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Stray currents in wind turbines have been associated with the premature failure of bearings through lubricant
degradation and wear mechanisms. Tribological contacts under electrical current flow can be described as
electrolytic cells, where the interacting bodies act as cathode and anode. This study investigated how cathodic
polarity and current densities in tribological contacts impact tribofilm formation and wear mechanisms. Applied

voltages higher than the dielectric strength of the oil enabled current flow across the tribological contact. The
tribofilm predominately formed on the anode which attracted dissociated anions from additives and increased
with current density, while the cathode remained unprotected. The damage on the cathode took the form of
micro-pitting, wavelets and at low current densities, sub-surface WECs surrounded by WEAs.

1. Introduction

Based on “Statistical Review of World Energy”, in 2023, the cumu-
lative global installation capacity of wind power was 1017.2 GW; this
had increased by 12.9 % over 2022-2023 [1]. In spite of this, the failure
rate of the modern utility-scale wind turbines continues to be high
(failure/turbine/year >1) [2] because of the harsh conditions of oper-
ation. The greatest downtime is due to generator and gearbox problems
[3], with the bearings being the most affected parts e.g. a failure rate of
90 % [4]. The failure modes have been attributed to wear, cracks and
fracture, plastic deformation, lubricant failures, contact fatigue,
manufacturing and operating problems, and electrical erosion [5].

Apart from the challenges posed by the mechanical and environ-
mental conditions of operation, wind turbine bearings are affected by
stray currents, an undesirable and harmful phenomenon that has three
main causes: (I) electrostatic charging of the wind turbine blades, which
results in a DC current circulating through the drivetrain and discharges
taking place at the main shaft, gearbox, or generator bearings (in
gearless turbines) [6-12]; (II) magnetic flux asymmetries leading to a
shaft voltage being induced in the axial direction and low-frequency AC
currents flowing through generator bearings [13-15]; and (III)
common-mode voltage in combination with high slew rates of the
voltage pulses lead to high-frequency AC currents affecting the

generator or gearbox bearings [16-19]. These currents lead to earlier
failure of wind turbine bearings through wear mechanisms such as:
frosting [20-22], fluting [21,23,24], pitting [25,26], insulation coatings
breakdown [27,28], white etching cracks (WECs) [29-39], lubricant
degradation [40,41].

The effect of small DC electrical currents (< 25 pA) from electrostatic
charges [36] and high DC/AC electrical currents (densities >
0.01 A/mmz) [34] on WEC formation in roller bearings lubricated with
an automotive gearbox oil SAE 75W-80 [36] and a synthetic industrial
gearbox oil ISO VG 320 [34] was investigated. Two hypotheses for WEC
formation were proposed by the authors: (I) ‘Cathodic WEC fatigue’
affecting predominantly the negatively charged cathodic rings which is
triggered by small DC currents and lubricant formulation which pro-
duces hydrogen cations (H") that diffuse beneath the surface to promote
WEC formation and propagation [36]; and (II) ‘Energetic WEC fatigue’
affecting mainly the positive anodic rings produced by high DC/AC
currents that exceed the dielectric strength of the lubricant and lead to
electrical discharges and increased local temperatures. This generates
hydrogen radicals (He) from lubricant/water molecules and leads to
failure at the anode from WEC [34]. A study on the effect of DC currents
on WEC formation on a three-ring-on-roller ZF-type tribometer lubri-
cated with a commercial mineral oil ISO VG 100 found that both po-
larities (cathodic or anodic) in combination with specific test conditions
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Table 1
MTM-SLIM electrical setup test conditions.
Test conditions Conditioning Stribeck phase
phase
Applied voltage interval 0-5
w)®
Applied voltage (V)™ 1.4/1.6
Balance resistance (@) ¥ 10/ 100
Load (N) 50
Max stress (GPa) 1.1
SRR (%) -30
Temperature ( C) 100
Entrainment speed (m/s)® 0.2
Entrainment speed (m/s) 0.1 2-0.01
Time interval (min) - 0, 1,5, 10, 20, 60, 120,
180
MLy curves; a Testing routine
Table 2
Test conditions for MPR fatigue tests.
0il type
Test conditions Gearbox oil
Duration (h) 288
Contact type Line
Load (N) 500
Max stress (GPa) 1.92
SRR (%) -30
Rolling speed (m/s) 3.4
Temperature (°C) 100
Applied voltage interval (V)® 0-5
Applied voltage (V)™ -1,-3
Balance resistance (Q)® ¥ 5
Film thickness (nm) 98.6
Lambda 0.69
CLA acceleration (g) 5
Peak to peak acceleration (g) 15

® 1.V curves; ™ Testing routine

Microscope and spacer
layer coated disc

RGB colour
camera

Fig. 1. Schematic representation of the electrical circuit setup connected
to MTM.

such as load, SRR and contact current density can lead to earlier WECs in
anodic specimens [33]. Current densities >0.75A/mm? were also
shown to lead to failures from electrical erosion and the tribofilm
composition depended on the polarity of specimens. The authors
assumed that WEC failures under electrical conditions can be attributed
to the roughening of surfaces from electrical discharges producing
alternating stresses in the sub-surface or hydrogen release from the
lubricant. The lubricant used in these studies initiated WEC formation
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even in absence of electrical current [42-44], which made it difficult to
separate the effect of the current from that of the lubricant.

The functionality of ‘Cathodic/Energetic WEC fatigue’ hypotheses
has been refuted by a study which used perfluoropolyether (PFPE) base
oil to lubricate RCF tests [35]. The authors investigated the effect of DC
currents on WEC formation in the Micro-Pitting Rig under large currents
(250 mA) and found no correlation with atomic hydrogen. When
commercially fully formulated WT gearbox lubricants were used, WEC
failure took place at applied current values of > 25 mA and WEC started
from the local plastic deformation, due to combined cyclic stresses and
electrically aided dislocation motion around stress concentrators, the
time-to-failure depending on the lubricant base oil type and the additive
package. The investigation using AC current [32] found that the
time-to-failure decreases with increase of the AC current magnitude,
with macro-pitting as the dominant failure mechanism. In addition,
WECs were found for all electrical current intensities applied to the
tribological contact, regardless of the lubrication regime.

The aim of the current study is to answer some important questions
that have been overlooked by the previous research: (I) as the current
passage transforms the tribological contact into an anode and cathode,
how does this affect the contact interacting with the additives and tri-
bofilm formation? (II) what is the dielectric response of the lubricant to
the passage of current in the boundary lubrication regime? (III) how
does the current density affect the wear, failure mechanisms and WEC
initiation? and (IV) what are the measured current attributes (intensity
and voltage) inside the tribological contact and the calculated current
density (current intensity in the tribological contact divided by the
Hertzian contact area) in the RCF testing? The study employed a com-
mercial gearbox oil tested in MTM and MPR tribometers (PCS In-
struments) where the tribological contacts were connected to an
electrical setup. The tests were carried out with the MTM Ball and MPR
Roller as cathodes (negatively charged).

2. Experimental methods
2.1. Test rigs and conditions

Tribological tests were conducted using the Mini Traction Machine
(MTM-SLIM) and Micro Pitting Rig (MPR) supplied by PCS Instruments.
The test conditions are summarised in Tables 1 and 2. The two trib-
ometers were ideally suited to study the role of electrical contact on
tribofilm formation (MTM-SLIM) and RCF life and evolution of wear
mechanisms (MPR).

Tribofilm formation was investigated in the MTM using a three steps
test routine alternating at fixed time intervals. Firstly, a ‘conditioning
phase’ is undertaken when the ball is rubbed against the disc surface in
boundary lubrication conditions to generate a tribofilm on ball and disc
wear tracks. This step is followed by the ‘Stribeck curve’ acquisition,
when the friction is measured over a range of rolling speed at a fixed
Slide to roll ratio, SRR, starting from higher and progressing to lower
speeds. The third step was the ‘tribofilm measurement’ using the SLIM
attachment, when the stationary ball is loaded against the spacer layer-
coated window to capture an image of the ball wear track.

The testing was carried out in boundary lubrication and a negative
SRR was chosen as it has been shown to be a driver in WEC formation
[44]. In the MPR this means that the central roller moves faster than the
rings and the combination of rolling speed (3.4 m/s) with SRR leads to a
linear speed of 2.89 m/s for the rings (1022 rpm) and 3.91 m/s for the
roller (6223 rpm). As such, the roller experiences 1.12 million contact
cycles per hour. The occurrence of surface damage on wear tracks in-
creases the roller vibration level, measured using an accelerometer. The
trip condition for CLA acceleration was set as 5g and for the
Peak-to-peak acceleration was 15 g. Tests were concluded when either
the time condition was reached (288 h, which results in 322 million
contact cycles), or when the trip condition for roller vibration was
exceeded.
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Fig. 2. Schematic representation of the electrical circuit setup connected to MPR.
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Fig. 3. 1I-V plots measured in MTM electrical setup with the gearbox lubricant
at 100 Q (a) and 10 Q (b) applied from the variable resistor. With dashed line is
separated capacitor behaviour (before breakdown point) and Ohmic resistor
behaviour (after breakdown point) of the lubricant.

The MTM and MPR specimens were supplied by PCS Instruments and
made of AISI 52100 through hardened steel. The 19.05 mm MTM ball
and 46 mm MTM disc each had a Rq roughness of 11 + 3 nm and com-
posite roughness of approximately 16 nm. In the MPR, a crowned 12 mm
roller with 1 mm wide wear track contacts three counter rings with a
diameter of 54.15 mm. The Rq roughness of MPR roller and rings was
0.1 pm, and the composite roughness was approximately 0.14 um.

Each test was conducted with a new ball/disc pair and roller/rings
that had been ultrasonically cleaned with a hydrocarbon-mix solvent
(FASTCLEAN 201, CRC Industries UK Ltd) and isopropanol prior to the
test.

The tests were run in a gearbox lubricant, which has a relative

0.8

0.6

04

Voltage (V)

0.2

0 100 200 300 400 500 600
Intensity (mA)

Fig. 4. I-V plot measured in MPR electrical setup with the gearbox lubricant.
With dashed line is separated capacitor behaviour (before breakdown point)
and Ohmic resistor behaviour (after breakdown point) of the lubricant.

density of 0.867 g/cm® a kinematic viscosity of 63.26 cSt at 40 C and
11.43 cStat 100 C, and a pressure-viscosity coefficient () of 9.83 GPa L.

The electrified tests were carried out by connecting the MTM and
MPR tribometers to an electrical circuit consisting of a DC power supply,
a variable resistor and a multimeter (Fig. 1 and Fig. 2). To apply posi-
tive/negative voltage, two channels of the DC power supply were con-
nected in series which allows for a specific electrical polarisation
(cathodic/anodic) of the tribological specimens to be selected. A digital
multimeter was employed to measure the intensity and voltage values
across the tribological contact. The MTM specimen connection with the
electrical circuit was provided from the ball shaft (which is grounded)
through copper slip ring and brushes and a Mercotac bushless slip ring
on the MTM disc shaft. The MPR tribological contact was connected to
the electrical circuit by two copper slip rings installed on the roller and
upper ring shafts and carbon brushes. The ring shaft is grounded, and the
roller shaft is insulated as shown in Fig. 2.

To understand the lubricant behaviour in the electrified/charged
tribological contact operating under boundary lubrication, a pre-
liminary study was carried out in each of the two tribometers.

I-V curves were measured to study the breakdown voltage of the
lubricant film by applying for 30 seconds an external voltage between
0 and 5V, in steps of 0.5 V. The tribological and electrical test condi-
tions used in this study are summarised in Table 1 (MTM-SLIM) and
Table 2 (MPR). After the breakdown curves were measured in the MTM
and MPR, the tribofilm formation (in MTM) and RCF (in MPR) tests were
carried out at applied voltages above that at which the breakdown of the
lubricant occurs (Fig. 3 and Fig. 4).

The tribological tests were carried out with the MTM Ball and MPR
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Fig. 5. MTM results measured after O, 1, 5, 10, 20, 60, 120, and 180 minutes of testing at 100 C with 0 A/mm? at the contact (a) Stribeck curves, (b) SLIM

interferometry images of the ball wear track.
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Fig. 6. Images of the tribofilm on the MTM ball after 3 h conditioning time. The red arrows indicate the wear track. (a) Optical image of the wear track, (b) Alicona

3D map of the tribofilm.

Roller as cathodes (negatively charged).

2.2. Surface analyses
The morphology and composition of the wear tracks of the MTM and
MPR specimen were analysed by optical microscopy (Olympus BX41M-

led), SEM/EDX (JSM-7200FSchottky Field Emission SEM) and profil-
ometry (Stylus and Alicona Infinite).

2.3. Roller metallographic preparation

To investigate the presence of WECs, all rollers employed in the RCF

tests were sectioned transversely to the wear track and then longitudi-
nally to the wear track using a precision sectioning saw. Roller sections
were mounted in Bakelite, ground and polished using 120, 800, 1200
and 4000 grit grinding sheets, followed by polishing with 3 ym, 1 ym
and 1/4 ym polishing clothes. The mounted samples were then etched
with 2 % Nital (2 % nitric acid in ethanol). The etched samples were
examined for microstructural alterations by optical microscopy and
SEM.
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Fig. 7. Images of the wear track and tribofilm on the MTM disc after 3 h conditioning time. (a) Optical image, (b) SEM image (c) roughness profile measured across

the wear track with Stylus profilometer.

Table 3
Average tribofilm thickness on MTM ball (measured by SLIM) and disc (Stylus
profilometer).

Average tribofilm thickness and standard deviation

(nm)
Ball (SLIM) 4+1.4
Disc (Stylus profilometer) 9.6 + 5.7

Table 4
Parameters used to calculate the completed distance for the ball and disc
specimens.

Ball Disc
Diameter (mm) 19.05 46
Wear track diameter (mm) 17.34 42
Circumference (mm) 54.44 131.9
Linear speed (mm/s) 115 85
Rotational speed (cycles/minute) 115.3 38.7
Completed distance (mm/minute) 6276.9 5104.5

3. Results and discussion
3.1. The effect of electrical current on lubricant behaviour

As discussed in 2.1, to understand the lubricant dielectric behaviour
in an electrified tribological contact as a function of the external voltage
applied, a preliminary electrical study was carried out on the MTM and
MPR lubricated contacts operating in boundary conditions, as employed
in the tribological testing. The I-V curves measured with a multimeter
across the tribological contact when the applied external voltage was
increased from O to 5V in steps of 0.5V, reveal that the lubricant
behaviour markedly depends on the voltage value applied and most
importantly, inform which applied voltage values/range preserve the
lubricant dielectric property (to prevent or rapidly quench electric

discharges).

The characteristic I-V curves for the investigated oil in the MTM and
MPR electrified tribological contacts are depicted in Figs. 3 and 4. Both
I-V curves present four distinct zones: (1) an Increased resistance zone,
where the lubricant behaves as a resistor and prevents current leakage
through the specimens; (2) a Breakdown zone, where the breakdown
strength/voltage of the lubricant is exceeded; (3) a Decreased resistance
zone, where the current starts to flow across the tribological contact and
the lubricant resistance decreases; (4) a Constant resistance zone, where
the lubricant behaves as an Ohmic conductor. Two values of external
variable resistance were used in the MTM electrical setup to determine
the breakdown strength of the oil. With a variable resistor value of 100
Q, the breakdown strength is 0.76 V (Fig. 3.a) and with a resistor of 10
Q, the breakdown strength is 0.71 V (Fig. 3.b). The breakdown voltage
decreases when the external resistance (variable resistor) decreases.

The I-V curve measured in the lubricated MPR electrical setup with a
balance resistance of 5 Q has a breakdown voltage of 0.67 V (Fig. 4).

The lubricant breakdown strength values (current and voltage)
measured in MTM and MPR contacts and their corresponding applied/
external voltage values inform the selection of the external voltage used
during the tribological testing. During the tribological testing, applied
voltages higher than that corresponding to the lubricant breakdown
strength were employed. The corresponding current values from the [-V
curve were then divided by the Hertzian contact area to calculate the
current density in the tribological contact. To enable the correlation of
the results from the MTM and MPR, similar current density values were
used during the tribological testing.

Three steps were followed to determine the values of electrical pa-
rameters employed in the MTM and MPR testing:

1. I-V curves are measured in MTM and MPR in boundary lubrication by
applying external voltages in the range 0-5V

2. applied voltages higher than that corresponding to the breakdown
strength (values from the “constant resistance” zone on the I-V
breakdown curve) were used for tribological testing
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Fig. 9. MPR Roller wear track after 288 h/ 322 million contact cycles: (a) Optical image, (b) SEM-EDS image, (c) Stylus profile, and (d) Alicona 3D map.

3. the measured intensity values corresponding to the applied voltage
were taken from the breakdown curve

4. similar current densities are used for the MTM and MPR testing (the

Element  Fe Cr o Mn c P S current intensity divided by Hertzian contact area).

mass % 95.14 1.68 1.34 0.52 0.50 0.28 0.15

Table 5
Elemental composition of the tribofilm.

3.2. Tribofilm growth and wear evolution in ‘No applied electrical field’

3.2.1. Characteristics of the tribofilm generated by lubricant

Fig. 5 (a) shows the Stribeck curves for the lubricant at 100 C in ‘No
applied electrical field’, illustrating the friction properties of the tribo-
film at different stages of formation during the rubbing stage of the
testing. The lubricant shows a friction coefficient that increases gradu-
ally over time in the boundary and mixed lubrication regimes (based on
the present study testing conditions, the calculated values for the spe-
cific film thickness 1 of ~3 and ~1 corresponded to the 1400 mm/s and
300 mm/s, respectively). A significant increase in friction started after
10 minutes of rubbing and then gradually continued until the end of
0 ) ' ! X : ' testing. These results depict the kinetics of tribofilm growth/removal

0 50 100 150 200 250 300 350 . . . L
Contact Cycles (x10%) over time. Fig. 5 (b) shows the corresponding SLIM (optical interfer-
ence) images of the tribofilm on the ball wear track. The first SLIM image
Fig. 10. COF during the 288 hours test in MPR tribometer. was taken before the start of the test and the interference colour

Friction coefficient
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Fig. 11. Wear tracks on the three MPR rings after 288 h/ 322 million contact cycles (a) Optical images (b) Stylus wear profiles measured across the wear track, (c)

Alicona 3D maps.

Table 6
Width of the wear tracks on the MPR roller and rings.
Specimen Roller Ring 1 Ring 2 Ring 3
Width (um) 1149.2 1213.0.9 1218.4 1215.4
+ SD +12.6 +12.1 +6.9 +6.7

indicates that there is no film present. However, as rubbing in boundary
lubrication conditions takes place, a streak-like solid film is visible after
10 minutes of rubbing with a higher density at the centre of the contact,
where the pressure is greater. This gradually becomes thicker and more
uniform. The increase in film thickness and roughness/uneven distri-
bution can be correlated with the increase in friction depicted by the
Stribeck curves. As the test progressed, the boundary lubrication COF
increased steadily from 0.095 (0 minute) to 0.1 (180 minutes).

These results indicate that the tribofilm has slow growth kinetics and
the final thickness after 180 minutes of rubbing was only 5 nm. It is
thought that the thin tribofilm is the product of the anti-wear additive
and friction modifier which compete for absorption/reaction on the

50 ym

wear track and, thereby, impede the generation of thick anti-wear films.
Similar results have been reported by Ref. [45].

Fig. 6 presents the optical image of the ball wear track and the Ali-
cona 3D image of the tribofilm on the ball. Both optical image and
Alicona 3D map show a thin, streak-like tribofilm and agree with the 3D
SLIM interferometry image.

The optical and SEM images of the disc wear track (Fig. 7) reveal a
thin streak-like tribofilm with a groove at the centre of the contact,
confirmed by the roughness profile measured across the wear track.
Table 3 shows the average height of the tribofilm on the discs and balls
from repeat tests. The average tribofilm on the disc was calculated
from multiple wear track profiles measured at positions 0, 90, 180, and
270" while on the ball this was obtained from the SLIM interference
images at the central region.

The calculated average thickness of the tribofilm measured by the
Stylus profilometer on the MTM discs is greater than that on the MTM
balls measured by SLIM interferometry. This difference in the tribofilm
thickness can be explained by two factors. Firstly, the SRR has a direct
impact on tribofilm growth and the final tribofilm thickness is a result of
the balance between its formation rate (associated with the kinetics of

— lopm Uos
15.0kV LED SEM WD 9mm

5/28/2024
11:02:49

Fig. 12. Optical image of the etched microstructure (a) and SEM image of fatigue cracks initiating from the surface (b).
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Fig. 13. MTM results measured after 0, 1, 5, 10, 20, 60, 120, and 180 minutes of testing at 100 C with 0.17 A/mm? at the contact (a) Stribeck curves, (b) SLIM

interferometry images of the ball wear track.
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Fig. 14. Images of the tribofilm generated on the wear track of the MTM ball after 3 h conditioning time. (a) Optical image, (b) Alicona 3D map. The red arrows

indicate the wear track.

chemical reactions) and its removal rate (associated with wear pro-
cesses). The current study used a —30 % SRR and a mean speed of
200 mm/s, which results in a speed of 115 mm/s for the ball and
85 mmy/s for the disc. As shown in Table 4, the difference of speeds and
diameters of ball and disc specimens leads to a different distance
completed during the test, which can affect the tribofilm thickness.
Table 4 shows the parameters used to calculate the completed distance
for the ball and disc specimens.

Thus, the ball completed a distance greater by a factor of ~1.2 than
the disc, which can result in higher wear and thinner tribofilm on the
ball than on the disc. Secondly, the tribofilm on the ball is measured by

SLIM interferometry in-situ under the testing pressure (50 N) which re-
sults in a flattening of the tip asperities and thus a smaller film thickness.

The elemental composition of the tribofilm generated after 3 hours
of rubbing on the disc was analysed by SEM-EDX mapping and shown in
Fig. 8. As expected, phosphorus and oxygen from the anti-wear additive,
was detected in the central part of the wear track and at the edges of the
groove in the tribofilm.

3.2.2. Wear mechanisms in RCF tests and their evolution
In the absence of an applied electrical field, the RCF tests in the MPR
ran for the entire test procedure (322 million cycles) without failing.
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Fig. 15. Wear track on MTM disc after 3 h of rubbing (a) Optical image of the tribofilm, (b) SEM image of the tribofilm, (c) Stylus wear profiles measured across the

wear track.

Table 7
Average film thickness measured on the MTM ball (using SLIM) and MTM disc
(Stylus profilometer).

Average tribofilm thickness and standard deviation

(nm)
Ball (SLIM) 1
Disc (Stylus profilometer) ~ 31.7 + 5.9

Fig. 9 shows post-test analysis on the roller wear track by optical mi-
croscopy, SEM, contact and optical profilometry.

All of them reveal micro-pits evenly distributed over the roller wear
track and a thin layer of tribofilm covering the outermost surface. Micro-
pitting is a wear mechanism associated with contact fatigue failure,
which is initiated by micro-cracks normal to the sliding direction, whose
propagation results in micro-pit formation. The diameter of the micro-
pits is in the 10 - 30 um range and their depth 5 — 10 pym. It is thought
that the micro-pitting mechanism is influenced by factors such as surface
roughness, microstructure, residual stresses, lubricant composition, and
operating conditions. The evolution of the micro-pitting wear mecha-
nism results in an increase in noise and vibration levels and can lead to
more severe damage such as macro-pitting and spalling [46,47].

The EDS elemental composition (mass%) of the wear track is pre-
sented in Table 5. The elements O, P, S, and C were identified in the
tribofilm. Fe, Cr, and Mn are present in AISI 52100 steel alloy compo-
sition and they are not usually present in lubricants.

The change to the width of the roller track during RCF testing was
recorded by taking optical images before and after the test (after 322
million contact cycles) at multiple positions (OD, 909, 180 and 2700). To
understand the effect of thermal energy from friction on wear, optical
images of the roller track were processed with ImageJ software, and an
increase in the width of wear track by approximately 100 pm from
1051.8 + 19.7 um to 1149.2 + 12.6 um, was noticed during the test.
This can be explained by the thermal expansion dilatation of the rubbing
surfaces resulting from prolongated frictional heating and wear.

The COF evolution during the test is depicted in Fig. 10. As the
testing was run in the boundary regime and the MPR specimens have
high roughness (Rq 0.1 pm), in the early stages of testing the value of
COF was higher at 0.08, but after 50 million contact cycles the COF
stabilized at 0.05 and then remained constant for the rest of the test.

The end of test wear tracks on the three MPR rings used as counter
bodies (in contact with the roller) are shown in Fig. 11. The top row (a)
displays the optical images, the middle row (b) the profiles measured by
the contact profilometer and the bottom row (c) the 3D maps. Both, the

(-) Ball/ (+) Disc (0.17 A/ mm?)
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Fig. 16. EDS elemental distribution on the disc wear track after 3 h of rubbing in (-) Ball/ (+) Disc configuration and 0.17 A/mm>.
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Table 8
Average values for intensity, voltage, and resistance in MTM contact during
the ‘conditioning phase’.

Mean values and standard deviation

Intensity (mA) 11.9+ 0.5
Voltage (V) 0.39 + 0.05
Resistance (Q) 33.1+5.4

contact and optical profiles show wear induced material loss of about
0.9 um depth at the area of contact between rings and roller. The surface
wear leads to the removal of the rough asperities during the RCF test.
The decrease in surface roughness is in agreement with the diminution
of the COF.

The average values of the width of the wear tracks measured with the
ImageJ software are shown in Table 6.

Following the investigation of the roller wear track surface, the sub-
surface was checked for damage. Fig. 12 presents an optical and a SEM
image of the region beneath the roller wear track after metallographic
preparation. The optical image shows the AISI 52100 microstructure
after etching with 2 % Nital and the absence of WECs. The SEM image
shows small fatigue cracks initiating at the surface.

3.3. Tribofilm growth and wear evolution in the Ball/ Roller cathode
configuration

As explained in 3.1, the lubricant breakdown curves in the MTM and
MPR contacts were used to select the applied voltage value for the
tribological tests. The applied voltage value used for testing was higher
than that producing the breakdown of the lubricant.

3.3.1. Effect of low current density across the tribological contact

A similar investigation of friction, wear and tribofilm formation to
that described in 3.2 was undertaken for electrified MTM and MPR
contacts.

3.3.1.1. Characteristics of the tribofilm generated by lubricant. MTM
tribological tests were performed with + 1.6 V from the DC power
supply and 100 Q from the external resistor. These conditions result in a
positive voltage on the disc and a negative voltage on the ball, a current
density of 0.17 A/mm? across the tribological contact and lubricant
breakdown.

Fig. 13 illustrates the Stribeck curves for lubricant and the corre-
sponding SLIM images. As the SLIM images show, no tribofilm is formed
on the wear track when the ball functions as a cathode but on some
images a film seems to be present outside the wear track. The film
outside the wear track can be an absorbed layer without strong chemical
bonding to the substrate. After the balls had been gently wiped prior to
their wear track analysis, the absorbed/reacted layer on the sides of the
wear track was not observed (Fig. 14).

Despite the SLIM images not showing tribofilm formation on the ball,
the gradual friction increases with time observed on the Stribeck curves
indicates that a tribofilm was continuously generated in the contact
during testing, probably on the disc wear track. Most of the increase took
place between 10 and 60 minutes of rubbing. The morphology of the
tribofilm evolved and after 120 minutes the Stribeck curves became
smoother and more uniform (Fig. 15). The COF in the boundary lubri-
cation regime was 0.076 at the beginning of the test and 0.117 at the
end. Higher values of COF at the end of the test were measured for the
electrified test than for the ‘No applied electrical field test.

The optical image of the ball wear track is in agreement with the
SLIM interferometry images (Fig. 14) and shows that the tribofilm on the
ball wear track is almost absent with the exception of a few micrometre-
sized spots at the centre. The 3D map reveals that the inside track is
smoother than the outside and the presence of a superficial scratch on
the left edge.
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Fig. 19. MPR Roller wear track after 288 h/ 322 million contact cycles in () Roller/ (+) Ring configuration and 0.19 A/mm? across the tribological contact: (a)
optical image, (b) SEM image, (c) Stylus profilometry, and (d) Alicona 3D map.

Optical and SEM images along with the profile of the disc wear track
are shown in Fig. 15. As expected, the anode (+) disc attracts the organic
anion moieties of the lubricant additives (carboxylates, phosphates,
sulfonates etc.) and forms the tribofilm. Both, optical and SEM images
reveal that the disc wear track is covered by a smooth, uniform 31.7 nm
thick tribofilm. Compared with the tests in the ‘No applied electrical
field’ configuration, where the tribofilm formed on both ball and disc
specimens at different rates, in the case of the (-) Ball/ (+) Disc the
tribofilm formed exclusively on the disc and is thicker as revealed by the
wear track profile.

The mean tribofilm thickness values on the disc were calculated from
multiple track profiles and discs from repeat tests. Similarly, the mean
values of the thickness of the tribofilm on the ball wear track were
calculated from different samples using SLIM software and are listed in
Table 7.

Fig. 16 presents the SEM-EDS mapping of iron, oxygen and phos-
phorus on the disc wear track which indicates that the steel substrate is
completely covered by a phosphorus and oxygen (phosphates/phos-
phonates) rich tribofilm. The concentration of these elements is higher
than on the ‘No applied electrical field” wear track which implies a
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thicker and more uniform tribofilm is generated on the positively
charged (anode) disc.

Fig. 17 illustrates the electrical parameters (intensity and voltage)
measured across the tribological contact using the electrical setup dur-
ing the ‘conditioning stage’ of the testing. The intensity curve fluctuates
but gradually decreases during the first 60 minutes of testing and is
followed by levelling up towards the end of testing. The voltage, as an
inverse function of current intensity, shows opposite behaviour with the
voltage increasing and fluctuating in the first 60 minutes of testing and
levelling out afterwards. Ohm’s law was applied to calculate the resis-
tance variation during the ‘conditioning stage’ (Fig. 18.a) and ‘Stribeck
curves stage’ (at0, 1, 5, 10, 20, 60, 120, and 180 minutes plotted against
the rolling speed at which they were measured) (Fig. 18.b). Each mean
resistance value was calculated from 6 intensity and voltage values
taken every minute during the two stages. The ‘conditioning stage’
resistance graph in Fig. 18.a demonstrates that in the first 60 minutes of
testing where tribofilm growth-removal takes place, the resistance
fluctuates and subsequently, an increase in resistance across the tribo-
logical contact is noted which levels out afterwards. A higher resistance
measured in the contact can be related to the generation of a thicker
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Fig. 20. Electrical parameters measured across the MPR tribological contact for
(-) Roller/ (+) Ring configuration and 0.19 A/mm? (a) intensity, (b) voltage
and (c) calculated resistance.

Table 9
Average values for measured intensity and voltage, and calculated resistance
in MPR contact.

Mean values and standard deviation

Intensity (mA) 63.2 + 8.7
Voltage (V) 0.64 + 0.04
Resistance (Q) 10.5 +16.1

Table 10

Elemental and mass% composition of the tribofilm from SEM/EDX.
Element Fe Cr (e} Mn C P S N
mass % 91.68 1.62 2.16 0.56 0.81 1.71 0.08 0.9

tribofilm. The mean values for measured intensity and voltage across the
MTM tribological contact and the calculated resistance are presented in
Table 8.

The ‘Resistance Stribeck curves’ (resistance versus speed) in Fig. 18.
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b show an expected increase of resistance with rolling speed/lubricant
film thickness, and also with the rubbing time. The variation of resis-
tance with time of these curves is in good agreement with the resistance
variation in Fig. 18.a e.g.in the first 60 minutes of testing, the curves
show fluctuations (increases and decreases), and later the resistance
values stabilise. The increase of the lubricant film thickness separating
the surfaces at speeds > 1.5 m/s dramatically increases the contact
resistance.

3.3.1.2. Wear mechanism and its evolution. Rolling contact fatigue tests
with an applied electrical field were performed with the MPR fitted with
electrical setup. A voltage of -1 V from the power supply resulted in a
negative (cathode) roller and positive (anode) ring. The external resistor
value was 5 Q. These conditions lead to the breakdown of the oil film
(zone 2 in Fig. 4) and a current density of 0.19 A/mm? across the
tribological contact which was approximately the same as in the MTM.
In this testing configuration, the test ran for 288 hours/ 322 million
contact cycles without failing.

The optical and SEM images, profile and 3D map of the post-test
roller wear track (Fig. 19) reveal two competing wear mechanisms:
micro-pitting and wavelets (a novel wear mechanism that has not been
reported in the literature to date which consist of surface features with
peaks and valleys orientated perpendicular to the sliding direction). The
evolution of these wear mechanisms was studied by optical microscopy
and SEM-EDS analysis over time intervals of 1 hour, in first 3 hours, and
intervals of 3 hours afterwords. The investigation revealed that the
micro-pitting mechanism occurred after approximately one hour, whilst
the first sign of wavelets appears after about 15 hours of testing. As the
test progressed in time, three distinct zones emerged on the wear track:
(1) wavelets zones; (2) micro-pitting zones; and (3) zones containing
both, micro-pitting and wavelets. A possible cause of wavelet formation
can be the combination of factors such as energy released from frictional
and Joule heating. The frictional heating caused by the 1.12 million
contact cycles/ hour and Joule heating from the passage of electrical
current can soften the material of the roller wear track and generate
wavelets. The sliding direction determines the orientation of the
wavelets.

The measured intensity and voltage values across the contact and the
calculated contact resistance values during the testing are plotted
against contact cycles in Fig. 20. The intensity curve reveals three
distinct regions, two of high and one of low values. The two zones with
the high current intensity were measured in the first ~100 million
contact cycles (~89 hours) and in the last ~ 50 million contact cycles
(~45 hours), with a lower current intensity zone recorded in between.
The contact resistance curve shows low values in the first ~100 million
contact cycles and the last ~ 50 million contact cycles, and a higher
resistance in between. The first low resistance zone can relate to tribo-
film growth similar to that measured in the MTM electrical setup. The
decrease in resistance can be related to tribofilm removal and surface
damage. The mean values and standard deviation for intensity, voltage
and resistance are presented in Table 9.

The EDS elemental composition in mass percentage of the wear track
is presented in Table 10. The valley in the zone with wavelets are
covered by a tribofilm rich in P, O (originating from the anti-wear ad-
ditive) and C (from the base oil). In addition, N was identified in the pits
and may be related to the antioxidant additive. The presence of N on the
(-) Roller is due to the ability of the amine to dissociate in positively
charged moieties and migrate to the roller.

Analysis was also carried out on the three rings used as counter
bodies in the MPR tests with (-) Roller/ (+) Ring. Ring 1 is connected to
the electrical circuit and is positively polarised, which means it acts as
anode. Rings 2 and 3 were not connected to the electrical circuit. The top
row in Fig. 21 (a) presents the optical images of the wear tracks of the
three rings, row (b) the wear profiles measured by contact profilometry
and row (c) the 3D maps.
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Fig. 21. Wear tracks on the three MPR rings after 322 million contact cycles in (-) Roller/ (+) Ring configuration and 0.19 A/mm? a) Optical images (b) Stylus wear
profiles measured across the wear track, (c) Alicona 3D maps. Ring 1 is connected to the circuit.

Table 11
Wear track width of the MPR roller and rings.
Specimen Roller Ring 1 Ring 2 Ring 3
Width (um) 1307.2 1411.3 1356.8 1369.07
+ SD +16.5 +18.7 +30.7 +31.8

The optical images reveal that the ring connected to the circuit ex-
hibits a tribofim with more intensely coloured areas than rings 2 and 3
that are covered by paler and streaky tribofilms. Micro-pits are present
on all three rings, with a greater density on rings 2 and 3. The profiles
measured across the tracks reveal a wear depth of ~ 0.7 um. The 3D
maps show a different tribofilm distribution and thickness on the rings.
The tribofilm is distributed across the entire wear track of ring 1, while it
covers only half of the wear track of rings 2 and 3. The uniform tribofilm
on ring 1 is the result of its positive polarity and ability to attract anions
such as phosphates, carboxylates etc. intimately involved in the gener-
ation of the chemical tribofilm.

The average width of the wear track on the roller and rings measured
by ImageJ software are presented in Table 11. The roller and ring wear
tracks are wider than in the ‘No applied electrical field’ tests and can be
explained by a combination of factors such as: COF, polarity and current
density, which result in greater friction and Joule heating and, thus, in
wear track widening.

Cross-sectional subsurface analysis of the rollers (Fig. 22) revealed
the presence of WECs. The WECs run parallel to the surface at a depth of
~ 30 — 250 um, are branched and give rise to specific WEAs. The SEM
images (Fig. 23) revealed the steel microstructure in the WEA had
changed from a tempered martensitic microstructure to a nanocrystal-
line microstructure.

WEC initiation and propagation are strongly dependent on specific
factors such as current density, polarity, lubricant formulation, material
purity, and the cyclic shear stresses and strains developed. The polarity
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determines specimen polarisation and the migration of the charged
additives during testing resulting in the formation of different tribofilms.
Thus, through its effect on the lubricant, polarity determines the wear
mechanism, COF, and shear stress evolution. Current density affects the
wear mechanism severity and predominance, and the kinetics of tribo-
film formation. Lubricant formulation influences friction and thus the
cyclic shear stresses present in the tribological contact. Material purity
depends principally on the presence of non-metallic hard brittle in-
clusions. These act as a stress raiser and promote strain localisation
which can lead to WEC initiation and propagation.

The results reveal that while WECs were not found in the absence of
current, the negative polarisation of the roller (acts as cathode) and a
low (0.19 A/mm?) current density across the tribological contact can
trigger WEC initiation and propagation. The propagation of WECs par-
allel to the surface and localised at a depth of approximately 30-250 um
can be related to the cyclic shear stresses which act parallel to the sur-
face and reach a maximum value at a depth of 190 pm (calculated for the
MPR condition employed in this study). The cathode roller leads to the
absence/thin tribofilms and promotes wavelets and micro-pitting wear
mechanisms. The wavelets with their peak and valley pattern increase
the friction between the interacting surfaces, which affect the shear
stress. The low current density of (0.17 A/mm?) across the tribological
contact leads to the formation of wavelets which are insufficient to result
in early failure but increase vibrations and affect the shear stress over a
larger number of contact cycles. Hence, the current density and polarity
affect the COF, tribofilm formation and wear mechanism. These result in
higher cyclic shear stresses and shear strains. The high cyclic shear
stresses interact with non-metallic inclusions, promoting strain local-
isation and WEC formation.

3.3.2. Effect of high current density across the tribological contact

3.3.2.1. Characteristics of the tribofilm generated by lubricant. Tribolog-
ical tests were performed in the MTM using an external voltage of
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Fig. 22. Micrographs of WECs observed beneath the wear tracks in subsurface analysis of the rollers after 288 hours/ 322 contact cycles in the (-) Roller/ (+) Ring
configuration with 0.19 A/mm?
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Fig. 23. SEM images of the etched specimens that reveal the microstructure of the WEAs and WECs initiating from inclusions after 288 hours/ 322 contact cycles in
(-) Roller/ (+) Ring configuration with 0.19 A/mm?.

+ 1.4 V and a 10 Q external resistor which results in a positive voltage Fig. 24 illustrates the Stribeck curves for the lubricant and the cor-
on the disc and negative voltage on the ball. These conditions result in a responding SLIM interferometry images. The SLIM images are similar to
current density across the tribological contact of 1.3 A/mm? and lubri- those recorded in the low current density (-) Ball/ (+) Disc case. The
cant breakdown. cathode ball does not produce a tribofilm on the wear track, but the
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Fig. 24. MTM test results measured after 0, 1, 5, 10, 20, 60, 120, and 180 minutes of testing at 100°C with 1.3 A/mm? in contact (a) Stribeck curves, (b) SLIM
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Fig. 25. Tribofilm generated on the MTM ball after 3 h conditioning time. (a) Optical image, (b) Alicona 3D map. The red arrows indicate the wear track.

film/deposit outside the track looks thicker in the high current density
(1.3 A/mm?) test than the low current density (0.17 A/mm?). This film
was not observed after the balls were cleaned (Fig. 25) which leads to
the conclusion that it was not chemically bonded to the steel.

As found in the low-density current test of the same polarity, a tri-
bofilm progressively formed on the disc which gave rise to the increase
of COF shown by the Stribeck curves. The friction evolution reveals that
the kinetics of tribofilm formation is higher in the first 60 minutes of
testing, following which tribofilm growth is slower. The COF at 10 mm/s
was 0.074 at the beginning and 0.11 at the end of the test. The COFs are
approximately the same in low- and high-density current conditions,
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which demonstrates that the current density has only a small effect on
tribofilm formation in the (-) Ball/ (+) Disc configuration.

The tribofilm streaks revealed by the SLIM interferometry images of
the ball wear track were confirmed by the optical imaging and the 3D
mapping (Fig. 25).

Optical and SEM images along with the profile of the disc wear track
post testing are shown in Fig. 26. Compared to the test with the same
polarity but lower current density, the tribofilm produced by the higher
current density is thicker.

The mean values of the tribofilm thickness on the MTM disc and balls
are listed in Table 12.
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Fig. 26. Wear track on MTM disc after 3 h of rubbing (a) Optical image of the tribofilm, (b) SEM image of the tribofilm, (c) Stylus wear profiles measured across the

wear track.

Table 12
Average film thickness measured on the MTM ball (SLIM) and MTM disc (contact
profilometer).

Tribofilm thickness and standard deviation (nm)

Ball (SLIM)
Disc (Stylus profilometer)

3+1.4
42.4 + 6.6

Fig. 27 presents the SEM-EDS elemental composition of the tribofilm
formed on the anode (+) disc wear track. The elemental mapping shows
a higher concentration of phosphorus and oxygen generated by the
higher current density across the contact.

Fig. 28 presents the electrical parameters (intensity and voltage)
measured across the tribological contact during the testing. The in-
tensity curve shows a similar behaviour to the same polarity low current
density test, namely a higher current intensity at the beginning of the
test which then decreases in the first 60 minutes of testing followed by a
region with no fluctuations. The resistance graph (Fig. 29.a) shows a
slow and steady increase in resistance with time resulting from the
growth of the tribofilm on the disc during the ‘conditioning stage’. The
‘Resistance Stribeck curves’ (resistance versus speed) in Fig. 29.b. show
a steady gradual increase of resistance with rolling speed/lubricant film

thickness all the way into the EHD regime (1.5 m/s), and also with the
rubbing time. There is an increase in resistance during the first
60 minutes of testing, whilst later the resistance stabilises, which reveals
the insulating properties of the tribofilm formed. As the values of the
external resistance were different in the low- and high-density current
tests, the resistance values measured across the tribological contact
cannot be directly compared. The trends are similar but the ‘resistance
Stribeck curves’ measured under high current density show a more
defined continuous increase with time.

The mean values for intensity, voltage and resistance were calculated
from the measured/ calculated data and are presented in Table 13.

3.3.2.2. Wear mechanism and its evolution. MPR rolling contact fatigue
tests with an applied voltage of — 3 V and a 5 Q external resistor were
carried out. These conditions result in a negative voltage on the roller
and a positive voltage on the ring, a current density of 0.8 A/mm? across
the tribological contact and oil film breakdown.

The test ran for 74.7 hours/ 83.7 million contact cycles until the trip
conditions of Peak-to-Peak acceleration of 15 g were exceeded. Fig. 30
shows the post-test analysis of the roller specimen with optical micro-
scopy, SEM-EDS, and profilometry.

The optical and SEM images, profile and 3D mapping reveal the
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Fig. 27. EDS analysis of the wear track on the disc specimen after 3 h of rubbing in (-) Ball/ (+) Disc configuration and 1.3 A/mm?2
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Fig. 28. Electrical parameters measured with the electrical setup during the 3 h
test with (-) Ball/ (+) Disc configuration and 1.3 A/mm? across the tribological
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Table 13
Average values for intensity, voltage, and resistance in the MTM ball/disc
contact.

Mean values and standard deviation

Intensity (mA) 89.3 + 3.5
Voltage (V) 0.4 +0.04
Resistance (Q) 4.6 +£0.6

presence of wavelet formation and micro-pits. Compared to the test with
the same polarity (-) Roller (+) Ring but low current density (0.19 A/
mm?) and which ran for the entire test procedure, the current test suf-
fered early failure from severe damage on the roller wear track. The
micro-pitting areas of the track had a denser distribution of the micro-
pits than that recorded at a lower current density; the amplitude of
the wavelets was also greater. The increased height of the wavelets and
the severe micro-pitting resulted in greater vibrations and led to early
failure. Thus, higher current density results in shorter RCF life.

The measured intensity and voltage and the calculated resistance
values across the MPR contact during the testing period are plotted
against contact cycles in Fig. 31. During the first 20 minutes the in-
tensity decreased while the voltage increased, a similar behaviour to
that recorded during the MTM test. The consequential increase in con-
tact resistance implies a gradual tribofilm formation. (Fig. 31.c).

The EDS elemental and mass percent composition of the wear track
tribofilm are presented in Table 14. The area of wavelets had a higher
concentration of C, P, O and N than the lower current density tribofilms
which indicates that the tribofilm thickness increases with current
density.

The optical images, profiles and 3D maps for the rings wear track are
depicted in Fig. 32. Similar to the previous tests, ring 1 was connected to
the electrical circuit, while rings 2 and 3 were not. The optical images
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Fig. 29. Resistance measured in MTM tribological contact with (-) Ball/ (4) Disc configuration and 1.3 A/mm? at the tribological contact (a) Resistance across the
contact (b) Resistance vs rolling speed/film thickness after 0, 1, 5, 10, 20, 60, 120, and 180 minutes of testing.
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Fig. 30. MPR Roller wear track after 74.7 h/ 83.7 million contact cycles in (-) Roller/ (+) Ring configuration and 0.8 A/mm? current density: (a) Optical image, (b)
Stylus profile across the wear track, (c) SEM image, and (d) Alicona 3D map.
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calculated resistance.

Table 14

SEM/EDX elemental and mass% composition of the roller tribofilm.
Element Fe Cr o Mn C P N
mass % 83.79 1.47 6.4 0.05 6.56 1.33 0.05

reveal that the ring 1 wear track had a light blue, patched tribofilm,
whilst rings 2 and 3 had dark blue coloured tribofilms with some yellow
areas. The contact and optical (3D maps) profilometry results show that
the neutral rings 2 and 3 suffered a greater amount of wear than ring 1
that functioned as an anode. The positively charged ring 1 promoted the
build-up of the tribofilm which protected it from wear.

The mean widths of the roller and ring wear tracks measured by
ImageJ software are presented in Table 15. The wear tracks are nar-
rower than those obtained from the same polarity low current density
(0.19 A/mmz) tests. The COF (0.045) in the higher current density test is
also greater than in the lower density test.

The narrower width of the roller and ring wear tracks can be
attributed to the smaller number of rolling contact cycles (83.7 million),
compared to the duration of the low current density tests (322 million

19

contact cycles). The higher COF is due to the severe damage on the roller
in the form of wavelets and micro-pitting.

After metallographic preparation of the roller wear track, optical and
SEM images of the subsurface damage were taken (Fig. 33). Both optical
and SEM investigations revealed the presence of fatigue cracks that
initiated at the surface. No WECs were found.

3.4. Comparation between neutral/cathodic polarisation and low/high
current density

Fig. 34 shows a comparison between the COF measured during the
‘conditioning phases’ in the MTM tests in the ‘No applied electrical field’
and (-) Ball/ (+) Disc configuration with low/high current density.

The COF during the ‘conditioning phase’ gives important informa-
tion regarding the effect of electrical polarity and current density across
the tribological contact. If the increase in friction can be correlated to
the tribofilm buildup with time, the three curves indicate that the con-
tact polarisation and higher current densities are beneficial and lead to
the faster generation of thicker tribofilms.

The comparison between the Stribeck curves measured after three
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Fig. 32. Wear tracks on the three MPR rings after 336 million contact cycles in (-) Roller/ (+) Ring configuration and 0.8 A/mm? (a) Optical images (b) Stylus wear
profiles measured across the wear track, (c) Alicona 3D maps. Ring 1 is connected to the circuit.

tribological contacts lubricated with a gearbox oil. The polarity and

Table 15 current density across the contact impacted tribofilm formation and
Mean wear track width of the MPR roller and rings. wear mechanisms. The main findings of the study can be summarised as:
Specimen Roller Ring 1 Ring 2 Ring 3
Width (um) 1295.3 1337.5 1320.5 1314.1 e When the apphe'zd electrical field across‘ the tribological contact ex-
1SD 1175 1148 1152 19233 ceeds the electrical strength of the lubricant, the breakdown of the

hours of rubbing in the same electrical configurations (Fig. 35) shows

lubricant occurs, and it starts to behave as an Ohmic conductor.

‘No applied electrical field’

the same trend as the friction variation. Tests with (-) Ball/ (+) Disc

configuration increased friction in the mixed and boundary regimes and
generated thicker tribofilms. Current density plays an insignificant role

in boundary regime.

4. Conclusions

e In MTM tests the tribofilm growth kinetics are slow generating thin
films (4 nm after 3 hours of rubbing). This outcome can be due to the
anti-wear additive which does not form thick tribofilms. The RCF
tests in the MPR completed the testing procedure and the associated
wear mechanism was micro-pitting.

Cathodic configuration

This study investigated the effect of the electrical current on

15.0kV LED

Fig. 33. Optical image of the etched microstructure (a) and SEM image (b) of the fatigue cracks in (-) Roller/ (+) Ring configuration and 0.8 A/mm?.

20



G. Cernaleyschi et al.

0.1

0.08
9
= 0.06
v
S
=
£ 0.04
é —0 A/mm?

0.02 ——(-) B/ (+) D (0.17 A/mm?)

—()B/(+) D (1.3 A/mm?)
0 1 L
0 50 100 150 200
Time (min)

Fig. 34. Friction coefficients during the conditioning phase for ‘No applied
electrical field’ configuration, (-) Ball/ (+) Disc configuration and 0.17 A/mm?,
(-) Ball/ (+) Disc configuration and 1.3 A/mm?.

0.15
012 |
=
=
<9
£ 0.09
@
S
=
2 0.06
2
E —0 A/mm?
I
0.03 || —=8—() B/ (+) D (0.17 A/mm?) |
—e—() B/ (¥) D (1.3 A/mm?) [
: - \ 1 A
1 10 100 1000

Rolling speed (mm/s)

Fig. 35. Stribeck curves measured after three hours of MTM testing.

e MTM tests with (-) Ball/ (+) Disc polarity were run with low and high
(0.17 and 1.3 A/mm?) current densities to investigate tribofilm for-
mation. This configuration leads to tribofilm growth predominantly
on the disc and its thickness increases with current density. A higher
COF was recorded which increased with the current density.

MPR tests with (-) Roller/ (+) Ring polarity were carried out with
low and high (0.19 and 0.8 A/mmz) current densities to study RCF
life and wear mechanisms. Under these conditions the wear mech-
anisms were micro-pitting and wavelets. Low current density gen-
erates sufficient cyclic shear stress from friction for WEC formation
and propagation at 30-250 pm depth below the surface. WECs are
surrounded by WEA, arranged parallel to the surface with cracks
branching/linked to the non-metallic inclusions. At high current
density, failure occurs due to severe micro-pitting and greater height
wavelets.

SEM/EDS investigation revealed that the tribofilm elemental
composition depends on the polarisation. The elements predomi-
nantly found in the anode tribofilm composition are P, O, C, and S
while the N was found only in the tribofilm formed on cathode The
elemental concentration (mass percentage) correlates well with the
tribofilm thickness.

Under applied electrical field, the width of the MPR roller and ring
wear tracks increased. This is the effect of the prolongated frictional
heating and thermal expansion of the specimens which lead to
increased wear.

Statement of Originality

This study investigated the effect of the electrical current on tribo-
logical contacts lubricated with a gearbox oil and showed that the
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polarity and current density across the contact impacted tribofilm for-
mation and wear mechanisms. The research showed how the cathodic
polarity of the ball (MTM) and roller (MPR) dramatically changes tri-
bofilm generation, friction, wear mechanisms and RCF life as compared
to ‘No applied electrical field’ situation. The findings contribute to
designing efficient lubrication and formulating suitable lubricants for
wind turbines.
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