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Abstract 

A hard steel roller from a disc tester which had an isolated micropit and associated cracks on its surface was pressed against a glass 
plate and subjected to a range of lubricated, rolling- sliding conditions, with the objective of observing the effect on the distribution of film 
thickness in an EI-lL contact. 

The results show a remarkable interaction between the micropit, the direction of sliding and the thickness of the clastohydrodynamic 
film . Fluid expulsion into the cavitated region can be observed as the mieropit emerges from the contact . 
CG:1 2003 Elsevier [J .v. All rights reserved. 
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1. Introduction 

Rolling contact fatigue is a failure mode of contacting 
metallic surfaces which has been studied experimentally for 
many years. It is characterised by progressive cracking from 
an origin which is often situated on the extreme surface 
and may lead to the detachment of fragments of the af­
fected component. It is usual to distinguish between pilling 
(or "macro-pitting" or spalling) in which the affected zone 
extends to roughly the depth of the dimensions of the area 
of contact and micropilling in which the affected depth is 
much less. Micropitting is particularly prevalent in ground 
stcel surfaces and is usually attributed to the stress field as­
sociated with the roughness of the contacting surfaces. 

For many years, it has been a matter of contoversy as to 
whether or not the propagation of cracks in rolling contact 
fatigue is influcnced by, or cven dependent upon, the pres­
ence of a fluid, such as a liquid lubricant. In Way's 1935 
experiment [I], rolling fatigue only occurred when a liquid 
was present, perhaps because the liquid entered the crack and 
created an opening displacement, despite the predominantly 
compressive field of stresses. On the other hand, rolling fa­
tigue cracks are common in railway tracks where liquid is 
often only present intermittently, in the form of rainwater 
[2]. 

Theoretical studies [3· ·5] have suggested that the fluid 
may act in one of two ways: e ither the fluid pressurc acts 
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directly on the crack mouth (fluid pressurisation) as a result 
of the high elastic pressure in the region of contact or, alter­
natively, fluid becomes entrapped in the crack and a region 
near the tip is pressurised by the motion of the area of contact 
across the surface (fluid entrapment) . In recent years, it has 
become clear that the fluid entrapment mechanism provides 
an explanation of onc significant featurc of rolling fatiguc . 

In the early stages of growth, the cracks which give rise to 
pitting or micropitting are usually shallowly inclined to the 
surface as shown in Fig. I . The direction of this inclination 
is determined only by the direction of the applied traction 
and is not affected by that of the motion of the contact itsel f. 
However, propagation of these initial cracks has been found 
to require that the area of contact moves across the cracked 
surface from the mouth of the crack toward its tip, a situation 
encountered on the "follower" of discs in tractive rolling -­
or in the dedendum of gears. Nakajima [6] confirmed this by 
actually reversing rolling and sliding directions after cracks 
had been initiated. 

This situation, in which the motion of the contact across 
the surface strongly affects the rate of crack propagation and 
the development of subsequent damage, is easily explained 
by the fluid entrapment hypothesis : the motion of the contact 
toward the tip is required in order to raise the pressure near 
the tip and create a significant crack opening; motion in thc 
oppositc sense merely empties the crack of fluid . Analysis 
of this situation was carried out by Bower [3], by Murakami 
et ai. [4] and by Matsuda et ai. [5]. 

Experiments by Oodet and co-workers [7J and subse­
quently by Xiaogang et al. [8], in which cracks extending 

to the side of a disc were observed during rolling contact, 
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damaged surface 

100 11m sleel roller inclined cracks 

Fig. I. Cross section of typical micropitted surface in hard steel, showing relationship of crack inclinat ion to direction of friction fo rce. 

tended to confirm that fluid did indeed flow into rolling fa­
tigue cracks, but the cracks used were large and atypical in 
shape, so it has not been at all clear whether fluid entrap­
ment could be a significant mechanism in the propagation 
of small defects such as micropits. There has also been re­
markably little experimental work on the effect of fatigue 
cracks or pits on conditions in the contact- particularly im­
portant to the way in which the fluid might cxert an influcncc 
upon the development and propagation of damage . How­
ever, in recent years, with the development and refinement 
of the optical technique, it has become possible to observe 
and measure the effect of passing many types of surface de­
fects through lubricated contacts. Ridges, dents and bumps, 
in various orientations, both individually and in arrays have 
been studied [9 11]. 

Perhaps surprisingly, in view of its practical importance, 
little attention has been paid to the effect of an actual mi­
cropit. In this paper, we report on the effect of passing such 
a micropit, produced on a test roller in a contact fatigue ex-

Fig. 2. Optical micrograph of isolated micropit used for the present study. 

periment, through an elastohydrodynamic contact. Rolling 
and sliding speeds were varied in magnitude and direction 
and interference images were obtained so that film shapc 
and thickness could be determined. 

2. Experiment 

2.1. Fatigue testing 

The rolling fatigue test was carried out using a three­
contact disc machine which has been described in detail 
elsewhere [12]. The test was carried out at a Hertz pressure 
of 2.5 GPa and a slide-roll ratio (Llvjv) of -30% (roller 
surface slower). (Here, Ll v is the difference in speed and v is 
the mean speed of the surfaces with respect to the contact.) 
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Fig. 3. Surface topography of test micropi! (Wyko). 
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Fi g. 4. Spec imen carriage used to support micropillcd test roller in opt ica l ri g. 

The specimen used was manufactured from vacuum in­
duction melted, vacuum arc remelted AISI M50 steel (0.85% 
C, 0.3 % Mn, 0.20% Si, 4.10% Cr, 4 .25% Mo, 1.00% V) 
hardened from 1100 DC, triple tempered at 540 °C and deep 
frozen at -80 °C after the first temper, giving less than 3% 
retained austenite. The diameter of the roller was 18.593 mm 
with a crowning radius of 45.0 mm and its hardness was 
61 - 64 HRc. 

The roller was circumferentially ground and had a centre 
line average surface roughness of Ra = 583 .8 nm, measured 
over a I mOl length in the axial direction after the test. 

The three counter face rollers were manufactured from 
BS970 722M24 (En 40b) steel (0.25% C, 3.2% Cr, 0 .6% 
Mo) in condition T (0.2% proof stress = 850 MPa, mini­
mum) ground and gas nitrided to 950 HY. 

The lubricant used for the fatigue test was Castrol AN 157, 
a poly-ol ester, formulated, transmission lubricant, having 
a viscosity of ) 0 cSt at 100 °C. The test was carried out 
at a sump temperature of 70 ± 2 °C for 9.24 x 105 cy­
cles before being terminated automatically because of in­
creased vibration which was found to be due to some surface 
micropitting. The contact inlet temperature was estimated 
to be 105 °C leading to an EHL film thickness of about 
100nm. 

2.2 . Details of f eatures studied 

In order to improve its optical properties, the test roller 
was lightly polished with 1200 grit silicon carbide paper fol­
lowed by 3 f.!m and then J f.!m diamond slurry. This had the 
effect of reducing the surface roughness to Ra = 327.6 nm. 
A single micropit on the test roller was selected for further 
study and is shown in Fig. 2 . The topography of the surface 
adjacent to the cracked region was measured using an in­
terference microscope (Wyko) and is shown in Fig. 3. The 

micropit had a typical v-shape, about 100 f.!m in size and 

had a surface crack leading away in the rolling direction for 
a distance of around 190 f.!m. 

2.3. Film thickness testing 

The test roller was then mounted on a special carriage 
(Fig . 4) enabling it to be pressed against thc flat glass disc of 
an optical rig. The arrangement of the rig is shown in Fig. 5. 
All tests were carried out at a normal load of 20 N giving a 
Hertz pressure of 334 MPa and an elliptical area of contact 
of 566 f.!m x 202 f.!m . The direction of rotation was such that 
the narrow end of the pit entered the contact first as it had 
previously done in the disc machine. The bulk temperature 
was controlled to 40 ± I °C using electric heaters. 

Optical interference images were obtained using the 
"Spacer Layer Imaging Method" (SLIM) which has been 
described earlier [11 , 13]. The lubricant used for this part 
of the work was a polyalphaolefin which had a viscos­
ity of 0.1230 Pa s and a prcssure viscosity coefficicnt of 
24.7GPa- I at 40 °C. 

microscope 

r 
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roller I film thickness 

distri bution 

Fig. 5. Schematic of SLIM tec hnique [13] . 
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rig. 6. Interference images of lIndamaged roller surface for a range of rolling speeds. 
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3. Results 

3./. Undamaged sill/ace 

the pit are apparent. Firstly, there is a region of much thinner 
film near the leading edge of the pit when near the centre part 
of the contact (Fig. Sc). (The central part of the pit appears 
dark on thc interference image because there is no reflection 

Interference images for the undamaged surface are shown 
in Fig. 6 for a range of entrainment speeds in pure rolling. 
Fig. 7 shows the mean central film thickness as a function 
of rolling speed compared with that predicted by the Ham­
rock and Dowson equation [14]. The film was somewhat 
thinner than predicted, probably due to the effect of the 
longitudinal roughness. Changing the slide- roll ratio had a 
negligible effect on the thickness of the film formed by the 
undamaged roller. 

3.2. Micropil in pure rolling 

Fig. 8 shows a sequence of interference images of the mi­
cropit passing through the contact in pure rolling with (both) 
surfaces travelling at 100 mmls. Two features associated with 

Average film thickness, nm 
300 r;=========;----------, 

250 

200 

- theory ref [14] 

• surface with pit 

100~--~~~~~~---------------1 

50 ~~~L---------------~ 
Entrainment speed, u (m/s) 

O~~~~~~~~~~~~~~~~~~~~~ 

0.00 0.05 0.10 0.15 0.20 

Fig. 7. Comparison of mean film thickness with smooth surface prediction. 



172 A. II Olver el a/. / Wear 256 (2004) 168- 175 

(~, !_o --.. ~~ ..... 
;. . - '. :J~ -

,'~ i{ 
It \ 

.r-

It 
., -

;:[ ''t.. 
.. 

t ,~ 'i 
' ! 

, , (f 
\ t :~ 

\ 

-.c ,r 

\ 
' . . '> 

:1" \ 
...... I \~ 1\ .! 

, , 

\ 
',\:.. ,. 

" 

:: 
'.) 

.. \\ - "'\ 

,'. 
, \ ..... 

(a) (b) (e) (d) (e) (f) 

Fig . 8. Sequence of inlerfercncc images showing micropit passing through contact in pure rolling. Entra inment speed = 100 mm/s. Arrows show fluid 
expelled into cavitated region. 

from the underlying fracture surface.) Secondly, when the 
pit enters the cavitated region at the exit, fluid can be secn 
escaping (Fig. 8e ancl f). Away from the immediate vicinity 
of the pit, the film thickness was unaffected by its presence . 

Varying the speed in pure rolling had little effect except to 
increase the thickness of the film remote from the micropit 
(Fig. 9). Again, the mean film away from the pit was similar 
to that of the undamaged surface. 

Stalic 18.5 mm/s 41.5 mm/s 

61.6 mm/s 82 .0 mm/s 99 .3 mm/s 

120.5 mrnls 161.1 mrnls 195.4 mrnls 

Fig. 9 . Interference images showing micropit in contact at difTcrcnt rolling ~pccds , 
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FIg. 10. Interference images showing micropit passing through contact 
under conditions of positive slide-roll ratio. 

3.3. Micropit in rolling- sliding 

Ncxt, the influence of sliding was investigated by altering 
the rotational speed of the disc and roller. A typical interfer­
ence image for positive slide roll ratio (speed of disc surface 
= 49 mmls, speed of micro pitted roller surface = 149 mmls) 
is shown in Fig. 10. It is similar to the pure rolling result 
except that the constriction near the leading edge of the pit 
appears somewhat less prominent. 

The corresponding condition with negative slide roll ra­
tio (speed of disc surface = 149 mmls, speed of micropit­
ted roller surface = 49 mm/s) is illustrated in Fig. II, which 
shows a sequence of three images as the micropit passes 
through the contact. Here, the leading edge constriction 
is much more prominent and at one point extends about 

(a) (b) 

film thickness, nm 

500 
400 • no micropit 

l\ micropit present - Figure 11 (a) 
300 c micropit present - Figure 11 (b) 
200 f.=::=;========::;:::=~~ 
100 ... mlIIAonr.,.,.--"ht.~~.-J 

o 
-100 

transverse position 

Fig. 12. Film thickness along a transverse line just ahead of the microplt 
under conditions of negative slide-roll ratio. 

J 00 f.1m from the pit right across the contact to the exit 
(Fig. lIb). 

In addition, the expulsion of fluid in the cavitated region 
is much more marked than in the corresponding pure rolling 
or positive slide roll ratio conditions (Fig. I Ie). 

The actu'll film thickness along a transverse line in the 
thinner region just ahead of the pit is shown in Fig. 12. (The 
location of this line is shown in Fig. II b and c .) This shows 
a film thickncss of around 40 nm and is less than 10 nm in 
some areas, compared to around 130 nm remote from the pit. 

4. Discussion 

The present feature differs considerably from any of those 
examined in earlier studies in two important respects. Firstly, 
it is much deeper. The pit region of the feature, although it 
could not be measured exactly, was probably of the order of 
10 f.1m at the trail ing edge. This is far deeper than any of the 
dents studied, for example, by Wedeven [9] and, of course, 
greatly exceeds the thickness of the film in the undamaged 

(e) 

Fig. 11. Sequence of interference images showing micropit passing through contact under conditions of negative slide-roll ratio. The vertical lines in (a) 

and (b) show the regions analysed in Fig. 12. Note large amount of fluid expelled into cavitated region in (c)- - compare with Fig. 8e and f. 
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region . Secondly, the micropit has a large (200 f-Lm) crack 
system attached to it which probably extends beyond the 
area of contact throughout most of its passage. 

Both these differences suggest that the micropit may not 
behave simply as a surface irregularity in the manner of 
conventional micro-EHL theory, namely in accordance with 
coupled half-space elasticity and Reynolds' equation. Indeed 
it is apparent that under negative slide- roll ratios, the micro­
pit does not behave at all like the shallow dents studied by 
Wedeven [9] and by Venner and Lubrecht [15]. Under neg­
ative sliding, Venner and Lubrecht showed that there was 
a "convected" perturbation leading to increased film thick­
ness in precisely the region ahead of the feature where the 
present work shows a redllced film . (Wedeven seems to have 
had inconsistent results in sliding but recent results obtained 
by two of the present authors confirmed that Venner and 
Lubrecht' s predictions are correct for a shallow dent in both 
positive and negative sliding). A likely reason for the differ­
ence between dents and the present micropit is the presence 
here of the additional path for fluid leakage provided by the 
crack. 

The negative slide- roll ratio condition-that is : when the 
roller is the "follower", with a lower surface speed than that 
of the conterface-has long been known to be the most dam­
aging condition for fatigue propagation [6]. The observa­
tions ofa reduced or collapscd film ahead of the crack and of 
cxpulsion of an appreciable volume of fluid when the crack 
reaches the exit agree precise ly with the fluid entrapment 
mechanism proposed by Bower and co-workers. The fact 
that neither rapid crack propagation nor-in this study-the 
reduced film thickness occur at positive slide-roll ratios may 
also be significant. Bower [3] attributed the former to the 
closure of the crack by frictional forces during its approach 
to the contact, preventing fluid ingress. 

The present observations are strikingly similar to the 
much-studied phenomenon of starvation. [n starvation, the 
oil supply is reduced, leading to the approach of the inlet 
meniscus (effectively a zero pressure boundary condition) 
to the contact and resulting in a local thinning of thc film. 
If thc starvation is transient, then the region of reduced film 
thickness "convects" through the contact at the mean rolling 
speed. In the present case, the pit may cause a (much) re­
duced pressure to be present, not because of restriction of 
the oil supply, as in starvation, but rather because of the 
leakage path provided by the crack system. Only in the 
negative s lide-roll ratio condition can this reduced film 
region convect into the contact ahead of the defect- in 
positive sliding it would be swept into the deep part of the 
pit. To this , we may perhaps add Bower's conjecture that 
in positive sliding the crack would be closed and hence the 
leakage path obstructed. 

Taken together, these considerations provide a compelling 
cxplanation for the present findings: 

• [n negative sliding (pit on slower surface), the crack sys­
tem of the micropit is held open by frictional forces dur-

ing its approach to the contact region . Since it contains a 
deep and extensive leakage path, the micropit reduces the 
local pressure to a low value as it passes into the inlet re­
gion. This causes a reduction in local film thickness, akin 
to transient starvation, which "convects" toward the exit 
at a speed greater than that of the pit, leading to the band 
of low film thickness seen in Fig. II band c. 

• In contrast, positive sliding (pit on faster surface) leads 
to both the closure of the crack (reducing or removing 
the leakage path) and to the obscuring of any residual 
starvation by the defect itself. 

• Finally, upon exit from the contact, fluid is expelled - a 
process assisted by the higher compressive loading caused 
by negative sliding (Figs. 8 and Ilc) . 

5. Conclusions 

I. The passage of an actual micropit, produced during a 
rolling fatigue test, through an elastohydrodynamic con­
tact has been examined using the optical SLIM. 

2. The results show a remarkable interaction between the 
micropit, the direction of sliding and the elastohydrody­
namic film. Under negative slide-roll ratio, there is a large 
region of thinner film present. Fluid expulsion into thc 
cavitated region can be observed as the micropit emerges 
from the contact. 

3. The results are consistent with the conjecture of fluid 
entrapment and subsequent expulsion advanced by 
Bower and others and are a lso strongly reminiscent of 
transient starvation . Fluid flow or leakagc into the pit 
and its associated crack system provides a plausib le 
explanation. 
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