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Abstract 

 
Pitting due to rolling contact fatigue is a complex phenomenon and several factors influence its occurrence, 
particularly under lubricated conditions. A deeper understanding of pit formation mechanisms is needed in 
order to effectively evaluate the pitting behaviour of different lubricants. The present work focuses on 
investigating the events that lead to pit formation in the lubricated rolling four-ball test by analysing surface 
degradation, wear mode, material changes and crack initiation sites etc. These investigations have been 
conducted using two API-GL5 gear oils. These analyses of pitted balls revealed the formation of a low 
hardness region beneath the surface of the rolling track due to martensite decay. The formation rate and 
expansion of this region was found to differ for the two lubricating oils. Examination of the pitted ball has 
also indicated that the initial rolling contact fatigue cracks were initiated at or close to the surface. 
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1. INTRODUCTION 
 
Surface fatigue pits are the result of cracks, initiated at 
the surface or sub-surface, driven by repeated high 
contact stresses, slowly spreading until detachment of 
material fragments occurs. However, pit formation is a 
complex subject with many unknown factors and many 
parameters that have been found to affect both initiation 
and propagation of the cracks. To mention a few: the 
lubricating oil (both base oil and additives); debris; 
surface finish; material and geometry of the 
components; operational parameters such as contact 
pressure and temperature etc. To further complicate the 
matter, the impact of the above mentioned points can 
vary depending on the origin of the pits. Due to this 
complexity, performing contact fatigue experiments 
requires a good understanding of the pit formation 
mechanisms in the specific test. Without this knowledge 
it is hard to interpret the test results in a correct way, i.e. 
why that effect of that oil property etc. It is also needed 
to ensure that the failure mechanisms in the test are 
roughly the same as those in the simulated contact so 
that the right conclusions are drawn. The aim of this 
work is to investigate the rolling four-ball test, 
specifically the rolling-track region of the driving ball in 
order to get a better understanding of the pit formation 
mechanisms as well as compare these in regard to the oil 
used. Several questions need to be answered to 
accomplish this. Firstly, how do the rolling track 
surfaces deteriorate in presence of different oils? This is 

interesting since it has been shown that surface 
roughness and topography affect crack initiation in 
rolling contact fatigue (RCF) of hard steel components 
[1]. The wear rate and its causes will be investigated and 
compared for the oils. If continuous wear of the rolling 
track is present in the rolling four-ball test and differs 
between the oils, it will lead to different contact 
pressures due to increased conformity and thereby affect 
the pitting life in a unintended way (poor wear 
protection resulting in longer pitting life).  
The next step will be to analyse the material beneath the 
rolling track. How is this changing during the tests? Any 
regions with reduced hardness forming? How is this 
formation affected by the oils? To map their occurrence, 
hardness measurements will be performed. These 
regions will also be analysed in terms of cracks which 
have not fully developed into pits. The aim is to see 
whether these are initiated at the surface or sub-surface. 
This will indicate the extent to which the lubricating oil 
will enter the cracks. This has been found to play an 
important role in crack growth due to high pressure 
propagation [2,3], as well as lubrication of the crack 
faces [1]. 
The rolling four-ball tests will be performed using two 
similar GL-5 gear oils, one based on mineral oil, the 
other on PAO. These oils were chosen following a 
previous study [4], which showed that EHL friction, a 
function of base oil, was the one property (of those 
examined) that had the largest effect on pitting fatigue 
life in rolling four-ball tests. 
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2. MATERIALS AND METHODS 
 
2.1. Test Oils 
 
The oils used were blended using two different base 
oils: oil R is based on a mineral oil whereas oil S is 
based on a PAO, both with similar viscosities. 
Intended for use in axles with hypoid gears, both oils 
use the same commercial API GL-5 additive package. 
Some important properties of these two gear oils are 
listed in Table 1. As can be seen, the main difference 
between them is their EHL friction coefficients. 
 
Table 1: Oil properties 

O
i
l 

Kinematic 
Viscosity 
@100° C 

(cSt) 

High 
Shear 

Viscosity 
@125° C 
(mPa*s) 

Boundary 
Friction 

Coef 
@130° C, 
on steel 

EHL 
Friction 

Coef 
@125° 
C, 1m/s 
20%SR 

R 14.42 6.28 0.110 0.045 

S 14.36 6.65 0.111 0.025 

 
2.2. Rolling four-ball tests 
 
The equipment used was a computer controlled Phoenix 
TE 92 HS four-ball machine configured to run RCF 
tests. A schematic of the test setup is shown in Fig. 1. In 
this figure, one of the lower three balls has been 
removed for clarity. The rolling four-ball tests were 
conducted at a rotational speed (for the driving ball) of 4 
000 rpm. The test load was 4.3 kN resulting in 5.1 GPa 
Hertzian mean contact pressure at each of the three 
contacts between the driving and lower three balls. Bulk 
oil temperature was kept at 120 °C. 
 
 

 
 

 
 

The test balls used were commercial high grade bearing 
steel (AISI 52100) balls. During tests the rotational 
speed, load, bulk oil temperature and temperature of the 
raceway holder were recorded. A more elaborate 
description of the rolling four-ball machine setup and 
the test sequence used can be found in [4].  
The rolling four-ball tests have been broadly divided 
into two main parts. In the first part, tests were 
performed until pits were formed on the driving ball 
(EOT). In all, 15 tests with each of the oils were 
conducted this way. 
In the second part, tests were stopped prior to the 
formation of pits. In this way the different stages of 
deterioration can be captured, both in terms of surface 
deterioration as well as material changes in the rolling-
track region. These tests were stopped after 25 000,  
50 000, 75 000, 100 000 or 200 000 revolutions 
respectively. If pitting occurred prior to reaching the 
specified number of revolutions then that test was 
discarded.  
These driving ball specimens were then analysed as 
described below. 
 
2.3. Rolling-track wear mode, evolution and 

surface deterioration 
 
For analysing the evolution of the rolling-track width, 
samples from the pitting fatigue life tests were used. The 
rolling-track width was measured using a Wyko 
NT1100 3D optical surface profiler. This analysis was 
done on pitted balls from tests with both the oils. In 
order to characterise the rolling-track wear mode, the 
weight of one sample of the driving ball (including the 
sample holder) was measured before the rolling four-
ball test using a Mettler Toledo AX205 scale with a 
resolution of 0.01 mg. The weight measurements were 
carried out with the ball mounted in the holder since 
relocation of the ball in exactly the same position is not 
possible should it be removed from the holder. The 
rolling four-ball test was then performed on oil R in two 
steps at 50 000 and 100 000 revolutions. The driving 
ball and holder were washed and weighed on completion 
of tests for each of these two steps. These weight 
measurements were performed three times with the 
average value used to obtain the weight loss during the 
tests. Rolling-track surface damage on driving ball 
specimens was analysed using SEM and optical 
microscopy (OM). 

Figure 1: Setup, rolling four-ball 
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2.4. Driving ball subsurface material, crack 

initiation sites and pit appearance 
 
In order to analyse the region beneath the rolling track 
surfaces, the samples were sectioned. For this, the balls 
were moulded five at a time into a transparent 
thermoplastic material, as can be seen in Fig. 2. 
Depending on the 
intended analysis, the 
sectioned balls were 
mounted in one of two 
different directions.  
To map hardness in the 
balls they were mounted 
perpendicular to the 
rolling-track. These 
samples were then 
ground, using finer and 
finer grit abrasive paper 
with water lubrication 
/cooling, to half the 
diametrical height, 
polished and etched in 1% and 5% nital-solutions. This 
revealed two cross sections of the rolling-track for each 
ball for the hardness measurements. Fig. 3 a) illustrates 
how these balls look after grinding. Hardness 
measurements were performed using a micro-Vickers 
hardness tester at a load of 300 g. 
For analyzing pits, crack initiation and propagation, the 
balls were sectioned along the rolling-tracks. These 
samples were ground in three steps, firstly to ~ 2/3 of 
the height of the rolling-track, then to a depth of 1/2 and 
finally to 1/3 of the height. The samples were polished, 
etched and analyzed at each step. Fig. 3 b) shows an 
illustration of how these balls look. In order to 
investigate crack initiation a total of 30 balls, both from 
interrupted tests as well as from pitting life tests, were 
analysed using optical microscopy. For the samples 
taken from the pitting fatigue life study, only cracks 
further than 3 mm away from any pit were considered as 
being not part of that pit. 
 

 
3.  RESULTS AND DISCUSSION 
 
3.1. Comparative pitting life of lubricants  
 
The average pitting lives for the two oils R and S were 
presented in a previous paper [4], and are given here for 
convenience (see Table 2). 
 
Table 2: Pitting fatigue life 
Oil Average number of revolutions 
R 93 137 
S 306 640 

 
It can be seen that oil S demonstrated over three times 
longer pitting life than oil R. 
 
3.2. Rolling track wear mode, evolution and 

surface deterioration 
 
During the rolling four-ball tests a rolling-track was 
quickly formed on the driving ball. Fig. 4 shows a ball 
mounted in the sample holder after 100 000 revolutions. 
A rolling-track can be clearly seen. 
 
 

 
 
Figure 4: Driving ball mounted in sample holder. The rolling-
track can be clearly seen 
 
Comparative rolling-track widths for the two gear oils as 
a function of the number of revolutions are shown in 
Fig. 5 (EOT samples). Rolling-track widths appear to 
increase rapidly during the initial 40-50 000 revolutions 
and thereafter remain almost constant except for some 
scattered values possibly emanating from the 
measurement technique used. Weight measurements of 
the driving ball specimen showed a weight loss of 
0.01mg after 50 000 revolutions as well as after 100 000 
revolutions. This is right on the limit of the resolution of 
the weighing scale used, indicating no (or negligible) 
weight loss. However, a calculated estimation of weight 
based on rolling track volume indicates ~1.82 mg loss, 
which is well within the resolution of the scale, showing 
that this is not a limitation.  
The rolling track evolution together with the negligible 
weight loss clearly shows that the rolling tracks are 
mainly formed due to plastic deformation. As the rolling 

Figure 2: Five balls, moulded 
and ground 

Figure 3: Sectioned balls, (a) Perpendicular to rolling- track, 
(b) along rolling- track 

a) b) 
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track width increases, the contact pressure decreases and 
the deformation is predominantly elastic thereafter. 
Some elastic shakedown may also be involved initially. 
In view of this, the wear preventive properties of the oils 
will not have any significant effect on the results due to 
differences in contact pressure. This is assumed to be 
also true for oil S. Therefore no weight loss analysis is 
performed for this oil. However, one should remember 
that these two oils used the same additive package, 
maybe other additives/no additives would result in more 
wear. 
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Figure 5: Rolling-track widths for oil R and S 
 
Examination of driving ball rolling-tracks did not show 
any clear distinction in the nature of surface damage for 
the two gear oils. Fig. 6 a) and b) show the rolling-
tracks for oils R and S after 100 000 revolutions (arrow 
indicates rolling direction). The surfaces appeared 
smooth, no evidence of micropitting for either of the oils 
could be seen but they were characterised by small arc-
like features. The chord of these varies from 
approximately 5 to 30 µm with orientation parallel to the 
rolling track. Their radii tend to be larger towards the 
track edges. It is unclear whether these have any effect 
on the formation of pits but they are likely to act as 
initiation sites for any surface initiated cracks. The 
samples run for 25 000, 50 000, 75 000 and 200 000 
revolutions showed similar surface features but the arc-
like features are less pronounced.  
 
 

 

 
 
Figure 6: OM images of surfaces after 100 000 revolutions 
for (a) oil R and (b) oil S  

 
3.3. Driving ball sub-surface material 
 
The etched surfaces of the cross-sectioned samples 
showed a semi-circular region under the rolling track 
with microstructural changes in the material. Hardness 
measurements in this region showed a band of decreased 
hardness. For samples with a higher number of 
revolutions this softer band was visible by the naked 
eye, a phenomenon termed ‘dark etching band’. This is a 
known contact fatigue phenomenon in rolling element 
bearings and occurs in the region of maximum shear 
stress due to a microstructural transformation known as 
‘martensite decay’. This is a result of the high, 
alternating contact stresses that lowers the activation 
temperature needed for a transformation of the 
martensite into a new phase of residual martensite and 
ferrite [5]. Similar phenomena have also been found in 
gears with micropits [6].  
Fig. 7 shows a cross-section of a ball specimen from a 
test using oil R and 165 463 revolutions (EOT sample). 
The semicircle and the dark etching region can be 
clearly seen beneath the surface. The indentations from 
a micro-Vickers test can also be seen in this figure. The 
corresponding hardness for these points is shown in Fig. 
8. This figure also shows the hardness values for a new 
sample for comparison. The material close to the surface 
as well as deeper into the samples retains its hardness 
for all investigated samples, regardless of the oil used. 
 
 

 
 
Figure 7: OM 
image showing 
dark etching band 
for oil R 
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Figure 8: Hardness comparison, new 
sample vs. used 
 

 
A comparison of etch band hardness for oils R and S is 
given in Fig. 9. It can be seen that Oil R shows a faster 
decrease in hardness due to martensite decay. However, 
after a certain number of revolutions both oils reach a 
steady state at which the hardness levels are 
approximately the same, namely ~500 HV. The first 
four points for each of the oils are from the interrupted 
tests whereas the fifth points are from EOT samples. 
From these results it is unclear when oil S reaches the 
steady state, but most likely before 488 000 revolutions. 
However, no sample was produced to investigate this. 
 

b) 

a) 
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Figure 9: Hardness decrease 
 
The more rapid rate of martensite decay shown in Fig. 9 
may suggest that the affected region for oil R 
consequently becomes larger as the test progresses. 
Although an exact mapping of the development of the 
etch band areas is possible, it would be a very drawn out 
and time consuming task, beyond the scope of this 
paper. However, a simple comparison has been made 
here. In Fig. 10 a)-d), the evolution of the etch bands 
can be seen for oils R and S. It can be seen that oil R 
develops a larger dark etching band and at a faster rate 
than oil S. Although not presented here due to the space 
limitation, this argument is strongly supported by 
extensive observations and micrographic evidence. The 
samples from the interrupted tests up till 100 000 
revolutions did not show any etch bands and are not 
shown here. 
 
 

 
The results presented above show that the two oils differ 
only in the formation of low hardness regions beneath 
the surfaces. If this is considered in light of the oils’ 
widely varying pitting life then the conclusion must be 
that there is a connection between decrease in hardness 

and rolling four-ball pitting life. If this is then 
considered in light of the earlier mentioned previous 
study [4], which showed that low EHL friction is 
beneficial for long pitting life in the rolling four-ball 
test, it is possible to couple the EHL friction to the 
decreased hardness. 
The exact reason for this is not clear. A low EHL 
friction will reduce the temperature in the contact zone 
resulting in reduced martensite decay. Low EHL friction 
will also reduce tractive forces at the surface, resulting 
in lowered shear stresses in the material and again 
reducing martensite decay. The correlation of high EHL 
friction and large EHL pressure spikes would indicate 
that oil R gives rise to higher sub-surface stresses, 
however, these pressure spike stresses are expected to 
have their maximum closer to the surface, not at the 
depth of the etch bands [7]. The relative contributions of 
the above mentioned points are not clear and a more 
rigorous investigation of the effect of EHL friction on 
the decreased hardness in the samples is needed. 
Regardless of the exact reason for this, these results 
show that pitting life, besides the initial material 
properties of the component, is also influenced by the 
material changes brought about by the lubricating oil 
and the environment it creates. 
 
3.4. Crack initiation and crack propagation  
 
In all, 30 ball test specimens from rolling four-ball tests 
(mainly EOT samples) were examined in minute detail. 
Out of these only 3 ball specimens from tests using oil R 
and 2 using oil S showed cracks. All of these were in 
connection to the surface of the rolling-track. The cracks 
were of different length (see Figs 11, 12 and 13), but 
none extended deeper than the etch band. These are 
possibly different stages of crack propagation. 
The ball in yellow colour in Fig. 12 represents the 
contacting ball in the rolling four 
-ball test while the arrow indicates 
its rolling direction. The cracks 
formed vary somewhat in their 
appearance over the width of the 
rolling-track as shown in Fig. 13. 
Both images show the same crack 
but from different grinding stages, 
as described in the experimental 
section (2.4). This makes it more 
difficult to map their appearance. 
Any clear evidence as to where 
the cracks initiate in rolling four-
ball tests with 52100 steel have 
not, to the authors knowledge, 
been reported in the literature. It 
has however been speculated that these can be initiated 
at the surface [8], as well as beneath the surface [9]. The 
cracks found with the technique used in this study  
indicate that these cracks are initiated at or close to the 

a) 

 

b) 

 
c) 

 
 

d) 

 
 

Figure 10: OM images of surfaces after (a) 150 000 
revolutions for  oil R (b) 231 857 revs for oil R (c) 150 000 
revs for oil S and (d) 529 632 revs for oil S 

Figure 11: OM 
image, crack, oil S 
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surface region, provided these are the cracks that form 
the pits, this despite the compressive residual stresses 
that are expected in this region [10]. This investigation 
is also limited by the fact that it has only been possible 
to examine a portion of the crack. However, if the cracks 
were formed beneath the surface and propagate in the 
other direction, one would expect them to extend in two 
ways: one penetrating the surface and the other 
propagating underneath the harder layer, i.e. parallel to 
the rolling-track, as proposed by Jin and Kang [11]. 
According to these results the lubricating oils will have 
the possibility to affect crack propagation in terms of oil 
pressure developed inside the cracks as well as 
lubrication of the crack faces. 
 
 

 
 
Figure 12: OM image, crack, 
oil R 
 

 
 
Figure 13: OM image, 
cracks, oil S 
 
 

 
3.5. Pit appearance 
 
Pits formed on the rolling-tracks of the driving ball 
varied quite a lot in appearance. Fig. 14 shows the 
features of a typical pit formed in these tests. Fig. 15 
shows a similar pit from which the material fragment 
has still not been completely detached. In both figures 
the rolling direction is the same as that described in Fig. 
12. The left hand side of the figures are the leading 
edges. The “wall” at the leading edge surface normally 
appears fairly smooth with an angle ~ 60° to the rolling 
track surface. Typical depths ranged from 80 to 170 mµ  
which is in the region of the etch bands. Most of these 
are at the bottom of the etch band, where these meet the 
harder layer. In many instances these cracks stretch 
beyond the right wall of the pits, as shown in Figs 14 
and 15. At the right hand side of the pits, the trailing 
edge, the wall is typically perpendicular to the pit 
bottom. The right hand walls normally also showed a 
coarser surface- indicating a rapid rupture of the 
material. 

 
 
Figure 14: OM image 
showing a cross-section of a 
pit, oil R 

 
 
Figure 15: OM image of a 
cross-section of a pit, oil R  

 
Based on the results presented above, a qualitative 
rolling fatigue mechanism for these rolling four-ball 
tests can be proposed: 
 

1. Cracks initiate at or close to the surface, 
possibly due to a lack of support from the softer 
etch band layer. 

2. Cracks propagate into the material at an angle of 
about 60° to the surface with each stress cycle, 
most likely driven by Mohr shear stresses. 

3. The crack reaches the softer decayed martensite 
region of the etch band where it changes its 
direction and starts propagating parallel to the 
rolling-track. 
The change in direction is most likely a result of 
a combination of the ease of propagation in that 
direction as well as orthogonal shear stresses, 
possibly also driven by oil pressure developed 
inside the crack. 

4. The crack continues to propagate until the 
material above becomes unstable, resulting in a 
fracture crack in some weak area, running up 
towards the surface. This leads to detachment of 
a material fragment and a “pit” is formed. 

 
This proposed phenomenological model is broadly in 
line with the explanation made by Druet et al [8]. 
However, the wide variation in pit appearance shows 
that other mechanisms are present in the pit formation 
process and that the proposed model is likely to be a 
simplification of this. 
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4. CONCLUSIONS 
 
This study reports observations of some of the events 
that lead to pit formation in the rolling four-ball test. A 
comparison of two oils was made. Under the conditions 
tested, the following conclusions can be drawn 
regarding the rolling four-ball test. 
 

• The driving ball rolling-track is mainly formed 
through plastic deformation. The rolling-track 
widths increase during the first 40-50 000 
revolutions, by which point the contact 
conformity has increased to such an extent that 
the resulting lowered contact pressure will cause 
deformation to remain elastic during subsequent 
passes. Consequently, the wear preventive 
properties of the oils won’t affect the results due 
to altered contact pressures. 

• No clear distinction between the oils in terms of 
surface deterioration could be found despite the 
large gap in their pitting life. Therefore surface 
damage has probably only a limited effect on 
pitting life. 

• Hardness measurements on the sectioned balls 
showed a band of decreased hardness beneath 
the surface after the rolling four-ball tests due to 
martensite decay. Further investigation showed 
that rate of hardness decrease differed for the 
oils but that a steady state is eventually reached 
at which the hardness levels are approximately 
the same for both oils. However, the low 
hardness volumes continue to increase but at 
different rates. 

• Results found in the present study indicate that 
the initial cracks leading to pit formation are 
initiated at or close to the surface.  

 
Based on these findings, a qualitative rolling fatigue 
mechanism for these rolling four-ball tests has been 
proposed 
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