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A B S T R A C T   

Micropitting is a type of surface fatigue damage that occurs in rolling-sliding contacts operating under thin oil 
film conditions. It is caused by stress fluctuations, brought about by surface asperity interactions, which lead to 
initiation and propagation of numerous surface fatigue cracks and subsequent loss of material. Despite its 
increasing importance to gear and bearing reliability, the mechanisms of micropitting are poorly understood. 
This is particularly the case concerning the effects of friction on micropitting which are difficult to study under 
controlled conditions. This is because it is difficult to isolate the friction effects from other influential factors, in 
particular from the build-up of any anti-wear tribofilm and its subsequent effect on the running-in of counterface 
roughness that is known to strongly affect micropitting through its influence on severity of asperity stresses. This 
paper presents new data on the impact of friction on micropitting obtained using a new test methodology. 
Micropitting tests were conducted using a ball-on-disc MTM rig with the additional functionality to continuously 
monitor the growth of tribofilm during the test. Friction was varied by using custom-made oils containing 
different concentrations of MoDTC. Crucially, the effect of friction was isolated from the effect of counterface 
roughness running-in by introducing the MoDTC blend only after the running-in period was completed with a 
ZDDP solution alone. This approach eliminates the influence of MoDTC on ZDDP anti-wear tribofilm growth in 
early stages and hence ensures the same running-in takes place in each test. This gives similar asperity pressure 
history, regardless of the amount of MoDTC present. 

Results show that friction has a very significant impact on micropitting; for example, the extent of micropitting 
was reduced by a factor of 10 when friction coefficient was reduced from about 0.1 to 0.04. Lower friction results 
in fewer surface cracks which grow at a shallower angle to the surface than those at higher friction. Numerical 
analysis of contact stresses present under tested conditions indicates that the primary mechanism by which 
friction affects micropitting is through its effects on near surface stress fields: reducing friction reduces the local 
tensile and shear stresses in the near surface, asperity-influenced region, which may in turn be expected to 
mitigate crack initiation and propagation. The results presented may help in designing oil formulations that can 
extend component lifetimes with respect to both wear and micropitting damage through controlling tribofilm 
growth and friction.   

1. Introduction 

Micropitting is a type of surface fatigue damage that occurs in 
lubricated rolling sliding contacts operating under thin lubricant film 
conditions. In such conditions, surface asperity interactions lead to 
asperity stress fluctuations and hence accumulation of fatigue damage at 
asperity level. This results in initiation of numerous surface cracks which 
then propagate and interact to cause fragments of material to detach 
from the surface. Micropitting therefore manifests itself as numerous 
small pits, tens of microns in size, that give the surface a frosted 
appearance. If unchecked, micropitting can result in a substantial loss of 

material and eventual component failure such as, for example, through a 
significant loss of a gear tooth profile which may in turn lead to tooth 
pitting and breakage. Micropitting is increasingly becoming one of the 
most important failure modes in gears and rolling bearings because of 
increases in the power density of mechanical systems and the intro
duction of low viscosity lubricants, with consequently thinner lubricant 
films and increased asperity interactions [1]. Despite this, the underly
ing mechanisms of micropitting are poorly understood and there are 
currently no universally accepted design criteria. Some of the factors 
recognized to effect micropitting include lambda ratio [2,3], contact 
pressure [2,4], surface roughness [5–9] particularly of the harder 
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counterface [7,9], sliding magnitude and direction [2,4], hardness [8, 
10,11] and oil anti-wear [7,9] and friction behaviour [6]. While the 
exact effects of many of these factors are still under investigation, the 
influence of friction on microptting is particularly difficult to elucidate 
because of the difficulties in isolating friction from other influential 
factors during micropitting experiments. 

Because micropitting is a fatigue process it is strongly dependent on 
the asperity stresses that promote crack development. In a rubbing, 
rough surface contact, these stresses arise from applied normal load and 
friction. Precise mechanisms leading to initiation of contact fatigue 
cracks are not entirely established, but it is accepted that accumulation 
of plastic strain plays an important role [12]. Since it contributes to the 
overall contact stress levels, friction promotes occurrence of plasticity 
within the contact, and hence increases the risk of crack initiation. Once 
initiated, surface cracks can propagate under the action of tensile (mode 
I) and/or shear stress (mode II) [13]. On a macro contact scale, higher 
contact friction is recognized to generate higher tensile stress at the rear 
of the contact region [14–17]. Hamilton et al. [15] have shown that the 
magnitude of this tensile stress in a point contact depends on a factor (1 
+ Aμ), where A = 3π (4 + υ)/8 (1 - 2υ), υ is Poisson’s ratio and μ is 
friction coefficient. When υ is 0.3, as is the case for steels, A is about 12, 
so that according to this relationship, the magnitude of tensile stress at 
the rear of the point contact increases by about 65% when friction co
efficient increases from μ = 0.04, which is typical of a well lubricated, 
elastohydrodynamic contact, to μ = 0.12, typical of a contact operating 
in a boundary regime. The higher tensile stress increases the mode I 
stress intensity factor (SIF) which increases the crack propagation rate in 
a rolling-sliding contact [18–20]. As well as increasing tensile stresses, 
higher friction increases contact shear stresses that are widely recog
nized to promote fatigue damage [12,21–23], with the orthogonal shear 
stress amplitude being commonly used as the critical stress value in 
rolling bearing fatigue life predictions [24]. Growth of surface cracks 
under rolling-sliding contact is believed to be further promoted by the 
hydraulic action of oil that is able to enter a surface breaking crack and is 
then pressurized during subsequent over-rolling [4,25–27]. Friction 
probably plays a crucial role in this mechanism also, by opening the 
mouth of the surface breaking crack ahead of the contact which aids oil 
entry into the crack. 

The discussion above considers the potential effects of friction on 
stresses and propagation of surface cracks on the macro contact scale. In 
terms of micropitting, it is the stresses in asperity micro-contacts that are 
of relevance, but it is expected that the same general trends described 
above exist in these micro contacts. However, the random nature of 
surface roughness generally introduces additional complexities that 
make it difficult to determine and track the precise asperity stress history 
during rolling-sliding. Kim and Olver [28] use a numerical model of dry 
rough contact to evaluate asperity stress history in a rough, 
rolling-sliding contact to illustrate how the counterface roughness and 
sliding speed can contribute to increased surface fatigue damage. 
Morales-Espejel et al. [29] go a step further and illustrate the effect of 
various contact conditions on micropitting damage itself, using a nu
merical model which accounts for lubrication conditions and the evo
lution of roughness due to running-in. Kadiric et al. [30] show that the 
magnitudes of the local maximum shear stresses within individual 
micro-contact regions correlate well with asperity slopes, while their 
depth is related to the size of micro-contacts and hence the wavelength 
content of the roughness. Rycerz et al. [23] present experimental data to 
show that the propagation rates for short surface cracks (tens of microns 
in length) are different from those of long cracks; they attribute this to 
the fact that the growth of short surface cracks is governed by the 
asperity stress fields, since they are located in the near surface region, 
whereas the growth of longer cracks is governed by the macro stress 
field. More recently, the same authors [31] have shown that increasing 
the contact friction coefficient significantly increases the propagation 
rates of such short cracks, but that the effect of friction on crack prop
agation rates diminishes as the crack length increases, i.e. as the crack 

grows deeper into the material and so further away from the asperity 
influenced region near the surface. 

Given its effects on initiation and growth of surface cracks as 
described above, reduction of friction is clearly one potential measure 
that may help to reduce micropitting. However, there appear to be very 
few studies that directly investigate the effect of friction on micropitting. 
Morales-Espejel et al. [5] used a numerical model to show that 
increasing the boundary friction coefficient from 0.12 to 0.15 almost 
doubled the extent of micropitted area for a given set of contact con
ditions. Perhaps the most notable study on the effects of friction on 
microptting is that of Lainé et al. [6] using triple-disc machine (MPR) 
and lubricant blends with and without molybdenum dia
lkyldithiocarbamate (MoDTC) friction modifier to produce different 
friction coefficients in their micropitting tests. They showed that a 
reduction of friction from 0.08 to 0.04, achieved via addition of MoDTC 
(0.12 wt% of Mo) to their test oil, significantly reduced micropitting 
damage compared to the original oil which contained zinc dia
lkyldithiophosphate (ZDDP, 0.10 wt% of P) only. The authors suggested 
that friction was decreased by the formation of an MoS2 tribofilm from 
MoDTC on the rubbing surface of the counterface MPR disc. More 
recently, Soltanahmadi et al. [32] showed that addition of ashless amine 
friction modifier can also reduce micropitting in a similar manner to that 
of MoDTC. 

These previous studies varied boundary and mixed friction coeffi
cient by using oils with different amounts of friction modifier additive in 
a test oil containing an anti-wear additive. However, the addition of 
friction modifiers such as MoDTC and ashless amine compounds in this 
manner has been shown to slow the growth of antiwear tribofilms 
because of competitive adsorption with antiwear additives [32,33]. 
Such slower growth of anti-wear tribofilms with a friction modifier and 
ZDDP blend will result in a higher reduction of counterface roughness 
during the running-in phase than is the case with a ZDDP solution alone 
and this early reduction in roughness should in itself reduce micro
pitting. Thus a previous study by the authors using a mini traction ma
chine with spacer layer imaging (MTM-SLIM) to monitor tribofilm 
growth and micropitting in parallel, showed that the amount of micro
pitting produced was strongly affected by the rate of ZDDP tribofilm 
growth during the running-in phase [7]. It was shown that early tribo
film growth rate that inhibits running-in strongly promotes 
micropitting. 

This dual effect of friction modifiers, of both reducing friction and of 
influencing surface roughness, has so far made it impossible to isolate 
and thereby quantify the effect of friction on micropitting. To address 
this problem, the current paper describes a test methodology that dis
entangles the effect on micropitting of boundary friction from that of 
counterface roughness evolution. The approach involves conducting 
micropitting tests in which an oil containing only a ZDDP antiwear 
additive is used during the early stage until the running-in of the 
counterface roughness is complete. Only then is a chosen concentration 
of MoDTC introduced into the test oil in order to influence friction. Thus, 
by varying the concentration of MoDTC in the test oil, it is possible to 
conduct micropitting tests with different boundary friction coefficients 
but negligible differences in counterface roughness evolution, hence 
isolating the effect of friction on micropitting. 

2. Test methodology 

2.1. Experimental equipment 

All micropitting tests were conducted using the same experimental 
set-up as described in a previous study by the authors [7]. A mini trac
tion machine (MTM) ball-on disc tribometer with a spacer layer imaging 
attachment (SLIM) was employed to generate micropitting on the ball 
specimen and to monitor tribofilm formation within the same test. The 
test rig is shown schematically in Fig. 1. A steel ball is loaded against a 
steel disc immersed in a lubricant. The ball and the disc are driven by 
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separate electric motors at user-specified rolling/sliding conditions. To 
capture a SLIM image, the rubbing test is paused and the ball is raised 
and loaded against a glass flat. The glass flat surface is coated with a 
semi-reflective chromium layer on top of which is a transparent silica 
space layer. Light reflected from the chromium layer and the ball sur
face, undergo optical interference upon recombination, generating an 
interference image of the contact between the ball and the glass surface 
which is then captured by an RGB camera. Tribofilm thickness is 
calculated from this interferometry image using calibrated RGB values. 

2.2. Test conditions 

Table 1 shows the materials and conditions employed in the MTM 
micropitting tests. Disc roughness and ball hardness are controlled to 
promote micropitting on the ball. Standard MTM tests employ very 
smooth discs with centre-line average roughness, Ra of ~10 nm. 

However, in this study, disc specimens with Ra ~0.4 μm were used in 
order to subject the ball to severe asperity contact stress cycles and 
hence promote microptting on the ball. This higher roughness is also 
more representative of that present in gears and bearing raceways. As is 
common in controlled contact fatigue tests [4,6,32,34], the specimens 
on which micropitting damage is to be studied, in this case the MTM 
balls, were made softer than the rough disc counterfaces; this ensures 
that disc roughness persists during the tests, thereby promoting micro
pitting on the ball. This was achieved by softening the standard MTM 
steel balls (martensitic through-hardened AISI 52100 steel) from their 
normal value of 845 ± 25 HV down to a measured range of 755 ± 25 HV, 
by holding the balls at 250 ◦C for 1 h in pure polyalphaolefin (PAO 100) 
base oil in an air atmosphere followed by slow cooling. Mean speed, 
slide roll ratio (SRR), load and test temperature were held the same in all 
tests. It should be noted that, in common with other controlled micro
pitting studies [4,6,32,34], the surface speed of the ball specimen where 
the micropitting is being generated is slower than that of the disc. This 
means that the SRR is negative using the SRR definition specified in 
Table 1. MTM-SLIM tests were conducted for a fixed duration that 
subjected each position on the ball track to 8 million Hertzian contact 
cycles. These test conditions were chosen to reliably generate micro
pitting while suppressing other failure modes such as wear, as well as 
being representative of bearing and gear operations. The authors discuss 
the reasoning behind the chosen conditions in Ref. [7] but in brief; the 
maximum pressure achievable on the MTM (1.25 GPa) is used here as 
higher pressure promotes micropitting as long as pitting is avoided [4], 
the entrainment speed of 3 m/s is chosen to maximise the rate of 
accumulation of contact cycles, hence accelerating micropitting, while 
still keeping the lambda ratio close to 0.5 which is known to increase risk 
of micropitting, and finally, SRR of 5% is representative of bearings and 
gears while being low enough not to produce significant adhesive wear 
which competes with micropitting as the dominant failure mode [1,4,7]. 
The test temperature of 65 ◦C is representative of many operating gears 
and rolling bearings and is high enough for the relevant tribofilms to 
form in a reasonable time while minimising oil ageing during the 40 h 
test. 

2.3. Test lubricants 

50 ml of oil was used for each test. Test oils were formulated as 
shown in Table 2. Varying concentrations of MoDTC (Adeka Sakura 
Lube 165 at 0, 25, 50, 100, 200 and 500 ppm Mo) and ZDDP (secondary- 
primary) at a fixed concentration of 800 ppm P were mixed with PAO 10 
(62.8 mm2/s and 9.9 mm2/s kinematic viscosity at 40 ◦C and 100 ◦C, 
respectively). In all experiments the initial lambda ratio was around 0.3 
(determined from a calculated minimum oil film thickness of 150 nm), 
where lambda is defined as the ratio of the calculated EHD film thickness 
to the initial composite root mean square roughness of the two surfaces. 
Following the running-in, lambda ratio was 0.5 in all tests. 

2.4. Test procedure 

Prior to each test, the ball and disc specimen were cleaned in toluene. 
The specimens were then mounted in the MTM rig, the oil bath filled 
with the chosen lubricant and the rolling-sliding test started. Tests were 

Fig. 1. A schematic illustration of the MTM–SLIM rig.  

Table 1 
MTM specimen materials and test conditions.  

Ball specimen Material: AISI 52100 steel; diameter 19.05 mm; 
measured hardness: 730–780 HV; measured roughness 
Ra ~ 0.01 μm 

Disc specimen Material: AISI 52100 steel; measured hardness: 800–850 
HV; measured roughness Ra = 0.42 ± 0.02 μm 

Test temperature (◦C) 65 
Test Load (N) 75 (Maximum Hertzian pressure: 1.25 GPa, Hertzian 

contact radius: 170 μm) 
Entrainment speed (m/ 

s) 
3 

Slide-roll-ratio (SRR) 
2*(Uball–Udisc)/(Uball 

+ Udisc) 

− 0.05 

Test cycles 8 million cycles: 
Test paused for specimen inspection after 0.1 million 
cycles, 1 million cycles, 4 million cycles, 8 million cycles  

Table 2 
Test oil formulations.  

Lubricant name Base oil ZDDP (secondary-primary mixed), P concentration, ppm MoDTC, Mo concentration, ppm 

ZDDP PAO 10 800 0 
ZDDP + Mo(25) PAO 10 800 25 
ZDDP + Mo(50) PAO 10 800 50 
ZDDP + Mo(100) PAO 10 800 100 
ZDDP + Mo(200) PAO 10 800 200 
ZDDP + Mo(500) PAO 10 800 500  
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interrupted after 0.1, 1, and 4 million cycles to observe and measure 
wear and micropitting on the ball and to measure the roughness of the 
disc. Prior to making these surface measurements, ball and disc were 
rinsed in toluene in an ultrasonic bath for 10 min to remove supernatant 
oil. Rinsing the ball and disc with toluene did not influence the thickness 
of the ZDDP tribofilm which, after the first hour of rubbing, can 
generally only be removed by chemically-active solutions such as EDTA 
[35]. Micrographs of surface cracks and micropitting on the ball were 
obtained using an optical microscope. The extent of micropitting was 
quantified as the percentage micropitted area on the ball rubbing track. 
This was obtained by taking a series of optical images to cover the entire 
ball wear track and then manually measuring the size of the area 
affected by micropitting in each image as a percentage of the whole wear 
track. The reported value is the average of all values obtained and 
therefore represents an estimate of the total extent of micropitting 
around the whole circumference of the ball. As well as determining the 
micropitted area on the ball, the amount of any mild wear on the ball 
was assessed by measuring the loss of material in the rubbing track away 
from any micropitted areas using a stylus profilometer. Negligible 
amounts of wear were measured in all tests used to assess micropitting, 
regardless of the level of MoDTC. The Ra surface roughness of the discs 
was also measured with the stylus profilometer at four different loca
tions spaced at 90◦ around the disc track; the average of these four 
measurements is reported here in all cases. The maximum and minimum 
measured Ra roughness values were within 0.03 μm of this average in all 
cases. After these surface measurements, the specimens were returned to 
the MTM and the rolling-sliding test continued. 

To isolate friction from the effect of counterface roughness, tests 
were run using two methods as shown schematically in Fig. 2. In Method 
1, the entire test was conducted with a single test oil (ZDDP and ZDDP +
Mo at concentrations of 25, 50 or 500 ppm). Method 2 was designed to 
isolate friction effects by achieving the same running-in, and hence the 
same disc roughness during the micropitting test, regardless of the 
amount of MoDTC used. In Method 2, the test was first run for 0.1 
million cycles, corresponding to duration of the running-in phase, with 
the ZDDP only oil; the oil was then replaced with one containing the 
chosen concentration of MoDTC, i.e. one of ZDDP + Mo at 50, 100, 200 
or 500 ppm solutions in Table 2. This is because our previous study 
showed the reduction of disc roughness due to running-in ceased after 
0.1 million cycles, after which the disc roughness remained more or less 
the same to the end of the 8 million cycle test [7]. Before oil replacement 
at 0.1 million cycles, the specimens were removed for inspection as 
described above and the MTM test chamber was cleaned with toluene. 

During tests, the rubbing was periodically paused to measure the 
ZDDP tribofilm thickness using SLIM; this is done automatically by the 
control software and does not necessitate specimen removal. At the end 
of the micropitting tests, in addition to inspecting the surfaces of the 
specimen as described above, a polished cross-section of the ball rubbing 
track in the rolling-direction was prepared and inspected with an optical 
microscope. This is to investigate the morphology of the generated 
surface cracks and micropits, and establish any correlation of these with 
friction. All tests shown in this paper were repeated twice. 

2.5. Calculation of contact pressure and stress 

In order to better interpret the observed trends, contact pressure 
distribution and subsurface stresses in the ball-disc contacts at the 
applied normal load and measured friction were calculated using an 
existing numerical model for contacts of rough surfaces [16,36,37]. The 
model predicts asperity pressures and the corresponding sub-surface 
stresses for the given normal load and friction, and uses real measured 
rough surfaces with no assumptions on asperity shapes or distribution. 
The numerical analysis included the effect of ZDDP tribofilm on contact 
pressure distribution by using a version of the above model applicable to 
multi-layered surfaces [38,39] and representing the tribofilm with a 
layer of uniform thickness (set equal to 175 nm, which was the 
maximum tribofilm thickness measured in this study) on top of the 
rough steel substrate. In this analysis, Poisson’s ratio of the ZDDP tri
bofilm was set to 0.26 and the Young’s modulus to 37.7 GPa. The latter 
was measured using nano-indentation as described below. The corre
sponding values for the steel substrate were 0.3 and 207 GPa. 

2.6. Tribofilm elastic modulus 

To calculate the contact pressure distribution in the presence of tri
bofilm, the elastic modulus of ZDDP tribofilm formed on MTM balls was 
measured using a nanoindentation method. A Nano Indenter G 200 with 
a Berkovich tip manufactured by Keysight Technologies was employed. 
The mechanical properties of tribofilm vary with depth, so they cannot 
be properly measured at the point of the initial unload [40]. Therefore, 
ZDDP tribofilm was measured in the Continuous Stiffness Measurement 
(CSM) mode, which allows measurement of the contact stiffness at any 
point along the loading curve [41]. To mount a ball on a flat sample 
stage, the ball was cut to obtain a flat surface with the wear track at the 
top of the curved ball segment. Several locations were indented on the 
wear track of the ball to obtain representative results. The elastic 
modulus at each indentation depth was determined by analyzing the 
amplitude and phase response. The frequency and displacement 
amplitude values were 45 Hz and 2 nm, respectively and the surface 
approach velocity was 10 nm/s. Under a load range of 50 mN, a target 
depth of 500 nm and a strain rate of 0.01 s− 1, 25 points at 25 μm in
tervals inside and outside of the wear track were measured. All tests 
were measured at room temperature. Elastic modulus was estimated 
using 0.26 for Poisson’s ratio of ZDDP tribofilm [42], and the standard 
deviation was then calculated. 

3. Results 

3.1. Effect of MoDTC addition at the beginning of the test (method 1 in 
Fig. 2) 

This section presents results of friction, surface damage and tribofilm 
formation when MoDTC was present from the beginning of the tests. The 
lubricants used are a ZDDP-only solution and three solutions consisting 
of ZDDP and MoDTC at concentrations of 25, 50 and 500 ppm. The same 
lubricants were used from the beginning to the end of the tests with no 

Fig. 2. Micropitting test procedures.  
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replacement. 

3.1.1. Friction behaviour 
Fig. 3 shows the evolution of friction coefficient in tests conducted 

with oils having different Mo concentrations. The friction coefficient of 
the Mo-free ZDDP oil was initially around 0.1 and gradually decreased to 
reach 0.08 at the end of the test (8 million contact cycles). The addition 
of 25 ppm of Mo did not reduce friction, resulting in the same friction 
coefficient as the ZDDP-only oil. 50 ppm and 500 ppm of MoDTC 
reduced friction coefficient from 0.1 to about 0.04–0.05 almost imme
diately after starting the tests. While the friction coefficient of ZDDP +
Mo(500) remained at 0.04 throughout the test, the friction coefficient of 
ZDDP + MoDTC(50) gradually increased again to reach 0.07 at 4 million 
cycles, and then remained stable at this value to the end of the test. It 
should be noted that the reduction in friction with increasing MoDTC is 
not due to any extra smoothening of the specimen surface roughness 
since it occurs very rapidly, and before any measurable change in 

surface roughness due to running-in takes place. Instead friction 
reduction is due to the well-established mechanism of MoDTC action 
originating from the formation of nanocrystals of low shear strength 
MoS2 on rubbing asperities [43–45]. Since MoS2 forms on contacting 
asperities that support load, it has a strong effect on reducing friction in 
the mixed lubrication regime conditions present in this study. MoS2 
formed in this way is not durable, but is continually being formed and 
rubbed off [46,47]. It is likely that 50 ppm of Mo was not sufficient to 
reduce friction throughout the test because of the diminished ability for 
this renewal of the low friction film and because of the oil aging; this is 
discussed in section 3.3. It should also be noted that the momentary blips 
in the recorded friction traces apparent in the figure are artefacts of the 
measurement method on the MTM-SLIM rig and occur just after motion 
was paused to capture a SLIM image. 

3.1.2. Evolution of surface damage on balls 
Fig. 4 shows representative optical micrographs of the rubbed track 

on the balls after 0.1, 1, 4 and 8 million cycles with different MoDTC 
concentrations, as well as measured percentage of micropitted area on 
the ball wear track after 8 million cycles. The severity of micropitting on 
the wear tracks varied with MoDTC concentration (Fig. 4). ZDDP and 
ZDDP + Mo(25) showed similar densities of surface cracks. After 0.1 
million cycles these cracks were tens of microns in length and appeared 
to grow across the rolling track in a fanned, shallow ‘V’ shape, typical of 
surface-initiated fatigue. The appearance of these cracks is the first 
visible sign of micropitting taking place. As the test progressed, the 
number of cracks increased considerably. Small pits (tens of microns in 
size) associated with these cracks became apparent at 4 million cycles. 
By the end of the test, these micropits covered 25–27% of areas of the 
rubbing track. By contrast, with ZDDP + Mo(50 and 500), far fewer 
cracks and micropits were observed. With ZDDP + Mo(50) a few isolated 
cracks are present after 1 million cycles. The density of these cracks 
increased after 4 and 8 million cycles and covered 8.9% of area of the 
rubbing track after 8 million cycles, but was clearly significantly less 

Fig. 3. Friction behaviour in tests conducted with oils having different con
centrations of MoDTC from the outset. 

Fig. 4. Typical examples of optical micrographs of wear tracks on balls from tests conducted with different MoDTC concentrations from the outset as well as 
measured percentage of micropitted area on ball wear track after 8 million cycles (Note: the scale bar included in the top right corner of the figure applies to all 
images shown). 
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than in the case of ZDDP only and ZDDP + Mo(25) oils. In the case of 
ZDDP + Mo at 500 ppm, the highest concentration used here, only a very 
few very isolated micropits are apparent and the surface damage was 
minimal, covered 1.3% of areas of the rubbing track even after 8 million 
cycles. 

The bluish colour evident in the wear tracks in Fig. 4 is caused by 
ZDDP tribofilms, and hence allows a qualitative comparison of the effect 
of Mo concentration on ZDDP tribofilm growth, which is an important 
factor to consider in isolating the influence of friction on micropitting as 
explained earlier. In the tests with ZDDP and ZDDP + Mo(25 and 50) a 
tribofilm is formed over most of the wear track width after 0.1 million 
cycles. In contrast, in the tests with ZDDP + Mo(500), tribofilm is only 
apparent in the regions towards both edges of the wear track, but not in 
the central region where the contact pressure is highest (Fig. 4). Similar 
results have not been previously reported and may be a consequence of 
the unusual MTM test conditions used here to produce micropitting. 
However, considering that friction was low from the start of the test it is 
likely that a large amount of MoS2 tribofilm formed in the central, high 
pressure region of the wear track relatively quickly after the start of the 
test and this may compete with ZDDP adsorption to reduce ZDDP tri
bofilm formation during the test [6]. Indeed, the low friction resulting 
from MoS2 formation may lower the shear stress at asperities to the 
extent that the mechanochemically-driven reaction of ZDDP is no longer 
possible or is very slow [48,49]. Any MoS2 tribofilm formed would be 
much thinner than ZDDP tribofilm [50] so that it would not necessarily 
be apparent in the optical micrographs. 

3.1.3. Evolution of surface roughness of counterface discs 
Fig. 5 shows the evolution of the disc roughness during tests. In all 

cases the disc roughness reduced in the initial stages of the test and then 
remained relatively stable, a behaviour indicative of running-in. How
ever, considerable differences are evident in the level of roughness 
reduction with different MoDTC concentrations. ZDDP and ZDDP + Mo 
(25) oils reduced disc roughness less than the higher MoDTC concen
trations ZDDP + Mo(50 and 500). In the former cases, the roughness was 
reduced from the initial Ra value of ~0.45 μm to 0.30 μm after 0.1 
million cycles and stayed constant at this level for the rest of the test. By 
contrast, oils with 50 and 500 ppm of MoDTC reduced disc roughness 
from the initial ~0.45 μm Ra to around 0.25 μm Ra after the first 0.1 
million cycles and to ~0.22 μm Ra after 1 million cycles, after which 
roughness remained at this value for the rest of the tests. 

3.1.4. Evolution of tribofilm 
Fig. 6 shows tribofilm thickness in the middle region of the ball 

rubbed tracks obtained from SLIM images. ZDDP and ZDDP + Mo(25) 
formed tribofilms rapidly during the first 0.1 million cycles, to reach 

175 nm after 0.2 million cycles; after this, tribofilms thickness decreased 
slowly to stabilize at around 30 nm and 60 nm, respectively. ZDDP + Mo 
(50) formed tribofilm at a much slower rate in the first 0.1 million cy
cles, to reach around 90 nm after 0.3 million cycles before decreasing to 
60 nm by 1 million cycles. By contrast, with ZDDP + Mo(500) oil 
negligible film thickness was observed using SLIM in the central area of 
the rubbed wear track. This result suggests that the addition of over 50 
ppm of MoDTC hinders ZDDP tribofilm formation. Interestingly, after 
about 1 million cycles, the presence of low concentrations of MoDTC in 
the ZDDP solution resulted in thicker tribofilm thicknesses than ZDDP 
alone. MoDTC is probably functioning as an antioxidant, reducing the 
rate of depletion of tribofilm-forming ZDDP [51]. 

The results in this section show that although addition of more than 
50 ppm of MoDTC to the ZDDP oil from the beginning of the test reduces 
friction coefficient and visibly reduces micropitting damage, the coun
terface roughness is also reduced because MoDTC slows ZDDP tribofilm 
growth during running-in. This makes it impossible to establish the ef
fect of friction on micropitting from these results alone since the 
observed reduction of counterface roughness itself is known to strongly 
reduce micropitting. 

3.2. Effect of MoDTC addition after running-in (method 2 in Fig. 2) 

This section presents the results of tests designed to investigate the 
influence of concentration of MoDTC when the latter is introduced after 
running-in for an initial 0.1 million cycles with an oil containing ZDDP 
only. Four different concentrations of Mo were tested, i.e. 50, 100, 200 
and 500 ppm, blended with a ZDDP containing oil. ZDDP + Mo(25) was 
not tested here because no friction reduction was seen with this blend 
using method 1 as described above. 

3.2.1. Friction behaviour 
Fig. 7a shows the evolution of friction coefficient in tests with 

different MoDTC concentrations over the 8 million cycles. Fig. 7b shows 
the same data, but zoomed in to 0–0.5 million cycles range. It is evident 
that for all four Mo concentrations, friction coefficient decreased from 
the initial value of 0.1 obtained with ZDDP oil to 0.04–0.05 after the 
addition of MoDTC at 0.1 million cycles. The friction coefficient at Mo 
concentrations of 50 and 100 ppm then increased slowly after 1 and 3 
million cycles and stabilised at 0.06 and 0.07, respectively. This slow 
increase in friction coefficient is probably caused by oil aging. By 
contrast, for ZDDP + Mo(200 and 500) the friction coefficient remained 
low, at between 0.04 and 0.05, throughout the test duration. 

3.2.2. Evolution of surface damage on balls 
Fig. 8 shows representative optical micrographs of rubbed tracks on 

balls from tests lubricated with ZDDP for the first 0.1 million cycles and 
then ZDDP + MoDTC(50, 100, 200 and 500) for the rest of each test. 
Fig. 9 shows optical micrograph and SEM images of polished sections of 

Fig. 5. Disc roughness evolution with oils containing different MoDTC con
centrations when MoDTC is present from the start of the test. 

Fig. 6. Tribofilm evolution in tests with oils containing different MoDTC con
centrations present from the start of the test. 
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the ball rubbed track along the rolling-direction after 8 million cycles. 
Fig. 10 shows the evolution of the micropitting damage on the balls 
expressed as a percentage micropitted area over total area of the ball 
rubbing track. This was quantified from optical micrographs of entire 
wear tracks. 

Fig. 9 clearly shows multiple surface-breaking cracks, growing at a 
shallow angle of approximately 20◦ to 30◦ to the surface and against the 
direction of the applied friction force. Small micropits, approximately 
30 μm across and about 10 μm deep, can be seen to be formed by 
detachment of surface material due to interaction of these cracks. These 
observations confirm that the generated damage is micropitting. As is 
evident in the images of Fig. 8 and the quantitative data in Fig. 10, the 
amount of micropitting varied significantly with MoDTC concentration. 
ZDDP without any MoDTC produced considerable micropitting after 4 
and 8 million cycles as shown in Fig. 8. By contrast, all MoDTC- 
containing blends produced very little micropitting damage with only 
isolated cracks and pits present. 

Fig. 10 shows that the percentage of micropitted area on the rubbed 
track decreased with increasing concentration of Mo. For the blend 
containing ZDDP only, the percentage of micropitted area increased 
slowly between 0.1 million (where very little damage was seen) and 1 
million cycles (4.2% micropitted area), and then rose sharply to reach 
14.7% at 4 million cycles and 27.2% after 8 million cycles. This 
micropitted area was markedly reduced by the addition of MoDTC after 
0.1 million cycles, producing 11.5%, 6.4% 3.8% and 1.7% micropitted 
area after 8 million cycles with 50, 100, 200, and 500 ppm MoDTC 
respectively. 

Fig. 8 shows that the ZDDP + Mo(500) blend retards the formation of 

tribofilm in the central region of the rubbing track in a manner similar to 
that observed in Fig. 4 and as discussed above. 

3.2.3. Evolution of surface roughness of counterface discs 
Fig. 11 shows how the disc roughness changed during the tests with 

different MoDTC concentrations added after 0.1 million cycles. It is 
evident that in all tests, the disc roughness reduces from the initial 0.45 
μm Ra to 0.3 μm Ra during the initial 0.1 million cycles of running in 
with lubricant containing only ZDDP. There is then no further change in 
roughness once the initial ZDDP blend is replaced with the MoDTC- 
containing blends at Mo concentrations of 50, 100 and 200 ppm. This 
shows that the running-in of the counterface discs was complete when 
MoDTC oil was added, and that therefore the addition of MoDTC at 0.1 
million cycles did not interfere with this running-in process. The addi
tion of MoDTC at Mo concentration of 500 ppm at 0.1 million cycles did 
decrease disc roughness further, to ~0.23 μm Ra after 4 million cycles, 
after which the roughness remained relatively unchanged to the end of 
the test. 

3.2.4. Evolution of the tribofilm on the ball 
Fig. 12 shows the evolution of tribofilm thickness measured in the 

central region of the rubbed tracks using SLIM. As expected, tribofilms 
developed at the same rate (reaching around 50 nm at 0.1 million cycles) 
in all tests during the first 0.1 million cycles conducted with a blend 
containing ZDDP only. After replacement with MoDTC-containing lu
bricants at 0.1 million cycles, the evolution of tribofilm thickness varies 
with MoDTC concentration. Lubricants containing ZDDP and MoDTC 
grew tribofilms more slowly than the ZDDP-only oil. ZDPP + Mo at 50, 
100 and 200 ppm blends reached a maximum tribofilm thickness after 
about 0.2–0.3 million cycles with thickness values being 160 nm, 125 
nm, 110 nm, respectively. The tribofilm thicknesses then decreased to 
stabilize at around 70 nm after around 0.5 million cycles. These stabi
lised tribofilms were thicker than those from the Mo-free ZDDP solution 
from about 2 million cycles onwards. By contrast, as is evident in Fig. 12 
(as well as Fig. 8) the addition of ZDDP + Mo at 500 ppm at 0.1 million 
cycles leads to rapid removal of the tribofilm formed during the initial 
0.1 million cycles of rubbing in the ZDDP only oil. The tribofilm thick
ness then remains negligible to the end of the test. 

4. Discussion 

The results presented in this paper show that decreasing friction by 
addition of MoDTC to a lubricating oil decreases micropitting damage. 
Crucially, the methodology employed in the present paper allows for the 
effect of friction on micropitting to be isolated from other factors that 
may influence micropitting. In particular, the potential effect of 
increased running-in of the counterface that can occur due to reduction 
in antiwear tribofilm effectiveness when MoDTC is added to the oil 
blend, is eliminated by only adding the MoDTC at 0.1 million cycles, at 
which point the running-in process is already complete. 

4.1. Other factors that may influence micropitting in the present 
experiments 

Before concluding that friction has a direct effect on micropitting 
rate, two other factors that might potentially accompany a change in 
friction and also affect the observed micropitting trends must be dis
counted. These are (i) the effect of friction on specimen bulk tempera
ture and (ii) the magnitude of asperity contact pressures due to the 
presence of ZDDP tribofilm on a steel substrate whose thickness might 
vary with concentration of MoDTC. 

Higher friction will generate more frictional heating in the contact 
and in some systems, this heating could result in an increase in the bulk 
temperature of the specimens. This would reduce the viscosity of the oil 
in the contact inlet region and hence reduce the fluid film thickness, 
which would be expected to increase micropitting damage. However, 

Fig. 7. Friction behaviour in tests conducted where oils with different MoDTC 
concentrations were added after 0.1 million cycles. (a) 0–8 million cycles and 
(b) the same data by zoomed in to highlight the 0–0.5 million cycles range. 
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this effect is not present in the current experiments because the speci
mens were immersed in an oil bath at the temperature which is actively 
controlled by the MTM rig to remain at 65 ◦C throughout all the tests. 
The specimen bulk temperature and film thickness are therefore the 
same in all tests regardless of the level of friction. 

It is possible that the presence of a relatively compliant ZDDP-based 
tribofilm on the steel substrate might reduce the magnitude of the 
asperity contact pressures and hence affect micropitting. The magnitude 
of pressure change induced by a surface layer is determined by the 
elastic properties of the layer and the ratio of its thickness to the contact 
dimensions [30,52]. Given that tribofilm thicknesses formed by the 
ZDDP used here are of the order of 100 nm and the Hertz contact radius 
is 170 μm, the effect of this tribofilm at macro-contact level is certainly 
negligible. However, at the asperity contact level, where the 
micro-contact dimensions are of the order of a few microns, even this 
small tribolayer thickness might have some effect on asperity contact 
pressure. If these pressure changes were significant, then any differences 

Fig. 8. Typical optical micrographs of wear tracks on balls in tests conducted where oils with different MoDTC concentrations were added after 0.1 million cycles of 
running-in with ZDDP solution (Note: the scale bar included in the top right corner of the figure applies to all images shown). 

Fig. 9. Typical SEM images of polished cross-sections of the ball rubbing track 
along the rolling-direction in tests conducted where oils with different MoDTC 
concentrations were added after 0.1 million cycles. These show the appearance 
of typical micropits formed by crack propagation (Note: the cross-section ob
tained in ZDDP with low magnification shown in the upper-most image was 
captured using an optical microscope.). 

Fig. 10. Measured percentage of micropitted area on ball wear track in tests in 
which different MoDTC concentrations were added after 0.1 million cycles of 
running in with ZDDP solution. 
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in tribofilm thickness with different MoDTC concentrations might 
potentially influence the observed trends. To investigate this, the elastic 
properties of the tribofilm formed in the present experiments were 
measured using nano-indentation, and then used in an existing numer
ical model for layered, rough surface contacts [38,39,52] to predict the 
asperity pressure distribution with and without the tribofilm. The model 
uses real measured surface roughness profiles and accounts for different 

elastic properties of the layer and the substrate and the layer thickness to 
predict the asperity pressure distribution in non-conformal, layered, 
rough contacts. 

The analysis presented here is for the thickest tribofilm measured in 
the present tests, namely 175 nm (see Figs. 6 and 12), and therefore 
presents the worst-case scenario in terms of the magnitude of potential 
changes in asperity pressures due to the presence of the tribofilm. In this 
analysis, ZDDP tribofilm was assumed to have a Poisson’s ratio of 0.26 
based on Matori et al. [42] who cite this value for zinc phosphate glasses. 
Fig. 13 shows representative nanoindentation results for a ZDDP tribo
film, as measured within the rubbed track, and for steel substrate, as 
measured outside of the wear track. In all tests, elastic modulus showed 
a high value at an indentation depth of less than 10 nm. This is an 
artefact due to imperfections in the tip geometry and does not represent 
the surface properties of tribofilm or steel [53,54]. For steel substrate, 
elastic modulus was measured to be around 220 GPa as expected. For 
ZDDP tribofilm the elastic modulus was in the range of 30–40 GPa up to 
30 nm of tip displacement. As tip displacement increased further, elastic 
modulus increased steadily and at a tip displacement of about 400–500 
nm it reached a similar value to that of steel. This increase of elastic 
modulus is caused by the well-known substrate effect [55], so that 
generally the true mechanical properties of nanofilms on substrates can 
only be determined from indentation data originating from the outer
most 10% of the film thickness. Considering this, the elastic modulus of 
ZDDP tribofilm was determined to be an average of 37.7 GPa with 5.0% 
standard deviation based on 25 indentations in different positions on the 
specimen all within a tip displacement range of 15–25 nm. It should be 
noted that although this modulus was measured at room temperature 
while the micropitting tests were carried out at 65 ◦C, Pereira et al. [56] 
have shown that the elastic modulus of ZDDP tribofilm does not vary 
significantly between 25 ◦C and 100 ◦C. 

Fig. 14 compares the predicted pressure distributions for a steel-on- 
steel contact with the contact of steel against a 175 nm thick ZDDP 
tribofilm (elastic modulus 37.7 GPa) on a steel substrate. Both cases use 
the same measured roughness profile of a fresh MTM disc as employed in 
the present experiments. To illustrate the maximum possible influence 
of the tribofilm on contact pressures, the example results shown here are 
from a pure elastic analysis. This does cause some discrete pressure 
spikes to be artificially high but in practice these pressures would 
quickly be reduced to the plastic limit on first contact. The results show 
that 175 nm thick ZDDP tribofilm can reduce the contact pressures on 
individual asperities by up to about 10% compared to the equivalent 
steel-on steel contact, with the reduction being the largest for higher 
asperity pressures. Given that this elastic analysis was an extreme case 

Fig. 11. Evolution of disc roughness in tests conducted where oils with 
different MoDTC concentrations were added after 0.1 million cycles of running- 
in with ZDDP solution. 

Fig. 12. Evolution of tribofilm thickness in tests conducted where oils with 
different MoDTC concentrations were added after 0.1 million cycles of running- 
in with ZDDP solution. 

Fig. 13. Elastic modulus of ZDDP tribofilm formed on AISI 52100 steel sub
strate after 0.3 million cycles of rubbing in ZDDP only solution as measured by 
nano indentation in CSM mode. The measured ZDDP tribofilm thickness was 
175 nm. 

Fig. 14. Predicted contact pressure distributions for a steel-on-steel contact and 
an equivalent steel on 175 nm thick ZDDP tribofilm on steel substrate contact. 
Analysis uses measured roughness profile from a fresh MTM disc with Ra 
~0.43 μm and measured elastic modulus of ZDDP film (E = 37.7 GPa). Note 
that the results shown are from a pure elastic analysis to illustrate the extreme 
case (this causes some pressures peaks to be unrealistically high). 
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and in practice (i) the tribofilm thickness of 175 nm used here is much 
larger than any differences in tribofilm thickness between different tests, 
and (ii) the virgin disc roughness used here would quickly be modified 
during the running-in process, it can be concluded that any differences 
in asperity pressures caused by small differences in tribofilm thickness 
are very small and inconsequential in practice. In addition, the tribofilm 
thicknesses from oils including MoDTC were lower than that from the oil 
containing only ZDDP, and this could only increase the asperity pres
sures. This would act to increase micropitting, but the opposite trend of 
lower damage with MoDTC blends was observed here. This confirms the 
conclusion that reducing friction reduces micropitting damage and this 
remains true even if there are small increases in asperity pressures due to 
reduced thickness of the relatively compliant ZDDP tribofilm when 
MoDTC is added. 

4.2. Mechanisms by which friction influences micropitting 

This study shows that friction has a direct effect on micropitting, 
with low friction reducing the tendency to micropit and vice-versa. 
Because MoDTC reduces asperity-asperity friction by forming MoS2 on 
asperities, the primary mechanism by which reduction in friction alle
viates micropitting is by reducing the mechanical stresses experienced 
by asperities during rubbing. For an ideally smooth contact, it is well 
known that frictional force moves the location of the maximum sub
surface shear stress nearer to the surface, as well as generating tensile 
stress at the rear of the contact region [1–3,5–7]. In real, rough surface 
contacts such as those used here, the presence of roughness and friction 
will combine to generate high shear stresses at or very near the surface 
[16,30]. These stresses are associated with micro-asperity contacts and 
are ultimately responsible for the formation of surface fatigue cracks 
which can lead to microptting. Using a pure elastic analysis of rough 
contacts as a worst case scenario, Bailey and Sayles [16] showed that the 
magnitude of the near surface shear stresses associated with local 
asperity contacts for a virgin ground surface with friction coefficient of 
0.1 could be twice as high as the maximum subsurface shear stress for an 
equivalent ‘smooth’ contact. The magnitude of these local shear stresses 
due to asperity contacts may be expected to increase with increasing 
friction. The higher shear stresses will then result in higher accumula
tion of the plastic strain on the local level which is ultimately believed to 
be responsible for the formation of fatigue cracks [12,18]. 

In addition to these near surface shear stress effects, since friction is 
known to generate tensile stresses at the trailing edge of macro-scale 
contacts it is reasonable to assume that the same effect will occur at 
the trailing edge of asperity micro-contacts. These tensile stresses 
enhance crack propagation rates by increasing mode I stress intensity 
factors. Although, under rolling contact, mode II stress intensity factors 
are commonly dominant, mode I stress intensity is significant and in
creases the most with increasing friction. Furthermore, higher friction 
also increases mode I intensity due to pressurisation of any fluid that 
may have entered the crack [25,26] as it acts to open up the crack mouth 
ahead of the approaching contact thus allowing the fluid to enter it. 

In the case of micropitting, multiple cracks are generated due to 
asperity stress fields, but, unlike in macro-pitting, these only propagate 
to a relatively short length, in the region of tens of microns, before 
creating a micropit. The reasons for this are twofold. Firstly, the closely- 
spaced, multiple surface cracks interact with each other, and this leads 
to a formation of a micropit before cracks are able to propagate to longer 
lengths. Secondly, for a crack to grow longer, it needs to cross the low- 
stress ‘quiescent’ zone that exists between the highly-stressed near-sur
face regions and the subsurface stress region associated with macro-level 
Hertzian stresses [58,59]. The size of this ‘quiescent’ zone is determined 
by the surface roughness properties and the macro stresses resulting 
from the applied loading and macro geometry so that the exact combi
nation of these will favour micropitting or macropitting. 

To test these arguments further, (i) the effect of friction on near 
surface stresses in the present experiments was investigated and (ii) the 

morphology of surface cracks obtained at different friction levels was 
analysed. 

4.2.1. Influence of friction on near-surface stresses 
A well-established numerical model for contact of rough surfaces 

[16,38,39,52] was employed to analyse the subsurface stress fields 
under the conditions of the present experiments. The numerical results 
presented in this section use an existing model and are not novel in 
themselves but serve to illustrate the mechanisms at play. The simula
tions make a number of simplifying assumptions including ignoring any 
effect of lubricant on contact stresses and assuming elastic-perfectly 
plastic material behaviour with an imposed plastic limit for asperity 
pressures of 4 GPa. The former is justified on the grounds of very low 
lambda ratios employed in the tests. The latter is a very common way to 
deal with elastic-plastic rough contacts although it ignores important 
phenomena such as work hardening and asperity persistence [60,61]. 
ZDDP tribofilm is not included in the model since its effects were already 
shown to be small. The simulation considers the conditions used in the 
MTM tests i.e. a 19.05 mm diameter steel ball pressed against a steel disc 
with a load of 75 N, and the real measured roughness profile of the MTM 
disc. The ball is treated as ideally smooth given that its Ra is less than 20 
nm. Results for an equivalent smooth ball on disc contact are shown for 
comparison and to illustrate the validity of the model predictions. 
Simulations are performed at friction coefficients of 0.05 and 0.1, i.e. 
similar to those measured in the present tests with and without MoDTC. 
Further results are also obtained at friction coefficient of 0.2 to 
emphasise how contact stress varies with increasing friction. 

Fig. 15a shows the predicted contact pressure distribution and the 
contour plots of maximum shear stress and positive (tensile) σxx stress in 
the central plane section in rolling direction (y = 0). For comparison, 
Fig. 15b shows the equivalent results for a smooth contact. Tensile and 
shear stresses, Phertz, are shown relative to the maximum Hertzian 
pressure for a smooth contact. It should be noted that only the tensile σxx 
stresses are shown, with compressive stresses set to zero so that tensile 
stress contours are clearly visible. The sliding direction (direction of 
friction) is from left to right in all cases. The results for the smooth 
surface show that friction produces tensile stress at the trailing edge of 
the contact at all three friction coefficients studied. For the rough con
tact, there are several local regions of tensile σxx stress near the surface 
associated with individual asperity contacts. These tensile stresses are 
very shallow, reaching only about 1 μm below the surface. It is evident 
that for both smooth and rough contacts, higher friction increases the 
size of the tensile σxx regions and increases their maximum magnitude. 
For a smooth surface, these magnitudes are 0.20 GPa, 0.28 GPa and 0.44 
GPa for friction coefficients of 0.05, 0.1 and 0.2, respectively. The 
equivalent magnitudes for the rough disc are about twice as high at 0.50 
GPa, 0.56 GPa and 0.70 GPa, respectively. 

For the smooth contact, the maximum shear stress is located in the 
subsurface at a depth that is about half the contact radius, but moves 
closer to the surface as friction increases from 0.05 to 0.2, as is in line 
with contact mechanics theory [62]. For the rough disc case, there are 
several local regions of high shear stresses, all occurring very near, 
generally within 5 μm, of the surface. These local shear stress maxima 
are due to local stress fields caused by asperity contacts and the general 
trends shown here are in line with previous studies [16,18,19,25,30,57]. 
The magnitudes of the local high shear stress regions increase with 
friction (See Fig. 15b). In addition, the existence of multiple regions of 
high shear stress means that the number of fluctuations in shear stress 
experienced by points in the material within this near surface zone 
during the passage of one surface over another in rolling-sliding contact 
is increased. 

These characteristics of the local shear stresses and direct tensile 
stresses associated with higher friction will lead to increased accumu
lation of plastic strains with increasing friction, and hence increased 
crack initiation in the affected near surface regions. The increase in 
magnitude of tensile and shear stresses with increasing friction also 
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means that such cracks are more likely to propagate. This in turn will 
lead to more micropitting damage. Therefore, the primary mechanism 
by which higher friction increases micropitting is via its effect on near- 
surface stresses at the asperity conjunctions that occur in rough surface 
lubricated contact. 

4.3. Effect of friction on observed crack morphology 

To investigate the effect of friction on surface crack morphology, all 
cracks in each prepared ball cross-section in the rolling direction after 8 
million cycles were analysed to measure (i) crack length in the subsur
face and (ii) the angle at which the cracks grow in relation to the surface. 
(Typical cross-section were illustrated in Fig. 9), The analysed cross- 
sections were all from tests run using Method 2 (i.e. MoDTC added 

Fig. 15. Surface pressure distribution, con
tours of positive (tensile) σxx stress 
(compressive σxx stresses set to zero for 
clarity) and contours of maximum shear 
stress in the central plane (y = 0) in the 
rolling direction in the contact of an MTM 
ball and disc under normal load of 75 N and 
friction as stated: (a) smooth MTM ball on 
the rough disc (disc roughness as used in 
present tests and measured using a stylus 
profilometer); (b) smooth ball on smooth 
disc under same loading conditions. All 
stresses have been normalised by the 
maximum Hertz pressure. Note that the top 
of the figures of stress distribution (z = 0) are 
the contact surfaces.   
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after the initial running-in was complete) at different concentrations of 
the MoDTC, and hence different friction. Fig. 16 shows the relationship 
between the measured crack subsurface length and the crack angle. The 
results of ZDDP + Mo(500) were excluded because of its lower coun
terface roughness after 1 million cycles compared to other blends, which 
in itself obscures the influence of friction on micropitting as explained 
above. It should be noted that the number of cracks observed increased 
with increasing friction coefficient, so that the tests with ZDDP alone 
(black circles) generated the most cracks. Two features are immediately 
apparent in Fig. 16, (i) higher friction resulted in shorter cracks on 
average, and (ii) at higher friction cracks appear to grow at a steeper 
angle to the surface although this may be affected by the crack length 
itself (as evident on the graph) rather than only friction. For example, in 
the test with ZDDP-only, (friction coefficient of around 0.1), cracks were 
between 5 μm and 25 μm long and their angle to the surface was be
tween 15◦ and 30◦. By contrast, for tests where 200 ppm Mo was added 
after 0.1 million cycles (friction coefficient around 0.04), the crack 
lengths were between 15 μm and 40 μm long and the crack angle to the 
surface was between 10◦ and 20◦. 

The exact reason for the apparent change of crack angle with friction 
is difficult to establish with certainty as both friction and crack length 
are changing as one moves from left to right along the x axis in Fig. 16. 
However, this must be related to the changes in the stress fields expe
rienced by the crack for different friction coefficients and observed crack 
lengths (longer at lower friction). Further understanding and determi
nation of the change in crack angle with friction is likely to be the subject 
of future investigations. 

The trend for shorter cracks at higher friction may seem counterin
tuitive given that high friction gives higher shear and tensile stresses as 
shown above. However, there are plausible reasons for these observa
tions. Firstly, the fact that the number of cracks is higher for higher 
friction coefficients is in accord with the higher magnitude of the near 
surface stresses discussed above. However, if there is a higher density of 
cracks, these are more likely to interact to form a micropit, thus trun
cating any further growth of the affected cracks. Consequently, any 
remaining cracks that may be observed in the cross-sections from high 
friction tests are likely to be shorter than in the case of low friction, 
which must grow longer before interacting. 

The entrainment of oil into the surface-breaking crack may also play 
a part in determining their relevant lengths at high and low friction. 
Several authors [25–27,63] have shown numerically that once entrained 
into the crack, the lubricant can be pressurized during over-rolling, 
which increases mode I stress intensity factor and hence promotes 
crack propagation. Olver at al [64]. have provided remarkable direct 

observations of such lubricant interaction with a micropit passing across 
the contact. Another consequence of lubricant entering a crack is the 
reduction in crack face friction. This is a less-studied effect, but it has 
been shown to be important in relation to crack propagation under 
rolling contact [7,26,65]. If high friction exists between crack faces 
during the passage of the crack through the contact, the crack faces will 
lock and be less able to slide past each other. This will reduce the mode II 
stress intensity factor, and hence reduce crack propagation rate [26,65]. 
Bower [26] predicts that mode II crack propagation is unlikely if crack 
face friction exceeds 0.2. If lubricant does enter the crack, one with low 
friction properties such as the MoDTC blends used in the present tests, 
will decrease crack face friction more than one that gives higher friction 
(such as that containing only ZDDP in the present tests). Consequently, 
the propagation of surface breaking cracks under mode II may well be 
enhanced by the presence of low friction oil. This may be another reason 
why the cracks observed here in the tests with MoDTC blends were 
longer than those observed with the oil containing ZDDP only. This does 
not imply that more micropitting would be caused by a lower friction oil, 
indeed the opposite is true as shown here, because fewer cracks are 
initiated with the low friction oil than the high friction oil in the first 
place, so that crack interaction that precedes micropit formation is less 
likely to occur. 

5. Conclusions 

This study used MTM-SLIM ball-on-disc tests with custom oil blends 
containing ZDDP and different concentrations of MoDTC friction mod
ifier to investigate the effect of friction on micropitting. In order to 
generate micropitting on the balls, non-standard MTM discs with 
roughness of 0.42 ± 0.02 μm Ra and softer balls were used. The main 
findings can be summarised as follows:  

- It was shown that in micropitting tests in which the initial 0.1 million 
cycles were conducted with an oil containing ZDDP alone, after 
which the oil was replaced by one containing ZDDP and MoDTC until 
the end of the test, the same amount of roughness reduction of 
counterface discs due to running-in was observed regardless of 
whether or not the MoDTC was present in the second stage of the test, 
i.e. regardless of the level of friction in the second stage. This 
approach makes it possible to isolate the effect of friction on 
micropitting from that of running-in which would otherwise be 
affected by addition of MoDTC.  

- Reduction of friction coefficient from around 0.10 (ZDDP alone) to 
around 0.04 (ZDDP + MoDTC at Mo concentration of 200 ppm) 
resulted in an order of magnitude reduction in the extent of micro
pitted area within the ball wear track. This shows that friction has a 
very significant impact on micropitting.  

- Lower friction resulted in fewer surface cracks that were longer and 
grew at a shallower angle to the surface compared to those produced 
at higher friction.  

- Analysis of the contact stresses in the MTM ball-on-disc contact at 
different friction coefficients suggests that the primary mechanism 
by which friction affects micropitting is through its effects on the 
near-surface shear stresses and direct tensile stresses associated with 
asperity contacts. 
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