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Abstract  

Measured shot peened, ground and worn surfaces were included in thermal elastohydrodynamic 

lubrication and fatigue simulations. Considering transient temperature fields, shear limit and metal to 

metal contact, moderate negative slip was found to be more detrimental than positive. The location of 

pitting in gears was thus explained by the surface roughness and the slide to roll ratio. The λ-ratio 

correlated with fatigue risk within each surface structure. As a supplement to the λ-ratio the surface 

skewness qualitatively ranked the fatigue risk between the surface structures. 
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Highlights 

• Moderate negative slip was more detrimental than positive for the rough surfaces  

• Pitting location in gear teeth agreed with roughness and slide to roll ratio  

• General fatigue trends within a surface profiles was captured by the lambda-ratio  

• The skewness correlated well the fatigue difference between surfaces 

• Simulations foresaw higher fatigue risk in shot peened than ground or worn surfaces 
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1 Introduction 

Simulations of thermal elastohydrodynamic lubrication (TEHL) was combined with multiaxial fatigue 

evaluation in order to investigate surface-initiated rolling contact fatigue (RCF), often called pitting or 

spalling, in real rough gear surfaces. The importance of lubrication for RCF has been known since 1935 

when Way showed that it is a pre-requisite for the damage [1]. The scope of the present investigation 

was to improve the understanding of the fundamental mechanism behind surface-initiated pitting in 

real surfaces. The fatigue details were investigated for surfaces with measured roughness as they passed 

through the TEHL gear contact.  

Pitting is a common failure mechanism of components subjected to lubricated hard rolling contacts, for 

example gears and roller bearings. The failure process is phenomenologically established and well 

characterized by Tallian [2], including pictures of failed components. The pitting crack can either initiate 

at the surface or down in the material. If the crack initiated below the surface, then the entry angle is 

steep, and the overall pit shape is irregular [2]. This investigation was limited to surface-initiated pitting 

with fatigue evaluation at the surface. In these cases the pitting cracks initiates at one surface point and 

then slowly grows into the material in the forward rolling direction. The direction is first in a shallow 

angle to the surface [3], [4], then it turns to a surface parallel path at the depth of the maximum effective 

stress. During growth the crack extends in the transverse direction [5]. Finally, the material piece above 

the crack falls off forming the archetypical sea-shell shaped pit that is pointing against the rolling 

direction.  

Although fatigue damage may develop from cyclic compressive loads, tensile stresses are needed to 

initiate, open and propagate cracks. The elongated elliptical shapes of many TEHL contacts are close to 

line loads but such do not cause tensile stresses in the surface [6]. A rough surface contact on the other 

hand may be regarded as a series of small point contacts. Point contacts cause a tensile surface stress in 

the radial direction from the load centre. The surface roughness is therefore essential for the stresses 

that may initiate and open RCF surface cracks. This hypothesis was first formulated by Olsson [7]. The 

concept is illustrated with a rolling line or two-dimensional (2D) contact. Fig. 1a illustrates the normal 

load from a lubricated contact with smooth surfaces which does not cause any tensile surface stresses. 

In Fig. 1b the contact rolls over a small asperity which creates additional tensile stresses in the surface 

outward from the point or three-dimensional (3D) contact when the asperity enters or exits the rolling 

contact [8], [9].  

When the asperities are underneath the contact, the compressive stresses of the line load is higher than 

the tensile contributions from the asperities. Therefore, there are no tensile stresses underneath the 

contact [10]. The surface outside the line contact is however stress free. When the asperities enter and 

exit the contact, they will cause a tensile surface stress outside the contact. If this stress is large enough, 

then it may initiate and propagate a surface-initiated crack [11]. Previous studies [10] have investigated 

the asperity point load mechanism for EHL and TEHL contacts and showed that single asperities, in the 

size of common surface roughness, may initiate surface-initiated fatigue damage. Numerical simulations 

have also shown that such asperities may propagate cracks in the same direction as found in truck spur 

gears [3].  

If the contact is rolling and sliding, the friction will add tensile and compressive surface stresses. If |uc| 

> |uf| in Fig. 1, then the slip is negative on the flat surface since the friction force is directed against the 

rolling direction, RD. Positive slip occurs on the flat surface if |uc|< |uf| since friction is then directed 

along the RD. Negative slip creates tensile stresses at the inlet and compressive stresses at the outlet. 

The opposite is true for positive slip. Simulations of a single point asperity in the literature showed that 

the direction of friction and the distribution of friction in the TEHL contacts can explain why pitting is 

more likely to initiate for negative than positive slip [12] and why it grows in the forward rolling direction 

when initiated at negative slip. The importance of surface roughness and texture of real surfaces was 

here investigated using TEHL simulations. The first step was to show that tensile stresses caused by real 
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surface asperities at real application conditions may initiate RCF. The second goal was to show that 

negative slip is more detrimental than positive slip for surface-initiated pitting and thus explaining why 

it initiates more commonly in the dedendum than the addendum on pinion gear teeth.  Thus, showing 

how the asymmetry in the pit location can be explained by the contact conditions. Different surface 

structures were investigated. The structures had different relation between roughness expressed in Sa 

and skewness in Ssk. 
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Fig. 1. The asperity point load mechanism at pure rolling without slip. a) A 2D line EHL contact with 

smooth surfaces. b) The same cylinder over-rolling a small local point asperity (3D) [10].   

1.1 EHL investigations 

The fundamental physics of EHL contacts was formulated already in 1886 by Reynolds [13]. The first 

numerical solutions were presented 60 years later [14], [15]. These were followed by several studies with 

key results compiled in reviews [16], [17], [18].  

The full understanding of how different surface roughness affects different features of lubricated 

contacts has long puzzled researchers [19]. In 1980 Cheng and Bali [20] published a numerical study 

showing that ridges and furrows have large influence on the pressure profile and thereby also on the 

stresses in the solids. Many studies have subsequently been performed on the influences of surface 

roughness on lubrication and RCF. Morales-Espejel and Brizmer [21] investigated real surfaces and 

wear. When the surface roughness was mainly transversely oriented more wear developed than when 

the roughness was oriented along the rolling direction (RD). Li and Kahraman [22] modelled fatigue in 

mixed EHL contacts under the assumption that crack initiation dominated the RCF life. This can be 

debated since Rycerz et al. [23] found that the time from crack detection to pitting was longer than that 

of crack initiation and Hannes and Alfredsson [24] correlated crack growth life and RCF life in a gear 

application. Al-Mayali et al. [25] included residual stresses in a 2D simulation of a rough contact and 

predicted micro-pitting at the level of the surface roughness. Gabelli and Morales-Espejel [26] estimated 

bearing lives of both ceramic to steel and steel to steel contacts based on real surface measurements. 

More information on the effects of surface roughness on EHL contacts can be found in the literature 

[27].  

Possible reasons for overestimates of simulated friction were addressed by introducing boundary slip 

[28]. Experiments by Hansen et al. [29] showed that the lambda value alone is not enough for 

determining the lubrication regime. Morales-Espejel et al. [30] studied the evolution of the surface 

roughness through a model coupling the effects of micro-pitting and wear for different slide to roll ratios, 

SRR. With their detailed model they could see how wear reduced the risk of micro-pitting for higher 

SRR. Mo et al.  [31] studied how different shot peening treatments affects EHL contacts. Experimental 

investigations of the effect of running-in show that a high load plastically deformed the surface more 

and hence give a smother surface, but also a surface with much lower fatigue life due to microstructural 

changes [32]. The impact of manufacturing methods has also been studied experimentally, showing that 

the manufacturing process play an important role [33]. Thus, the importance of surface roughness for 

RCF is well established but there remains the fundamental question of why and how the roughness 

contributes to fatigue initiation. The goal of this manuscript is to shed light on the importance of surfaces 
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texture for the risk for RCF and explain some of the difference in fatigue risk between negative and 

positive slip.  

1.2 Case study of retarder gear 

Laboratory tested gear wheels with RCF were studied. The geometry, load and manufacturing are 

described by MackAldener and Olsson [34]. Pitting developed on the pinion. The initiation points of all 

pits larger than 1 mm are presented in the top part of Fig. 2a. All initiated below, or before, the pitch line 

where slip is negative. Fig. 2a also contains one archetypical sea-shell shaped pit from the gears. The 

crack initiated at the point to the left in the figure and grew towards the right.  

The gears were manufactured with, among else, tip relief for a relatively constant maximum contact 

pressure throughout the contact, see Fig. 2b. The pressure distributions were obtained with the 

programme Ansol [35], taking the elastic deformation of the gears into account. Fig. 2b also shows the 

magnitude of the mean entrainment velocity |um| = |(uc+ uf)|/2 and the sliding velocity |us| =|uc − uf| 

in the RD of the contact. The gear surfaces in the application were ground, case hardened and then shot 

peened. The bottom of Fig. 2b includes a profile of the virgin gear surface with constant roughness over 

the gear tooth with Ra = 0.9 μm and Rsk = 0.24.  

N
o
. 
o

f
p

it
 i

n
it

ia
ti

o
n

sa)

Rolling direction

10

8

6

4

2

0

 

Fig. 2. a) An archetypical pit found in one of the studied gears and locations for initiation of pits larger 

than 1 mm. b) Loading conditions along the rolling direction for the gear teeth and example of virgin 

surface roughness profile [12].  
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2 Background 

Reynolds equation [13] 
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3
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is the foundation for most EHL simulations. It follows from the assumptions of laminar flow in the 

contact plane and constant lubricant variables in the z-direction with ∂/∂z = 0. The laminar assumption 

is the consequence of high lubricant viscosity in the contact. The in-plane assumption and zero vertical 

derivatives comes from the contact having a width at least 100 and often over 1000 times the film height.  

The present contact was furthermore assumed fully flooded and cavitation of the lubricant in the outlet 

was incorporated by the pressure limit p ≥ 0. In Eq. (1), h is the lubricant film thickness, η is the viscosity 

and ρ is the density.  

In order to resolve the local temperature field in and around the contact the energy flow has to be 

described. The energy source terms came from mechanical energy being converted into thermal energy, 

mainly through dry friction and shearing of the lubricant. The thermal energy was dissipated through 

and transported by the lubricant and the contacting bodies. The equation for the energy [12] is  
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where Γ is the temperature, Cp the heat capacity, κΓ the thermal conductivity, us the sliding speed and 

ua the through the thickness average speed of the lubricant accounting for both the Poiseuille and the 

Couette flow terms.  

In addition to Eqs (1) and (2), descriptions are needed for the constitutive behaviour of the lubricant, 

the deformations of the solids and the load balance of the contact. The lubricant was modelled as 

Newtonian with Roelands equation [36] together with the non-linear pressure-density relation by 

Dowson et al. [37] and the linear pressure dependent shear limit formulated by Bair and Winer [38]. 

The solids were modelled as linear elastic which corresponds to their behaviour after run-in with wear 

and elastic shake-down. The elastic shake-down is experimentally verified by Sosa et al. [39] who show 

that the gear surfaces profiles reach a steady-state after about 20 000 run-in load cycles.  

Fatigue evaluation at the surface utilized the lubricant pressure and the shear tractions on the rough 

surface. These were evaluated through 
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for lubricated contact patches. Metal contact was defined when the dimensionless film thickness H ≤ 80 

∙ 10-6 which was based on the formulation by Zhu and Hu [40]. Here, H = hr/a2, where r is the equivalent 

contact cylinder radius and a is the Hertzian contact half width. Coulomb friction was used with µ = 0.3 

for the shear stress in the regions where metal contact occurred.  
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Since the stress cycle in the contact surfaces was multi-axial and non-proportional a critical plane 

criterion was required for the fatigue evaluation. The Findley criterion [41] was selected since it had 

performed well in earlier studies of hard contacts [42], [43]. It was formulated as Findley fatigue index 

 
( )amp max,plane

eF

F n

Fi
κτ σ

σ

+
=   (4) 

where Fi > 1 predicts fatigue in the evaluated material location. In Eq. (4), τamp is the shear stress 

amplitude from the complete over-rolling load cycle, including the unloaded free surface, and σn is the 

maximum normal stress sometime during the load cycle on the evaluated plane. The critical plane is 

found by scanning all planes for the one that maximizes the criterion in Eq. (4). The fatigue properties 

of the material are described by the fatigue limit σeF and the normal stress weight factor κF. The criterion 

was evaluated for all planes with angular increments of 5°. 

The position of the crack is given by a combination of high material stressing and the presence of 

statistically distributed weak material points. 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 failure of a sub-area was 

here based on the Findley index Fi. The three parameter Weibull distribution [44] 

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

�
�

���� ����� �                  (5) 

was used for the failure probability in regions where Fi > Fith. The material parameters were taken from 

the literature [42]. The threshold value Fith = 0.86, the scaling parameter Fi0 = 1, the Weibull exponent 

m = 10 and the reference area Aref = 1 mm2. 
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3 Numerical implementation 

The finite difference method was used to solve Eq. (1). The fundamental structure and solvers for 

Reynolds equation are based on the setup by Huang [45].  The lubricant domain was resolved with 257 

nodes in the RD and 161 nodes in the transverse direction (TD). To speed up the simulations a symmetry 

plane was used at the centre of the TD. The flow profile in the vertical direction was described by the 

Couette and Poiseuille flow terms.  The temperature fields in the solids were resolved with twice the 

spatial distance in the horizontal planes and with 39 nodes each in the vertical direction. The vertical 

distance between metal nodes started at 0.5 µm at the lubricant and increased with 0.5 µm for each node 

plane.  

Fig. 3 outlines the workflow in the numerical program. The initial step defines the problem. An implicit 

Gauss-Seidel and Jacobi scheme is used to solve Eq. (1) in order to obtain the pressure distribution. Eq. 

(2) is then solved using an explicit setup in order to find the temperature field. In order to obtain a stable 

solution to the temperature field, the global time step was divided into sub-steps inside the temperature 

module.  

 

Fig. 3. Workflow of the TEHL code. 
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In the time dependent solution, a section of the real surface passed through the TEHL contact. To keep 

the shape of the surfaces throughout the time dependent simulations, the surfaces were moved one node 

at each time step. In the post-processing after the TEHL simulation, the normal and shear stresses on 

the contact surfaces were evaluated in the material frame, i.e. following the material. Finally, fatigue and 

probability of failure was evaluated based on the whole stress cycle. Detailed descriptions of the 

implementation is available in earlier papers by the authors [10] and [12]. The numerical parameters 

are presented in Appendix A. Validation of the numerical setup is presented in Appendix B. 

3.1 Incorporation of real surface 

Pu et al. [46] showed numerically that the SRR has different effects on rough surfaces of different 

characteristics. Therefore, three different surfaces were studied: shot peened, ground and worn, each 

representing a common RCF surface. Table 1 summarizes roughness measurements for the surfaces. A 

rectangular area of 0.8 times 3 mm, aligned in RD, was measured on the studied gear teeth. The 

measurements were treated with a 12th order polynomial in order to remove the global curvature. The 

whole measured surfaces were too large to be analysed with the current TEHL code and available 

computer resource. Surface sections with representative texture were selected for the analyses. These 

were 700 µm in the RD and 350 µm in the TD. The measured and selected part of the shoot peened 

surface is presented in Fig. 4a. This surface agrees with the virgin surface in Fig. 2b. 

 

Table 1. Some roughness parameters for the investigated surfaces 

Surface Operation Multiplier Sa / µm Ssk / - λ = hmin / Sa 

Shot peened Measured 1 0.63 -0.11 0.43 

 Filtered 1 0.51 -0.73 0.53 

 Filtered 1.5 0.76 -0.73 0.35 

Ground Measured 1 0.40 -0.47 0.67 

 Filtered 1 0.38 -1.07 0.71 

 Filtered 3 1.14 -1.07 0.24 

Worn Measured 1 0.29 -3.33 0.93 

 Filtered 1 0.28 -3.02 0.96 

 Filtered 3 0.84 -3.02 0.32 

 Filtered 5 1.40 -3.02 0.19 

 

When the surfaces were imported into the TEHL programme the surface height was interpolated to the 

nodes, 135 in the RD and 73 in the TD. The imported surface was smoothed to account for the rapid run-

in process [39], [47]. During smoothing, the highest frequencies of the surface roughness were removed, 

and the height of the highest asperities were reduced. This asymmetric profile modification was 

motivated by run-in modifications of surfaces. Sosa et al. [39] show that mainly the highest peaks 

disappears during run-in. The highest peaks of the surfaces were reduced to about 70 % of their original 

height. The smoothed shot peened surface, tanking the run-in into account, is presented in Fig. 4b. 

Abbott curves were used to illustrate the change in surface profiles between the original and the run-in 

surfaces. They show how much of the surface is above a certain height. Fig. 4c shows the Abbot-curves 

of the highest 20 % of the original and smoothed shot peened surfaces in Fig. 4. The results from run-in 

experiments by Sosa et al. [39] are included as comparison. To illustrate the change of the surfaces, and 

compare them to the experiments, Fig. 4d shows the relative height reduction. It illustrates that the 

smoothing decreased the peaks to about 70% of their original heights and that the reduction agreed with 

the experiments by Sosa et al. [39]. 
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Fig. 4. The shot peened surface a) as measured and b) after numerical run-in. c) Abbot-curves for the 

shot peened surface and run-in experiments by Sosa et al. [39]. d) Relative peak height reduction from 

c).  

The measured ground surface is presented Fig. 5a with grinding in the TD or y-direction. The same 

smoothing procedure was applied as for the shot peened surface. Fig. 5b exhibits the smoothed surface. 

When the small high frequency disturbances have been removed, the larger grinding grooves and ridges 

became more distinguishable. Fig. 5 illustrates the imported surface with the grind marks, both before 

in Fig. 5a, and after in Fig. 5b, the emulated run-in process. The corresponding Abbot-curves and 

normalized height reduction curves are compared with experiments by Sosa et al. [39] on ground 

surfaces in Fig. 5c and Fig. 5d. The height reduction was again about 30 % from smoothing. The 

roughness reference data for the smoothed surfaces are included in Table 1 for comparison. For both the 

shot peened and the ground surfaces the simulations were made on only slightly less rough surfaces, 

expressed in Sa, than the measured ones, but with a 30 % reduction of the peaks, emulating the run-in 

process. 

RD 
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Fig. 5. Surface with grinding marks: a) measured, b) smoothed, c) Abbot-curves with comparison to 

experiments in the literature [39] and d) relative peak reduction. 

The third and final studied surface was from the long term used gear in Fig. 2. In this surface RCF pits 

had formed at other locations. It had been subjected to 13 million load cycles, which is far more than the 

run-in process. The surface showed the characteristics of a worn surface consisting of a relatively flat 

upper region with some deeper parts. Therefore, the measurements were not subjected to the smoothing 

process. A low-pas filter was applied to get a more continuous surface, see Fig. 6a before filtering and 

Fig. 6b after it.  Smoothing by the low-pas filter was a conservative action since the smoother surface 

should cause less damage. It was however needed to stabilize the numerical procedure. The indicated 

RD was from the gear and used in the simulations. 

 
Fig. 6. Gear surface subjected to 13 million load cycles: a) measured and b) after low-pas filtering.  

 

RD 

RD 
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To get numerically smooth introduction and stable results at the boundaries when the rough surfaces 

entered and exited the rolling cylindrical contact, the boundary nodes were adjusted to the surrounding 

surface. The rough surface was part of the flat surface in Fig. 1, where it was positioned at the transverse 

symmetry line. For the shot peened surface in Fig. 4b and the long term used surface in Fig. 6b all 3 

external boundaries were adjusted to the flat mean contact height. These sides were the leading and 

trailing edges in the RD and the outer external transverse boundary. The transverse symmetry line was 

adjusted so that the second derivative of the surface roughness was zero in the TD. On the surface with 

grinding marks in the TD, the boundaries in the RD were adjusted to zero height. At the transverse 

boundary the ground roughness profile was left unadjusted to mimic infinite grinding marks outside of 

the simulated area. From the adjusted boundaries and into the simulated surface, an eight nodes deep 

band into the surface was adjusted. The height of the nodes in this band was linearly increased from zero 

at the boundary to the measured and smoothed surface profile height of the ninth node. The edge 

treatment of the surface profiles are exhibited in Figs 4b, 5b and 6b.  

The highest and lowest surface positions for all y-coordinates of each x-coordinate in Figs 4b, 5b and 6b 

were compiled into Fig.7. The X-coordinate of the two heist points in the surfaces are indicated with 

black lines. The worn surface differs from the shot peened and ground ones by having a smooth max 

profile. The ground surface has a notable constant difference between max and min curves. The figure 

illustrates the roughness and skewness differences in Table 1 for the surfaces. 

 

 
 

Fig.7. Surface max and min over the TD at each x. 
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4 Results 

Simulations were performed using the contact data in Appendix A, which were based on the case studied 

gear in Fig. 2, the surfaces in Fig. 4b, Fig. 5b and Fig. 6b and a series of different SRR ranging from              

-24% to 24%. Some characterising data were the maximum Hertzian pressure pHertz = 1.93 GPa, the mean 

entrainment speed um·ex = 8.5 m/s, the contact half width a = 0.362 mm and the inlet temperature Γ0 

= 90°.  

4.1 Shot peened surface with Sa = 0.76 μm and SRR = ±12% 

The tribological and fatigue details are exemplified in Fig. 8 for the shot peened surface in Fig. 4b with  

SRR = ±12%. These results were representative for the result principles. The contact started at the left 

side of the rough surface in Fig. 4b and travelled towards the right. The over-rolling of the rough surface 

created the transient over-rolling sequence presented in Fig. 8 where RD was to the right. The analysed 

surface was 750 µm in the RD, which compares with the total contact width of the smooth cylinder, 2a 

= 724 µm. When the rough surface was centred below the contact, as in Fig. 8, it protruded the solution 

on both sides of the contact. The transverse width of the model corresponded to the width of the rough 

surfaces presented in Figs 4, 5 and 6. Fig. 8 presents a selection of tribological variables: contact pressure 

p, film height h, lubricant temperature Γlub, shear stress on the rough surface τxz and the first principal 

stress σ1 as a function of the dimensionless contact coordinate X. Each variable is presented in a separate 

sub-figure where the result for negative and positive SRR are compared.  

4.1.1 Time independent solution 

The time independent solutions are represented with one thick line, equal for positive and negative slip. 

The typical EHD pressure spike with height constriction is noticeable in the left exit side of Fig. 8a and 

Fig. 8b. The temperature Γ in Fig. 8c increased approximately with p during the contact and exited with 

an increased value compared with the inlet value Γ0. The shear stress τxz developed approximately as the 

viscosity η. First, η increased exponentially with p, then the shear limit restricted τxz to be proportional 

to p and from approximately X ≈ 0.4, η was limited by the temperature effect [12]. The resulting τxz 

profile in Fig. 8d is asymmetric with higher values towards the contact inlet. Due to the shear tractions, 

σ1 in Fig. 8e was positive in front of the inlet for negative SRR and positive behind the outlet for positive 

SRR. Inside the contact, it was negative due to the contact pressure and not included in the figure. 

4.1.2 Results along the symmetry line 

The dashed lines in Fig. 8 present the momentary profiles along the transverse symmetry line at the 

instance when the roughness profile in Fig. 4b was centred under the contact. As expected, all variables 

in Fig. 8 seems irregular but can to some extent be derived from the roughness profile. There are 

pressure spikes at X≈ -0.5, 0.0 and 0.5 in Fig. 8a. These can be related to the decrease in film thickness 

at the same positions in Fig. 8b. The drop in film thickness indicated that there were peaks in the surface 

roughness at these positions. The pressure builds up before the asperities for positive slip since they 

move faster than the lubricant while the opposite is true for negative slip. This is visualized with the 

dashed lines in Fig. 8a where the peaks in p has advanced further into the contact for positive slip than 

for negative slip. The effect is visible for later peaks as well but not as clear. Fig. 8c shows some 

temperature spikes at X≈ -0.5 and 0.0 indicating high frictional losses there. These are also illustrated 

by the shear stresses on the metal surface in Fig. 8d where the clear spike shows that there was metal 

contact at X≈ 0.5. The small effect on Γ at this position indicated that metal contact had just developed 

there. This spike is higher for negative SRR. Fig. 8e shows that the stress state inside the contact was 

purely compressive; although there is some metal contact present at this instance. This agrees with the 

previous detailed study of a single defect [10].  
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4.1.3 Extreme values in the rough contact 

The dotted curves in Fig. 8 were extracted in an unconventional way. They represent the maximum 

variable value during the over-rolling sequence for all nodes in the Y-direction for the X-coordinate. The 

minimum is plotted for h. Note that the curves with maximum values do not need to show continuous 

results. For different X-coordinates the maximum value can be at different Y-coordinates and separate 

time instance. The curves are interesting since they represent maximum variable values, which typically 

occurred on the asperities. Max(p) is relatively symmetric with some pressure spikes during the exit. 

Min(h) suggest metal contact throughout the contact region for the highest asperity peaks. Actual 

contact is better visualized by the spikes in τxz. The spikes in τxz were the result of nodes being in metal 

contact and τxz = µp instead of following Eq. (3).  

Just outside the contact, σ1 in Fig. 8e was amplified by tensile component from normal asperity contact 

as well as friction forces on the asperities. Hence, the σ1 peaks just outside X = ±1. The highest maximum 

values of σ1 developed in front of the contact for negative SRR. Higher than those occurring behind the 

contact for positive SRR. Even though the temperature rise through the contact decreased the shear 

tractions towards the outlet, positive slip still managed to cause high tensile stresses outside the outlet, 

shown in Fig. 8e. 
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Fig. 8. Contact of shot peened surface with Sa = 0.76 μm and SRR = ±12 %: a) p, b) h, c) Γlub, d) |τxz| 

and e) σ1. Legend in a) is for all sub-figures.  

4.1.4 Fatigue evaluation 

The risk for fatigue in the rough surfaces when subjected to repeated over-rolling was evaluated with the 

Findley criterion in Eq. (4). Note that the Fi values in Fig. 9 are not momentary views; they were 

compiled over the whole load cycle for each position. The top halves of Fig. 9a and Fig. 9b show map 

views of Fi at negative and positive slip, respectively. Contact movement was from the left to the right in 

the figures. The bright yellow coloured areas have Fi > 1, i.e. fatigue was predicted in these areas. The 

bottom halves of the figures show the mirror images of the rough surface. The areas with increased Fi in 

the top views can be related to the roughness peaks in the bottom views. Note that the max(Fi) does not 

develop exactly on the mapped asperity summit. In Fig. 9a, with negative slip on the rough surface, 

max(Fi) is located slightly to the right of the summit, i.e. on the side of the asperity that entered the 

RD 
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contact last. Conversely, Fig. 9b, where slip was positive on the rough surface, max(Fi) developed to the 

left of the peak, i.e. towards the side of the asperity that entered the contact first. These trends agree 

with the results for a refined surface with a single asperity [12]. At negative slip in Fig. 9a there was also 

a tendency for large Fi to extend into areas with negative surface gradient. Again, positive slip displays 

the opposite, in Fig. 9b large Fi extend into areas with positive surface gradient. Such trends agree with 

findings for single pits in the literature [10].  

Cut views of Fi, for the over-rolling load cycle, and the roughness height are presented along the 

symmetry line in Fig. 9c and Fig. 9d. Max and min values for all transverse coordinates are included as 

dashed and dotted lines the figures. The figures confirm the results found in Fig. 9a and Fig. 9b. The 

max peak height of Fi were found for negative slip. Thus, the figures illustrate that, for the surface in 

Fig. 4b, negative slip is more detrimental with respect to RCF and surface distress than positive slip, 

which agree with the application in Fig. 2 and findings in the literature [2].  

 

Fig. 9. Fatigue risk according to the Findley criterion and the shot peened surface with Sa = 0.76 μm. 

Surface plots: a) SRR = −12 % and b) SRR = +12 %. Cut view along the symmetry plane with max and 

min over the TD for: c) SRR = −12 % and d) SRR = +12 % SRR.  
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4.2 Shot peened surface with Sa = 0.76 μm for SRR of -24% to 24% 

Fig. 10 contains Fi results for SRR = ±24%, ±12%, ±6% and pure rolling. To visualize the difference 

between positive and negative SRR the data was grouped based on the sign of the SRR. Negative SRR is 

visualised with blue lines, positive with red lines and pure rolling with a black line. The surface was 

rolled over in both directions to clearly distinguish the effects of the RD relative to the roughness peaks 

in the evaluated surface from the effect of the sign of the SRR. In Fig. 10a, Fig. 10c and Fig. 10e rolling 

was from the left to the right whereas in Fig. 10b, Fig. 10d and Fig. 10f the rolling direction was the 

opposite. The location of the two highest peaks of the roughness at x = 80 and 510 µm in Fig. 9 are 

indicated with dotted lines. 

The Findley criterion in Eq. (4) comprises two stress components, τamp and σn. The sum of these are 

maximized in search for the critical fatigue plane and Fi. The components are plotted separately, τamp is 

presented in Fig. 10a and Fig. 10b, while σn is presented in Fig. 10c and Fig. 10d. Note that σn is the 

normal stress component on the critical Findley plane and thus lower than σ1 in most cases. These results 

are combined into Fi in Fig. 10e and Fig. 10f. In Fig. 10 it is again shown that it is the peaks of the surface 

roughness that causes damage. The results presented in Fig. 10 shows that there is a general difference 

between positive and negative SRR while the data within each of these sub-groups are fairy similar, but 

the groups differ from each other. The difference between positive and negative SRR appears primarily 

to reside in σn. In general, negative SRR display slightly higher peaks than positive SRR does.  

It is shown in Fig. 10a and Fig. 10b that τamp is highest very close to the asperity summits since this is 

where dry contact occurs. Not however that the peaks of the σn in Fig. 10c and Fig. 10d are separated 

from the summits since they develop outside the asperities either when they enter or exit the contact. 

For positive SRR the side of the asperities that enter and exit the contact first experience significantly 

larger tensile stresses than the latter side. The reason resides in that these high tensile stresses developed 

outside the asperities when they exited the contact. The opposite is true for negative SRR where the high 

tensile σn stresses developed when the asperities entered the contact.  
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Fig. 10. General fatigue differences between negative and positive SRR. a) and b) maximum of τamp, c) and d) 

maximum of σn, e) and f) maximum of Fi.  
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4.3 Summary of SRR effects on RCF  

Max(Fi) over the surface was extracted from the simulations in Fig. 9 for the shot peened surface with 

Sa = 0.76 µm, SRR = ±12% and rolling from right to left, and inserted into Fig. 11a. The corresponding 

data was determined for the same surface and conditions but with variation of SRR = ±24%, ±12%, ±6% 

and 0%, and rolling from both right and left. Together these data points were connected to the top red 

curve in Fig. 11a. The width of the lines illustrates the difference obtained from changing the rolling 

direction. The thick solid line indicates the average. There is a clear dip in the fatigue risk for pure rolling, 

SRR = 0, due to the lack of friction. The simulations were repeated for the second shot peened surface 

with Sa = 0.51 µm in Table 1 and inserted as the blue lower curve in Fig. 11a. 

The curves in Fig. 11a were determined using the thermal conductivity κmet = 47 W/m/K which is 

commonly used for TEHL simulations with steel substrates. For case hardened gear steel the value for 

κmet vary [48] and the lower value κmet = 21 W/mK has been suggested [49]. The effect of κmet is visualized 

in Fig. 11b with results for the lower κmet, as compared to those in Fig. 11a for the higher value. When 

comparing the results, it appeared the effect of κmet was small for |SRR| < 24%, mostly reducing the 

result spread for decreasing κmet. The detailed effects of the high and low κmet on TEHL properties are 

investigated in Appendix C. 

The ground surface in Fig. 5 and worn surface Fig. 6 were analysed using the TEHL model and Eq. (4) 

for Fi. Appendix D shows examples of detailed Fi result for ground surface with Sa = 1.14 µm and worn 

surface with Sa = 0.84 µm. Max(Fi) were extracted for the same conditions as for the shot peened surface 

and inserted into Fig. 11c and 11d. In total, peak Fi were determined for the 7 filtered surfaces in Table 

1. Two additional simulation series were performed for shot peened surfaces and the low thermal 

conductivity. Each of the 9 curves in Fig. 11 summarize the outcome of 14 TEHL simulations. 

The rolling direction had some effect on max(Fi) for the shot peened surface, illustrated with wide curves 

in Figs 11a and 11b. The worn surface was barley affected by the rolling direction. Since the direction of 

rolling had limited effect on the results for the worn surface with Sa = 0.28 and 0.84 μm, the investigation 

for Sa = 1.40 μm was only performed in the RD indicated in Fig. 6b. 

In general, the summary curves show the highest fatigue risk at -6 or -12% slip except for the ground 

surface. The shot peened surface in Fig. 2 has peak Fi at SRR = -12%, which agrees with the RCF 

initiation frequency in Fig. 2a. For the ground surface, the TEHL simulations predicted the highest Fi at 

SSR = +12%, which differs from the other surfaces. Fig. 11d show that the Fi increases more rapidly for 

negative than for positive slip when the roughness was increased. The trend was shown for the ground 

surface as well even though it did not exceed the values for positive slip.  Morales-Espejel et al. [30] and 

Rycerz and Kadiric [50] found that for increasing SRR, such as ±24%, wear will reduce the risk for RCF. 

Wear was not included here. It was thus concluded that for these surfaces, fatigue should develop first 

for negative slip and when -12% ≤ SRR ≤ -6%.  
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Fig. 11. Max(Fi) for different SRR and the surface structures in Table 1: a) shot peened b) shot peened 

and low κmet c) ground surface and d) long term used or worn surface. High κmet in a), c) and d). 

In addition to the maximum Fi value, the fatigue risk was influenced by the size of the loaded volume or 

surface area. The three parameter Weibull distribution in Eq. (5) includes the size effect of the highly 

loaded surface area in the fatigue risk evaluation. Fig. 12 presents the logarithm of the failure probability. 

Due to the threshold, the Weibull equation predicts Pf = 0 for all load-cases with max(Fi) below Fth = 

0.86.  

The same conclusions was made from Fig. 12 as from Fig. 11. Negative slip at -12% ≤ SRR ≤ -6% were 

the most detrimental for all cases, except for the ground surface which had the highest values at SRR = 

12%. However, the general trend is that negative slip is more detrimental than positive since positive 

slip display low probability of failure at SRR = 6% for both rolling directions. The results for SSR = ±24% 

would have been lower if wear had been considered.  
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Fig. 12. Probability of failure according to the three parameter Weibull distribution in Eq (5). Not the logarithmic 

scale on the vertical axis.   
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5 Discussion 

The results in Fig. 8e show a higher tensile surface stresses in front of rough contacts with negative SRR 

than behind such contacts with positive SRR. The reason why negative slip caused the highest risk of 

RCF and why the area just in front of the asperity peaks for negative slip in Fig. 9a displayed the highest 

Fi is better understood by investigating single well-defined asperities than those representing the 

complete but complex surface roughness.  Investigations in the literature [12], [51] show that negative 

SRR is more detrimental than positive already for a single asperity in the rolling contact. Those 

investigations showed that the highest fatigue risk developed in front of the asperity with peak tensile 

stresses as the asperity entered the rolling contact. The literature [3], [4] also show that for such 

conditions the RCF crack should grow out from the asperity which correspond to the forward rolling 

direction [1], [2] for negative slip. The results indicate that the asperities can cause surface initiated RCF 

in line with the asperity point load mechanism [7], [11], [12], [51], [52].  

All max(Fi) results for the shot peened in Fig. 11a, ground in Fig. 11c and worn in Fig. 11d with the same 

κmet = 47 W/m/K and SRR ≠ 0 were plotted against the λ-ratio in Fig. 13a. The differences in results 

from SRR and rolling direction are indicated with vertical lines at each λ. The mean values at different 

λ are connecting with solid lines. Fig. 13b shows the logarithm of the mean probability of failure at each 

λ. Within each surface structure the λ-ratio perform well, decreasing λ corresponds to increasing Fi. 

Between the structures there exist a ranking with the shot peened surface displaying the highest risk for 

RCF followed by the ground and the worn surfaces. The skewness in Table 1 provides a measure of the 

presence of high asperities or deep valleys. According to Table 1 all 3 surfaces have negative skewness, 

i.e. deeper extreme valleys than high peaks, but Ssk decreases between the surface structures in Table 1 

in the same order as Fi decreases between surface structures in Fig. 13. It appears that Ssk gives a 

qualitative order of the relative risk for RCF for the different surface structures. 

Manufacturing processes are selected to introduce compressive residual stresses. The effect of these on 

the risk for fatigue was investigated by introducing typical in surface bi-axial residual stresses, for the 

respective surface structure. The investigation was made for SRR = ±12% and the results are presented 

in Fig. 13c and Fig. 13d. The gear wheels in Fig. 2 were case hardened to a nominal case depth of 1.1 mm 

[34], which typically resulted in fairly constant residual compressive stresses in the top 0.6 mm layer 

[11]. For the tooth in Fig. 2 in ground conditions, the bi-axial in-surface stress σres ≈ -200 MPa [11], [34], 

[53]. Shot peening after heat treatment increased the compressive residual stress in the absolute top 

layer substantially. σres ≈ -1200 MPa has been measured for the top 10 µm layer of the current material 

and heat treatment [53]. Yang et al. estimated the residual stresses from shot peening to be in the range 

of -600 to -400 MPa [54]. Simulations were made with both -600 MPa and -1200 MPa in the shot 

peened surface with almost identical fatigue results. Hence, only results for -600 MPa are included in 

Fig. 13. Since the residual stresses from shot peening has been shown to decay over time [32], a 

compressive σres  = -200 MPa was added to the worn surface. The results in Fig. 13c and Fig. 13d show 

that the residual stresses did lower Fi and Pf. The shot peened surface still displayed the highest Fi but 

the difference between it and the ground surface decreased. At high λ the surfaces displayed equal Fi. 
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Fig. 13. Influence of λ-ratio on a) Fi from Fig. 11 a), c), d) and b) Pf  from Fig. 12 a), c), d). c) and d) show how 

residual stresses changes Fi and Pf for SRR = ±12%. Data is max(Fi) and mean(max(Pf)).   
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6 Conclusions 

TEHL simulations were performed in combination with a critical plane criterion for multiaxial fatigue 

for rolling gear contacts with different negative and positive slip on three measured gear surface finishes: 

shot peened, ground and worn. The surface roughness was scaled to include further λ-values but keeping 

the skewness Ssk for the respective surface finish. Some conclusions were: 

• Fatigue was predicted close to the highest asperity peaks of the respective surface roughness. 

For negative slip, maximum fatigue risk developed just after the asperity peak, e.i. on the side 

of the peak oriented in the rolling direction. For positive slip the location for maximum fatigue 

risk was the opposite, just in front of the peak. 

• Negative slip was more detrimental than positive slip for all surface finishes and -12% ≤ SRR ≤ 

-6%. At higher SRR, wear increases and reduces the asperity peaks and the risk for RCF. 

• The simulations showed that the surface roughness, together with the SRR, explained the pit 

position in the gear example in Fig. 2a. 

• The λ-ratio predicted well the fatigue risk for surfaces with the same finish or roughness 

structure and SRR.  

• The skewness Ssk correlated the fatigue risk between different surface finishes or roughness 

structures. 

• When only the surface structure was considered, the surface textures was ranked against 

increasing fatigue risk as the worn-, ground- and shot peened structure. 

• If residual stresses from manufacturing, i.e. heat treatment and shot peening, were included, 

then the difference in Fi between the ground- and shot peened structured decreased, and even 

disappeared for higher λ-values. 
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Appendix A - Parameter values 

The model utilised a series of parameters, which are compiled into Tables A1 and A2. Table A1 contains 

data for the gear contact together with mechanical and numerical parameters for the model. Table A2 

holds the lubricant data. The nomenclature refer to the detailed implementation in the earlier 

publications [10], [12].  

Table A2. Mechanical and numerical parameters for the studied gear contact. 

Parameter Symbol Value Unit 

Entrainment speed  �� 8.5, 0, 0 m s⁄  

Hertzian pressure '(��)* 1.93  GPa 

Equivalent elastic modulus 0′ 226  GPa 

Equivalent radius 45 10.6  mm 

Contact half width 6 362  mm 

Dry friction coefficient 78�9 0.3 − 

Inlet temperature :; 90  ℃ 

Metal heat capacity =>,��) 450 J/kg/℃ 

Metal density C��) 7850 kg/mD 

Findley normal stress coefficient EF 0.627 − 

Findley endurance limit  G�F 625 MPa 

Inlet position I; 2.0 − 

Outlet position I� 1.5 − 

Transvers width Y0 1.1 − 

Number of nodes in RD JK 257 − 

Number of nodes in TD JM 161 − 

Number of time steps JN 377 − 

Total number of vertical nodes JO 81 − 
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Table 3. Data for the lubricant PAO B [55] and non-dimensional contact parameters. 

Parameter Symbol Value Unit 

Roelands pressure-viscosity coeff. P; 1.25 − 

Roelands pressure-viscosity coeff. Q; 4.57 − 

Roelands pressure-viscosity coeff. S* −0.0710 − 

Roelands pressure-viscosity coeff. T* 0.500 − 

Reference viscosity U��� 16 mPa ∙ s 

Initial shear limit W; 10 MPa 

Pressure-shear limit constant X 0.075 − 

Pressure-density parameter �Y 0.690 GPa�Y 

Pressure-density parameter �Z 2.55 GPa�Y 

Thermal expansion coeff. at 40℃  [\; 6.8 ∙ 10�\ ℃�Y 

Reference temperature :\; 40 ℃ 

Reference density C; 850 kg/mD 

Reference heat capacity  =]; 2.08 kJ/kg/℃ 

Heat capacity coeff. =]Y 0.41 − 

Heat capacity coeff. =]Z 1.05 − 

Heat capacity coeff. ;̂ 6.5 10�\ ℃⁄  

Heat capacity coeff. Ŷ 2.7 GPa�Y 

Heat capacity coeff. Ẑ −1.5 GPa�Z 

Reference thermal conductivity E_; 0.154 W/m/℃ 

Thermal conductivity coeff. E_Y 1.40 10�a 

Thermal conductivity coeff. E_Z 0.34 10�a 

Thermal conductivity of metal E��) 21 / 47 W/m/℃ 

Dimensionless material parameter Q 3.1 10D 

Dimensionless speed parameter b 5.8 10�YY 

Dimensionless load parameter c 4.6 10�\ 
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Appendix B - Validation  

The model [10], [12] was checked against simulations and results in the literature. Holmes et al. [56] 

evaluated different discretization techniques using simulations of a sphere against a flat surface. Fig. 

B1a compares P and H for the current code with the results obtained by Holmes et al. for the transient 

over-rolling of a transverse ridge with slip. The ridge is positioned at origin. The comparison shows that 

the current code captured the film thickness and the flow characteristics with the small extra pressure 

spike in front of the asperity. A second simulation was run to show that the code correctly captured the 

separation of the real defect and its complementary effect on the lubrication profile. This was done by 

validating the code against numerical simulations by Venner and Lubrecht [57].  Again a point contact 

with a line ridge was considered. In Fig. B1b the ridge is at X = -0.5 and its complementary effect at the 

origin. The comparison shows that the important phenomena of the separation of the real defect and its 

complementary effect was captured with good detail.  

The temperature model was evaluated against twin-disc experiments performed by Miyata et al. [58]. 

The transverse crowning of the steel rollers was adapted for a circular contact patch with pmax = 980 

MPa. The notch at X=0.8 corresponds to the pressure spike at the contact exit. From about X=-0.8 the 

shear limit was active in the current model and limited the temperature increase. The parameters where 

selected to match the global coefficient of friction of 0.1, measured by Miyata et al. [58]. 

 

Figure B1. a) Transient isothermal simulations with a ridge at X = 0 [56]. b) Transient isothermal 

simulations with slip with a ridge at X = -0.5, for illustration of the complementary effect at X = 0 [57].  

c) Temperature profile of time independent TEHL simulation of spherical contact [58].  
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Appendix C - Effect of the thermal conductivity of the metals 

The value of thermal conductivity for martensitic steel [48] has recently been discussed in relation to 

TEHL contacts [49]. Detailed results of how a low κmet = 21 W/m/K, compared to high κmet = 47 W/m/K, 

influenced the output for the shot peened surface with Sa = 0.76 μm are presented in Fig. C1. The 

maximum pressure, pmax, on the asperity summit in Fig. C1a was not affected, but the instantaneous 

results visualized with dashed lines show some differences around -0.3<X<0.3. Due to the similar p 

profiles, h in Fig C1b was also similar. It was however noted that the time independent solution for h 

was affected. Since a lower value of κmet reduces the cooling effect of the substrates, the maximum 

temperature inside the lubricants increased noticeably in Fig. C1c. Again |τxz|max was not much affected 

since it was evaluated with Coulomb friction for metal contact, but the time independent results show a 

difference with higher |τxz| for higher κmet due to cooler lubricant. Fig. C1e shows that the effect of 

thermal conductivity on σ1. σ1,max for both the time independent solution and rough surface were higher 

in front of the inlet for the higher κmet.  
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Fig. C1 Shot peened surface with Sa = 0.76 µm subjected to SRR=-12%. a) p, b) h c) Γmet d) |τxz| e) σ1. 
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Appendix D - Ground and worn surfaces subjected to SRR = ±12% 

Fi results for the ground surface roughness with Sa = 1.14 μm and SRR = ±12% in Fig. D1. Figs D1a and 

D1b utilizes the symmetry line to show both the surface roughness and Fi for the analysed region. Figs 

D1c and D1d illustrate how the position in the RD of Fi is related to the position of the ridges.  

 

Fig. D1. Fi and surface profile for the ground surface with Sa = 1.14 μm. SRR = -12% in a) and c). SRR = 

+12 in b) and d).  

Results for the worn surface with Sa = 0.84 μm and SRR = ± 12% is in Fig. D2. By comparing Fig. D2a 

with Fig. D2b and Fig. D2c with Fig. D2d one can see that the friction direction was important for where 

initial damage, in the form of the highest Fi, was predicted.   
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Fig. D2. Fi and surface profiles for the worn surface with Sa = 0.84. SRR = -12% in a) and c). SRR = 

+12% in b) and d).  


