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Abstract  

Rolling contacts are utilized in many technical applications, both in bearings and 

in the contacts between gear teeth. These components are subjected to high loads 

in many of their applications.  The high loads causes very high contact pressures 

which may cause rolling contact fatigue, often denoted as pitting or spalling. This 

work focuses on the rolling contact fatigue mechanism of surface initiated pitting. 

Detailed simulations and experiments of rolling contacts have been performed in 

order to attain a better understanding of why pitting initiates and grows. The 

contact between two gears in a truck retarder was used as a case study. The 

investigated contact experienced elastohydrodynamic lubrication, EHL, 

conditions at which multiple pitting damages arose. 

 

Results from numerical investigations are presented in the papers A-C. In Paper A 

a numerical analysis of different measured surface topographies is presented 

showing that the sliding direction explains why more damage initiated down in 

the dedendum than up in the addendum. Detailed results of single artificial defects 

are presented in Paper B in order to explain the difference seen in Paper A. The 

results show that the defects subjected to negative slip break through the lubricant 

more and were thus subjected to higher friction. The analysis was extended to the 

conditions of the pitch line in Paper C and included variations of pressure, defect 

sizes, choice of lubricant and operational temperatures. The results presented in 

Paper C shows that the underlying theories of the asperity point load mechanism 

also predicts damage initiation at pure rolling, which agrees with the experiments 

on the truck retarder. 

  

A new imprint method for the manufacturing of well-defined micrometre high 

asperities in the surface of discs is presented in Paper D. The method was 

developed in order to enable experimental investigations of rolling contact 

fatigue. The manufactured asperities showed the potential to survive more than 35 

million load cycles when tested in a twin-disc machine.   

 

An experimental and numerical investigation of micrometre high artificial 

asperities created with the imprint method is presented in Paper E.  The 

experimental results showed that micro-pits developed on the leading edge of the 

highest asperities. The comparison with numerical simulations showed that the 

plastic deformations occurring during run-in there caused high tensile residual 

stresses in this region. Rolling contact fatigue, RCF, cracks initiated behind the 

trailing edge of the indents in the experiments. The simulations of the continued 

EHL testing, showed that these loads cased high tensile stresses in this region. 

The conclusion was hence drawn that the micro-pits were caused by the residual 

stresses while the EHL loads caused the initiations of the RCF cracks.   

 



 
 

Sammanfattning  

Många tekniska produkter med rörliga delar innehåller rullande kontakter, främst i 

form av lager och kugghjul. De rullande kontakter som belastas med väldigt höga 

tryck kan gå sönder på grund av rullande kontaktutmattning. Detta arbete 

fokuserar på de mekanismer vilka startar ytinitierad rullande kontaktutmattning 

som kallas pitting eller spalling. Vid provning av en lastbilsretarder upptäcktes att 

det uppkom många ytinitierade pittingskador på kugghjulständerna. Detaljerade 

simuleringar har utförts av kontakten mellan dessa tänder för att förklara varför 

skadorna uppkom. Då kontakterna var smorda och högt belastade krävs det att 

simuleringarna kopplar samman beräkningar av både oljan och kuggtänderna. 

Detta gjordes i en egenutvecklad kod vilken även tog hänsyn till 

värmeutvecklingen i kontakten, en så kalla termisk elastohydrodynamisk kod.  

 

I artikel A-C presenteras detaljerade numeriska analyser av Findleys 

utmattningsvilkor. Först presenteras resultat för olika grova ytor i artikel A. Där 

visas att ytojämnheten, tillsammans med glidriktningen, var tillräckligt för att 

förklara varför skadorna främst initierades nere i dedendum. I Artikel B 

presenteras simuleringar av enskilda asperiter och visar på olika fenomen som kan 

förklara varför den negativa glidningen i dedendum var skadligare än positive 

glidning. Simuleringar av lastförhållandena vid rull-linjen presenteras i Artikel C. 

Här visas att asperiter kan orsaka utmattningsskador även under dessa 

förhållanden, vilket stämmer överens med experimenten av lastbilsretardern. 

Undersökningen gick även in på effekten av olika förhållanden så som global last, 

val av olja och storlek på asperiterna.  

 

I Artikel D presenteras en metod för att tillverka väldefinierade artificiella 

asperiter i ytan på rullar. Metoden utvecklades för att möjliggöra experimentella 

utmattningsstudier av asperiter. De asperiter som skapades var tillräckligt starka 

för att överleva 35 miljoner cykler.  

 

I Artikel E presenteras en experimentell och numerisk undersökning av artificiella 

asperiter. Experimenten visade att de uppkom mikrometerstora pits på framkanten 

av de högre asperiterna. Simuleringarna visade att det i detta område fanns höga 

restspänningar vilka uppkom på grund av inkörningen. De testade intrycken 

initierade istället sprickor strax bakom sin bakre del. Den numeriska analysen 

visade att de efterföljande elastohydrodynamiska lasterna orsakade höga 

dragspänningar i detta område. Slutsatsen var således att de mikrometerstora pits 

som uppkom på asperiterna orsakades av restspänningar från inkörningen medan 

sprickorna efter groparna orsakades av de upprepade elastohydrodynamiska 

lasterna.  
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Nomenclature 

Aref   Reference area, Eq. (9) 

�  Hertz contact half-width, Eq. (7) 

��, ��, ��, ��  Roelands’ Pressure – viscosity coefficient, Eqs (4) and (5) 

	
 Findley index, Eq. (8) 

Fith Threshold level for the fatigue index, Eq. (9) 

Fi0 Scaling parameter for the fatigue index, Eq. (9) 

�′ Equivalent elastic modulus, Eq. (7) 

 Applied load, Eq. (7) 

ℎ Film thickness Eq. (1) 

ℎ�, ℎ���  Central and minimum film thickness, Figure 2 

� Fatigue exponent, Eq. (9) 

� Dimensionless pressure, respectively, Eq. (1) 

������ Maximum Hertz contact pressure, Eq. (7) 

�� Probability of failure, Eq. (9) 

�� Equivalent radius of curvature in x-direction, Eq. (7) 

��� Slide to Roll ratio, Eq. (5) 

�� Mean entrainment velocity, Eq. (1)  

�� Sliding velocity, Eq. (5) 

 , !  Dimensionless contact coordinates with origin at contact centre, 

Figures 2, 8 and 12 

"   Material coordinate with origin at the pitch line and directed toward 

the addendum, Figures 1 and 11 

"#�$   Material coordinate with origin at the studied asperity and directed 

along the rolling direction, Figures 13, 14, 16 and 18 

%& Roelands’ pressure – viscosity exponent, Eqs (2) and (3) 

' Height of defects, Figure 14 

( Temperature in ºC, Eqs (2) - (4) 

), )�  Viscosity and reference viscosity at 101 kPa, Eqs (1), (2) and (4) 

*+ Normal stress coefficient in Findley criterion, Eq. (8) 

, Density, Eq. (1) 

-. Major, first, principal stress, Figures 13, 16 and 18 

-�+ The Findley endurance limit, Eq. (8) 

-/,�#0,���� Maximum normal stress over time in the Findley criterion, Eq. (8) 

1#�$ Shear stress amplitude in Findley criterion, Eq. (8) 

12 Limiting shear stress, Eq. (6) 

1� Initial shear limit, Eq. (6)  

3 Shear limit pressure coefficient, Eq. (6)  
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Introduction  

The European parliament declared a climate emergency in 2019 [1]. The goal was 

set to reduce carbon emissions by 55% before 2030. This calls for the transport 

sector to drastically increase its efficiency, since it stands for a large part of the 

carbon emissions. One way of increasing the efficiency of transportations is to 

decrease the losses of the roller bearings and the gears inside the power transmission 

systems. All these components are subjected to lubricated rolling contacts in which 

a general trend for increased efficiency is to decrease the viscosity of the lubricant. 

A lot of work has been directed towards finding the optimal lubricant, see for 

example [2]. Even small gains in efficiency in the rolling contacts can have a large 

impact on the society and transport sector, since the contacts are so commonly used.   

In order to create the optimal transmission system, one can not only look at the 

viscosity of the lubricant and the friction that it generates, the lifetimes of the 

components are also a key factor. These components commonly fail due to the 

severe conditions of the rolling contacts. The mechanisms behind the different 

failure modes has to be understood in order to be able to truly predict their lifetime. 

 A lower viscosity of the lubricant may decrease the frictional losses but may also 

decrease the life of the components. Decreased viscosity will decrease the thickness 

of the lubricant layer present between the contacting bodies. Hence increasing the 

risk that the surface roughness breaks through the lubricant film, causing metal to 

metal contact [3]. With more asperities breaking through the lubricant the risk of 

surface initiated fatigue increases [4]. The cracks which initiate in the surface may 

grow down into the material and form large pits. These pits will then increase the 

noise levels and the vibrations. They may also eventually cause complete 

component failure, as in the case of the helicopter crash outside the coast of Norway 

[5].  

The aim of this thesis is to shed light on the initiation mechanisms of the surface 

initiated cracks causing pitting damage. Previous experimental work has shown that 

point loads can initiate surface cracks which show the same characteristic behaviour 

as the cracks forming pits [6]. It has also been shown numerically that asperities in 

the size of the surface roughness will propagate cracks with the same profile as the 

cracks causing pits [7]. The work performed for this thesis complements the 

literature by focusing of the initiation mechanisms of the cracks. The goal was to 

improve current understanding of the initiation mechanisms and to investigate 

whether the asperity point load mechanism could explain why pitting is more 

common on surfaces subjected to negative slip than positive slip.  
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Rolling contact fatigue 

Rolling contact fatigue in the form of pitting, also called spalling, arises in heavily 

loaded rolling contacts [8]. The pit is formed by a crack which initiates at one point 

on the surface. Thereafter, over many cycles, it grows into the material. When the 

crack is long enough the material above it falls off. The crater formed by the crack 

often presents with the archetypal sea shell shape presented to the right in Figure 1. 

The cracks initiates at the sharp corner, then proceeds to grow and spread along the 

rolling direction, RD.  

The surface initiated damages are distinguishable from those that are subsurface 

initiated since they are the result of different initiation mechanisms. The cracks 

initiating at the surface typically have an inclination angle between 18º and 50º, 

compared with an angle of around 90º for sub-surface initiated cracks. This work 

only investigates surface initiated pitting and how that relates to the surface 

roughness. Subsurface initiated cracks are more related to material 

inhomogeneities.   

The gears in a truck retarder have been used as a reference load case. A retarder is 

a viscous break which provides trucks with extra breaking capability by whipping 

around oil with vanes. The gears of the retarder have to carry high loads when used 

since the trucks themselves are often heavily loaded. The data and the pictures were 

obtained from the middle gear, the idler, of the truck retarder, which contained three 

gears in total. The idler is shown to the left in Figure 1. Experiments on the retarder 

showed that the surface of the teeth on the idler developed numerous surface 

initiated pits on the surface driving the last gear.  

Pitch linePit initiation point Rolling direction

-1.5    -1.0   -0.5     0        1.0     1.5

PitGear toothGear wheel

x / mm

 

Figure 1. One of the studied idler gears with enlargements on one of the teeth 
exhibiting the archetypal seashell shaped pit. 
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Elastohydrodynamic lubrication 

The high contact pressures, in the GPa range, causes larger elastic deformations of 

the contacting bodies than the height of the lubricant and thus classifies the contact 

as elastohydrodynamicly lubricated. The solids deforms so that an almost constant 

film thickness is obtained in the contact, see Figure 2. The horizontal width of the 

contact is often at least 100 times larger than the height of the lubricant. The central 

height of the lubricant, hc, was 0.4 μm while the width of the contact, 2a, was 720 

μm on the studied idler.  

Elastohydrodynamic lubrication, EHL, contacts are normally visualized with the 

RD towards the left. The RD is however visualized towards the right in this thesis 

in order to align with the visualisation norm of cracks. The dimensionless 

coordinate X was scaled with the half contact width, a, and placed with origin at the 

centre of the contact. Therefore, X obtains the value 1 at the inlet, instead of -1 

which is more common in the EHL field.  

Rotation

Pressure

hc
hminOutlet Inlet

Contact width, 2a

Rolling direction

X
-1 0 1  

Figure 2. Schematic figure over the EHL contact, illustrating the pressure peak and 

the decrease in film thickness near the outlet. 

The movement of fluids are well described by the Navier Stokes’ equation. 

However, this equation is very complex to solve since it is highly non-linear. To 

enable numerical simulations of EHL contacts it is thus common to simplify the 

Navier Stokes’ equation. Reynolds [9] formulated the following equation which 

have been empirically proven  

                     ( ) ( )
3 3

m 0
12 12

h h
p p u

x x y y
h

x t
h

ρ ρ
η

ρ ρ
η

   ∂ ∂ ∂ ∂ ∂ ∂+ − − =   ∂ ∂ ∂ ∂ ∂ ∂   
.  (1) 
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The first numerical solutions of this equation were developed in the 1950’s [10] 

[11]. Thereafter, much work has been performed to include further features, such 

as the temperature, surface roughness, starvation and shear thinning [12]. 

The volume of the lubricants normally used in EHL contacts can be compressed by 

around 30%. The compression occurs in the inlet region. Thereafter the density 

remains fairly constant until cavitation, formation of bubbles, are formed in the exit 

region, preventing the pressure from becoming negative. The velocity of the 

lubricant is, due to its high viscosity, mainly guided by the velocities of the two 

solid surfaces. Mass conservation causes the height of the lubricant to be fairly 

constant throughout the contact, see Figure 2. However, the speed of the lubricant 

increases in the outlet due to the Poiseuille term, first term of Eq. (1), since the 

pressure drops. The lubrication height therefore drops to hmin in the outlet to 

maintain mass continuity, see Figure 2. This causes a pressure spike in the outlet. 

The detailed exact pressure distribution for the studied tooth in the gear retarder is 

presented in, among others, Paper A.  

The high pressure causes the viscosity to change by several orders of magnitude. A 

common way to describe the change in viscosity is the Roelands’ viscosity pressure 

equation. Due to the high viscosity of the lubricant, a lot of heat is generated when 

it is sheared.  It is therefore important to incorporate the effect that the temperature, 

Γ, has upon the viscosity. The analyses incorporating the temperature effects are 

termed thermal elastohydrodynamic lubrication, TEHL, analyses, while those 

assuming a constant temperature are termed EHL analyses. In the following work 

the viscosity was modelled with Roelands’ equation as 

                    ( ) ( )( ) ( ) ( )R9
0 0exp ln 1 19.67 5.1 10

Z

p
Γ

η η Γ η Γ −   = − + + ⋅      
+ ,  (2) 

where the pressure exponent ZR(Γ) was defined as 

 ( )R Z Z log 1
135

Z D C
ΓΓ  = + + 

 
,  (3) 

and the dynamic viscosity η0 at atmospheric pressure was obtained from  

 ( )( )
0

0 04.2 1l
135

og
S

G
Γη Γ

−
 = − + + 
 

 . (4) 

To describe the properties of the lubricant, four material parameters were requierd. 

These were taken from Larsson et al. [13] which gave the viscosity profile shown 

in Figure 3. The slide to roll ratio, SRR, is defined as 

 
s mSRR u u= . (5) 
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The SRR was set to 12% in Figure 3 which corresponded to the location where the 

most pits initiated in the studied gears. For this contact condition the friction caused 

the lubricant to heat up, which restricted the increase in the viscosity beneath the 

contact. The continued heating of the lubricant causes it to be warmer in the outlet 

than the inlet. This causes the shear stresses to be asymmetrically distributed with 

higher values in the inlet than in the outlet.  

Shear bands may form at high shear rates. These shear bands will have high local 

temperatures that limit the viscosity [14]. These were not included since the current 

numerical model was based on the average temperature through the height of the 

lubricant. A limiting shear stress was instead incorporated. The limiting shear stress 

was set as a function of the pressure, based on the shear limit proposed by Bair and 

Winer [15] given by 

 l 0 pτ τ γ= +  , (6) 

where γ  is the limiting shear stress coefficient and τ0 is the initial shear stress at p 

= 0. The effect of the limiting shear stress is visible as the slight decrease in the 

shear tractions around X = 0.5 in Figure 3. The shear limit had a greater impact on 

the time dependent solutions in the region of the asperity, which is shown in the 

result section in Paper B.  

  

Figure 3. The effect of three different assumptions on the shear tractions on the 

surface of a smooth cylinder subjected to a TEHL contact with a SRR of -12%. 
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Surface roughness 

The surface roughness plays a key role in nucleating and propagating cracks. To 

nucleate and propagate a crack there has to be tensile stresses present on the crack 

plane, otherwise it will not open. The global load case on gear teeth results in 

significantly elongated ellipses, almost line loads. According to the analytical 

Flamant’s solutions [16] normal line loads on infinite half planes do not cause 

tensile stresses in the surface. Still, without any tensile stresses from the global load 

case, pitting cracks manage to initiate and grow, see the introduction in Paper C. 

Olsson [17] proposed the theory of the asperity point load mechanism to explain 

what causes crack initiation and subsequent crack growth. The theory was derived 

from the analytical Boussinesq equations of a normal point load. This set of 

equations show that point loads cause radial tensile stresses in the surface around 

then [16]. The idea is that the asperities inside the surface roughness will create 

point loads and thus also local tensile surface stresses. The tensile stresses will only 

be present when the asperities enters and exits the contact. When the asperities are 

under the central part of the contact, the high pressure will cancel out any tensile 

contributions from the point loads. Figure 4 presents the theory of the point load 

mechanism by showing an asperity entering a rolling line contact. Due to its shape, 

the asperity creates a point load with tensile stress contributions outside the global 

contact.  

Rolling direction

�� � 0
Line load

Point load

 

Figure 4. Illustration of a point and a line load caused by a rolling contact hitting an 

asperity. The tensile stress is illustrated with red double headed arrows. The tensile 

stress trajectory path down in the material is illustrated with black lines. 

Alfredsson and Olsson [6] showed with experiments that point loads can create and 

propagate cracks. Numerical simulations have also shown that those point loads 

caused by small surface asperities will propagate cracks with the same profile as 
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those causing pits [18]. The crack path predictions from the literature is compared 

with three of the pits from the studied gear in Figure 5.  The z-coordinate is oriented 

along the surface normal, with the origin at the nominal surface. The simulations 

included estimates of the friction from slip on the asperities, but excluded the more 

detailed phenomena arising in EHL contacts. Thus making the simulations 

representable for the conditions present both in the addendum and the dedendum. 

They could therefore not explain why more pits developed in the dedendum. The 

key difference between the addendum and the dedendum investigated in this work 

is the slip direction. In the dedendum the slip is directed opposite to the RD, defined 

as negative slip. In the addendum the slip is directed along the RD, defined as 

positive slip.  

-1.0             -0.5                0                 0.5              1.0              1.5
x / mm

Rolling direction

β

Measured pits

Simulated 

crack path

0

-0.3

-0.1   

-0.2

z
  
/ 

m
m

Dedendum Addendum

 

Figure 5. Centrum line measurements of three pits on the studied gear teeth along 

with the simulated crack path [18]. 

All pits larger than 1 mm that were found on the investigated truck gear had initiated 

below the pitch line. All these pits had thus initiated at negative slip. The contact 

pressure was fairly constant over the whole tooth since this was one of the design 

criteria for the tooth profile, see Figure 6a.  

The film thickness, affected by the curvature of the tooth and the entrainment speed 

um,, was also constant at around 0.4 µm, see Figure 6a. The measured surface 

roughness along with the modeled surface with asperities are presented in Figure 

6b. The figure shows that the surface roughness was much higher than the 

lubrication and that the roughness was fairly constant over the whole tooth. The line 
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measurement gave the arithmetical mean deviation Ra =0.9. The conditions look 

more severe than what they were as the surface irregularities were flattened out due 

to the contact pressure. However, some asperities broke through the film and caused 

metal to metal contact, see the results in Paper A.  

 

Figure 6. a) Loading conditions of the studied gears obtained from simulations in 

Ansol [19]. b) Surface measurement of the studied gear, along with the modeled 

asperities and the analytical film thickness. 

During the teeth interaction, the magnitude and the direction of the sliding varied, 

see the dashed lines in Figure 6a. The sliding created friction which in turn affected 

the stress states in the gear teeth.  Negative sliding creates tensile stresses in the 

surface in front of the contact and positive sliding creates tensile stresses behind the 

contact. Since the dry friction is much higher than the lubricated one, this difference 

becomes larger for the asperities which break through the lubricant. In the 

dedendum the friction amplifies the tensile stress state outside of the asperities 

entering the contact, while in the addendum the friction amplifies the tensile stress 

state behind exiting asperities.  
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Methods of investigation  

The investigation of the effect of surface roughness was carried out with both 

numerical simulations and physical experiments. The main focus was put on the 

numerical investigation in order to achieve in depth knowledge which could explain 

the asymmetry caused by the sliding direction. The goal of the experiments was to 

validate the numerical investigations by testing artificially created asperities and 

indents.   

Numerical  

The finite element method was used to model the residual stresses due to the plastic 

deformations caused during the run-in. The simulations were performed with the 

commercial program Comsol Multiphysics 5.4 [20]. The geometry and the mesh is 

presented in Figure 7. The run-in process was captured in only one load cycle by 

modelling the counter-disc as purely linear elastic, while the asperity-disc was 

modelled with the Swift elastic-plastic material model. In this manner, the 

simulations accounted for the elastic shakedown of the counter-disc. The lubricant 

was omitted in the run-in analysis which was performed for pure rolling.  

a) b)
R=10mm

Width of asperity, ω

Asperity-disc

Counter-disc

6 mm
1/3 mm

3 mm

 

Figure 7. The FE-model with the used mesh. a) The whole model and b) a detailed 

view of the modelled asperity. 

The behaviour of the lubricant described by Eq. (1) was solved with the finite 

difference method in order to obtain the loads on the surface of the pinion gear 

teeth. The simulations were performed with an in-house TEHL program developed 
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from the code published by P. Huang [21]. The workflow of the program is 

described briefly below. A more detailed description is available in Paper B and C.  

The initial step of the program is to obtain a solution for the case of two smooth 

surfaces in contact. The dry contact half width, a, and the maximum dry pressure, 

pHertz, is used to scale the numerical values for higher precision.  These values, along 

with the pressure profile p(x) are given by the Hertz’ equation  

 

( ) ( )2 2
Hertz

Hertz

, ,

8
,

'

2
.

x

p x p x a x a

fr
a

E

f
p

a

π

π

= − <

=

=

  (7) 

The dry pressure profile p(x) is used as the initial pressure guess. Reynolds 

equation, Eq. (1), is used to iteratively update the pressure profile until a converged 

pressure profile is obtained.  

The time dependency along with the surface irregularities are introduced after 

obtaining the steady state solution. The surface irregularities are introduced at the 

inlet, which should be at a safe distance before the contact, where the introduction 

does not affect the solution. A symmetry condition with normal in the transverse 

direction is utilized at the centre of the model in order to speed up the simulations.  

The metal to metal contact caused by the surface roughness is modelled through 

limiting the normalized lubrication thickness [22] from becoming lower than      

8∙10-5. The pressure is raised on all nodes where the condition is violated, in order 

to increase their elastic deformation. This is necessary to obtain reliable results, yet 

it causes an increase in the computation time since more iterations are needed. The 

geometry of the TEHL simulations is presented in Figure 8. The asperity is at the 

inlet and has broken through the lubricant, causing metal to metal contact.  
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Figure 8. Instantaneous results from the TEHL program when an asperity is at the 

inlet of a cylindrical contact. The asperity caused a high pressure peak which is not 

seen from this perspective.  

The stresses were subsequently computed in a post processing step following the 

completion of the simulations by the TEHL program. The main method was to use 

the analytical equations [16] for calculating the stress fields in the solids. The finite 

element method was used for the detailed investigation of the single asperities in 

the THEL contacts presented in Paper B in order to include thermal stresses within 

the evaluation.   

The initiation of fatigue cracks depends on both the severity of the loads and the 

strength of the material. The fatigue evaluations were based upon the stress cycles 

in the material. Since the cyclic stress state in the gear teeth surfaces contained more 

than one component with a non-proportional relation, the fatigue evaluation was 

classified as multiaxial. There exists several different criteria for multiaxial fatigue 

through which the load cycle may be evaluated. Different criteria are suitable for 

different materials and load cases. Previous analyses show that Findley’s fatigue 

criteria is suitable for high strength steels in contacts [23], [24].  The Findley fatigue 

criterion [25] is based on a combination of shear- and normal stresses on a critical 

plane, which is assumed to be the driving combination for fatigue, such that 

     

( )amp ,max,time max,plane

eF

F n

Fi
κτ σ

σ

+
= . (8) 

The fatigue index Fi is a local parameter which is to be evaluated at all planes of 

each material point. The plane which yields the highest Fi is used for each material 

point, respectively. Fatigue damage is predicted at those locations where the index 

increases beyond unity. Two independent test series are needed in order to 

determine the material constants κF and σeF. The experimental data of the studied 
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gear material SS 142506 is presented in the appendix in Paper C. The resulting 

material constants were κF = 0.627 and σeF = 625 MPa.  

Weakest link models are commonly used in order to account for the statistical 

spread of weak material points. In these models the analysed volume or area is 

divided into sub-parts. Cracking will appear if one of the sub-parts fails. The 

probability of failure for a sub-area was here based on the Findley index Fi, which 

was incorporated into the three parameter Weibull distribution [26], forming 

               �� = 1 − exp − ∬ �������
���

�
�

���� ����� �                  (9) 

in regions where Fi > Fith. The material parameter Fith = 0.86, the scaling parameter 

Fi0 = 1, the Weibull exponent m = 10 and the reference area Aref = 1 mm2 were 

obtained from the literature [23].  

Experimental 

The experimental part of the thesis work was conducted in two phases. In the first 

phase an imprint method was developed in order to enable manufacturing of well-

defined surface asperities. The principal of the method is to roll a hardened disc 

with indents against a flat disc of unhardened steel. The imprinting was performed 

in a test machine with load control, where the applied force was set to between 3 

and 15 kN. The high contact pressure caused plastic deformation of the soft disc 

which forced material into the indents, thus creating asperities. The imprint method 

is presented in Figure 9. A schematic figure of the imprint fixture is shown in Figure 

10a. The fixture was mounted in a test rig which allowed for force controlled 

loading. The method is described in detail, along with drawings of the components 

for the fixture, in Paper D.   

1) Rockwell indents

Soft 

asperities

2) Asperity imprints

3) Case hardened asperities

Heat + carbon

then quench

4) EHL experiments

with asperities 

Hard

indents

 
Figure 9. The imprint method for creating separated well defined asperities suitable 
for EHL and RCF experiments.  
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The asperities were then tested under TEHL conditions in a twin-disc machine of 

model Wazau UTM 2000 in the second phase. The twin-disc machine is shown in 

Figure 10b with a close-up on the discs in Figure 10c. Different experiments were 

performed in Paper E in order to investigate different sizes of the asperities, 

different lubricates and different SRR.   

F = 3 – 15 kN

Fixed bearings

Indent-disc

Asperity-disc

Place to grip

Removable bearing

Removable bearing

a)

[mm]

0 50 100

-50  

50 

0

b)
c)

 

Figure 10. Experimental set-up. a) The imprint fixture. b) The twin-disc machine, 

and c) close-up on the discs. 
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Results  

The detailed simulations of rough surfaces in TEHL contacts show that the surface 

roughness can initiate RCF. The simulations show that it is in general worse for a 

rough surface to be subjected to negative, rather than positive slip. This correlates 

well with the findings for the studied retarder gears. The experiments showed that 

the imprint method could produce asperities strong enough to survive 35 million 

load cycles. They also showed that the residual stresses from run-in play a key role 

in where the damage develops. The residual stresses provided high tensile stresses 

near the leading edge of the asperities, where micro-pits developed in the 

experiments. The TEHL load cycle instead caused high tensile stress near the 

trailing edge of the defects, were classical RCF cracks developed on the tested 

indents with pile-up.  

Numerical 

The loading conditions for the numerical simulations were set-up to replicate the 

truck retarder gears and the results show good agreement with reality. All pits on 

the tested gears, which were longer than 1 mm in the RD, initiated below the pitch 

line, see Figure 11. Figure 11 also presents the probability of failure, Pf, for the 

shot-peened surface, based on the loadings from the THEL simulations in Paper A. 

A good agreement is shown between the probability of failure and the locations of 

crack initiation. It should however be mentioned that the probability of failure is 

only for crack initiation. The reader is referred to the work performed by Hannes 

[7] for simulations of crack propagation.  

 

Figure 11. Probability of failure for the shot-peened gear tooth surfaces compared 

with actual location of pit initiation. 
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One explanation for negative slip being more detrimental than positive slip is the 

heating of the lubricant. The lubricant temperature plays a key role with respect to 

the distribution of the shear tractions. Because the lubricant heats up along the 

contact, the viscosity and thus the shear tractions drop towards the outlet, see Figure 

12. The global first principal stress in the surface is therefore higher in front of 

contacts subjected to negative slip than behind contacts subjected to positive slip.  

 

Figure 12. Temperature and shear stress distribution for the steady state line contact 

with a SRR of 12% 

Simulations of axisymmetric asperities were analysed in order to further explain the 

effect of the sliding direction. The full investigation is presented in Paper B, while 

Figure 13 presents some key aspects of the results. Figure 13a shows that all 

asperities experiences the same total pressure, while Figure 13b shows that the 

asperities subjected to negative slip experienced a higher proportion through metal 

to metal contact, since the dry pressure, pdry, was higher. This caused the shear 

tractions presented in Figure 13c to be higher for negative slip.  

The minimum film thickness presented in Figure 13d shows that it was the trailing 

edge of the cosine shaped asperities that broke through the lubricant. This was the 

same location as where the tensile stresses arose for negative slip, which therefore 

contributed towards negative slip being more detrimental than positive slip. The 

tensile stresses around the asperities were however equally large for positive and 

negative slip, see Figure 13e and 12f. The coordinate xasp originates from the centre 

of the asperities and is directed in the RD. The curves were obtained for a SRR of 

±12% and ±24%. Similar results have been obtained for other loading conditions 

[27].  
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Figure 13. Results of a single asperity passing through TEHL contact with a SRR 

of ±12% and ±24%. The coordinate xasp starts at the centre of the asperity, while X 

was positioned at the centre of the contact.  
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The effect of different contact conditions of importance was investigated in Paper 

C. The detailed investigation was performed without slip, i.e. for the conditions at 

the pitch line. The results are summarised in Figure 14, where the effect of the 

contact pressure, the choice of lubricant, the global contact temperature and the 

height of the defects are shown. The names of the lubricants in Figure 14b referees 

to the naming used by Larsson et al. [13]. The investigation included asperities and 

indents, showing that indents, without pile-up, are less detrimental than asperities 

of the same size.  

  

Figure 14. The effect of different conditions on Fi. a) Hertzian pressure, b) 

lubricant, c) temperature and d) height of defect. 
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Experimental 

The imprint method presented in Paper D was used to produce asperities. Some of 

these asperities survived 35 million cycles. Paper E shows that other asperities, 

which were higher, got subjected to micro-pitting. The picture in Figure 15a was 

taken after 9·106 cycles and shows an asperity subjected to micro-pitting at the 

leading edge. The cross-sectional profiles of some of the asperities in that 

experiment are shown in Figure 15b. The measurements for the solid lines were 

obtained before the experiment started and the dashed data was measured following 

the experiments. The height of the asperities was reduced by about 3 µm. Other 

experiments presented in Paper E showed that the major part of this reduction 

occurred early, during run-in.   

 

Figure 15. Experimental results for artificial asperities. a) Picture of an asperity 

which developed micro-pitting. b) Cross-sectional profiles of asperities in the 

experiment. 

The general profile of the asperities used in the FE simulation was obtained by 

smoothing the measurements of the asperities. A comparison of the generalised 

asperity shape and one actual asperity is presented in Figure 16a. This figure also 

shows the different profiles that resulted following numerical run-in or testing. 

Figure 16b presents the first principal stress, σ1, caused by the plastic deformation 

at run-in and from the THEL simulations. Here it is shown that the residual stresses 

caused highest tensile stresses at the leading edge while the THEL loads caused 

high tensile stresses only at the trailing edge of the asperity.  

The data presented in Figure 16c utilizes the symmetry of the asperity located at the 

centre of the figure. The upper half show the Fi and the lower part the asperity 

shape. The fatigue evaluation presented in Figure 16c and 15d shows that the THEL 

load cycle collaborated with the residual stresses, causing failure to be predicted at 

the trailing edge. The fact that the micro-pits initiated at the leading edge instead 

indicates that the effect of the run-in may have been underestimated in the fatigue 

evaluation.  

RD 

a) b) 
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Figure 16. Numerical results. a) comparison of shape changes, b) σ1 c) Fi and 

surface shape utilizing the symmetry line and d) Fi evaluation along the symmetry 

line. 

The indents subjected to negative slip initiated classical RCF cracks after their 

trailing edges. The cracks are presented in Figure 17. The surface picture in Figure 

17a shows that the crack initiated shortly after the trailing edge of the indent. The 

two side pictures in Figures 17b and 17c show that the cracks had the characteristic 

shallow inclination angle of surface initiated pits and that they grew in the RD.  

The numerical FE analysis of the residual stresses consisted of two steps. First the 

indentation procedure and then the run-in. The indentation procedure captured the 

shape of the experimental indents well but the numerical run-in procedure did not 

alter the shape, see Figure 18a. The results presented in Figure 18b shows that the 

indentation procedure caused high tensile stresses on the side on the indents, while 

the TEHL load cycle caused higher tensile stresses at the trailing edges.  
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a)

b)

c)

0      100    200  µm

Rolling direction

 

Figure 17. Experimental results of indents with pileup causing surface initiated 
RCF; a) surface view, b) and c) cross-section views of different RCF cracks. Same 
scale in all three figures.  

 

 

Figure 18. Numerical results of indents; a) comparison of cross sectional profiles, 
b) σ1 from the FE and the TEHL simulations. 
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Conclusions 

The numerical investigations validated the asperity point load mechanism by 

showing that it explains the asymmetry between positive and negative slip. There 

is first of all an asymmetry in the global shear traction from a sliding contact. Since 

the lubricant is heated up as it passes through the contact, the shear tractions affect 

the stress state more around the inlet than around the outlet. In front of the contact, 

the shear tractions cause tensile stresses in the surface subjected to negative slip and 

compressive stresses in the surface subjected to positive slip. This causes the 

surface subjected to negative slip to experience higher tensile stresses than the 

surface subjected to positive slip.  

The investigations also show that asperities subjected to negative slip experience a 

higher proportion of the total pressure through the dry contact. They are thus 

subjected to higher shear stresses from the dry friction.  

Another finding was that the trailing edge of the asperities broke through the 

lubricant film. This was more detrimental for negative slip as this is where the high 

tensile stresses arose. Positive slip creates tensile stresses around the leading edge 

of the asperities, which separates the shear and the tensile stresses to different 

material locations.  

The experiments showed that the imprint method could produce single well defined 

asperities which survived many load cycles. They also indicated that it is important 

to understand the residual stresses in order to create the RCF cracks from artificially 

created asperities. The experimentally investigated asperities were either too robust 

or got subjected to micro-pitting influenced by the residual stresses. The tested 

indents initiated classical RCF cracks at their training edges. Since the TEHL load 

cycles caused high tensile stresses in this region they were believed to be 

responsible for the crack initiation.  
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Summary of appended papers  

Paper A: The influence of gear surface roughness on rolling contact fatigue under 

TEHL conditions with slip 

This paper presents a numerical investigation of the probability of failure for real 

rough surfaces. The investigation looked into shot-peened, ground and worn 

surfaces. The measurements were first filtered to remove noise and to ensure more 

stable simulations. They were thereafter imported into the THEL simulations where 

they were subjected to different SRR.  

The results showed that negative slip was more detrimental than positive slip for 

the rough surfaces. Both the probability of failure and the maximum Fi values were 

generally higher for negative than positive slip.    

 

Paper B: The asperity point load mechanism for rolling contact fatigue considering 

slip and thermal elastohydrodynamic lubrication   

A detailed investigation of single asperities of different sizes being subjected to 

different SRR is presented in this paper. The size of the asperities were selected in 

order to correspond with common asperities on a shot-peened surface. The range of 

the SRR was selected to include the conditions from down in the dedendum to up 

in the addendum. The analysis included the effects of the local temperature increase 

due to the friction, as well as the thermal stresses arising mainly around the 

asperities breaking through the lubricant.  

It was shown that the frictional tractions were greater near the inlet of the contact 

than around the outlet. This, in combination with the effect of the compression of 

surface irregularities along the contact, yielded a higher maximum value of the 

Findley index, Fi, around asperities in the dedendum compared to those in the 

addendum.  
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Paper C: Contact fatigue initiation and tensile surface stresses at a point asperity 

which passes an elastohydrodynamic contact  

Some small pits were found on the pitch line of the studied retarder gear. It is 

therefore important that the fundamental mechanisms for RCF initiation can explain 

initiation for conditions even without sliding. The conditions at the pitch line were 

therefore studied for single asperities and indents. The study was extended to 

include the influence of several important parameters. 

It was found that asperities equal to, or higher than, 1.5 µm are likely to initiate 

fatigue damage for a range of investigated lubricants, global temperatures and 

pressure levels over 2 GPa. The article therefore validates that the asperity point 

load mechanism explains the initiation of RCF even at pure rolling.  

 

Paper D: An imprint method to produce surface asperities for EHL and RCF 

experiments 

An imprint method was developed to manufacture real asperities strong enough to 

survive RCF testing under EHL conditions. The method was divided into three parts 

which needed to be performed before the EHL experiments. Indents was first made 

on a hardened disc slightly wider than the other discs. The disc was thereafter 

pressed and rolled against an unhardened disc, where the asperities were formed 

from the plastic deformation which occurred when the material was pushed into the 

indents. Lastly the soft disc, with the newly made asperities, was case carburized 

and hardened. This created hard asperities that survived more than 35 million load 

cycles in a twin-disc machine at a pressure level of 2 GPa.  
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Paper E: Experimental and numerical investigation of indents and asperities with 

respect to rolling contact fatigue 

A twin-disc machine was used to experimentally investigate the effect of asperities 

and indents. The experiments were carried out for different SRR and both a 

polyalpha-olephin and a mineral oil.  

The experiments showed that the lower asperities survived the 35 million load 

cycles they were subjected to, while the higher asperities were subjected to micro-

pitting prior to reaching 3.4 million load cycles. The experiments considering 

indents showed that negative sliding was more detrimental than positive. More RCF 

cracks were found after the trailing edge of the indents subjected to negative sliding 

than from the indents subjected to positive sliding.  

The numerical analysis of the experiments showed that the leading edge of high 

asperities, where the micro-pits initiated, were subjected to high residual tensile 

stresses from run-in. The TEHL load cycle instead caused high tensile stresses 

around the trailing edges of both the asperities and indents. This correlated with the 

location of the RCF cracks initiated by the indents.  
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Future Work 

The performed numerical simulations showed that the asperity point load 

mechanism explains the asymmetry between negative and positive sliding. 

However, the asperities which failed in the experiments failed by micro-pitting at 

the leading edge, not by nucleating the expected RCF cracks from the trailing edge. 

This shows that there is more to the phenomena than what is accounted for in this 

thesis. 

The newly developed imprint method enables for much more testing of the fatigue 

aspects of well-defined asperities. It would be interesting to see if it will be possible 

to nucleate RCF cracks from artificially created asperities. Careful consideration of 

the asperity profiles are probably needed in order to succeed. Another possibility is 

that the micro-pits formed on the asperities will cause RCF. Either by forming large 

enough indents which will cause RCF as in the experiments with indents, or if the 

micro-pits slowly will grow in to classical RCF pits.  

It would also be interesting to perform experiments on artificial asperities and 

indents under dry conditions to see if the requirement of lubrication proposed by 

Way [28] still holds true. The experiments would have to be carried out under pure 

rolling conditions in order for the surfaces to not wear down too fast. Artificial 

indents and or asperities of the right shapes should be able to initiate RCF even 

without friction, since damage occurred at pure rolling on the gears.  
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