancing from BL, through 
ML, and asymptotically into the FF-EHL regime. Additionally, if doing the same 
exercise on the Stribeck curve in Fig. 17, it may be realized that the EHD lift-off 
occurrence with running-in is associated with a drop and stabilization in the CoF, 
where viscous effects predominate. However, it should be noted that the Λ value 
associated with EHL after running-in not necessarily occurs a  Λ = 3, or even close. 
To understand the reason for this discrepancy, we need to expand upon the concept 
of running-in and the associated improved film-forming capability that accompanies 
its completion. 

It has been known since at least the 1850’s [164, 165], that surfaces undergo a 
settling period at the early stages of operation. However, in quantitative terms, the 
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progressive diminishing in wear of the asperity tops was recognized first in the 
1930’s, following the milestone publication by Abbott and Firestone and their 
introduction of the bearing area curve (recall Sec. 4.1.4). Moreover, with 
advancements made over the latter half of the 20th century into the present day, and 
in particular through the development and evaluation of surface metrology [166–174], 
in combination with ECR-, or other in-situ measurement techniques, see e.g., [1–3, 
175–178], details of the mechanisms involved has increased in clarity. Currently, it is 
understood that not only a lowering of parameters associated with surface heights 
offers improved lubrication quality, but in addition, changes in their spatial content. 
For instance, a lowering of surfaces mean slopes (or increased radii) as well as a 
reduction in spectral content, have been highlighted as especially important features 
for the film-forming capability. In general terms, such surface modifications result in 
increased micro-conformity, which in turn, causes an improvement in the local 
hydrodynamic load carrying capacity (HLCC).  

At this point, it is relevant to invoke the concept of micro-EHL, and the ideas which 
quite amazingly was developed already in the 1960’s by Fein and Kreutz [26]. That 
is, the asperity deformations imposed by the hydrodynamic pressure; see also Ref. 
[116, 179–182] which have been of fundamental importance, and especially, the 
forthcoming section which provides explicit details on more recent advances. In short, 
the HLCC imposes elastic deformations to surfaces and thus allows for FF-EHL 
although the ex-situ (measured) surface roughness height may be larger than the 
nominal film thickness. Hence, coming back to Fig. 18, and with the micro-EHL 
mechanisms in mind, it may be realized that, with progressive running-in, and with 
sufficient HLCC developed, the ruptured film completely recovers and FF-EHL 
consolidates, although, not necessarily at Λ = 3, but often at much smaller values. 
Thus, the reason being that the lubrication quality in thin-film and rough surface 
rolling-sliding EHL contacts depends on the concurrent interaction between the solid 
and liquid interface, and not solely the rigid body surface RMS level compared to the 
nominal film thickness, as suggested by the Λ-ratio. This will be discussed more in 
Ch. 7-10.  

In practice, running-in is typically employed as a final finishing stage in 
manufacturing to secure the life span of newly machined parts. In particular to 
enhance scuffing loads [97, 183–186], but is also important from the aspect of micro-
pitting, which typically originates at the most prominent asperities due to high 
localized stresses, see e.g. [141, 148, 187, 188]. It should, however, be noted that in 
this work, running-in was mainly studied with the purpose of bringing forth the 
topographical properties that govern the EHD film recovery, and as such, enables FF-
EHL under conditions when Λ < 3. The underlying mechanism leads us to the next 
topic. 
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4.6 Micro-EHL 
The Stribeck curve presented in Fig. 17 is very useful indeed, although, as has 

already been discussed in the previous section, lacks a fundamental aspect of EHD 
fluid film formation comprising rough surfaces, namely; the fluid-structure-
interaction (FSI) between the tribological interfaces. That is, surface roughness inside 
the contact may look very different of that in the relaxed (out-of-contact) state due to 
substantial deformations imposed by the hydrodynamic pressure. As a consequence, 
the transition between the EHL and the ML regime may be postponed to Λ < 3, and 
calculations using the Λ-ratio may hence not yield realistic estimates in many cases. 
This intermediated state, lying in between the ML and the EHL regimes, is known as 
the micro-EHL regime, see the following reviews [17, 23, 61, 67, 189] which compile 
the development of the subject from a numerical and experimental perspective very 
thoroughly. Accordingly, after a tremendous amount of research work, especially 
driven by the optical interferometry technique in conjunction with numerical works, 
many key characteristics of the micro-EHD regime have been established. 

In the following, the fundamental micro-EHL mechanisms occurring under pure-
rolling is introduced first. This is followed by a similar section on rolling-sliding 
where the film formation becomes transient. The final part considers additional 
effects appearing in a less idealized setting.  

4.6.1 Pure rolling 
A good starting point when describing the micro-EHL mechanisms is from the 

works involving the optical interferometry technique, see e.g. [190–195] for some 
historically important advances. Fig. 19 shows a more recent interferogram obtained 
from [196] which may be used to get an idea of basic characteristics of micro-EHL 
under pure rolling conditions (adapted for the purpose of this work). The main 
difference to Fig. 7 is that an ‘infinitely’ wide transverse ridge had been sputtered on 
top of the ball surface. The interferogram was captured the moment the ridge passed 
the central region of the contact.  

 

Fig. 19 Roughness deformation (RD) under pure rolling conditions (micro-EHL). I shows 
fluid entrapment caused when the ridge enters the contact inlet (squeeze effect), II shows micro 
constriction formed on the trailing edge (upstream) – reversed to macro EHL contact in pure 
rolling, and III shows the original undeformed roughness profile. Figure from [196] reproduced 
and adapted for this work with permission from Elsevier. 
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When the ridge (or ‘asperity’) enters the contact inlet zone, the rolling squeeze 
action will cause a hydrodynamic imposed deformation causing a different geometry 
of that in the relaxed (out-of-contact) state, compare the marker II and III. As a 
consequence, a ‘micro-EHL contact’ (II) is formed that travels through the ‘macro-
EHL contact’ with the speed of the surface it is attached to. Clearly, it is heavily 
deformed, and notably, into a reversed local minimal constriction (compare to the 
EHL contact outlet constriction). This appearance is typical for pure rolling micro-
EHL contacts. Additionally, if the asperity shape is that of e.g. a hemispherical bump, 
then the constriction will take the form of a classical, although ‘micro’, horseshoe-
shape, see e.g. [197]. This component of the micro-EHL mechanisms is typically 
referred to as the roughness deformation (RD) or the particular integral (referring to 
the steady-state solution in rough surface EHL simulations, see [198]). Once the RD 
has formed at the inlet, it sustains frozen in shape when traveling from the inlet to the 
outlet. Generally, the RD is increased with reduced speed, and inversely, so that film 
collapse may be postponed at the onset to ML. To clarify, when the speed is lowered, 
asperities become increasingly deformed by elastic deformations (to a certain point), 
and hence film breakdown is postponed compared to if the asperities would have been 
rigid. Additionally, both the features observed at II and III are directly related to the 
lubricant squeeze when the roughness features enter the contact inlet. The pocket of 
fluid at III (and its asymmetrical in height correspondence upstream of the asperity) 
is sometimes referred to as fluid entrapment. Since being the product of the inlet 
squeeze, these fluid entrapments are also frozen in shape when traveling across the 
contact, see e.g. [199] for more details. 

4.6.2 Rolling-sliding 
When sliding is imposed to the rolling motion another characteristic of the micro-

EHD problem comes into effect. Fig. 20 shows interferograms and film profiles 
obtained from [196] under the situation when the disc is moving faster than the ridge, 
which as before, was attached to the ball surface. From the four consecutive time 
steps, it can be seen how the RD establishes at the inlet and the approach toward the 
Hertzian zone. Simultaneously at the inlet, an independent entrainment front invoked 
by the sliding action becomes apparent. This component of the micro-EHL contact is 
known as the ‘complementary effect’ (CE) and is, in contrast to the RD, traveling 
with the mean surface speed (𝑢𝑢𝑒𝑒), regardless of the speed of the surface it is attached 
to. Hence, while the RD is mainly governed by the squeeze action at the inlet and 
travels with the surface speed, the CE is transported through the conjunction by the 
Couette flow, see Fig. 6 previously. In fact, the latter implies that the CE is present 
for pure rolling contacts as well, although, it cannot by visual means be separated 
from the RD component.  
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Fig. 20 Roughness deformation (RD) and complementary effect (CE) under |𝑆𝑆𝑅𝑅𝑅𝑅| = 1.0 
(roughness slower than opposing surface) with PAO 100 oil at 0.63 GPa and 0.19 m/s. Figure 
from [196] reproduced with permission from Elsevier. 

It is also apparent that the CE wavelength is longer than the RD. This is because 
the RD spends a relatively longer time at the inlet than the entrainment front that 
creates the CE, thus causing it to be stretched with increasing SRR, see e.g. [200] for 
more details. Regarding the RD, it worth noting that its magnitude is close to 
independent of SRR, but that its shape is ‘mirrored’ with sliding direction [201]; when 
the roughness moves faster than the entrainment speed (not shown), the micro-
constriction is oriented as the case for pure-rolling. Additionally, while the CE is 
mainly associated with the film profile perturbation, the RD is associated with the 
pressure, see e.g. the following numerical works [202–205]. Notably, as seen in Fig. 
20, in rolling-sliding, it appears that it is not the roughness feature itself that is at 
immediate risk of film collapse, but rather the CE. Note that this is the case when the 
roughness feature is slower than the opposing surface. In contrast, when the roughness 
is moving faster than the opposing surface, then the CE is left behind upstream, and 
since it comes to effect after the formation of the RD, its amplitude is generally close 
to indistinguishable (or even negative) on the film profiles, see e.g. [195, 196, 203, 
204, 206].  

Hence, in general terms, a slow-moving roughness against a faster smooth counter 
surface appears to be much more risky for film collapse than the opposite situation. 
This is the conditions that will be dealt with in this thesis. 

4.6.3 Semi-analytical theory 
A convenient way to summarize some of the most predominant governing factors 

in micro-EHL is to consult the amplitude reduction theory (ART). For the case of 



56 
 

circular contacts comprising isotropic and anisotropic patterns [198, 207–209], the 
amplitude ratio of the deformed and initial roughness may be written: 

 

 
𝐴𝐴𝑑𝑑
𝐴𝐴𝑖𝑖

=
1

1 + 0.15𝑓𝑓(𝑟𝑟)∇�2  + 0.015[𝑓𝑓(𝑟𝑟)∇�2]2
  

(4.6) 

 
where 𝐴𝐴𝑖𝑖 is the harmonic component amplitude of the initial (undeformed) roughness, 
and 𝐴𝐴𝑑𝑑 denotes the overall deformed amplitude of the film thickness profile [210]. 
The ∇�2-parameter is the dimensionless wavelength modified for sliding [200, 210]; 
∇�2= ∇2�𝑢𝑢𝑒𝑒/𝑢𝑢1, in which the dimensionless wavelength is: 
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(4.7) 

 
The parameters not previously introduced include λ which is the wavelength, 𝑓𝑓(𝑟𝑟) 
which accounts for the surface structure (isotropic or anisotropic, see Sec. 4.1.2 and 
9.3 for more details of such surfaces), and, M and L which are the Moes load and 
material parameter, respectively: 

 
 𝑀𝑀 = 𝑊𝑊(2𝑈𝑈)−0.75  (4.8) 

 
 𝐿𝐿  =  𝐺𝐺(2𝑈𝑈)0.25  (4.9) 

 
Alternatively, in the form of the dimensional groups, Eq. (4.7) may be written: 
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(4.10) 

 
The 𝐴𝐴𝑖𝑖  and λ  are typically obtained by decomposition the surface profile into is 
individual harmonic components by Fast Fourier Transform (FFT), see e.g. [2] for a 
more thorough description.  

The solution to Eq. (4.6) as a function of the dimensional wavelength in the x-
direction is shown in Fig. 21 (solid line) for the case of constant operating conditions, 
material properties, and for an isotropic surface (𝑓𝑓(𝑟𝑟) = 1). Note that the markers 
represent the distribution of an actual surface roughness (𝑆𝑆𝐻𝐻 in Paper [2] and Sec. 
8.1), and that the roughness components seen on top of the chart are included for 
conceptual purposes (not to scale).  

When the amplitude ratio is unity, i.e., 𝐴𝐴𝑑𝑑/𝐴𝐴𝑖𝑖 = 1, no amplitude reduction occurs, 
whereas when 𝐴𝐴𝑑𝑑/𝐴𝐴𝑖𝑖 = 0, the amplitudes are completely flattened. Clearly, long 
wavelengths, i.e., high values of λ and thus ∇�2, which mostly are composed of high 
amplitudes are much more prone to elastically deform than are short low amplitude 
wavelengths. In fact, Fig. 21 implies that a few of the components of an engineering 
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surface (especially the waviness) may avoid wear entirely, while most of the high-
frequency content will be left exposed to wear in the case of fluid film breakdown 
occur. For a more extensive discussion on Fig. 21 and the ART, see Paper [2]. 

 

Affected 
wavelengths for a 

typical engineering 
roughness

(SH in Paper 2)

 

Fig. 21 Amplitude reduction of the film profile as a function of wavelength in the x-direction 
for a typical engineering surface. Note that the roughness components seen on top of the chart 
are not to scale and are included for conceptual purposes solely Paper [2]. 

Furthermore, as discussed in the previous section, the film thickness also has an 
effect on the amplitude reduction. From Eq. (4.10), we note that a decrease to the 
parameters, 𝑈𝑈  and 𝐺𝐺 , which causes the film thickness to decrease, see Eq. (3.2), 
causes the dimensionless wavelength to increase, and hence more deformations. This 
is beneficial as suggesting that fluid film rupture may be avoided. Additionally, an 
increase in the load parameters, 𝑊𝑊, causes more amplitude reduction as the ∇2  is 
increased. However, the effect is counteracted by the simultaneous increase in 𝑎𝑎, 
hence causing a less strong response, which is in accordance with the weak 
dependency in film thickness with the load. 

4.6.4 Some additional aspects 
With increasing SRR, and with highly non-Newtonian fluids (not accounted for 

here), the work of Hooke [211] suggests that the amplitude of the complementary 
wave may decay exponentially (more amplitude reduction of the CE) when traveling 
towards the exit. As explained in [210], the lubricant shear thinning (quantified by 
the Eyring stress) within the high contact region enhances pressure flows, which in 
turn, may cause a decaying reduction of the CE amplitude as it progresses towards 
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the outlet. Additionally, as explained in the same reference, depending on the 
operating conditions; either the RD or CE may thus come to dominate the overall 
surface roughness deformation 𝐴𝐴𝑑𝑑. A Newtonian fluid under high load may cause an 
almost complete flattening of the RD so that the overall film profile is dominated by 
the CE. This appears to be the situation in many optical interferometry works, see e.g. 
Fig. 20. In contrast, for highly non-Newtonian fluids (low limiting shear stress) and 
high SRRs, and in addition, within ‘long Hertzian contacts’ – so that the decay of the 
CE wave has time to come into effect – it is suggested that the amplitude of the CE 
may progressively flatten to such a degree that the film profile is dominated by the 
RD at the outlet constriction (ℎ𝑚𝑚). Hence, if this would be the case, then the RD 
would be the component at risk of film collapse, rather than the CE. However, 
admittedly, it is not exactly clear to the author if the latter situation is relevant from a 
practical point of view.  

For example, indeed, Morales-Espejel [210] clearly shows, with previously 
unpublished experimental data from [206], the existence of decay of the CE wave in 
optical interferometric experiments with a paraffinic base oil. However, when 
comparing, in Fig. 7 of the same Ref., [206], the local flat region ‘central’ film 
thickness of the RD at the inlet with the local flat region film thickness of the CE just 
prior to the outlet, i.e. at the consecutive time stipes 5/500 s (near inlet) and 11/500 s 
(near outlet), it is found that the two film thicknesses are approximately alike. Thus, 
although indeed present, it appears that the decay in the amplitude of the CE (~10-20 
nm) was too vague to eliminate the risk of film collapse at the outlet in favor of the 
RD. Additionally, in the experimental work of Sperka et al. [200], also a paraffinic 
base oil was used under very similar conditions:{ 𝑃𝑃0 = 0.63/0.508  GPa, 𝑎𝑎 ≈
0.2/0.173  mm, 𝑢𝑢𝑒𝑒 = 0.04/0.025  m/s, 𝑆𝑆𝑅𝑅𝑅𝑅 = 1.0/0.5  (roughness slower than 
smooth discs)}. Note that the former values represent the conditions found in 
Ref. [200] and the latter those found in Ref. [206]. In Ref. [200], no decay of the CE 
amplitude was found, and they reported an Eyring stress of 𝜏𝜏𝑒𝑒 = 5 MPa. Using this 
as a reference, and by comparing to the Eyring stresses of the PAO used in this thesis, 
i.e., 11 and 20 MPa under 𝑃𝑃0 = 1.94 and 2.44 GPa (calculated using Eq. (3.26)), we 
may possibly arrive at the conclusion that decay of the CE is not a predominant factor 
in the film-forming mechanisms considered here. Hence, in that case, it seems that 
the CE is the most dangerous component with regards to film collapse. We shall come 
back to this in Sec. 9.3 where a semi-analytical model for micro-EHL was developed. 

Moreover, by scanning the immense amount of literature on the subject, the 
following key aspects with regards to the roughness feature appearance in connection 
to the micro-EHL film-forming mechanism may be summarized; long wavelengths 
are more beneficial than short ones, which appears true for transversally- as well as 
longitudinally-oriented patterns [209, 212]. Round and blunt asperities (high radii or 
low slopes) [26], which typically follow running-in [166, 177], is typically better than 
sharp ones  – perhaps even more important than their heights [65]. Transversal 
oriented roughness is generally more beneficial than is longitudinal [180, 195, 213–
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216] – for film formation but, importantly, not for micro-pitting due to the many more 
near-surface stress repetitions [23]. Transversal dents and grooves are advantageously 
closed to avoid lubricant side leakage [117, 122, 193] – although, some studies [118–
121] suggests that extra pockets of lubricant in some cases may be beneficial due to 
that the CE emitting lubricant downstream when the smooth surface is moving faster 
than the rough. The latter appears to depend particularly on the depth of valleys, and 
their direction.  

Finally, what is clear is that micro-EHL depends not only on the operating 
conditions or the two-dimensional surface roughness profile, but also on the three 
dimensional-nature of surface topographies. 
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5 The WAM ball-on-disc specifics 
A WAM-11 (Wedeven Associates Machine) ball-on-disc machine was employed 

to mimic the lubrication conditions found in heavy-duty gear contacts. Such contacts 
include GPa pressures, high SRRs, and various entrainment speeds, which in a gear 
mesh changes constantly over the line-of-action (LOA) – even under fixed torque and 
RPM. Using the WAM, it is possible to isolate and mimic essentially any point along 
the LOA, and in addition, to conduct Stribeck-, 𝜇𝜇-slip-, or running-in (lift-off) -tests, 
as was described previously. From a tribological perspective, the main difference of 
the WAM and gears stems from the contact geometry; whilst the WAM forms a 
circular contact, gears form line-contacts, see Sec. 2.2. However, previous 
investigations conducted by Björling et al. [217] indicate that the WAM finds a good 
correlation to FZG (spur gear) back-to-back tests with regards to friction 
measurements. Hence, the findings conducted in this thesis may generally be directly 
applicable to gear contacts.  
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Fig. 22 Schematic (not to scale) cross-section of the WAM ball-on-disc apparatus showing 
the most essential components. Modified from [1]. 

A schematic of the WAM, including its most essential components, is shown in 
Fig. 22. The ball and disc spindle are driven by individual electric motors so that any 
SRR combination between -2 and 2 can be obtained. The maximum speed of the ball 
and disc motor is 25 000 and 12 000 RPM, respectively, thus enabling entrainment 
velocities between 0 and 25 m/s using standard size test specimens. The maximum 
normal load between the ball-disc contact is 1000 N which, depending on the 
specimens used, typically yields between 2-3 GPa in maximum Hertzian pressure (2.9 
GPa with the steels employed in this thesis). Moreover, a peristaltic pump is 
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circulating oil from the oil reservoir to a dispenser which feeds the oil to the contact 
inlet, thus fully flooded conditions apply at all times during testing, and hence the D-
H Eq. (3.2) apply for film thickness calculations. The oil temperature was controlled 
by a heating/cooling system which allows for temperatures between -7 to 100°C. The 
temperature was monitored using two K-type thermocouples, one monitoring the 
temperature in the oil reservoir, and the second monitoring the oil temperature in the 
hose, which feeds oil to the dispenser. The machine was equipped with capabilities 
for measuring both traction (friction) forces (recall Sec. 3.8) as well as the ECR-signal 
(see Sec. 5.1). The combination of these two signals facilitates the possibility to 
evaluate the frictional response with respect to film formation, i.e. with the 
progression through the EHL, ML and BL regimes. During testing, the rough ball 
surface was moving slower than the disc surface to promote the more adverse 
lubrication situation that was described in Sec. 4.6.2, i.e., the situation when the CE 
travels ahead of the RD. 

Finally, more details on the WAM, e.g. post-test preparation procedures (incld. 
cleaning, calibration and thermal stability etc.), and on the ECR functionality  (e.g. 
the electrical scheme) are found in Ref. [2, 34]. The principles of the ECR technique 
will be given a little more attention in the section that follows. 

5.1 ECR measurements 
The main principle of the ECR technique may be described through the aid of the 

rightmost schematic in Fig. 22, which depicts the EHL contact as a parallel electrical 
circuit according to the arrangement in Paper [2]. The ECR arrangement is slightly 
different from that in Paper [1], although the overall principle is the same. 

The two parallel resistors consist of a physical shunt resistor, 𝑅𝑅𝑠𝑠 = 1.25 kΩ, and 
the ball disc contact resistance, 𝑅𝑅𝑐𝑐. Furthermore, consider the steel ball and steel disc 
materials as electrical conductors, and the lubricant as an electrical insulator. This is 
justified by the fact that the electrical resistivity for steel is ~10-7 Ω. m whilst the 
electrical resistivity for PAO [218] is ~1013 Ω. m , or scaled to more relevant 
dimensions; 105 Ω per 10 nm separation. Furthermore, an integrated potentiometer 
module is delivering a DC current, 𝐼𝐼 = 0.25 mA, which thus give rise to a voltage, 
𝑈𝑈 = 𝑅𝑅 × 𝐼𝐼, that depends on the parallel circuit resistance, 𝑅𝑅, accordingly: 

 

 𝑅𝑅 = �
1
𝑅𝑅𝑐𝑐

+
1
𝑅𝑅𝑠𝑠
�
−1

 
 

(5.1) 

 
Fig. 23a, displays the voltage, 𝑈𝑈, as function the contact resistance, 𝑅𝑅𝑐𝑐. When the 

ball-disc contact is fully separated, then 𝑅𝑅𝑐𝑐  is very high, and hence the current is 
directed fully through 𝑅𝑅𝑠𝑠, and hence, 𝑈𝑈 tends to the theoretical maximum, in this case 
being 0.31 V (0.25×1.25). In contrast, when full contact between the ball and disc 
occurs, then 𝑅𝑅𝑐𝑐 drops to that of the steel, i.e. ~0, and all the current is directed through 
the contact so that 𝑈𝑈  tend to zero. The voltage asymptotically tends towards its 
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maximum at around >105 Ω , thus being the upper detection limit of the present 
system. In addition, the vertical axis is easily converted into percent of 𝑈𝑈 (or 𝑅𝑅), i.e., 
the ECR-signal (see the right vertical axis), as it will be referred to from this point: 

 
 

 𝐸𝐸𝐶𝐶𝑅𝑅 =
𝑈𝑈 × 100
max(𝑈𝑈) =

𝑅𝑅 × 100
max(𝑅𝑅)  

 (5.2) 

 

 

Fig. 23 a) the ECR-signal or voltage against the ball-disc contact resistance for the parallel 
electrical scheme. b)-d) conceptual illustration (not actual measurements) of the average no-
contact time (blue line) due to different clusters of asperities (circular markers) in or out of 

contact (max or min voltage) 

Moreover, during operation in e.g. the ML-regime, the instantaneous ECR-signal 
is known to fluctuate rapidly from high to low values due to the intermittent nature of 
fluid film ruptures, see e.g. [33, 157]. However, in this work, the output measurement 
data is acquired with 1 kHz sampling rate followed by an 0.25 s averaging. Hence, in 
extension, this means that the time-averaged voltage is measured, rather than the 
instantaneous. From a practical point of view, this is quite convenient since the ECR-
signal measured over this interval then may be interpreted as the average time of 
which when no contact occurs. That is, a measure of the lubrication quality.  

An attempt to illustrate the intermittent ‘on-off’ behaviour associated with film 
collapse is shown in the Fig. 23 series b) to d). Note that, these figures should serve 
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as conceptual illustrations since not being actual measurements. The circular markers 
represent clusters of asperities either in contact (minimum voltage) or out of contact 
(maximum voltage), at various times within the evaluated interval, 0.25 s. The blue 
line represents the calculated average no-contact time over the evaluated time 
interval. In Fig. 23b, there is no contact occurring within the evaluated interval, and 
hence the voltage and ECR tend to maximum on the curve of Fig. 23a. On the other 
hand, when a cluster of asperity contacts occur at e.g. 10 % of the time, see Fig. 23c, 
the ECR signal drops to 90 % (or 281 mV) on the curve of Fig. 23a. Equivalently, 
with e.g. even further reduction in film thickness, more clusters of asperity contacts 
occur, and the ECR signal drops to even lower average levels on the s-curve of Fig. 
23d; an occurrence that continues until there is contact at 100 % of the time and the 
ECR=0 %. 

Note that in theory, the resistance caused by individual asperities may not drop 
instantaneously to the absolute minimum, but to a very low value at first. In fact, 
according to Greenwood [155], it may be shown that if only a few asperities are 
gradually coming in to contact, say less than 10, and which have the size equal to e.g. 
5% of the Hertzian radius, 𝑎𝑎, then the 𝑅𝑅𝑐𝑐 initially drops to the order of mΩ, before 
gradually decreasing with increasing asperity contacts. Another way of describing 
this is to relate the number of contacts spots, connected in parallel, to the ECR signal 
accordingly: 

 
 𝐸𝐸𝐶𝐶𝑅𝑅 = ��
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(5.3) 

 
where 𝑛𝑛 is the number of metal-metal contact spots, and 𝑅𝑅𝑖𝑖  is the corresponding 
resistance of each individual contact spot. However, in practice, it appears that the 
ball-disc contact acts more like an ‘on/off-swish’, with either maximum voltage 
occurring when the gap is fully separated, or zero voltage when the gap is closed at 
any point. 

5.2 Specimens and lubricants 
The following details apply to all the research conducted in this thesis except Paper 

[5] and the results presented in Ch. 10 – see the next paragraph for such details. The 
ball and disc specimens were made of DIN 100Cr6 (AISI 52100) steel (60 HRC, 
E=210 GPa, 𝜈𝜈 = 0.3). The disc specimens were polished mirror-smooth to <20 nm 
whilst the ball specimens were prepared comparably rough, in the range between ~5-
350 nm in Sq (more details will be presented in Ch. 7-9 wherever relevant). 
Additionally, the ball specimens were prepared from 13/16 inch (R=10.32 mm) grade 
10 standard balls into surfaces of various lay, structures (isotropic and anisotropic), 
and heights. All test specimens were customized particularly for the sake of this 
research by Wedeven Associates Inc. (Edgemont, PA, USA). Furthermore, in order 
to minimize any tribo-chemical effects, the system was lubricated with a specially 
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prepared additive-free PAO base oil (Agrol Lubricants, Sweden). The PAO was 
designed to represent the base oil of a GL5 heavy-duty gear oil used in Scania 
transmissions. The kinematic viscosities at 100 and 40°C were 15.4 and 104 mPa/s, 
and the density at 15°C was 0.836 g/cm3. The dynamic viscosity at the prevailing 
temperature was calculated according to the ASTM D341, as described in Sec. 3.5, 
whilst the pressure-viscosity coefficient at the corresponding temperature was 
obtained from linear interpolation of data provided in Ref. [49]. 

Regarding Paper [5] and Ch. 10. In this case, the objectives of the study were 
somewhat different than in the other four papers presented in this Ph.D. thesis. Here 
squalene (SQL) – which is a reference fluid in lubrication science, see e.g., [99, 219–
221] – was employed as the lubricant, either in the form of pure base oil or enhanced 
by three different tribo-improving additives relevant for heavy-duty gear oils. The 
additives include a state-of-the-art; sulphur (S) based EP agent; phosphorus (P) based 
AW agent, and; silicon (Si) based room temperature ionic liquid (RTIL), see the 
following reviews [222–227] on the subject. The latter compound, known as P-SiSO, 
referring to its chemical composition, was originally developed for use as base oil in 
applications intended for space exploration [228–231]. In this work, it was evaluated 
for the possibility of functioning as a running-in additive in Earth-based heavy-duty 
transmissions. The additives were prepared in SQL by 1 wt.-% for subsequent 
assessment of their functionality with running-in, thus with particular focus on the P-
SiSO blend. The SQL pure base oil dynamic viscosities at 100 and 40°C were 2.95 
and 15.7 mPa.s, and the density at 25°C was 0.81 g/cm3. Additionally, the ball 
specimens were smooth (Sq=10 nm) and composed of AISI 52100 steels as before, 
while the disc was rough (Sq=241 nm) composed of AISI 9310 gear steel (similar 𝐸𝐸 
and 𝜈𝜈 as AISI 52100, see the above paragraph). Note that the disc roughness reported 
here is somewhat higher than the corresponding in Paper [5]. This is because it was 
computed according to the procedure outlined in Paper [4] for the intentions discussed 
in Ch. 10. 
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6 Surface roughness measurements 
In this section, the approach to acquire and process 3D surface roughness 

topographical data is outlined first. This is followed by a description of the surface 
re-tracing technique which was developed in order to allow measurement of exactly 
the same surface area of the ball specimens, before and after the tests. 

6.1 Roughness acquisition 
Common ways to obtain the surface roughness data is by means of instruments 

such as stylus profilers, optical profilers (optical interference microscopy), and atomic 
force microscopy. The resolutions of the different techniques are generally increased 
in the order as presented, see e.g. [232]. In this work, a scanning white light Zygo 
NewView 7300 3D optical surface profiler (Mirau-interferometer), see Fig. 24 for a 
principal sketch, has been employed for the roughness representation. Note that in 
Paper [1] a different 3D surface profiler was employed, the fundamental principles 
are however similar. 

 

Fig. 24 Principal sketch of the Mirau interferometer. 

This method employs the wave properties of light to construct a 3D image with 
vertical and horizontal data. In principle, a light source shines a light on a specimen 
of interest. A portion of the beam is then reflected from an internal, high-quality 
reference mirror in the objective, and another portion is reflected in the test surface. 
When the beams are recombined, destructive and constructive interference occurs due 
to the nature of light having wave-like properties, and due to the optical path 
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difference imposed by variations in the test surface (the topographical heights). The 
image (interferogram), recorded by a digital camera, appears as light (constructive) 
and dark (destructive) interference fringes. This information is converted into a 
numeric representation of the surface topography. During measurement, the test 
specimen is scanned by vertically moving the objective. As the surface area in the 
field of view (FoV) passes through the focal plane, it creates interference, and the 
intensity of each pixel at that particular time is captured. This allows for 
measurements of curved surfaces with optimal focus at each data point. The vertical 
resolution is 0.1 nm (< 10 Å), while the spatial resolution depends on the optical 
system at hand. Measurements conducted in the thesis was with either a 10× or 50× 
objective under a ×0.5 FoV, hence the spatial resolutions were 2.21 and 0.44 µm, 
respectively. 

6.2 Roughness processing 
As may be realized from Fig. 13, when measuring a surface profile, the output is 

mostly not directly applicable to the intended application. Sometimes too little 
information is acquired in the measurement, but more often a too large amount of 
information is acquired. The useful information hence has to be extracted using 
several carefully controlled processing steps.  

The nominal form is generally removed by filtration, or by fitting and subtracting 
a polynomial of suitable degree. In case the measurement is taken on e.g. a ball 
surface, a 2nd degree polynomial is appropriate.  

Additionally, raw measurement data is seldom perfect, and can often include 
missing points and artefacts associated with difficulties in measuring rough surfaces 
(e.g. due to sharp angles). These need to be corrected in order to not skew subsequent 
surface roughness computations. Missing points and artefacts can typically be 
corrected by neighbouring point interpolation. 

Moreover, to separate the roughness profile from the waviness and ‘error of form’, 
the standard practice involves the application of some spatial filter. The associated 
separation criterion is a wavelength threshold called cut-off. The conventional 
approach to profile filtering, e.g., the ISO 4288:1996, has been to apply a filter 
regardless of the application at hand. This may be risky since relevant roughness data 
may be lost prior to analysis. Additionally, it should be noted that roughness and 
waviness are relative notations; identical irregularities on a large workpiece may be 
regarded as waviness on a small workpiece. Hence, a more reasonable approach 
seems to be that of functional filtering, as suggested by Thomas and Sales [233], 
where the cut-off is chosen based on e.g. the contact dimensions. Later work, e.g. by 
Stout and co-workers [234], has continued to emphasize its relevance. In this work, a 
Robust Gaussian filter (FARG) according to ISO 16610-71 was typically employed 
with a cut-off specified to disregard wavelengths larger than the Hertzian contact size.  

The above post-processing points can be done either using e.g. MATLAB or a 
commercially available surface analysis software such as MountainsMap. 
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6.3 Surface re-location analysis 
In order to understand which characteristics of surface topographies are involved 

in the film formation processes, an approach that facilitates the study of exactly the 
same ball surface area before and after test was developed in Paper [2]. With such an 
approach, it is possible to very precisely monitor surfaces in 3D after running-in, even 
at asperity scale as done in Paper [2–4].  

To the best of the author’s knowledge, there exist no investigations in the previous 
literature that employed 3D relocation profilometry for studies of rolling-sliding 
rough ball surfaces. Although, in retrospect, this is not surprising given the tedious 
and very precise positioning required to re-locate the elusive and ever-changing run-
track location which is intrinsic for the WAM. Fortunately, there has however been 
some indicative works in the previous literature that has warranted that the insight 
into the nature of running-in is well worth the effort. Of particular importance include 
the paper by Cabanettes et al. [172], and the paper by Clarke et al. [177]. The former 
employed 3D relocation techniques for evaluation of running-in of rolling line 
contacts, and the latter employed 2D profilometry for evaluation of running-in of 
rolling-sliding line contacts. From such contributions, it is clear that the use of careful 
re-location techniques is essential for tracking wear and plastic flow at an asperity 
scale. This is, for example, not possible using the more straightforward and more 
common ‘average surface assessment approach’, see Sec. 6.4, in which wear is 
characterized at random sites – obviously, since it lacks the visually comparable 
aspect. Additionally, the benefit of 3D relocation profilometry over 2D, is that it 
allows for detecting omnidirectional topographical changes, which with this work, 
has appeared to be of fundamental importance for the improved HLCC associated 
with running-in (more on this in  Ch. 8).  

Now, consider Fig. 25 which illustrates the surface measurement, tribo-test, and 
subsequent retracing routine that was conducted on the rougher ball specimens. The 
overall procedure may be summarized accordingly [2].  

 

 

Fig. 25 Procedure for surface relocation analysis after running-in. Modified from Paper 
[2]. 
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The first step is to define the evaluation length, 𝐿𝐿𝑥𝑥, by the positioning of two marks, 
𝑀𝑀0 and 𝑀𝑀1, at either side of where the run-track will land. This is illustrated in the 
middle schematic with respect to the ball-on-disc arrangement, and in the left 
schematic, which shows the same, but in top view, i.e., as appearing in the 3D optical 
profilometer. The blue stripe indicates the future wear track location of width 2a, 
which will appear at some position within 𝐿𝐿𝑥𝑥. Recall that the run-track is not fixed in 
the WAM, but changes with the run track radius, 𝜑𝜑, as demonstrated in the middle 
schematic.   

Secondly, in the optical profilometer, scan the measurement window, i.e. FoV, 
over the 𝐿𝐿𝑥𝑥, and simultaneously acquire the topographical data (see Sec. 6.1). This is 
preferably conducted by stitching several measurements to expand the area of 
evaluation. If this is not possible, e.g., due to limitations of the vertical scan depth of 
the profilometer, and the curvature of the ball, then the scan must be performed by 
hand (which using the present system was the case, unfortunately). After the pre-test 
measurement is done, conduct the running-in test and replace the test specimen under 
the micro-scope for re-location of the marks 𝑀𝑀0 and 𝑀𝑀1. It is worth noting here that 
with running-in of the upper-most asperity tops, the wear track typically appears very 
faint by means of ocular inspection. Thus, to make the wear track appear more 
distinguishable, one might use a flashlight at some incident angle. Once the wear-
track is identified, measure the relevant post-test surface area and conduct the 
appropriate roughness processing steps outlined in Sec. 6.2 on both the pre- and post-
test acquired data. 

Thirdly, conduct the necessary re-location processing steps for subsequent 
matching of the pre- and post-test surface topographies. That is, typically, in 3D 
surface re-location analysis, there will be some surface misalignments issues that need 
to be corrected for. The rightmost schematic in Fig. 25 is an attempt to illustrate this. 
Considered the pre-/post-test field of views (black dashed rectangles) with the 
relevant area offset horizontally, vertically, as well as with an imposed rotational 
error. The blue and grey strips indicate the misaligned run-tracks, whereas the green 
dashed squares indicate the areas relevant for re-location. The task is to position the 
two small green (fictional) squares so that they match perfectly. This can be done by 
e.g. utilizing the 2D cross-correlation function for correction of the lateral 
misalignments, and a matrix rotation about some known reference points, e.g. a 
distinct valley or peak that remains after test, for correction of the rotational error. 
Additionally, since, in the optical profilometer, the measurement height is relative to 
the mean plane of a particular measurement, it is necessary to correct for the biased 
height scale. This can be done by minimizing the height distance between the unworn 
areas that span outside of the run-track, see the yellow stripes in the right-most 
schematic. Finally, the run-track area is extracted for subsequent analysis and surface 
metrology calculations (see Sec. 4.1.3).  
The above procedure can be performed easily in either MATLAB R2019b 
(MathWorks) or MountainsMap Premium 7.4 (Digital Surf). An example of the 
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measurement capability is shown in Fig. 26, obtained from Ref. [235]. The figure 
displays the 𝑆𝑆𝐻𝐻 surface as of Sec. 8.1, before and after the completion of running-in. 
It can be seen that locations of prominent asperities match each other very well, see 
for instance the 2D profile extracted from the 3D optical profiles indicated in the 
‘Pseudo-color view’. Unaffected valley positions agree very well, while the most 
prominent asperity peaks appear significantly flattened. A more thorough discussion 
is given in Sec. 8.1, and in Paper [2]. 
 

 

Fig. 26 Surface examined before and after running-in using the developed re-location 
routine [2]. The top view shows asperity level details of running-in. The bottom view shows a 
2D profile extracted in the direction of entrainment. Reproduced with kind permission from 

Digital Surf [235]. 

6.4 Averaged analysis 
In each Paper [1–5], an average surface roughness measurement routine was also 

conducted. Typically, regarding the ball specimens, this consisted of at least 8 
measurements taken evenly distributed, but at random sites, around the vicinity of the 
run-track before running-in, and 8 measurements within the run-track after running-
in. The procedure for the disc specimen was similar but conducted at 3×8 
(radial×circumferential) evenly distributed, but random positions, before running-in, 
and at 8 circumferential measurements within the run-track after running-in. Post-
processing and surface roughness representation was conducted according to Sec. 6.2 
and 4.1.3, respectively. 
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6.5 Surface microscopy 
In some cases, Paper [2, 3, 5], a scanning electron microscope (SEM) was 

employed to bring about further details to the surface roughness analysis. In such 
cases a Zeiss Sigma VP (Carl Zeiss Microscopy GmbH, Jena, Germany) Field 
Emission Scanning Electron Microscope (FE-SEM) in secondary (SE2) electron 
mode was employed. The accelerating voltage was typically 3.0 kV to limit the beam 
penetration to the vicinity of the upper-most surface depth.  

The FE-SEM was in addition equipped with an Oxford X-max 50 mm2 X-ray 
detector (Oxford Instruments, Abingdon, UK) for Energy Dispersive X-ray 
Spectroscopy (EDS). This was employed for tribo-film characterization, see 
Sec. 10.2. Here the accelerating voltage was also low, 5.0 kV, in order to retrieve 
elemental information mostly from the vicinity of the surface, although somewhat 
higher to ensure that the characteristic X-rays interact with the relevant sample atoms. 

See any of the above references for further details about sample preparation and 
data processing.  
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7 EHL-ML transition mapping 
In this section, results from Paper [1, 2] are compiled to explore the transition 

between the EHL and ML regimes. The ‘true’ (measured) EHL-ML transition will be 
identified and subsequently compared to the Λ-ratio with the purpose of revealing its 
accuracy, and when being justified for use. Accordingly, the first part identifies how 
the lift-off speed is influence by different roughness amplitudes, and in addition, how 
different degrees of film breakdown influence the CoF. In the sections that follow, 
the lubrication regimes are mapped over a ‘3D mapping space’ in which both the SRR 
and the entrainment speed are varied. With such an approach, it is possible to capture 
the transition over a vast operating range. Additionally, the influence of running-in 
on the onset of ML will be addressed, and what implication it has on the Λ-ratio. Note 
that only a brief discussion about the test specimens and operating conditions are 
provided whenever relevant. Readers are referred to the above papers for more 
extensive details. 

7.1 Influence surface roughness height 
The influence of surface roughness on film formation was investigated using a 

variety of highly controlled ball specimens of different amplitudes. This work 
represents a compilation from Paper [2]. 

7.1.1 Experimental details 
Fig. 27 shows typical optical profiles taken on three different ball specimens 

composed of isotropic structures; 𝑆𝑆𝐿𝐿, 𝑆𝑆𝑀𝑀 and 𝑆𝑆𝐻𝐻. The sub-indices L, M, and H, refers 
to ‘Low’, ‘Medium’, and ‘High’ amplitude surface finish, i.e. Sq={0.05 0.17, 0.33} 
µm, respectively. The amplitude distributions projected on the color bars indicate that 
the surfaces are of Gaussian nature, i.e., they are composed of an approximately equal 
amount of peaks and valleys. As we will see, this appears to be an important factor 
for the validity of the Λ model. Moreover, the disc specimen (not shown) was of 
similar composition, but even smoother, with Sq=0.02 µm, to minimize the roughness 
induced film-forming effects mainly to the ball surface (‘one sided roughness’). In 
that sense, it might be worth noting that the disc surface would appear as a 
yellow/green continuum if plotted with a similar height scale, i.e. no irregularities 
would be distinguished, hence also its absence in Fig. 27. 
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Fig. 27 Ball optical profiles: Low (SL) medium (SM) and high (SH) surface roughness. 
Modified from Paper [2]. 

Fig. 28 shows the performance of the above set of surfaces when subjected to 
Stribeck tests (recall Sec. 4.2) under the following operating conditions; SRR=0.2, 
maximum Hertzian pressure, 𝑃𝑃0 = 1.69 GPa (200 N), inlet temperature, 𝑇𝑇 = 40 °C, 
and lubricant: PAO. The curves were produced by sweeping the entrainment speed 
from high (12 m/s) to low (0.01 m/s) in order to minimize the influence of running-
in on the transition between EHL and ML. Note here that the double vertical axis 
includes both the CoF and the ECR signal. Also note that one additional ball 
specimen, 𝑆𝑆0 = 10 nm, was included to facilitate comparison against the close to 
nominally smooth EHL contact. As a reminder, recall from Sec. 5.1, that 100 % ECR 
indicates FF-EHL, while <100 % indicates rupture of the film at any moment within 
the evaluated time interval (0.25 s), hence implying ML or BL.  

7.1.2 Stribeck curves 
Now, consider the different ECR signals of Fig. 28a. Clearly, the transition from 

EHL to ML (or the EHD lift-off speed) is strongly dependent on the Sq magnitude. 
For example, consider the 𝑆𝑆𝐻𝐻  case, then ML occurs even for the maximum speed 
tested (ECR=33 % at 12 m/s) whereas for the 𝑆𝑆0 case, the EHD breakdown transition 
occurs at a much lower speed, ~1 m/s, where the ECR signal approaches <100 %. The 
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overall trends are of course to be expected and are consistent with previously 
published literature, see e.g., [35, 154, 161, 236].  

 

Fig. 28 Stribeck curves under different variations of surface RMS (Sq). a) shows the CoF 
as a function of entrainment speed. b) shows the CoF as a function of the Λ-ratio. The figure 

has been modified from Paper [2]. 

Another way of looking at the same data is to convert the horizontal axis into the 
Λ-parameter, see Fig. 28b, and recall Sec. 4.5 for a schematic and Sec. 4.2 for the 
methodology. Note here that the Λ-axis and the ECR-axis are plotted in logarithmic 
scale to resolve the lowest values. Interestingly, it appears that the 𝑆𝑆𝐻𝐻  to 𝑆𝑆0  ECR 
curves, with values in the range of 33 to 80 %, are concentrated between 2 < Λ < 5. 
In this regard, it is worth mentioning that running-in tests conducted on similar 𝑆𝑆𝐿𝐿, 
𝑆𝑆𝑀𝑀 and 𝑆𝑆𝐻𝐻 specimens showed that wear could not be detected when the tests were 
initiated with Λ = {2.3, 2.5, 2.1}, which corresponded to an initial ECR’s of 20 % at 
the start of the tests. This is also consistent with the work of Palacios [159] who 
reported insignificant wear when Λ > 2. Thus, it appears that the classical limit may 
be adjusted to Λ~2  for the prediction of the EHL-ML transition, i.e., as long as 
surfaces are close to Gaussian. As we will see in the forthcoming sections, the 
situation becomes very different when the prominent peaks are removed by e.g. 
running-in. Hence, the criteria may not always apply, and caution is adviced for use 
of the Λ parameter in cases when surfaces are not freshly made isotropic.  

Moreover, regarding the CoF:s, it is apparent that the effect of roughness 
progressively diminishes at the approach to full film EHL, see e.g. Fig. 28a. Hence, 
accordingly, it is difficult to determine the EHL-ML transition by solely considering 
the CoF:s, and it is evident that the ECR signal is much more sensitive in this regard. 
However, with a reduction in speed, and the earlier the film breakdown occurrence, 
the CoF becomes more intensified due to the deeper operation in the ML and BL 
regimes; compare e.g. the CoF:s of the 𝑆𝑆0 (0.0495) to the 𝑆𝑆𝐻𝐻 (0.111) in either Fig. 28a 
or b. Thus where the ECR signal provides less useful information, the CoF becomes 
more relevant, and vice versa. Hence, in combination, the two signals provide a pretty 
good overview of the contact performance with operation in either the EHL, ML or 
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BL regimes. Note, however, that the ECR signal is much more sensitive than what it 
appears, and it still provides useful information for values in the order of 0.1 %. 

7.2 CoF and ECR mapping 
From the previous section, we have seen that the surface Sq level is crucial for the 

EHD lift-off speed and consequently the CoF. However, during a gear mesh, it is not 
only the entrainment speed that varies but, in particular, the SRR. Hence, in order to 
capture details of how the EHL-ML transition depends on the simultaneous influence 
of entrainment speed and SRR, the method proposed by Björling et al. [101, 217, 
237], i.e. the so-called ‘friction mapping’ approach, was adopted and advanced.  

Essentially, a friction map is composed of multiples of Stribeck and 𝜇𝜇-slip curves 
that in combination form a 3D domain in which a very clear overview of the frictional 
behaviour is obtained. However, as was revealed in the previous section, the CoF in 
itself does not provide information about the onset of ML. For this reason, the friction 
mapping approach was in Paper [1] extended by means of the ECR signal. As will be 
shown herein, by combining these two signals over the SRR and entrainment speed 
domain, it is possible to construct a single map in which both the rheological regimes 
as well as the lubrication regimes may be defined. 

7.2.1 The mapping space 
The fundament of the mapping space is shown in Fig. 29. A map is produced by 

working through the data points from the starting point at maximal speed and ~pure 
rolling; (𝑢𝑢𝑒𝑒=10 m/s, SRR=0.0002), to the finish point at minimal speed and maximal 
SRR; (𝑢𝑢𝑒𝑒 = 1 m/s, SRR=0.5). Since the mapping sequence is always initiated from 
maximal speed and minimal SRR, the EHL-ML transition will appear as a function 
of SRR and 𝑢𝑢𝑒𝑒 somewhere within the mapping space. At each data point, the time-
averaged ECR and CoF were stored to form a 3D map by neighbouring grid point 
interpolation. To construct a combined CoF/ECR-map, the CoF is displayed on the 
vertical scale, i.e., normal to the SRR and 𝑢𝑢𝑒𝑒 axises, while the ECR is displayed as a 
colour contour superimposed on the CoF data. 
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Fig. 29 Left: the principle of the mapping space including arrows indicating the progress 
through the map with start and finish. Right: photograph of the experimental arrangement 

(WAM). 

  
Importantly, the maps that will be mostly discussed were produced as indicated by 

the arrows, i.e. the SRR vector was swept from min-to-max followed by a lowering 
in 𝑢𝑢𝑒𝑒, a loop repeated for each point. However, if the map is constructed the other 
way around, i.e., by sweeping the 𝑢𝑢𝑒𝑒 vector and consecutively increasing the SRR, 
then a very different ECR behaviour will be obtained. That is, in such a case, running-
in will significantly bias the subsequent lubrication state, and the ‘fresh surface’ EHL-
ML transition will not be adequately represented. More details are found in Paper [1]. 

 

7.2.2 The lubrication quality map 
Fig. 30a shows the ECR contours as a function of SRR and 𝑢𝑢𝑒𝑒 for the 300 N case, 

and Fig. 30b shows the corresponding CoF contours. In combination, a 3D map with 
CoF on the height scale and ECR as the colour scale can be constructed according to 
Fig. 31.  

For this case, the ball consisted of a rough isotropic structure with an Rq of 0.268 
𝜇𝜇m, i.e. in between the 𝑆𝑆𝑀𝑀, and 𝑆𝑆𝐻𝐻 as presented in Fig. 27. Note that the mean Rq was 
reported in paper [1] since the Zygo and the MountainsMap software was not 
available at the time. A re-measurement with the Zygo and calculation of the Sq 
according to the procedure used in Paper [3, 4] yields an Sq=0.262 𝜇𝜇m, hence fairly 
comparable. The disc was yet again smooth with a mean Rq of 7 nm (Sq=5 nm). The 
fixed operating conditions were; {𝑃𝑃0 = 1.9  GPa (300 N), 𝑇𝑇 = 40 °C, Lubricant: 
PAO}. Note that similar maps produced at higher oil temperatures, loads, and rougher 
ball specimens can be found in Paper [1]. 
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Fig. 30 a) shows the ECR contour, and b) shows the corresponding CoF contour. Modified 
form Paper [1]. 

Conveniently, with this approach, it is possible in a single plot to define both the 
rheological regimes from the behaviour of the CoF (as discussed in Sec. 3.8), as well 
as the lubrication (contact) regimes (as discussed in Sec. 4.2). Hence, indeed, a very 
detailed and clear overview of the film-forming mechanisms of rough surface rolling-
sliding EHD contacts is obtained. Regarding the lubrication quality, the yellow colour 
in Fig. 31 indicates an ECR of 100 %, hence FLL-EHL applies. When the colour 
departs from yellow, then the film starts to break down, and operation in the ML 
regime occurs. In addition, when the colour intensifies in blue, the contact approaches 
the BL regime. As expected, this occurrence consolidates with a lowering of speed 
and increase to SRR, i.e., the maximum contact interference occurs at (𝑢𝑢𝑒𝑒 = 1 m/s, 
SRR=0.5) where BL apply with a Λ = 0.66. 
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Fig. 31 Combined CoF and ECR map including the rheological- and lubrication-regimes. 
The grey line may indicate the path of contact (LoA) within the SRR range considered of an 

FZG (type C) gear at 3500 RPM. The torque may be considered adjusted for at each 
measurement point along the LoA so that  𝑃𝑃0 = 1.9 GPa constantly. Modified form Paper [1]. 

Furthermore, it is apparent that for SRR>0.1, the transition from EHL to ML does 
not follow the salient rise in CoF which often, in textbooks and research, is defined 
as the transition to ML (see e.g. Fig. 17 in Sec. 4.2). Rather the contrary in fact. The 
transition strongly deviates from the friction dependency by taking a parabolic 
relationship with SRR and 𝑢𝑢𝑒𝑒 as the independent variables – i.e., as may be shown, 
following the D-H film thickness dependency to those same variables. In other words, 
the onset of mixed lubrication occurs at much higher speeds than may be anticipated 
due to the viscous heating effect that arises at the inlet of the contact with increased 
SRR. It is also notable that the CoF appears rather decoupled from the onset of ML 
at either side of the transition line at high entrainment speeds, see e.g. SRR={3.5 to 
4.5} at 𝑢𝑢𝑒𝑒=10 m/s (the arrow indicting the onset of ML). Any salient rise in friction 
due to direct asperity interference cannot be seen. Instead, as expected for the 
thermosviscous regime, with fixed 𝑢𝑢𝑒𝑒 and increasing SRR, the thermal softening of 
the lubricant causes the CoF to gradually decrease, although, it is possible that the 
onset of ML decelerates this occurrence.  

In addition, it may for some readers be relevant to illustrate how the map relates to 
a gear mesh. Hence, the grey narrow ‘V-shaped’ line was included for the 
representation of the LoA. The gear mesh under consideration was of standard FZG 
C-type, operated at 3500 RPM, see Ref. [238] for simulation details. In the simulation 
model, the full range of SRRs at either side of the pitch point were 1.0, and the 𝑢𝑢𝑒𝑒 
range was between 4.6 to 5.7 m/s. Hence, only half the SRR range was mapped here. 
As expected, the least developed film occurs close to the ‘start of active profile’ (SAP, 
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dedenum), which is the area most susceptible for micro-pitting in gears – see. e.g. 
Fig. 138 in Ref. [238] that shows this clearly. Moreover, at the approach towards the 
pitch point (SRR=0), FF-EHL applies, and the CoF drops to almost zero due to the 
lack of Couette shear. At the approach towards the ‘end of active profile’ (EAP, 
addendum), the film breaks down again, although less severely than in the dedendum 
region due to the higher 𝑢𝑢𝑒𝑒 . It should be noted that for the gear configuration 
considered, the effective radius increases over the LoA, while the overall load tend to 
decrease. These variations were not accounted for in the WAM, but is expected to 
suppress the EHL-ML to lower SRR at the approach towards SAP, and higher SRR 
at the approach towards the EAP – i.e. tilting the transition line in the counter 
clockwise direction with respect the 𝜇𝜇-axis. While the radius variation is difficult to 
account for, it would indeed be interesting to account for the variation in load in a 
future study. 

7.2.3 Influence of load 
Additional interesting notations from the mapping space can be made by for 

instance doubling the load from 300 N to 600 N (2.4 GPa). Consider Fig. 32 which 
shows the ECR contours of both cases, i.e., part a) shows the 300 N case (same as 
evaluated above), and part b) shows the additional 600 N case.  

 

Fig. 32 ECR contour maps at a) 300 N and b) 600 N. Modified form Paper [1]. 

What can be seen, is that doubling the load shifts film breakdown to higher speed 
and SRR, compare the red crossed marker at I in both maps. As a consequence, with 
earlier film breakdown, the contact interference intensifies at high SRR and 𝑢𝑢𝑒𝑒 , 
compare the red dashed arrows at II in both maps, where the 600 N case is much more 
intensely blue (low ECR). In turn, this causes an increased running-in rate (see 
Sec. 8.2), which hence makes possible FF-EHL at low speeds, where the 300 N case 
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still shows ML, compare the red dashed arrows at III. Hence, we arrive at the rather 
contradictory conclusions that doubling the load yields improve film quality at low 
speeds and a range of SRRs. A quite astonishing, yet correct notation, which stems 
from the influence of running-in. As we will see next, the transition point is important 
since it affects the CoF significantly, especially at low speeds. 

7.2.4 Influence of running-in 
It is important to note that the transition line of Fig. 31 does not represent the 

idealized EHL-ML transition, i.e., the transition unbiased by running-in. For this sake, 
consider Fig. 33a which shows the same (300 N) ECR contour map shown previously. 
The difference is the added markers that indicate four additional tests. The red square 
marker (𝑢𝑢𝑒𝑒 = 10 m/s SRR=0.325) represents the initial onset of ML as obtained from 
Fig. 31. The blue square marker ( 𝑢𝑢𝑒𝑒 = 5.9  m/s SRR=0.0002) represents the 
corresponding, but as obtained from a map constructed in the opposite direction. That 
is, constructed by sweeping the 𝑢𝑢𝑒𝑒-vector and consecutively stepping the SRR, see 
Paper [1] for details. The stars represent three unique Stribeck sweeps at fixed 
SRR={0.05 0.15, 0.3} – each conducted with a fresh ball and disc run-track of similar 
RMS from maximum- to minimum-speed. Hence, the line between all markers 
represents the EHL-ML transition without any influence of running-in, i.e., the true 
transition within the given conditions. The enclosing area between the line of markers, 
and the transition obtained from the mapping-space, is what we are after here.  

 

Fig. 33 a) the true EHL-ML transition without any influence of running-in wear. b) third 
mapping repetition shows the completion of running-in (more or less the entire map in FF-
EHL). Modified form Paper [1]. 

Clearly, as seen in Fig. 33a, the influence of running-in on the EHL-ML transition 
is quite significant. Thus, an improvement in the mapping of the EHL-ML transition 
would be to employ a system in which the wear rate is minimal. Conveniently, as we 
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have found in Paper [5], the tribo-improving additive, P-SiSO, could be employed for 
that reason since it was found to improve the wear resistance substantially in rolling-
sliding EHL contacts. However, note that with such an approach, and due to the 
additive’s ionic nature, the oil electrical conductivity may be expected to increase. 
Indeed problematic when using the ECR signal. To come around this issue, it would 
be possible to replace the ECR signal on the colour scale with an AE-signal (Acoustic 
Emission), which recently has appeared as a promising alternative for monitoring 
running-in, see e.g. Ref. [178, 239]. This will, however, be left for future work to 
consider. 

Moreover, consider Fig. 33b which shows the same mapping space but when 
subjected to three repetitions. As can be seen, the entire map is now essentially within 
the FF-EHL regime, and only marginal film breakdown occurs at the lowest speed. 
The shift in the EHL-ML transition from 10 to 1 m/s represents a film thickness 
reduction by >80 %, recall that ℎ𝑚𝑚 ∝ 𝑢𝑢𝑒𝑒0.68. Hence it is not unrealistic to expect wear 
to be substantial. However, as reported in the previous section, quite remarkably, an 
examination of the ball and disc surfaces indicates a composite surface Rq reduction 
by less than 10 nm, i.e. less than 4 %. Hence, when calculating the film parameter 
after the test, we get Λ = 0.69, which is no way near the interval 2 < Λ < 5 that was 
deemed as the sufficient criterion for FF-EHL in Sec. 7.1. Thus, very clearly exposing 
the deficiency of the Λ-parameter, and the situation when it no longer is justified for 
use; namely when the surfaces have been subjected to the completion of running-in. 
The following section will explore the mechanisms behind this deficiency in more 
detail. 
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8 ML and the recovery for EHL 
Up until this point, we have found that the Λ-ratio, and the associated criterion; 

ℎ𝑚𝑚 ≥ 2 × 𝑆𝑆𝑞𝑞 (Λ = 2), provides a good rule-of-thumb for safe operation, i.e., as long 
as surfaces are freshly made Gaussian. In contrast, with the completion of running-
in, we have also seen that a much smaller Λ  is possible to achieve the FF-EHL 
transition. Reasonably, given that the Sq-parameter represents an appropriate height 
for comparison against the ℎ𝑚𝑚 , this discrepancy can only mean that surfaces are 
heavily deformed while passing through the comparably much narrower EHD outlet 
constriction. Recall, Sec. 4.6, and that the EHD pressure may be high enough to 
impose elastic deformations to the surface irregularities, thus enabling the micro-EHL 
regime.  

It is possible that when surfaces are freshly made, and still retains their prominent 
and sharp asperities, the micro-EHL deformation is less significant at such sites, 
hence justifying the use of the rigid surface RMS level in the computation of Λ. 
However, as will be shown in this section, with running-in, the associated 
topographical changes appear to promote the micro-EHD film-forming tendency. As 
a consequence, this makes the consideration of the rigid RMS level a gross 
oversimplification, and in extension, the Λ-model inappropriate for estimating the FF-
EHL transition. Note here that this does not by any means imply that Λ-ratio is 
inappropriate for estimating the risk of RCF. Generally, it appears to correlate well 
with e.g. pitting [240], which presumably is the case since the Sq scales with the 
subsurface induced micro-stresses in FF-EHL [36] – recall Sec. 4.3. However, a film 
parameter intended for estimating the true lubrication regimes must reasonably take 
into account this additional degree of freedom imposed by the asperity deformations 
in micro-EHL. To make possible the development of such a parameter, and to 
understand which metrological parameters to include, it is essential to broaden the 
understanding about the interplay between the EHD film formation and the various 
features that constitute the composition of engineering surfaces. 

Therefore, in this section, running-in tests conducted on ‘single-sided rough 
surface’ EHD contacts will be evaluated with the aim to bring forth the topographical 
transformations that enables FF-EHL from an initial state of vast contact interference. 
It was hypothesized that if the surface topography is quantified in detail before and 
after running-in, it should be possible to determine what in its structure that governs 
the formation of the micro-EHL film. Running-in tests were conducted with the 
smooth surfaces faster than the rough to promote the micro-EHD situation described 
in Sec. 4.6.2. Additionally, surface roughness, load and SRR (Paper [2, 3]) were 
varied to explore how such parameters influence the topographical transformations 
associated with the FF-EHL recovery. In this regard, the 3D surface re-tracing 
technique developed in Paper [2], and described in Sec. 6.3, was employed for 
evaluation of exactly the same ball surface area before and after the test. Hence, by 
comparing the post-test surfaces to those in the virgin state, a very detailed overview 
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of the topographical transformations were obtained, even at the asperity scale. 
Moreover, a large set of available surface metrology parameters, as described in 
Sec. 4.1, was evaluated to reveal their significance for the film-forming capability. 
The necessary steps towards the development of new, improved, film parameter are 
taken. 

Note that the significantly smoother disc surface will not be discussed since the 
changes were small. Also note that the surface finishes were very precise, i.e., the 
specimens had small standard deviations both before and after running-in, see Paper 
[2, 3] for details regarding the average surface roughness analysis. Hence, only 
surface re-location analysis performed on the rougher ball surfaces will be discussed. 

8.1 Influence of surface roughness height 
The influence of running-in and the associated topographical transformation under 

variation of surface roughness, Sq, is explored. The results are compiled from Paper 
[2]. 

8.1.1 Running-in tests 
Fig. 34 shows the CoF- and ECR-signal vs. ball rotating cycles as obtained from 

running-in tests. As before, three different ball surfaces, termed 𝑆𝑆𝐿𝐿, 𝑆𝑆𝑀𝑀 and 𝑆𝑆𝐻𝐻 were 
considered, see Sec. 8.1.2 for the optical profiles. The pre-test Sq:s of the areas 
evaluated using the re-location analysis were {0.049, 0.179, 0.295} μm. The disc 
specimen was smooth with Sq=0.02 μm. The tests were operated until the completion 
of running-in, i.e. when steady-state in the CoF apply, and the ECR tends to 100 %, 
indicating that a fully separating EHD film is formed. The operating conditions were 
accordingly; {𝑃𝑃0 = 1.69  GPa (200 N), 𝑇𝑇 = 40  °C, 𝑆𝑆𝑅𝑅𝑅𝑅 = 0.2 , 𝑢𝑢𝑒𝑒 = 0.163  m/s, 
Lubricant: PAO}, thus yielding a D-H minimal film thickness, ℎ𝑚𝑚 = 0.054 𝜇𝜇m. 
Hence, the Λ :s, in increasing roughness order, were; { 1.1,    0.30    0.18 }, thus 
indicating either BL or ML, according to the classical definitions of the lubrication 
regimes. 
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Fig. 34 Running-in tests with three different levels of Sq={0.05 0.18, 0.30} μm. The EHD 
lift-off occurrence (compare the ECR:s) is postponed with increasing roughness as more 

running-in is required (compare the CoF:s). Modified form Paper [2]. 

From Fig. 34a, it is evident that the running-in causes the CoF:s to drop with 
contacting cycles, and the ECR:s to gradually increase. These occurrences depend 
significantly on the surfaces roughness. For the 𝑆𝑆𝐿𝐿 case, a 100 % ECR is achieved 
after only about 20000 cycles, and the CoF appears almost unchanged {0.055, 0.052, 
-5 %}, referring to the start- and end-value, and percent change. On the contrary, 
regarding the CoF:s of the 𝑆𝑆𝑀𝑀 {0.078, 0.058, -25 %} and 𝑆𝑆𝐻𝐻 {0.099, 0.066, -33 %} 
cases, it is as expected evident the deeper operation in the BL regime yields higher 
CoF at the start of the test, and that the CoF reduction for the completion of running-in 
ranks in accordance. As we will see in the next section, the reduction in the CoF 
indicates a continuous improvement in the surfaces micro-conformity, which causes 
the film quality to gradually improve until FF-EHL consolidates. In both cases, the 
complete FF-EHL recovery requires about 100000 cycles. However, note that, as was 
described in Sec. 7.1.2, wear is expected to diminish for ECR>20 %, hence, the 
majority of running-in is expected to occur much earlier. 

Fig. 34b, offers an enlarged view in both CoF and ECR for the initial 3000 cycles. 
Considering the ECR at 0.5 % it is evident that EHD lift-off initiates at very different 
number of cycles; ~1600 and ~3000 cycles for the 𝑆𝑆𝑀𝑀 and 𝑆𝑆𝐻𝐻 cases, respectively. In 
addition, it can be seen in Fig. 34a and b that these occurrences are accompanied by 
most of the CoF reduction and that only a slight reduction remains until around 30000 
cycles, see Fig. 34c. Hence, indicating that most of the surface modifications occur 
before ~3000 cycles. This is also supported by the observations made in Refs. [177, 
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241], who reported that 97 % of the Rq change took place within the initial 3000 
cycles when surfaces were subjected to a running-in sequence not so different from 
the one presented here.  

Moreover, it is notable that the CoF:s still significantly ranks with roughness at the 
end of the test, i.e., when a fully separating EHD film was formed. This is in 
agreement with recent observations made using the optical interferometry technique, 
see Ref. [35], where it was reported that an increase in CoF is possible prior to film 
breakdown. As suggested by the numerical work of Ref. [36], this may be attributed 
to increased pressure fluctuations imposed on the roughness in FF-EHL. Thus, 
bringing support to the hypothesis that a micro-EHD film is possible at the completion 
of running-in. 

8.1.2 Surface re-location analysis 
 Fig. 35 displays optical profiles retrieved from the surface re-location technique 
developed in Paper [2] and applied to the 𝑆𝑆𝐿𝐿, 𝑆𝑆𝑀𝑀 and 𝑆𝑆𝐻𝐻 ball surfaces before and after 
running-in. Regarding the 𝑆𝑆𝐿𝐿 case, it is as expected, difficult to distinguish any clear 
topographical changes by visual means. In contrast, both the 𝑆𝑆𝑀𝑀 and 𝑆𝑆𝐻𝐻 indicates that 
the most prominent asperities (red dots) were removed with running-in. However, 
albeit the changes appear more pronounced with roughness indeed, even for the 𝑆𝑆𝐻𝐻 
case, it is apparent that the running-in is mild since the main structure remains. This 
is perhaps better viewed in Fig. 26 in Sec. 6.3 which displays the profile ’P’ and the 
area ‘A’ as indicated in the 𝑆𝑆𝐻𝐻 surface. From that, it is apparent that wear is mild and 
that the roughness changes are mainly plastic as a result of the pressing action (see 
especially the 3D representation of A). As seen in the 2D profile in Fig. 26 (Sec. 6.3), 
the deepest valleys remain unchanged, any material displacement due to the sliding 
motion (x-axis direction) is difficult to distinguish, and the plastic flow appears rather 
omnidirectional. As reported by many before, see e.g. [166, 172, 177, 242], the plastic 
flattening of asperities does not only mean a lowering in height, but also, importantly 
for the micro-EHL formation [65], an increase in asperity radius.  



87 
 

 

Fig. 35 Optical profiles of the exactly the same ball surfaces, 𝑆𝑆𝐿𝐿, 𝑆𝑆𝑀𝑀 and 𝑆𝑆𝐻𝐻, before and after 
running-in. The minimum D-H film thickness was ℎ𝑚𝑚 = 0.054 μm. Note that the height scales 
are different for the different surfaces. Modified from Paper [2]. 

The pre-/post-test relocated Sq:s in increasing roughness order were {0.049/0.048, 
0.179/0.164, 0.295/0.237} μ m, hence confirming more running-in wear with 
increased roughness. However, calculating the corresponding Λ:s, we get {1.10/1.13, 
0.30/0.33, 0.18/0.23}. Thus, in similarity with the running-in results of Sec. 7.2.4, 
well off the classical criterion considered for EHL (Λ > 3).  

At this point, it is quite clear that the Λ-ratio lacks to capture the correct lubricating 
regime when the surface have been completely run-inned. Most likely, as it lacks to 
account for the asperity deformations. One way to account for this is using the 
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amplitude reduction theory (ART) as described in Sec. 4.6.3. This was done in Paper 
[2] on the profile in Fig. 26 in an attempt to bring forward more reasonable estimates 
of the lubrication quality. While a slight improvement was found; {0.24, 0.33}, 
referring to the post-test Λ:s calculated with and without ART, it is apparent that the 
amplitude-corrected Λ still strongly deviates from the conventional limit for FF-EHL. 
However, by consideration of the deformed profile (see Fig. 13 in Paper [2]), the 
amplitude reduction was found to improve the contact conditions locally for the 
longest wavelength features, although moderate interferences still persisted at 
multiple locations. Hence the amplitude-corrected Λ still incorrectly indicated BL 
despite that both the CoF and ECR curves indicate FF-EHL at the end of the test.  

It should be noted that the above by no means invalidate the ART. Instead, a 
relevant question to ask at this point is whether the Sq indeed is the most appropriate 
surface roughness parameter to compare against the film thickness. As a matter of 
fact, wear takes place mainly at the most prominent peaks (see the amplitude 
distribution of Fig. 35), while most of the surface is left unchanged. However, in the 
computation of the Sq, there is no difference between valleys and peaks since all 
amplitudes constituting a surface are squared equally, see Eq. (4.2). Hence, the 
removal of peaks should reasonably reflect rather poorly on the RMS (Sq). In 
addition, further criticism stems from the fact that no spatial information is considered 
in the computation of Λ. A sharp asperity is more prone to rupture the film than a 
blunt one of similar height due to lack of amplitude reduction in micro-EHL. 

8.1.3 Surface metrology 
In order to quantify what in the structure of the surfaces that provide the HLCC 

that makes possible micro-EHL, it is interesting to examine the sensitivity of some of 
the well-established metrology parameters that are available. Recall the height-, 
spatial-, hybrid- and feature-group, as summarized in Table 2 of Sec. 4.1.3. 
Reasonably, a large change in any metrology parameter should indicate its importance 
for film formation, while a minor change should indicate the contrary. Hence, giving 
a pointer to what features of a surface that are relevant to include in the development 
of a new film parameter.  

A selection of parameters from the above-mentioned groups is evaluated in Fig. 36 
for the pre- and post-test surfaces of Fig. 35. Note that the bars represent the percent 
reduction of each parameter before and after running-in, i.e., (Pre-Post)/Pre×100. The 
CoF percent reduction (dashed lines) were included to indicate its dependency to the 
parametric changes. Note that the 𝑆𝑆𝐿𝐿 indicates only marginal changes and is hence 
sensitive to measurement noise as seen in the unrealistic increase in Ssk and Sp, and 
reduction in Sv parameter (the additional parameters seems more reasonable). The 
changes are more distinct and solid in the two rougher cases, and these are 
representative for the entire ball wear tracks, as supported by an average surface 
roughness analysis, see Paper [2]. Additionally, the roughness changes are consistent 
with previous investigations on running-in, see Refs. [172, 174].  
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Fig. 36 Sensitivity (percent reduction) in 3D metrology parameters for the establishment 
of micro-EHL. The pre-/post-test Sq were {0.049/0.048, 0.179/0.164, 0.295/0.237} μm, 

referring to the surfaces presented in Fig. 35. Modified from Paper [2]. 

Interestingly, when considering the 𝑆𝑆𝐻𝐻, it is evident that several of the parameters 
considered have changed more than the Sq (20 %); compare especially with the Ssk 
(128 %), Sp (49 %), Sdq (24 %), Sdr (41 %), and Ssc (36 %). All of them, being more 
sensitive than the Sq for whether ML or micro-EHL occurs. The reduction in Ssk is 
expected to be sensitive due to the removal of peaks (as is the extreme peak parameter, 
Sp). The Sdr is interesting since its reduction in some sense reflects the plastic flow 
from prominent asperities into adjacent valleys (the blunting makes surface peaks 
smoother) – hence providing more surface area to generated hydrodynamic lift. The 
Sdq and Ssc are interesting for similar reasons, a lowering of slope or increased radii 
indicates improved capabilities for amplitude reduction and hence micro-EHL. 
Additionally, an increased asperity radius with maintained height offers a larger area 
for an asperity to carry a lubricant film and therefore improves the HLCC locally, see 
Sec. 8.2.4 for a more elaborative discussion. 

Moreover, another way of examining the height data is by dividing it into the peak 
zone, core zone, and valley zone, i.e., with the use of the Abbott and Firestone curve, 
recall Sec. 4.1.4. Fig. 37a shows such curves for the pre-test surface as of Fig. 35, and 
b) shows the corresponding post-test curves. Evidently, the peaks are substantially 
reduced, compare especially the 𝑆𝑆𝐻𝐻 curve in part a and b of Fig. 37, while the valleys 
seem more marginally affected. Interestingly, by calculating percent reduction of the 
Spk parameter, we get {3, 50 and 56 %} in increasing roughness order, which can be 
compared to the corresponding Sq:s; {1.4, 8.5 and 20 %}. Note that the actual data is 
provided in Paper [2]. Clearly, the Spk is much more sensitive with running-in and 
the establishment of micro-EHL than is the Sq. In fact, comparing with Fig. 36, we 
find that the Spk parameter is significantly more sensitive than all the considered S-
parameters (with the exception for the Ssk of the 𝑆𝑆𝐻𝐻 case). Hence, it is undeniably 
such that the Spk parameter appears better suited for representing the surface 
roughness height level than does the Sq. In retrospect, this is of course not surprising 
as Abbott and Firestone have shown this clearly already the 1930’ [243]. In agreement 
with the recent critique raised by Greenwood on Λ [18], it is more surprising that 
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researchers routinely and persistently have associated the RMS level with roughness, 
despite its weak connection with the wear of the asperity peaks. 

 

Fig. 37 Abbott and Firestone (bearing area) curves for the surfaces of Fig. 35. Peaks are 
significantly more affected than the core and valley portion of the surfaces. Modified from 

Paper [2]. 

The key takeaway from this section must be that the Spk parameter, as well as any 
parameter that describes the blunting of asperity peaks (e.g. the asperity curvature, 
Ssc), are strong candidates for the development of a new film parameter. In the next 
section, we shall dig deeper into the topographical transformations that determine 
whether micro-EHL or ML occur by considering the influence of the SRR and normal 
load. 

8.2 Influence of load and SRR 
The influence of running-in and the associated topographical transformation under 

variation of SRR and load is explored. The results presented are compiled from Paper 
[3]. 

8.2.1 Running-in tests 
Fig. 38 displays three different running-in tests with CoF and ECR vs. ball rotating 

cycles, as previously, but with a minor adjustment of the entrainment speed to avoid 
scuffing. The reference (Ref) operating conditions were accordingly; {𝑃𝑃0 = 1.69 GPa 
(200 N), 𝑇𝑇 = 40  ° C, 𝑆𝑆𝑅𝑅𝑅𝑅 = 0.2 , 𝑢𝑢𝑒𝑒 = 1.052  m/s, Lubricant: PAO}. The two 
additional and harsher cases were termed ‘SRR’ and ‘Load’. For the SRR case, the 
operating conditions were the same as the Ref, but the SRR=1.0 (smooth disc faster). 
Similarly, for ‘Load case’, the operating conditions were also the same as the Ref, but 
the normal load was increased to 600 N (2.44 GPa). Hence, the D-H minimal film 
thickness were, ℎ𝑚𝑚={0.189, 0.174, 0.184} 𝜇𝜇m, with regards to the {Ref-, Load- and 
SRR-cases}, respectively. The corresponding Sq:s for the pre-test ball areas, 
evaluated using the surface re-location analysis, were {0.349, 0.351, 0.353} μm, and 
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the disc Sq=0.02 μm. The corresponding Λ:s were thus; {0.54, 0.50, 0.52}, hence 
indicating very similar operation within the BL regime among the considered cases.  

 

Fig. 38 Running-in tests conducted with three different operating conditions, i.e., Ref: 
{𝑃𝑃0 = 1.69 GPa, 𝑇𝑇 = 40 °C, 𝑆𝑆𝑅𝑅𝑅𝑅 = 0.2, 𝑢𝑢𝑒𝑒 = 1.052 m/s},  SRR; {SRR=1.0}, and Load; 

{𝑃𝑃0 = 2.44 GPa}. The EHD lift-off occurs more rapidly with increased SRR, and is 
postponed with increased load compared to the Ref. Modified from Paper [3]. 

The intentions of these tests were to investigate how the SRR and load influence 
the number of cycles to the completion of running-in, and more importantly, how the 
topographical transformations manifest for FF-EHL. Generally, similar conclusions 
can be made about Fig. 38 as of Fig. 34, and shall not be repeated (see Paper [3] for 
a more extensive discussion).  

Interestingly, although an increase in the SRR causes a larger drop in CoF (0.056 
to 0.047, -17.1 %) than the Ref (0.064 to 0.058, -9.5 %), the SRR-case does indeed 
lift-off to EHL earlier than the Ref. Thus supporting the observations made in the 𝜇𝜇-
ECR-maps of Sec. 7.2, i.e., that the SRR component increases the rate of running-in. 
By contrast, increasing the load postpones the EHD lift-off occurrence and only 
marginally affects the CoF reduction (0.070 to 0.064, -8.7 %) – note that percent 
reduction in CoF is actually lower than the Ref. Additionally, it is evident that the 
steady-state levels in CoF falls to three distinct levels. For the SRR case the steady-
state CoF is well below the Ref, while the Load case is well above. As the CoF:s are 
predominated by viscous effect in FF-EHL, this is by no means surprising. Recall 
Sec. 3.8, or the map in Sec. 7.2.2, and that an increase in load increases the effective 
viscosity (or the limiting shear stress) and thereby friction [101]. An increase in SRR 
causes thermal softening of the lubricant and thus reduces the viscosity, the lubricant 
shear stress, and consequently friction [101, 244]. 
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8.2.2 Surface re-location analysis 
Fig. 39 displays optical profiles evaluated at exactly the same areas before and 

after running-in for the Ref-, SRR- and Load-cases. The changes to the surface 
topographies are very similar to those presented in Sec. 8.1 and Fig. 35. Clearly, wear 
is very mild with valleys appearing practically unchanged and prominent peaks (red 
dots) slightly flattened. In fact, it is difficult to distinguish any clear differences due 
to the running-in of the Ref, increased load or SRR cases by solely studying the 
optical profiles. However, the upper-most tail of the amplitude distributions indicates 
that the Load, and especially the SRR, have been more affected than the Ref, thus in 
consistency with the CoF reductions.  

 

Fig. 39. Evaluation of exactly the same area before and after test for the Ref-, Load-, and 
SRR-cases. Modified from Paper [3]. 
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Making a similar sensitivity analysis as in Sec. 8.1.2 with data from Table 3, we 
find that the SRR-derived topography underwent the greatest changes in Sq (15%), 
followed closely by Load (14%) and Ref (11%). Hence, considering the Λ-ratios after 
test; {0.60, 0.57, 0.61} for the {Ref, Load, SRR}, it is at this point of little surprise to 
find them vastly deviating from the classical limit considered for EHL (Λ = 3). Still, 
it is equally astonishing to consider that the EHL/ML transition speed for all three 
cases were measured to more than 12 m/s when the surfaces were fresh, and only 1 
m/s when fully run-inned. This corresponds to a nominal film thickness reduction by 
more than 80 %, clearly, many times more than the Sq:s. Notably, and in consistency 
the previous observations, we find that percent reduction of the Spk parameters {42.6, 
45.6, 45.4 %}, referring to the {Ref, Load, SRR}, to be significantly more sensitive 
for the EHD film-forming capability. Likewise, the corresponding Ssc reductions; 
{11.7, 17.5, 25.0 %}, were yet again found more sensitive than the Sq. Hence, once 
again, indicating that the combination of flat and round asperities are essential 
geometrical entities for the micro-EHL development. In extension, also consolidate 
such parameters relevancy in the development of a new film parameter. 

Table 3 Surface roughness parameters* evaluated on exactly the same area before and after 
running-in for the Ref-, Load, and SRR-cases. The parameters respective group is described 
below the table. From Paper [3]. 

 
a)Height: Root-mean-square average (RMS/Sq), skewness (Ssk), kurtosis (Sku), maximum peak height (Sp), 
maximum pit height (Sv). b)Spatial: Autocorrelation length (Sal). c)Hybrid: Root-mean-square gradient 
(Sdq). d)Feature: Arithmetic mean summit curvature (Ssc). 
*Functional: {Ref, Load, SRR} Spk parameters computed pre-test; {0.380, 0.377, 0.357} and post-test; 
{0.218, 0.205, 0.195}. 

 
The marker I of Fig. 39 (SRR-case) indicates an area with particular prominent 

asperities. Such sites are interesting to examine in a greater amount of detail as they 
are at the highest risk of rupturing the lubricant film, suffering deformations, and with 
repeated cyclic loading, developing micro-pitting [141, 188]. The forthcoming 
section will explore these sights in detail. 
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8.2.3 Asperity deformations and micro-EHL 
Fig. 40a displays the I-area in Fig. 39 under higher magnification (0.15×0.10 mm 

area). It should be noted that a similar analysis was conducted on the Ref- and Load-
case (see Paper [3]), but we will confine the analysis to the SRR-case here. The left-
most and middle figures represent pre- and post-test optical profiles, while the right-
most figure shows a SEM-micrograph of the same post-test area. The SEM analysis 
was included to bring about details that that optical profilometry may lack to resolve. 
However, when comparing the SEM micro-graph to the corresponding image 
obtained with optical profilometry, it is apparent that the images are very similar. The 
resolution of the optical profilometer is good enough to resolve both the prominent 
asperities, see e.g. the areas labelled 1 and 2, as well as much of the smaller scale 
roughness which constitutes the surrounding areas.  

 

Fig. 40 Detailed analysis of the SRR-derived surface. Part a) shows pre- and post-test re-
located prominent asperities as obtained in optical profilometry and SEM (2000× 

magnification). Part b) shows the corresponding asperity optical profiles. Modified from 
Paper [3]. 

Fig. 40b shows the height profiles taken in the horizontal and vertical (sliding) 
directions in the centre of the no. 1 asperity. The rightmost part of Fig. 40b shows the 
vertical profile for the no. 2 asperity. Notably, it appears that the asperity flattening 
of the prominent asperities confine to heights ~0.4 μm, hence approximately twice 
the height of ℎ𝑚𝑚 = 0.184 μm. Thus, suggesting the formation of a micro-EHD film, 
as FF-EHL was manifested at the end of the test sequence. Moreover, it is clear that 
overall changes to prominent asperities are consistent with the changes observed in 
the Spk and Ssc parameters. As seen in the vertical no. 1 and 2 profiles of Fig. 40b, 
asperities are flattened by the pressing action so that material has flowed uniformly 
in both the sliding and opposed to sliding direction (backwards). It is also evident that 
material has flowed transversely to the sliding direction, see the horizontal no. 1 
profile. Similar observations can be made in the smaller scale roughness features, see 



95 
 

the arrow indicating ‘Plastic Flow’ in the post-test optical profile plot of Fig. 40a, and 
compare it to the corresponding pre-test area. Hence, in accordance with the 
observations made in Fig. 26 (Sec. 6.3), omnidirectional plastic flow appears to be a 
general outcome of the running-in process indeed. Thus, a direct consequence that 
follows is that valley features may be closed due to adjacent, horizontal or vertical 
flow of material, although not always the case. For example, as can be seen in the 
profile no. 2 of Fig. 26b, if the valley features are deep enough, they appear to pass 
the running-in process virtually unaffected.  

 

 

Fig. 41 SEM micrographs of the asperities of Fig x. a) 5000× and b) 20000× 
magnification. Modified from Paper [3]. 

Fig. 41a and b shows SEM micrographs taken on the two prominent asperities 
under higher magnification (5000× and 20000×) to reveal more details about the 
nature of their deformations. The asperities appear overall plastically flattened with a 
very smooth topography, see especially the centre of the asperity in Fig. 41a. 
Interestingly, with no clear evidence of abrasive wear, this could in fact indicate that 
the deformations occurred already in FF-EHL. We shall explore that possibility in the 
next section. Notably, the upper portion of the asperities appears to have developed 
small pit-like formations at the leading (upper) edges, see especially the no. 2 asperity 
and recall that the entrainment is in the vertical direction. These were generally found 
at prominent asperities of the SRR-derived surface, but not in the Ref- and Load-
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cases. The origin of these damages are unclear, although, it lies close at hand to 
ascribe them to micro-pitting. Another possible mechanism is due to cavitation. 
Cavitation generally occurs due to a rapid pressure drop at the outlet constriction, see 
e.g. the cavitation bubbles included in Fig. 6a in Sec. 3.2 for a schematic 
representation. In fact, this does not seem unrealistic given the observations made in 
Ref. [214], which shows clearly a case where model aspirates cavitates at their leading 
edges when located in the EHD contact outlet. A third possibility may be due to debris 
piling up on the upper edges due to the sliding motion, thus causing a wedge-shaped 
profile. Nonetheless, these damages are not severe at this stage of running-in, and the 
asperity deformations are clearly predominated by the pressing action of the normal 
load component.  

8.2.4 A simple model for the micro-EHD pressure 
As discussed previously, the plastic deformations are likely occurring during the 

initial cycles of running-in, i.e., when the fluid film breakdown is most severe. 
Reasonably, what follows is then mild wear that gradually polishes the upper-most 
asperity tops until FF-EHL occurs. However, it is in fact possible that the asperity 
deformations were of plastic nature even in micro-EHL, i.e. prior to film collapse. 
This may be realized by making some simple calculations using the methodology 
proposed in Paper [3]. 

Consider the schematic micro-EHL model as depicted in Fig. 42b, which shows an 
idealized asperity as appearing in the EHD contact inlet zone (or ex-situ), and in the 
central zone. In principle, the micro-EHL model states that if the central film 
thickness, ℎ𝑐𝑐, is less than the undeformed asperity height, 𝜕𝜕0, then the micro-EHD 
film thickness, ℎ𝑎𝑎 , must alter the asperity deformation. As a consequence, this 
deformation give rise to a micro-EHL pressure, 𝑃𝑃𝑎𝑎� , which may be several times that 
of the 𝑃𝑃0, see e.g. [141].  

According to Fein and Kreuz [26], the mean micro-EHL pressure acting on the 
asperity may be estimated from the following Hertzian based expression:  
 

 𝑃𝑃𝑎𝑎� =
2𝐸𝐸′

3𝜋𝜋
× �

𝜕𝜕0
𝑟𝑟𝑥𝑥

× �1 +
ℎ𝑎𝑎 − ℎ𝑐𝑐
𝜕𝜕0

��
1/2

 (8.1) 

 
Moreover, as hypothesized by Guangteng [245], and later experimentally verified in 
[197] for isotropic roughness features, the micro-EHL film thickness formed at the 
asperity is related to its radius of curvature in the direction of the lubricant 
entrainment, 𝑟𝑟𝑥𝑥  (x-direction according to Fig. 6), and the ‘macro’-scale-EHD central 
film thickness, accordingly: 
 

 ℎ𝑎𝑎 = ℎ𝑐𝑐 × �𝑟𝑟𝑚𝑚
𝑅𝑅𝑚𝑚
�
0.464

  (8.2) 
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Similar postulates were made by Jacobson [65]. Note that Eq. (8.2) is simply obtained 
by considering the ratio of the smooth D-H central film thickness of the macro-EHL-
contact, Eq. (3.3), to that of a hemispherical asperity (see Ch. 9 for more details). 

Now, by considering the idealized form of the pre- and post-test no.1 asperity in 
Fig. 40, it is possible to assess how its geometry before and after running-in affects 
the 𝑃𝑃𝑎𝑎� . Following the methodology outlined in Ref. [197], the asperity geometry was 
estimated to; 𝑟𝑟𝑥𝑥 = {0.02, 0.05}  mm and 𝜕𝜕0 = {1.2, 0.5}  μ m pre-and post-test, 
respectively. Note that a more elaborative discussion about how the idealized asperity 
shape can be estimated is provided in Ch. 9.  

 

Fig. 42 a) Asperity contact pressure in micro-EHL, before and after running-in. b) 
Schematic of the micro-EHD contact model. Modified from Paper [3]. 

Now, substituting Eq. (8.2) into Eq. (8.1) and inputting the asperity geometry, the 
central film thickness and the elastic effective modulus for material representation, 
the mean micro-EHL contact pressure is obtained in a fairly straightforward manner. 
The solution to Eq. (8.1) for the pre- and post-test asperity is shown in Fig. 42a as a 
function of ℎ𝑐𝑐 . The arrow pointing towards the vertical dotted line at 0.32 μm 
indicates the fixed ℎ𝑐𝑐  as of the SRR running-in case. Additionally, the horizontal 
dotted line indicates the plastic limit of ASISI 52100 steel (~6.85 GPa). The blue 
dashed line shows the pressure response for the pre-test asperity, while the red dotted 
line shows the corresponding for the post-test asperity.  

Clearly, there are very different contact behaviour due to the asperity geometry. 
For instance, when the ℎ𝑐𝑐 is just slightly above 1.2 μm, the film is thin enough to 
cause contact interference in the case of the pre-test asperity, see the blue dotted line 
in Fig. 42a. However, instead of rupturing the film, the asperity deforms elastically 
due to the hydrodynamic pressure, thus making possible the micro-EHL regime. As 
described previously, this is the lacking mechanism of the ratio-Λ, as the roughness 
is considered rigid. Moreover, as the film is narrowed, the asperity pressure 
continuously increases. At around 1 μm, the asperity exceeds the plastic limit, and the 
deformation becomes plastic. Obviously, the validity of Eq. (8.1) breaks down at this 
point as a plasticity model is lacking. Nonetheless, at the operating film thickness 
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(0.32 μm), the contact interference is vast, and the asperity pressure is clearly well 
within the plastic domain. Hence, in fact, suggesting that most of the deformation 
occurred with a fully separating film, as discussed in the previous section in 
association to Fig. 41.  

Interestingly, for the post-test asperity, the contact behaviour is clearly much 
mitigated as a result of the flattening and increased asperity radius. In this case, the 
onset to the micro-EHL regime occurs at around 0.5 μm, whilst the deformations 
sustain a fully elastic nature with an ever decreasing film thickness. Notably, one 
might expect the post-test pressure curve to intersect the plastic limit at around 0.32 
μm, i.e., if a perfectly plastic behaviour is assumed. Clearly, this is not the case as the 
pressure is well below the plastic limit at the operating film thickness. Possibly, this 
depart may be attributed to mild wear that has polished and blunted the asperity top 
further, thus lowering the pressure.  

Of course, the above model is very simple, and the values should probably be 
considered with some degree of caution. Nonetheless, it is indeed helpful for 
understanding and explaining the governing mechanisms of micro-EHL, and why 
surfaces are improved with running-in. Clearly, controlling both the asperity heights, 
as well as their radii, are of crucial concern if one desires to maximize surfaces film-
forming capability. The next section will make use of such insights in the pursuit of 
developing a film parameter that is capable of providing much more accurate and 
realistic estimates than offered by the Λ-ratio.  
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9 A new film parameter for rough surface EHL 
It is undeniably such that the most frequently employed approach for estimating 

the lubrication quality in research and engineering is by means of the ‘lambda’-ratio, 
Λ = ℎ𝑚𝑚/𝑆𝑆𝑞𝑞. As we have seen so far, this is problematic in some cases, although, not 
always. For instance, when surfaces are freshly made isotropic (Gaussian), the Λ-ratio 
seems justified for use in identifying the onset of the ML- and the BL-regimes. In this 
regard, the classical criterion considered for EHL (Λ = 3 or even 5) was confirmed 
and moderately revised to Λ = 2 in Ch. 7. However, we have also seen in Ch. 8 that 
after the completion of running-in, and specifically, after the removal of asperity 
peaks, Λ = 0.23  may be sufficient to cause FF-EHL. Thus clearly exposing its 
deficiency, and the situation when the Λ-ratio no longer is justified for use. In fact, 
this value can probably be lowered for a long as the running-in process is successful, 
and surfaces avoid scuffing.  

Because of the above, and to make possible the development of a much more 
accurate film parameter that can be used regardless if surfaces are freshly made from 
machining or have been used in service, a very precise 3D surface re-location routine 
was employed to characterize surface before and after running-in. This made it 
possible to reveal what in the surface structure that governs the formation of the EHD 
film, even at the asperity scale. Accordingly, it has been identified that the Λ-model 
falls short due to four main reasons that relate to the topographical transformations 
that enable for the materialization of micro-EHL.  

The first, and perhaps most obvious deficiency of the Λ-ratio, lies within the gross 
oversimplification of rigid roughness, hence omitting the micro-EHD contribution. 
This is unrealistic as asperities may be subjected to several GPa in EHL, thus enabling 
for micro-EHL, and hence causing such unrealistic and erroneous Λ calculations as 
discussed above. This appears to be especially manifested with the completion of 
running-in. Moreover, the second short coming is attributed to the fact that running-
in affects mainly the upper-most asperity peaks, while valley zones pass virtually 
unaffected. Consequently, such changes reflect poorly on surfaces RMS level, thus 
making the Sq-parameter an inappropriate representation of surface roughness height. 
In this respect, the Spk (reduced peak height) has emerged as more meaningful and 
appropriate. The third deficiency stems from the fact that a representation of asperity 
mean slope or curvature is lacking, the Sq provides no such details. As we have seen, 
due to the omnidirectional plastic flow imposed by the pressing action with running-
in, asperity radii grows (or equivalently Ssc and Sdq decreases), and this causes 
improved capabilities for micro EHD film formation. Thus, a parameter such as 𝑟𝑟𝑥𝑥 
(asperity radius), Ssc, or Sdq must reasonably be accounted for, recall Ch. 8. The 
fourth deficiency identified lies in the fact that the Λ-parameter does not discriminate 
between surfaces’ different lay and structure, recall Fig. 15 in Sec. 4.1.2. There, we 
saw clearly that surfaces may have exactly the same Sq, despite being composed of 
isotropic and anisotropic structures. Additionally, as we will see here, such surfaces 
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will have very different capabilities for developing a micro-EHD film. Hence, also 
the 3D nature of surfaces must be accounted for if proper estimates of the lubrication 
quality are to be obtained. 

In this section, a new and much more accurate and realistic film parameter, Λ∗, is 
proposed based upon the above insights and findings. The model was derived upon 
the basis of an idealized micro-EHD contact, similar to the model proposed in 
Sec. 8.2.4. Hence, it accounts for both asperity height and roundness, and in addition, 
their lay. Thus, the model is capable of accounting for the 3D nature of surfaces, hence 
making it generally applicable. Subsequently, the model was extended to account for 
real engineering roughness comprising both isotropic and anisotropic surface 
structures. Model validation was made against running-in tests, similar to those 
presented previously, for identification of the true ML- and EHL-regimes. While, as 
expected, the Λ-ratio was found to grossly miss-predict the transition between the 
EHL and ML regimes, the new film parameter was found surprisingly accurate. 
Importantly, the proposed model is straightforward to use as it requires only well-
established EHL theory as input, in addition to parameters obtained from surface 
metrology. Hence it can be easily employed by most lubrication professionals 
interested in a quick, yet accurate assessment of the lubrication quality in heavily 
loaded rolling-sliding EHD contacts. 

9.1 Mathematical foundation 
A shortened summary of the derivation of the proposed film parameter is given. 

Readers are directed to the published version of Paper [4] for more extensive details.  
Consider the ball-on-disc EHD conjunction as depicted in Fig. 43. For simplicity, 

let us consider that pure rolling applies, hence 𝑢𝑢𝑏𝑏 = 𝑢𝑢𝑑𝑑 and the RD is attached to the 
CE, recall Sec. 4.6. Two bumps of equal undeformed (ex-situ) height, 𝜕𝜕0, is displayed, 
one at the inlet and one at the outlet. When an asperity enters the inlet zone (leftmost 
bump), the asperity height is reduced to, 𝜕𝜕𝑑𝑑, due to the formation of a micro-EHD 
film thickness, ℎ𝑎𝑎. As described in Sec. 4.6.1, once formed, the 𝜕𝜕𝑑𝑑  travels frozen in 
shape towards the outlet zone. Hence, the deformed asperity located at the minimum 
film thickness constriction, ℎ𝑚𝑚 , is an exact replica of that located in the inlet. 
Equivalently, the asperity at the inlet may be considered to be the same as that at the 
outlet, only at a later time step. Thus, within the given assumptions, whether or not 
the film collapses is simply a matter of whether the 𝜕𝜕𝑑𝑑 passes the available space at 
the outlet, ℎ𝑚𝑚 , with or without touching the opposing surface. The condition for 
contact is Δh ≤ 0, then the fluid film is ruptured, and if Δh > 0, then FF-EHL apply. 
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Fig. 43 Schematic showing the essential features of the micro-EHD model. 

In mathematical terms, the contact condition at the outlet constriction may be 
expressed as follows: 

 
 Δℎ = ℎ𝑚𝑚 − 𝜕𝜕𝑑𝑑 = ℎ𝑚𝑚 − (𝜕𝜕0 − ℎ𝑎𝑎)  (9.1) 

 
For convenience, we shall derive a film parameter that resembles the form of the 
classical lambda (Λ = ℎ𝑚𝑚/𝑆𝑆𝑞𝑞). Thus, from Eq. (9.1), consider that  

 
 Δℎ = (ℎ𝑚𝑚 + ℎ𝑎𝑎) − 𝜕𝜕0 = ℎ∗ − 𝜕𝜕0 (9.2) 

 
Hence, it may be realized that FF-EHL apply if ℎ∗ − 𝜕𝜕0 > 0 and ML if ℎ∗ − 𝜕𝜕0 ≤ 0. 
Accordingly, a film parameter that accounts for micro-EHL may be stated as follows: 

 

 Λ∗ =
(ℎ𝑚𝑚 + ℎ𝑎𝑎)

𝜕𝜕0
=
ℎ∗

𝜕𝜕0
 

 
(9.3) 

 
with the associated criterion for oil film breakdown or FF-EHL being [1(𝑀𝑀𝐿𝐿) > Λ∗ ≥
1(𝐸𝐸𝐻𝐻𝐿𝐿)] . Importantly, in contracts to the classical approach where the film 
breakdown condition is based on a vaguely defined limit (Λ = 3), the corresponding 
criterion for Λ∗  is derived upon the basis of whether actual contact interference 
occurs. Additionally, the ℎ𝑎𝑎 provides local elasticity to prominent roughness features 
that risk rupturing the fluid film, thus making the Λ∗ much more realistic than Λ which 
assumes the roughness rigid. 

In accordance with the approach discussed in Sec. 8.2.4, the ℎ𝑎𝑎 may be computed 
from the classical smooth EHD theory by considering that the film-forming tendency 
of the micro-scale (asperity) EHD contact is similar to that of the macro-scale (ball-
disc). In fact, Spikes and co-workers have evaluated this in three separate studies 
[197, 214, 215] and found good agreement with optical interferometry measurements 
in ball-on-disc experiments. Thus, by leveraging their findings, from the ratio of the 
smooth ball central film thickness and an asperity, and by accounting for the major 
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axis of the Hertzian contact ellipse with respect to the lubricant entrainment [20, 246], 
it is possible to derive a general expression for ℎ𝑎𝑎  that accounts for any asperity 
geometry.  

Accordingly, in the case of the ball-on-disc setup, when the roughness feature is 
attached to the ball surface, and by setting the load term to unity (see Paper [4] for 
details), the following non-dimensional micro-EHL parameter, which depends solely 
on the asperity and ball geometry, is obtained: 

 

 𝑓𝑓𝑞𝑞 = �
𝑟𝑟𝑥𝑥
𝑅𝑅
�
𝜒𝜒

× �
1 − 𝜅𝜅1 × 𝑒𝑒−𝜅𝜅2×�𝑟𝑟𝑦𝑦/𝑟𝑟𝑚𝑚�

𝜅𝜅3  

1 − 𝜅𝜅1 × 𝑒𝑒−𝜅𝜅2
� (9.4) 

 
Conveniently, the micro-EHD film thickness is simply obtained by multiplying this 
parameter with the D-H central film thickness for the macro-scale contact, e.g. Eq. 
(3.3), i.e.: 

 
 ℎ𝑎𝑎 = ℎ𝑐𝑐 × 𝑓𝑓𝑞𝑞 (9.5) 

 
In Eq. (9.4), R and 𝑟𝑟 are the ball and asperity radii, x and y refers to the entrainment 
and transversal directions, and the exponents 𝜒𝜒 and 𝜅𝜅1−3 depends on the roughness 
feature geometry according to Table 4. For example, in case the roughness feature is 
a hemispherical bump (or isotropic roughness pattern), then 𝑟𝑟𝑥𝑥 = 𝑟𝑟𝑦𝑦 , and the 
exponents are chosen according to case A. Note that for this case, the term in the 
brackets (the ellipticity term) becomes unity and the expression reduces to that in Eq. 
(8.2). On the other hand, if the roughness feature is a ridge directed transversely to 
the lubricant entrainment, then 𝑟𝑟𝑦𝑦 = 𝑅𝑅 (assuming infinitely long ridge) and 𝑟𝑟𝑥𝑥 is some 
value less than 𝑅𝑅. Note here that when 𝑟𝑟 tend to 𝑅𝑅 (smooth contact), then 𝑓𝑓𝑞𝑞 tends to 
unity and hence ℎ𝑎𝑎 tend to ℎ𝑐𝑐. Moreover, as in the isotropic case, the exponents are 
taken according to case A. Finally, if the roughness features are directed 
longitudinally with the lubricant entrainment, then 𝑟𝑟𝑥𝑥 = 𝑅𝑅  and 𝑟𝑟𝑦𝑦 < 𝑅𝑅 , and the 
exponents are then taken according to case B. Note that for this case, the radii ratio 
term (𝑟𝑟𝑥𝑥/𝑅𝑅) of Eq. (9.4) is unity. 

Table 4 Input variables for Eq. (9.4). Table modified from that in Paper [4] for the ball-on-
disc contact. 

Case Surface 
roughness lay 

Ratio of film 
thickness equation 

𝜒𝜒 𝜿𝜿𝟏𝟏 𝜿𝜿𝟐𝟐 𝜿𝜿𝟑𝟑 

A Isotropic & 
Transversal D-Ha 0.464 0.61 0.75 2/𝜋𝜋 

B Longitudinal D-Cb 0.466 1 1.23 2/3 
a Variables originate from the D-H EHL equation [20]. Interval of validity: 0.955 < 𝑅𝑅𝑦𝑦,𝑎𝑎

′ /𝑅𝑅𝑥𝑥,𝑎𝑎
′ < ∞ as reported in [215]. 

b Variables originate from the D-C EHL equation [246]. Original interval of validity: 0.075 < 𝑅𝑅𝑦𝑦,𝑎𝑎
′ /𝑅𝑅𝑥𝑥,𝑎𝑎

′ < 21.874. Extended by in 
[215]  to 𝑅𝑅𝑦𝑦,𝑎𝑎

′ /𝑅𝑅𝑥𝑥,𝑎𝑎
′ = 0.010338 

 



103 
 

The solution to Eq. (9.4) is shown in Fig. 44 as a function of 𝑟𝑟/𝑅𝑅. From this, it is 
evident that 𝑓𝑓𝑞𝑞  increases with increased 𝑟𝑟  for all three roughness configurations. 
Thus, supporting the observations made in Ch. 8, that increased asperity radius (or 
reduced mean slope) provides improved micro-EHL film-forming capability, and 
hence is the likely mechanism that causes FF-EHL at the end of the running-in tests. 
Moreover, it is clear that the transversal roughness is the most favorable to form a 
micro-EHD film, while the longitudinal provides the least contribution. This is 
consistent with both optical interferometry measurements [195] as well as 
deterministic EHL simulations [216]. 

 

Fig. 44 The micro-EHL contribution, 𝑓𝑓𝑞𝑞 , as a function of asperity and ball radii ratio, 𝑟𝑟/𝑅𝑅 
for isotropic, transversal and longitudinal roughness.  

Conveniently, as the graph only depends on the ball and asperity geometry, it may 
be used as a general look-up table for determination of the 𝑓𝑓𝑞𝑞 . That is, it is not 
necessary to solve Eq. (9.4) for computation of Eq. (9.5). Instead, it is possible to 
estimate 𝑟𝑟/𝑅𝑅 for a given roughness, and read the 𝑓𝑓𝑞𝑞 value in the chart. Methods to 
determine 𝑟𝑟 is discussed in the following section where the Λ∗ will be generalized to 
account for real engineering roughness comprised of either isotropic or anisotropic 
structure. 

9.2 Generalization for real engineering surfaces 
To make the Λ∗  applicable to real engineering surfaces, it is reasonable to 

substitute the 𝜕𝜕0 and 𝑟𝑟 with some equivalent parameters that represent the roughness 
peak height and asperity curvature, respectively. The Sq is not preferable to represent 
𝜕𝜕0 for the reasons described in the introduction of this section. Additionally, note that, 
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e.g., the Sp parameter (maximum peak height) is not preferred as being an extreme 
parameter and for being highly sensitive to measurement noise.  However, in contrast, 
the Spk is relevant for this purpose as it has been found highly sensitive for film 
formation, is comparably stable against measurement noise and is a standardized 
parameter that is easily obtained. Additionally, intuitively, it seems physically 
meaningful to compare the film thickness to the roughness depth of the prominent 
peaks, which naturally is the portion of the roughness that is most susceptible to 
rupture the lubricant film, recall Fig. 16 in Sec. 4.1.4.  

Hence, with Eq. (9.5) substituted into (9.3) and with the use of the Spk parameter 
in Λ∗ for representing the roughness height to the datum of contact interference, we 
get: 

 

 Λ∗ =
ℎ𝑚𝑚 + �ℎ𝑐𝑐 × 𝑓𝑓𝑞𝑞�

𝑆𝑆𝑝𝑝𝑘𝑘
 (9.6) 

 
where, repeated for clarity, ℎ𝑚𝑚 and ℎ𝑐𝑐 are the classical ball-on-disc film thicknesses 
obtained from Eq. (3.2) and (3.3), and where 𝑓𝑓𝑞𝑞 may be obtained either from the chart 
of Fig. 44, or from Eq. (9.4). 

Moreover, regarding the asperity radius representation, it may appear obvious to 
employ e.g. the Ssc parameter, as it has been found highly sensitive for film 
formation. However, unfortunately, this is not possible for surfaces comprising 
anisotropic structure, as the Ssc parameter is computed equally in the x- and y 
directions. Alternative approaches for determining a representative asperity radius are 
using the methods proposed in e.g. Refs. [247, 248]. A third, and perhaps more simple 
approach, at least if one has access to a commercial surface metrology software such 
as MountainsMap, is through the use of Motif analysis (ISO 25178). The surface is 
then segmented into significant peaks (its core structure), with each peak having a 
unique height, 𝜕𝜕𝑎𝑎, and width, 𝑏𝑏𝑥𝑥/𝑦𝑦. Note that the width in x or y is taken depending if 
transversal or longitudinal roughness is considered, respectively. For the isotropic 
case, they should of course be approximately equal. An overall surface peak 
representation is then obtained by computing the average peak height, 𝜕𝜕�̅�𝑎, and width, 
𝑏𝑏�𝑥𝑥/𝑦𝑦. The corresponding asperity radii are then simply obtained using trigonometry: 

 

 �̅�𝑟𝑥𝑥/𝑦𝑦 =
�𝑏𝑏�𝑥𝑥/𝑦𝑦�

2

8𝜕𝜕�̅�𝑎
 (9.7) 

 
Hence, Eq. (9.7) may be used to determine the 𝑓𝑓𝑞𝑞 in the chart of Fig. 44 for subsequent 
input into Eq. (9.6). Thus, a generalized film parameter that only requires well 
established EHL- and surface metrology-theory as input has been established for 
isotropic and anisotropic engineering surfaces. In the next coming sections, the 
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proposed film parameter will be tested for validity using a running-in procedure 
similar to those discussed in Ch. 8.  

9.3 Running-in tests 
In order to evaluate the feasibility of the proposed model applied to real 

engineering surfaces, three different running-in tests were conducted under the 
following conditions; {𝑃𝑃0 = 1.69 GPa (200 N), 𝑇𝑇 = 50 °C, 𝑆𝑆𝑅𝑅𝑅𝑅 = 1.0, 𝑢𝑢𝑒𝑒 = 1.0 
m/s, Lubricant: PAO}. The ball surfaces comprised of structures having predominant 
isotropic, longitudinal, and transversal lay to cover the most common engineering 
roughness configurations. The pre-test surface Sq:s were very precisely controlled, 
0.285± 0.013 μm, with regards to all three cases, while the disc surface was mirror 
smooth 0.003 ± 0.000 μm. Note that the SRR was high to accelerate the running-in 
rate and hence the onset of FF-EHL. As the film thickness is determined at the contact 
inlet, both with respect to the micro- and macro-scale contact, the thermal 
development due to inlet shear is easily accounted for by the correction factor, 𝐶𝐶𝑇𝑇, 
see Sec. 3.7 in the calculation of Λ∗. Doing this for the above conditions, it is found 
that the 𝐶𝐶𝑇𝑇 makes about 4 % on the film thicknesses, thus is rather negligible on the 
micro-EHL film thickness in this case. However, due to the high SRR, a relevant 
question to ask at this point is whether it is the CE or RD film thickness that is 
calculated with SRR=1. Recall Sec. 4.6 and that the RD typically is much more 
deformed when left behind by the CE that travels with the 𝑢𝑢𝑒𝑒. Consequently, this 
means that it is the film thickness associated with the CE that is at the highest risk of 
rupturing the film at the ℎ𝑚𝑚, rather than the asperity itself.  

To bring more clarity into whether ℎ𝑎𝑎  represents the RD or CE film thickness, 
consider the isothermal and Newtonian solution in [203], where it can be seen the 
difference between the film thickness associated with the CE in pure rolling and that 
in rolling-sliding (SRR=1) was rather small (~20 nm or ~20 %), compare Fig. 4g and 
Fig. 3e when both are located at the centre of the contact, respectively. Note that the 
RD in Fig. 3e in the same Ref. on the contrary, was completely flattened. 
Additionally, with rolling-sliding, thermal effects will lower the overall film thickness 
(ℎ𝑚𝑚  and ℎ𝑐𝑐 ), and accordingly, reduce the difference of the CE film thicknesses 
between the SRR=0 and SRR=1 cases. For this, see e.g. the fully deterministic 
(thermal and non-Newtonian) simulation in Ref. [204]. There it can be seen that the 
pure-rolling and the rolling-sliding (|𝑆𝑆𝑅𝑅𝑅𝑅|=1) CE film thicknesses at the centre of the 
contact are much alike; compare Fig. 6 at 𝑋𝑋𝑅𝑅 = 0 to Fig. 12 at 𝑋𝑋𝑅𝑅 = −1 in [204]. The 
difference was approximately 0.001 [-], hence very small in comparison to the non-
dimensional minimum film thicknesses that were about 0.020 and 0.016 [-], 
respectively. Additionally, as seen in Fig. 12 in the same Ref., the RD was again 
almost completely flat when transported through the EHL contact. Thus, it seems that 
the RD/CE film thickness in pure-rolling is fairly similar to the CE film thickness in 
rolling-with sliding. Additionally, as it is the pure-rolling situation, with the 
prevailing properties at the contact inlet, that is calculated using the D-H equations 
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(sliding is merely a correction), it seems reasonable to associate the ℎ𝑚𝑚 to the CE at 
both SRR=0 and SRR=1. Note however that any CE decay due to non-Newtonian 
effects, as discussed in Sec. 4.6.3, was not accounted for. Neither was the CE 
wavelength prolongation, i.e., 𝜆𝜆𝑐𝑐𝑒𝑒 = 𝜆𝜆𝑥𝑥 × 𝑢𝑢𝑒𝑒/𝑢𝑢𝑏𝑏, which occurs due to the fact the 
roughness feature is located for a longer time at the EHL inlet zone. 

Now, let us consider the running-in test results that were employed with the aim to 
examine the validity of the proposed film parameter. Note that the CoF and ECR 
curves are not included as they were very similar to those presented previously. 
Hence, the running-in sequence initiated in BL (Λ = 0.5) with an ECR value of 0 % 
and gradually increased to FF-EHL at the end of the tests, which was confirmed by 
an ECR value of 100 %. The pre and post running-in surfaces at exactly the same area 
is displayed in Fig. 45. As expected, and in agreement with the previously reported 
observations, visual inspection of the optical profiles in Fig. 45 reveals the removal 
of mainly the asperity tops, while the main structure remained virtually unchanged. 
Especially, the transversal case shows a distinct wear scar, while the other two 
surfaces appear more moderately modified with the running-in process. Moreover, by 
comparing the pre- and post-test amplitude spectra, it is apparent that the prominent 
peaks are greatly removed, especially in the transversal case. Note here that the 
amplitude spectrums, as well as all the roughness parameters, are evaluated within 
the ‘Area of Evaluation’ (Hertzian contact width), see Fig. 45a, to only extract details 
of the affected areas.   
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Fig. 45 Optical profiles showing surfaces of similar Sq before and after (relocated) the 
completion of running-in. Lubricant entrainment and sliding is directed vertically. a) 

Transversal roughness, b) longitudinal roughness, and c) isotropic roughness. From Paper [4]. 

A closer examination of the area highlighted by I in Fig. 45a, is given in Fig. 46a. 
Moreover, the area II in Fig. 46a is further magnified in Fig. 46b, of which the profiles 
indicated by the white dashed arrows are displayed in Fig. 46c. Clearly, as seen in 
e.g. Fig. 46c, asperity ridges broadens significantly with the flattening imposed by the 
pressing action. Hence indicating only (if any) polishing wear and mostly 
omnidirectional plastic flow, thus in accordance with the previous findings. 
Accordingly, it is clear by visual inspection that the asperity radii are significantly 
increased with the running-in process, which according to Eq. (9.5), will provide 
improved local micro-EHL. Equivalently, it can be seen that the edges of valley zones 
are reduced due to the asperity blunting. This is beneficial as it reduces the overall 
effective viscosity drop that occurs when valleys enter the EHD contact inlet. Hence 
indicating improved HLCC [249]. Yet another reason that may contribute to the FF-
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EHL at the end of the tests, if disregarding the longitudinal case, is due to the fact that 
the valleys may function as lubricant reservoirs that emits lubricant downstream due 
to the CE, recall the discussion in Sec. 4.1.4 and 4.6.3. Such CE induced film-forming 
effects originating from the valley zones are, however, not accounted for in the Λ∗ 
calculations, as only the prominent asperity peaks are considered. 

 

Fig. 46 a) Magnified view of area I in Fig. 45a, b) magnified view of area II, and c) the area 
II profiles indicated by the white dashed arrows. Modified from paper [4]. 

Now, having determined the surfaces that cause film breakdown as well as their 
correspondence that makes possible FF-EHL, the Spk and �̅�𝑟𝑥𝑥/𝑦𝑦, associated with the 
two states can now be determined to test the validity of the Λ∗-parameter. In summary, 
see also Paper [4] for more details, this include calculation of the �̅�𝑟𝑥𝑥/𝑦𝑦  using the 
methodology outlined in Sec. 9.2 and Eq. (9.7). The 𝑓𝑓𝑞𝑞 is subsequently determined 
either from Fig. 44 or using Eq. (9.4). This is done for all three pre- and post-test 
surfaces. With the 𝑓𝑓𝑞𝑞-parameters determined, the micro-EHD film thickness, ℎ𝑎𝑎, is 
obtained simply by multiplying with the ℎ𝑐𝑐. Moreover, the Spk-parameters are easily 
obtained using e.g. MountainsMap, or any other surface metrology software. Finally, 
substituting the pertinent parameters (including ℎ𝑚𝑚) of each surface into Eq. (9.6) 
yields the Λ∗ of the pre- and post-test transversal, longitudinal and isotropic surfaces, 
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respectively. The relevant parameters are presented in the next coming section where 
the Λ∗ is assessed for validity. 

9.4 Experimental validation 
The results obtained using the Λ∗ model is summarized in Table 5 for each pre- 

and post-test surface topography. The next-to-last column to the right shows the ECR 
signals obtained from the running-in sequences. As reported previously, during 
running-in, the ECR initiates from approximately zero, indicating frequent metallic 
contact. As the test progresses, the ECR signal gradually increases until finally, the 
completion of running-in occurs at approximately 100 %, thus indicating FF-EHL. 
Accordingly, with the use of the ECR signal, the true lubrication states are identified 
as indicated in the rightmost column, i.e., FF-EHL or ‘interference’. Note that all the 
pre-test Λ-ratios indicate BL with Λ = 0.5. However, more research will be required 
to establish meaningful levels for the transition between ML and BL for Λ∗, hence the 
rightmost column was deliberately assigned ‘interference’. 

Despite the risk of being repetitive, as now frequently reported throughout this 
thesis, it is evident that the post-test Λ = {0.73, 0.63, 0.58} , referring to the 
{transversal, longitudinal and isotropic} cases, are all well off the limit considered 
for EHL (Λ = 3). However, it is, in addition, evident that the Λ-ratio is generally 
erroneous when following a running-in sequence, not only for isotropic surfaces but 
anisotropic surfaces as well. Thus, only adds to the relevancy of developing a new 
improved film parameter. 

Now, let us consider the Λ∗ column in Table 5. It can be seen that the true state of 
lubrication is very well represented in terms of both interference {0.61, 0.82, 0.69} 
and, notably, in FF-EHL {0.97, 1.1, 1.0}, with regards to the transversal, longitudinal 
and isotropic surfaces, respectively. As a reminder, recall that the criteria representing 
the transition between interference and FF-EHL is Λ∗ ≅ 1. Thus, the outcome of the 
proposed model is quite astonishing, especially given that it appears valid for any of 
the elemental structures considered, isotropic or anisotropic. 

Moreover, from the ℎ𝑎𝑎 column, it is evident that the transversal structure yields the 
most-, while the longitudinal yields the least, -micro-EHD contribution, both before 
test { 48, 29, 45 } nm as well as after test { 72, 41, 60 } nm. However, as the 
longitudinal surface has the lowest Spk values both before (middle value) {0.31, 0.21, 
0.27}, and after running {0.22, 0.17, 0.20}, it yields the best lubrication quality in 
both states, as seen in the Λ∗ column. Hence, accordingly, it also suffers the least wear 
and plastic deformations, which may be seen in the amplitude distributions of Fig. 45, 
as well as by considering the Spk percent reductions {30, 19, 28} %. Additionally, 
considering the corresponding ℎ𝑎𝑎 percent increase {49, 44, 33} %, it is evident that 
the surfaces’ micro-EHD film-forming tendency is significantly improved when 
following a running-in sequence, which as reported previously, is due to the flattening 
of peak heights and growth of asperity radii (see the 𝑟𝑟/𝑅𝑅 column). 



110 
 

Table 5 Summarized results obtained from the proposed model in combination with the ball-
on-disc running-in test. The D-H minimum and central film thicknesses were ℎ𝑚𝑚 = 0.142 µm 
and ℎ𝑐𝑐 = 0.245 µm. Modified from Paper [4]. 

Topography 𝒓𝒓/𝑹𝑹 
[-] 

𝒉𝒉𝒂𝒂 
[µm] 

Spk 
[µm] 

𝚲𝚲∗ 
[-] 

𝚲𝚲 
[-] 

ECR 
[%] 

True 
Lubrication 

State 
Transversal Pre 0.0144 0.0482 0.312 0.61 0.50 0.06 Interference 

Post 0.0341 0.0717 0.220 0.97 0.73 99.7 FF-EHL 
Longitudinal Pre 0.0185 0.0286 0.208 0.82 0.50 0.11 Interference 

Post 0.0331 0.0411 0.169 1.1 0.63 99.6 FF-EHL 
Isotropic Pre 0.0260 0.0450 0.272 0.69 0.52 0.17 Interference 

Post 0.0480 0.0597 0.196 1.0 0.58 99.6 FF-EHL 
 
To further illustrate the deficiency of the Λ-ratio and the apparent accuracy of the 

Λ∗-parameter, consider Fig. 47. The bars represent the percent deviation from the film 
parameters respective criteria that define the onset of FF-EHL. For example, for the 
Λ-ratio, the red bars are calculated as; Pct. of FF-EHL = (ΛPre − 3)/3 × 100, while 
the blue bars are calculated as (ΛPost − 3)/3 × 100 . This is done for all three 
surfaces. Additionally, in the cases the bars represents the Λ∗, the FF-EHL criteria 
was changed from a 3 to a 1, since, according to its derivation shown in Sec. 9.1, 
being the limit that defines the transition between contact interference and FF-EHL. 
Note that the vertical axis equivalently could have been expressed as the Pct. contact 
interference, i.e. 100 % − Pct. of FF-EHL. 

 

Fig. 47 Percent of FF-EHL calculated from the respective limits of Λ∗ and Λ (1 and 3) before 
and after the test, and for each respective surface. Note that the corresponding measure for Pct. 
contact interference = 100 %− ‘Pct. of FF-EHL’. 
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Considering Fig. 47, it is clear that the Λ-values indicate much worse lubrication 
quality pre-test compared to the Λ∗ , evidently due to its lack of any micro-EHD 
contribution, and possibly due to is vaguely defined limit for FF-EHL (3×Sq). All 
three surfaces indicate less than 20 % FF-EHL (or equivalently around 80 % contact 
interference), see the red bars. This is in vast contrast to the corresponding Λ∗ that 
indicates a much more developed film in all three surfaces with 60, 80 and 70 % (or 
40, 20 and 30 % interference). Given the small amount of wear observed in the optical 
profiles, Fig. 45, this seem more reasonable. Moreover, the deficiency of the Λ-ratio 
is made very clear when considering its very marginal improvement in lubrication 
quality after test (post-test, blue bars), showing approximately 80 % contact 
interference in all cases. On the contrary, the corresponding Λ∗ values properly tend 
towards, or even beyond the FF-EHL regime occurring at 100 %, with only a marginal 
discrepancy of 3 % contact interference, as seen for the transversal case. This is, 
however, quite reasonable given that wear asymptotically tends towards zero at the 
end of the running-in tests, recall any of the running-in curves in Ch. 8. 

9.5 Surface design example 
Fig. 48 is an attempt to demonstrate how the model can be utilized in design to 

optimized surfaces around the EHL-ML transition for a given operating condition. In 
this example, the same operating conditions as above has been applied, i.e. ℎ𝑚𝑚 =
0.142 µm, and ℎ𝑐𝑐 = 0.245 µm. Consider Fig. 48b which represents the transversal 
case Λ∗  solved as a function of 𝑟𝑟/𝑅𝑅  and Spk. The criterion representing contact 
interference, i.e., Λ∗ = 1, was plotted as an interference plane in the same 3D space. 
Thus, the intersection between the Λ∗ plane and the interference plane defines the 
EHL-ML transition line (red solid). This same (transversal case) red solid line is 
displayed in Fig. 48b, but as seen from above. Hence, while the line itself represents 
the transition between the EHL and ML regime, any point above represent some 
degree of contact interference (the ML- and BL-regimes), and any point below the 
line represents FF-EHL. The blue dashed and the green dotted lines represent the 
longitudinal and isotropic cases, respectively. This was computed similarly, but with 
the appropriate 𝑓𝑓𝑞𝑞:s according to Eq. (9.4).  
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Fig. 48 Engineering design example. a) shows Λ∗ as a function 𝑟𝑟/𝑅𝑅 and Spk for surface 
roughness with a transversal roughness lay (ℎ𝑚𝑚 = 0.142 µm, and ℎ𝑐𝑐 = 0.245 µm). b) shows 
the EHL/ML transitions for surface roughness with transversal, isotropic and longitudinal 
roughness lay. 

Now, using the geometrical chart of Fig. 48b it is possible to optimize a surface 
topography with respect to the EHL-ML transition by controlling the Spk and asperity 
radii. For example, the red dot marked by ‘Post’ indicates the transversal case 
configuration as of Table 5, i.e., the Spk=0.22 μm and the 𝑟𝑟 = 3.4 % of the ball radius 
(𝑟𝑟/𝑅𝑅 = 0.034 [-]). As the dot is located in the vicinity of the EHL-ML transition line, 
the lubricant viscosity predominates the contact behaviour. However, increasing the 
Spk with maintained 𝑟𝑟 would cause oil film breakdown which, subsequently, would 
impair operation by increased wear and friction. This may be comprehended by 
considering the second red dot which represents the transversal case pre-test 
Spk=0.31 μm and 𝑟𝑟 = 1.5 % of the ball radius, as of Table 5. Since, the traction 
forces were measured during the running-in sequence (like in Ch. 8) it is known that 
the difference in CoF between these two points is approximately 26 % (average CoF: 
0.064 vs 0.044). Thus indicating clearly the reason why it is desirable to design 
surfaces close to the EHL-ML transition line. Note here, however, that it generally is 
not desirable to design the tribological system too far in the EHL-regime, either by 
lowering the Spk or increasing the lubricant viscosity. The former, since at the design 
stage, it is often more economically beneficial to prepare a rough surface rather than 
a smooth one. The second, since increasing the lubricant viscosity would adversely 
affect the churning and pumping losses in, e.g., a gearbox. 

Moreover, coming back to the red post-test dot in Fig. 48 once more. It is apparent 
that choosing any of the other surface structures with maintained Spk and 𝑟𝑟 would 
onset fluid film breakdown. In fact, as indicated by the IV mark, with maintained Spk, 
it would require an asperity radius of 8.5 % and 9.5 % of the ball radius, respectively, 
to obtain a similar lubrication quality as in the case of the transversal structure. Thus, 
making it quite clear that selecting a transversal roughness over an isotropic and 
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especially a longitudinal, improves an EHL contacts film-forming capability. 
However, as a word of caution. This should by no means be interpreted as that the 
transversal surface would perform better in service than, e.g., the longitudinal one. 
Rather the contrary in fact. It is very likely that the transversal roughness would 
develop surface degradation modes, such as e.g. micro-pitting, much earlier than the 
longitudinal. This, since the transversal structure imposes many more micro-scale 
contact cycles, see e.g. [250] which may adversely affect performance even with 
operation at the borderline between EHL and ML. The proposed Λ∗ -model is a 
measure of the fluid film separation, but not a measure of the fatigue performance.  
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10 Running-in for improved micro-EHL 
The key mechanism for improved film formation in association with running-in of 

rolling-sliding EHD contacts has been identified as the gradual manifestation of 
micro-EHL by increased micro conformity. With the use of detailed surface analysis, 
it has been found that the repeated loading (increasing contacting cycles) induces 
plastic deformations that materializes as flattening and omnidirectional growth of the 
most prominent asperities. Abrasive wear has not been attributed as a predominant 
surface degradation mode in this process. Moreover, we noticed that such 
topographical transformations reflected significantly in surface metrology parameters 
that describe surfaces peak structure as well as their slope, curvature or radii. Thus, 
the Spk parameter, obtained from the Abbott and Firestone curve (Sec. 4.1.4), and the 
asperity radius, 𝑟𝑟, obtained by e.g. the ISO-standardized Motif-analysis-procedure in 
combination with basic trigonometry (Sec. 9.2), was suggested closely linked to the 
micro-EHL formation at the completion of running-in.  

The realization of the importance of the asperity radii for micro-EHL led us 
towards the development of a new film parameter. By making use of the well-
established assumption that the EHD film is governed by the prevailing conditions of 
the contact inlet, it was realized that EHL at macro- (ball-disc) and micro- (asperity) 
scale is governed by the very same mechanisms. Hence, the relation between the 
macro-and micro-EHL film thickness was found to depend solely on the ratio of 
asperity and ball radii, which conveniently, may be described by semi-analytical EHL 
theory. On this basis, a new film parameter, Λ∗, that accounts for the micro-EHD film 
formed under surface asperities was derived and validated for real engineering surface 
roughness composed of isotropic and anisotropic structures in Ch. 9. 

Accordingly, from the idealized aspects offered by the Λ∗-model (Sec. 9.2), the 
mechanisms of running-in of rolling-sliding EHL contacts may be regarded simply as 
a material rearrangement that causes a reduction in Spk and an increase in 𝑟𝑟, in favor 
for micro-EHL. In this respect, it is tempting to conclude that rough surfaces should 
be run-inned as harsh as possible to maximize the effect on these parameters. 
However, this is typically not possible since surfaces are likely to scuff (see sec 4.3) 
if the contact interference, in combination with a high SRR, is too severe. As a matter 
of fact, the surfaces of Sec. 9.3 were run-inned at their very limit, and signs of scuffing 
were already starting to be seen if the temperature was raised by a moderate 5°C in 
the oil reservoir. For the interested reader; this corresponds to a reduction in viscosity 
by 18 % and in the minimum film thickness by merely 13 %. Clearly, the tribological 
system is very sensitive in the absence of the lubricant chemistry (see Sec. 4.4 for an 
introductory read on the topic).  

The influence of the lubricant chemistry on running-in of rolling-sliding rough 
surfaces EHL contact was explored in Paper [5]. There, the aim was to examine 
whether a novel IL-technology, designated as P-SiSO, could be utilized as a 
multifunctional additive to lower friction and wear under very harsh running-in 
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conditions. The P-SiSO compound, as was originally developed for use as base oil in 
space applications [228], has shown to be very successful in lowering friction and 
wear in BL model tests [229], as well as gear tests operated under starved lubrication 
conditions [230]. In Paper [5], the P-SiSO compound was introduced as a lubricant 
additive, rather than for use as a base oil. It was found that a small concentration of 
merely 1 wt.-% in a hydrocarbon base fluid, was sufficient to improve the BL (Λ =
0.06 ) properties in rolling-sliding running-in substantially, as compared to 
conventional heavy-duty gear oil AW- and EP-additives. As we will see in this 
section, the results were rather astonishing as the P-SiSO compound could maintain 
proper surface functionality in a contact situation outside the safe operating range of 
the gear oil additives. The P-SiSO derived surface appeared much like in the 
considerably milder running-in process (Λ = 0.5) of Ch. 8 and 9, i.e., with peaks 
reduced and asperity curvatures increased. In retrospect, one might wonder whether 
the surface rearrangement imposed by the tribofilm improved surfaces micro-EHD 
performance. 

Therefore, in this section, the Λ∗  parameter will be employed to quantify the 
performance of the P-SiSO derived surface in comparison to the surfaces presented 
in Sec. 9.3. We shall investigate the hypothesis of whether the P-SiSO additive indeed 
can be employed as a running-in agent to promote increased beneficial changes in the 
Spk and 𝑟𝑟 parameters by operating the contact much deeper in the BL regime, but 
without risking to cause scuffing. The section contains previously unpublished data 
of the rough surface topography obtained from the same tests as in Paper [5]. Results 
indicate the potential of incorporating the P-SiSO compound as running-in agent in 
the final finishing stage of gear manufacturing. Such in-situ modification would allow 
for surfaces to be prepared rough, yet achieve adequate lubrication quality, without 
compromising the manufacturing economy. 

10.1 Running-in performance 
Four different running-in tests as of Paper [5] are displayed in Fig. 49a. These tests 

were operated under the following conditions; {𝑃𝑃0 = 2.44 GPa (600 N), 𝑇𝑇 = 80 °C, 
𝑆𝑆𝑅𝑅𝑅𝑅 = 0.5, 𝑢𝑢𝑒𝑒 = 0.5 m/s, ℎ𝑚𝑚 = 0.014}. The ball surface roughness was smooth 
(𝑆𝑆𝑞𝑞 = 0.010 ± 0.003 μm), while the disc was rough (𝑆𝑆𝑞𝑞 = 0.241 ± 0.007 μm). 
Hence, the running-in were considerably more harsh (Λ = 0.06) compared to those 
presented in the previous sections. The black circular-marked curve shows the 
evolution of the CoF against run-time [s] when the system was lubricated with pure 
Squalane (SQL) base oil. The three additional curves show similar running-in tests 
but with the SQL enhanced by 1 wt.-% of different additives; P-SiSO (blue diamond), 
EP additive (red cross) and AW additive (green triangle). Note that the performance 
of the P-SiSO additive is of primary interest, while the two latter represent 
conventional heavy-duty gear oil additives included as reference. More details of the 
different additives can be found in Sec. 5.2 as well as Paper [5]. 
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Comparing the CoF curves in Fig. 49a, it is apparent that the influence by the 
additive-enhanced solutions are not considerable when the SRR=0.5. The P-SiSO-
CoF can be seen to decrease with time in a typical running-in fashion. The EP-CoF 
behaviour appears more fluctuating, while both the SQL and AW appear steadier over 
the course of the tests. At the end of the tests, the CoF:s were {0.073, 0.069, 0.072, 
0,068} for the {SQL, P-SiSO, EP and AW}, hence the AW outperformed the P-SiSO 
by a small margin. Moreover, Fig. 49b shows optical profiles evaluated on the smooth 
ball specimen (pre-test Sq=10 nm). Note that the optical profiles are labelled and 
coloured according to Fig. 49a. Hence, in descending order, these corresponds to the 
post-test SQL, EP, AW, and P-SiSO derived surfaces. The corresponding 2D profiles 
in the direction of sliding (x on the horizontal axis) and transverse to sliding (y on the 
horizontal axis) are shown in Fig. 49c. Clearly, in contrast to the CoF:s, the post-test 
surfaces show very different and, in fact, rather expected characteristics.  

The SQL derived topography shows excessive wear with around 25 μm deep pits, 
see either Fig. 49b or c. These pits were observed at several locations around the wear 
scars and are attributed to partial seizure, and hence a precursor to catastrophic failure, 
possibly, by scuffing. The EP shows somewhat improved wear characteristics 
compared to the SQL case, but still excessive wear. This is expected since the role of 
the EP-additive is to sacrifice surface layers to avoid scuffing, recall Sec. 4.4. Hence, 
in terms of wear resistance, it is more appropriate to compare the P-SiSO against the 
AW, since as the name implies, being its primary role. Accordingly, the AW shows 
significantly improved wear resistance with reduced bulk wear (although still a ~1 
μm deep wear scar), but instead with several >5 μm deep pit formations. These pits 
may be signs of fatigue micro-pits imposed by the improved wear resistance, or as in 
the case of SQL, signs of partial seizure by scuffing. Nonetheless, as the wear caused 
substantial form errors (recall Sec. 4.1.1), it is clear that none of the heavy-duty gear 
oil additives could maintain proper surface functionality under the conditions tested. 

Now, consider the P-SiSO derived surface either in Fig. 49b or c and compare it to 
the other cases; the outcome is rather astonishing. That is, while the AW and EP 
derived surfaces show deep wear scars, the P-SiSO derived surface shows almost no 
signs of wear at all. As a matter of fact, as may be seen in the x and y profiles of Fig. 
49c, the wear depth is almost indistinguishable with around 0.05 μm in maximum 
depth from the original surface. In addition, the wear is very stable with no signs of 
surface damages found anywhere around the wear track. For this sake, see also Fig. 7 
in Paper [5] which clearly indicates the P-SiSO compounds superior wear stability 
compared to the other cases. 
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Fig. 49 SRR=0.5 case. a) CoF vs run-time for the four cases considered; 100 % SQL, and 
additive-enhanced SQL by 1 wt.-% with; P-SiSO, AW, and EP. b) and c) shows the 

corresponding 3D and 2D optical profiles measured on the smooth ball (pre-test Sq=10 nm), 
respectively. Modified from Paper [5]. 
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Fig. 50. SRR=1.5 case. a) CoF vs run-time for the four cases considered; 100 % SQL, and 
additive-enhanced SQL by 1 wt.-% with; P-SiSO, AW, and EP. b) and c) shows the 

corresponding 3D and 2D optical profiles measured on the smooth ball (pre-test Sq=10 nm), 
respectively. Modified from Paper [5]. 

To test the wear resistance of the P-SiSO compound further, a new set of tests were 
conducted. Fig. 50a shows a corresponding running-in sequence but with the SRR 
increased from 0.5 to 1.5. The other operating conditions were the same as before. As 
can be seen, the CoF:s are clearly much more dispersed than in comparison to the 
SRR=0.5 case. Interestingly, the P-SiSO now clearly outperforms the other cases with 
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the following end-test CoF:s {0.045, 0,053, 0.090}, referring to the {P-SiSO, EP and 
AW}, respectively. Note that the SQL-CoF is not mentioned as the test was aborted 
due to seizure at around 1000 s. This occurrence was accompanied by a rapid increase 
in the CoF, which forced the WAM ball & disc machine to invoke the emergency 
stop. Examination of the SQL derived surface showed clear signs of scuffing with 
material transfer from the disc surface. 

Furthermore, considering the optical profiles in Fig. 50b, it is as expected apparent 
that the AW and EP derived surfaces are even more deteriorated, with even more 
pronounced wear scars than in the SRR=0.5 case. The damages are however much 
alike as before; the EP shows no pit formations, but excessive wear and a roughened 
topography, which likely causes the comparably high CoF; the AW shows improved 
bulk wear, but large pit like formations. Perhaps even more remarkable, as compared 
to the SRR=0.5 case, is that the P-SiSO derived surface shows only a minor increase 
in wear. The surface is still only moderately modified as seen in any of the profiles in 
Fig. 50c, with a wear depth being no more than 0.1 μm. Notably, the surface 
roughness itself appears almost as smooth as the original surface, and in addition, the 
wear is very stable as no pit formations or other surface damages can be seen. Thus, 
clearly, the running-in performance of the P-SiSO compound is even more superior 
to the heavy-duty gear oil additives when the SRR was increased. This is of course 
highly interesting when it comes to the running-in of gears, where the SRR varies 
greatly over the LoA, recall Sec. 7.2.2. 

10.2 Tribo-film formation 
To investigate the mechanisms behind the significantly improved CoF and wear 

resistance as observed for the P-SiSO compound, a combined SEM-EDS analysis was 
conducted. SEM micrographs, taken on representative areas of surfaces obtained in 
the SRR=1.5 case, are shown in Fig 51a under 200× magnification. Similar 
characteristics as in the optical profiles of Fig. 50b can be seen. The AW derived 
surface is heavily worn with a large pit formation located in the centre of the contact. 
The EP derived surface shows excessive wear, no pits, but a roughened topography 
in the centre of the contact, which presumably causes the elevated CoF. Finally, the 
P-SiSO, which appears overall smooth and with dark striated bands formed in the 
direction of sliding (horizontal direction).  
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Fig 51 SEM micrographs of the SRR=1.5 derived ball surfaces. a) 200× magnified view of 
AW, EP and P-SiSO cases, b) 5000× magnified view of the AW, EP, and P-SiSO derived 
surfaces together with an EDS map of a selected area on the P-SiSO surface. Modified from 
Paper [5]. 

For a closer look, the areas indicated by white rectangles in Fig 51a, are shown in 
Fig 51b under 5000× magnifications. Considerable differences in the surface 
morphology can be seen. For instance, the AW derived surface appears evenly worn 
in the vicinity of the large pit due to the growth of a protective phosphorous based 
tribofilm (see Paper [5] for EDS spectrum). The EP surface appears almost 
completely destroyed with heavily sheared material of flake-like appearance. A 
tribofilm is more difficult to distinguish visually for the EP case, however, EDS 
analysis confirmed the presence of sulphur, which is to be expected given the 
additives composition (see Sec. 2.3 in Paper [5] for such details). Quite astonishing, 
the P-SiSO derived surface shows no signs of surface damage even at this level of 
magnification, but rather a polished-like-appearance as indicated by ‘substrate’. The 
patchy striated dark bands indicate locations of the protective tribofilm. As seen in 
the EDS map to the right of the P-SiSO SEM micrograph in Fig 51b, the patches are 
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rich in oxygen and silicon. Note here that the opposing surface is significantly rougher 
(Sq=0.241 μm) and is composed of a longitudinal structure. Hence, it is reasonable to 
assume that the striated patchy tribofilm grows at sites of particular contact 
interference, i.e., significant peaks of the longitudinal structure. This is not unrealistic 
if one assumes that the tribofilm-forming mechanisms are similar to that of ZDDP 
[151] – which is the by far most studied additive in lubrication science [130]. 
Although the protective mechanisms cannot be fully understood solely from SEM-
EDS analysis, it is conclusive that the excellent running-in performance originates 
from the formation of a novel type of tribofilm, mainly based on silicate.  

10.3 Micro-EHD performance 
In this section, the rough disc surface is evaluated for the purpose of examining if 

the P-SiSO running-in process imposes topographical changes beneficial for micro-
EHL. Fig. 52 shows previously unpublished optical profiles taken on the rough disc 
specimen. The corresponding 2D profiles are displayed in Fig. 52b, shifted ± 1 µm 
from the zero level for visual separation. The profile in Fig. 52a shows a 
representative surface area as appearing before test (Sq=0.243 μm), and Fig. 52b 
shows a representative surface area as appearing after the SRR=0.5 and P-SiSO 
running-in test (Sq=0.144 μm). Note here that all post-test surface metrology 
calculations are calculated within the ‘Area of Evaluation’. This includes the 
amplitude distribution imposed on the colour scale. 

Interestingly, by visual inspection of the 3D and 2D optical profiles of Fig. 52, it 
is apparent that the P-SiSO has caused some highly desirable running-in 
characteristics. Peaks seem greatly reduced (see also the amplitude distributions), and 
the longitudinal lay appears generally blunter with more round-like asperity-ridges. 
Hence, indicating generally improved micro conformity, and thus, improved film-
forming capability with regards to the Spk and 𝑟𝑟  parameters (Sec. 9.2). Moreover, it 
can be seen clearly that the core longitudinal structure still remains after the test. In 
fact, remarkably, it appears much like the significantly milder running-in cases of Fig. 
45 (Sec. 9.3). Considering the post-test Sq standard deviation (see Sec. 6.4 for 
methodology); 0.146 ± 0.009 μm, it is apparent that the wear is very stable around 
the run-track, as was noted with respect to the ball surface. This indicates that the P-
SiSO compound offers a highly controlled running-in process. Additionally, to fully 
appreciate the excellent wear resistive characteristics of the P-SiSO additive, one 
must consider the damages that occurred in the rough disc when the system was 
lubricated with the gear oil additive solutions (not shown). The EP derived disc-
surface showed excessive wear with >5 μm deep grooves, while the AW showed >20 
μm deep pit formations, hence loss of surface functionality as reported in Sec. 10.1. 
It is further worth noting here that similar observations as seen in Fig. 52 have recently 
been made in the running-in of much rougher (𝑅𝑅𝑞𝑞~0.5 μm) gear contacts operated in 
a starved lubricant environment [230]. There, the P-SiSO compound was found to 
improve gear-mesh efficiency by producing considerably smoother surfaces 
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compared to the reference fluid. Additionally, a similar dark patchy appearing 
tribofilm, as in Fig 51b, was observed. Hence, it appears that the P-SiSO derived 
tribofilm offers excellent running-in characteristics in general, but under marginally 
lubricated rolling and heavily sliding contacts in particular. However, whether it can 
be used as multipurpose additive in transmission fluids is not clear. One must 
remember that all tribological surfaces are deemed to fail eventually due to some 
degradation mode connected to the quality of lubrication. Clearly, for the P-SiSO 
case, it is not due to scuffing or abrasive wear, but more likely rolling contact fatigue. 
This, however, remains to be seen in future investigations. 

 

Fig. 52 SRR=0.5 case. a) shows representative areas of the pre- and post-test surfaces of 
the rough disc surface. Note that the amplitude distributions are calculated within the ‘Area of 

Evaluation’ with regards to the post-test surface. 

To get an idea of whether the running-in process improved the micro-EHD film-
forming capability with such a harsh running-in sequence (Λ = 0.06), it is relevant to 
compare against significantly milder running-in sequences of Sec. 9.3 (Λ = 0.5). 
Thus, and for convenience, we shall employ the same inputs leading to the Λ∗ :s 
presented in Table 5 of sec 9.4, i.e., with ℎ𝑚𝑚 = 0.142 µm and ℎ𝑐𝑐 = 0.245 µm. 

Calculating the pre- and post-test non-dimensionless radius, 𝑟𝑟/𝑅𝑅, as of Fig. 52 we 
get {0.0177, 0.0515} [-]. This corresponds to an increase by 191 %, which may be 
compared to the corresponding pct. increases of the surfaces in Table 5 that were; 
{58, 44, 45 %}, referring to the {transversal, longitudinal, isotropic} structures, 
respectively. Hence, indicating a substantial improvement in the surface micro-EHD 
film-forming capability with the harsher P-SiSO running-in test. Using the 
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geometrical chart of Fig. 44, and with the ℎ𝑚𝑚 given previously, the pre- and post-test 
micro-EHD film thickness for the P-SiSO running-in test were; ℎ𝑎𝑎 =  {0.0268, 
0.0523} µm. This corresponds to an increase by a substantial 95 %, which may be 
compared to the corresponding increases obtained from Table 5, i.e., {33, 30, 25} %. 
Thus, this indicates an enhanced micro-EHD film by approximately 3 times with 
respect to the Table 5 cases. Computing the Spk for the P-SiSO derived surface 
(before and after test), i.e., {0.348, 0.168} μm, and considering the pct. reduction, 107 
%, again we find a superior change with respect to the Table 5 cases; {42, 23, 38} % 
reduction in Spk. Thus, not surprisingly, when computing the P-SiSO Λ∗={0.49 
1.16}, we find a great improvement in lubrication quality with running-in, as the post-
tests surface yield a considerable establishment in the FF-EHL regime.  

The Λ∗ from Table 5 are compared with the P-SiSO SRR=0.5 case in Fig. 53a to 
clarify the differences. It can be seen that the pre-test P-SiSO surface would yield 
more initial interference if operated under the same running-in sequence as the 
surfaces in Table 5. However, due to the much harsher conditions that the P-SiSO 
was subjected to (recall Λ = 0.06 vs 0.5), the changes in 𝑟𝑟 and Spk subsequently 
makes the P-SiSO derived surface to form the best lubrication quality after test (Post). 
This is perhaps better seen in Fig. 53b which displays the corresponding percent 
increases in Λ∗. Clearly, the P-SiSO running-in sequence was beneficial as the Λ∗ 
increase indicates a more than doubling in the lubrication quality. Thus, confirming 
that the P-SiSO indeed can be used as a running-in agent for improved film-forming 
capability by subjecting surfaces to a more harsh running-in sequence. 

 

Fig. 53 a) shows the Λ∗ pre- and post-test Table 5 surfaces, and the P-SiSO SRR=0.5 cases 
calculated with the same inputs. b) shows the corresponding percent increases, indicating 
clearly the improved film-forming capability in the P-SiSO derived surface. 

Some notes about the above analysis. It should be mentioned that the P-SiSO and 
Table 5 surfaces are not directly comparable with respect to the surface RMS level, 
as the pre-test P-SiSO surface was somewhat smoother (Sq=0.243 μm vs. 0.285 μm). 
However, considering the findings of Sec. 8.1, the non-dimensional radius and Spk 
parameter may be expected to change even further if the P-SiSO running-in test had 
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been conducted with any of the surfaces of Table 5. Additionally, it is also worth 
noting that the wear of the SRR=1.5 rough disc surface was increased somewhat more 
compared to the SRR=0.5, but that its longitudinal structure still remained intact with 
running-in. The latter is very notable in itself, and in addition, due to the increased 
topographical changes, it is in fact likely that the SRR=1.5 case would induce further 
improved micro-EHL. However, due to several patches of elevated heights imposed 
on the ridges (presumably tribofilm growth), it was difficult to ensure an accurate 
representation of the asperity radii. Hence, the analysis was focused solely on 
SRR=0.5 case which, as observed in SEM-EDS, had much less tribofilm formation, 
and thus did not disturb the roughness structure.  

Finally, it is evident that the P-SiSO compound may be used as a running-in agent 
to improve both surfaces micro-EHD film-forming capability ( ℎ𝑎𝑎 ) as well as 
lubrication quality (Λ∗) by forcing greater changes in the non-dimensional radius and 
the Spk parameter. The prospects of incorporating such a compound in the final 
finishing stage in the manufacturing of rough gear surfaces seem like a promising 
strategy indeed.  

 

  



126 
 

  



127 
 

11 Conclusions 
The objective of this work was to develop a new film parameter that can offer more 

accurate and realistic estimates than the classical Λ-ratio. To make this possible, the 
interplay between the surface roughness and the oil film formation in heavily loaded 
and rolling-sliding EHL contacts were explored. A ball-on-disc tribological test 
machine equipped for the measurement of the CoF and the ECR signal was employed 
to determine how the operating conditions and the surface roughness influence the 
fluid film formation. A very precise 3D surface re-location approach was developed 
and employed to reveal what in the topographical structure governs the transition 
between FF-EHL and film breakdown. This approach enabled to track 3D plastic flow 
at asperity scale. The main findings are summarized as follows: 

• The classical Λ-model is accurate for new surfaces with Gaussian height 
distribution. Accordingly, the criterion for the FF-EHL and ML transition 
was confirmed and revised to Λ ≥ 2. The classical Λ-model is vastly 
misleading when surfaces have been subjected to wear or plastic 
deformations, e.g. after running-in. A reduction in Sq with 15 % caused a 
lift-off speed reduction by more than 90 %. This means that FF-EHL is 
possible when the Λ-ratio falsely suggested BL (Λ = 0.23). This value 
can probably be lowered with running-in as long as surfaces do not scuff 
or deteriorate due to any other failure mode. 

• The surface re-location analysis revealed that running-in improved 
surfaces micro-conformity. This includes a lowering of asperity peaks 
and an increase to their radii. These topographical transformations 
improve surfaces local HLCC and therefore give rise to the establishment 
of the micro-EHL regime. The predominant surface degradation mode 
was attributed to omnidirectional plastic flow caused by the normal load 
component, and mild polishing wear. Such surface deformations were 
found to be appropriately quantified by the Spk parameter and a 
parameter describing the asperity radii, 𝑟𝑟. These parameters were found 
to be significantly more sensitive to running-in compared to the Sq-
parameter that is employed in the classical Λ-model. 

• A new film parameter Λ∗ was defined to describe the lubrication quality 
in rough surface rolling-sliding EHL contacts. In contrast to the classical 
Λ-model in which the roughness is considered rigid, the Λ∗ accounts for 
the important micro-EHL regime. The criteria defining the lubrication 
regimes were derived upon the basis of wheatear actual contact 
interference occurs, in contrast to a vaguely defined limit as in the case of 
the classical Λ -model (three multiples of Sq). Hence the transition 
between EHL and ML is defined at Λ∗ ≅ 1 . Experimental validation 
showed that the proposed model can predict the transition between the 
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FF-EHL and ML regime with surprisingly good accuracy. The Λ∗ -
parameter is easy to employ as it only requires well establish EHL theory, 
in combination with surface metrology describing surfaces peaks and 
radii, as input. 

• The Λ∗ -model was employed to investigate the influence of surface 
isotropy, anisotropy, and lay on EHL. A surface with lay directed 
transversely to the lubricant entrainment was found to be better for film 
formation than a longitudinal and an isotropic roughness. However, 
transversal roughness may lead to faster micro-pitting damage than 
longitudinal lay. Rolling-contact-fatigue and wear was, however, not 
accounted for at this stage. The model also revealed that the surface 
roughness height and summit radii have a large effect on film formation. 
If the roughness is properly specified, it is possible to promote the 
transition to FF-EHL 

• Finally, the Λ∗ -model was employed to characterize the running-in 
performance of a new type of running-in agent based on silicon (Si). The 
results showed a very good improvement in the surfaces roughness peak 
heights as well as asperity radii, and hence the micro-EHL film-forming 
ability. The protective mechanism was attributed to a tribofilm rich in 
silicate (Si and O). The remarkable performance indicates that the 
running-in agent can advantageously be employed in the final finishing 
stage of gear manufacturing to improve the lubrication quality without 
comprising the manufacturing economy.  
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12  Future work 
The research conducted in this Ph.D. thesis has led to a number of topics that would 

be interesting to investigate further. The most interesting and prominent are listed as 
follows.  

• It would be interesting to include the capacitance signal in the running-in 
tests as this may be directly related to the film thickness in EHL [251]. 
Hence, the parallel measurement of the ECR and capacitance signal 
would enable to gain information from all regimes, also FF-EHL. 
Additionally, the simultaneous measurement of the acoustic emission 
(AE) signal would possibly extend the measurement range further into the 
BL regime [178]. Such additional measurement information could be 
employed to evaluate the Λ∗  further, e.g. according to the point that 
follows. 

• Meaningful levels defining the transition between ML and BL remains to 
be established with respect to the Λ∗ -model. This could be done by 
conducting several running-in tests with e.g. an initial Λ∗ = 1.0, 0.75, 0.5 
0.25, 0.05, and so on, for the different surfaces considered, and then 
assessing their topographical changes/damages using surface re-location 
analysis. 

• As most gear contacts are comprised of two rough surfaces, it is indeed 
relevant to examine its validity for an EHL contact with two-sided 
roughness. Two-sided micro-roughness seems to greatly affect the EHL 
film quality [252]. 

• The Λ∗ accurately suggests that the transversal roughness is beneficial for 
EHD film formation over the longitudinal roughness. However, it is well 
known that the opposite applies when it comes to RCF. Hence, it would 
be meaningful for designers if an equal easy-to-use measure that accounts 
for the stress history would be incorporated. 

• Examining the ‘error’ imposed by not considering non-Newtonian effects 
seem like a reasonable next development step for the Λ∗ -model. This 
could be done by comparing the Λ∗ obtained according to the proposed 
approach with the Λ∗ obtained when the ℎ𝑎𝑎 and ℎ𝑚𝑚 is computed using a 
fully deterministic EHL simulation [204]. 

• The P-SiSO compound was found to provide some excellent running-in 
characteristics. What remains is to characterize its performance when it 
comes to RCF. This could be done in e.g. an FZG back-to-back test rig, 
the MPR (micro-pitting rig, which is readily available at the LTU), and/or 
a full scale gearbox test. Additionally, it would be interesting to examine 
how the surface roughness influence the tribo-film formation. This could 
be done using the WAM and the newly installed ‘static optics’ device. 
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