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Abstract: This work explores experimentally the effects of DC electrical currents on lubricant film thickness 

alteration in lubricated sliding steel contacts in the boundary and mixed regime as measured by ultrasound. 

The experiments were performed in a two-electrode cell-based pin-on-disk tester instrumented with 

ultrasonic transducers. Unelectrified and electrified tribological tests were conducted on steel flat-on-flat 

contacts under various speeds and loads using both a mineral base oil and a gear oil. Film thickness, 

coefficient of friction (CoF), and electrical contact resistance (ECR) were measured during short experiments 

(30 s) in unelectrified and electrified (1.5 and 3 A) conditions. The results suggest that film thickness, CoF, 

and all ECR are altered by passing DC currents through the contact. In particular, film thickness increased 

and decreased, respectively, by applying electricity at the different speeds and loads tested. These alterations 

were majorly ascribed to oil viscosity decrease by local heat and surface oxidation caused by electrical 

discharge and break down at the interface. 
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1  Introduction 

The passage of electricity through some tribological 

contacts, such as slip ring/commutators, catenary 

pantographs, and wheel/rail interfaces is essential for 

their function. However, electricity passing in bearings 

or gears from electric machines (motors and generators) 

is common but unwanted. It occurs due to stray 

currents coming from phenomena like magnetic 

flux asymmetry, inverter-induced voltages, and 

triboelectrification produced during the operation of 

electric machines [1, 2]. This has been demonstrated 

to be deleterious to the tribological performance of 

such elements, and has been widely reported [1, 3–7]. 

According to recent state-of-the art reviews [8, 9], 

electricity causes a variety of physical phenomena at 

metallic and non-aqueous lubricated contacts. Among 

the most critical mechanisms that affect friction and 

wear are; double-layer repulsion reducing the effective 

load (this is significant at very low contact pressures 

or at mixed and hydrodynamic lubrication regimes), 

charge-promoted adsorption, electrochemically driven 

oxide or additive films formation, and field-induced 

molecular rearrangement.  

Recently, this subject has received renewed interest 

due to the increasing use of drivelines for electric 

vehicles and electricity generation equipment. Research 

has focused on the effects of electricity on surface 

tribo-chemistry and additive behavior [10–13], formation 

of metal oxides in dry and lubricated metal–metal 

contacts [14, 15], rolling contact fatigue promotion 

[16, 17], tribological behavior of new lubricants [18],  

and hard coatings/advanced materials [19]. In these 

investigations, analysis is based on determination  
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of changes in friction coefficient, wear rates and 

mechanisms, contact temperature, lubricant degradation, 

tribochemistry of the contact surfaces, and sometimes 

contact resistance under external electric fields. All 

these phenomena depend on the formation of a 

lubricating film, but this is rarely measured directly. 

Lubricant film thickness depends upon many variables, 

such as type of lubricant (physicochemical properties), 

operating conditions (load and speed), stiffness, 

roughness, and texture of two contact surfaces, 

humidity, and temperature. There are various methods 

and techniques to measure the lubricant film thickness. 

These include electrical capacitance [20], electrical 

resistance [21], and eddy current methods [22, 23]. 

Their main disadvantage is noise generated and a 

need for a recess in the bearing load zone to mount 

the electrical probe [24]. Optical methods are also used 

to measure lubricant film thickness [25–29], although 

they require transparent windows which would 

insulate a contact. Contrastingly, ultrasound has 

been widely used to measure interfacial stiffness in 

dry and lubricated contacts and so deduce lubricant 

film thickness [30–36]. This technique is non-invasive, 

non-destructive and can measure the interface of the 

contacting parts inside a machine without insulating 

the contact, which is advantageous for electrified 

interfaces. 

Although film thickness has been supposed to 

change by electrical current in previous research 

works [8, 9, 37], it has been scarcely demonstrated 

experimentally. Hence, this paper aims to provide a 

first experimental exploration of the film thickness 

alteration in sliding contacts in the boundary and 

mixed lubrication regimes due to external electrification 

in a two-electrode cell-based pin-on-disk tester 

instrumented with ultrasonic transducers. 

2 Background 

2.1 Reflection of ultrasonic waves from tribological 

contacts 

When ultrasonic waves are incident at the boundaries 

of a medium or discontinuities, part of the ultrasonic 

energy is reflected, and part is transmitted. Provided 

the surface are smooth compared to the sound 

wavelength (and for practical bearing applications 

this is always the case) then there is no scattering of 

the wave at the rough surface contact. The reflection 

is caused by the difference in acoustic impedance of 

the contacting surfaces. For example, in a steel–air 

interface shown in Fig. 1(a), the acoustic impedance 

of the air is small compared to steel and almost all 

the incident wave amplitude is reflected [30]. As the 

air gaps in a solid–solid or a solid–lubricant–solid 

interface reduce when a contact is loaded, the 

ultrasonic wave reflection reduces (shown in Figs. 1(b) 

and 1(c)). The proportion of the wave amplitude 

reflection depends on the stiffness of the contact 

(which in turn depends on the materials and the real 

area of contact). Since part of the wave is transmitted 

through solid–solid or solid–liquid–solid conjunctions, 

these reflections are less than in a solid–air interface. 

The ratio of the reflected wave amplitude divided 

by the incident wave amplitude is known as the 

reflection coefficient. Since ultrasonic waves are almost 

completely reflected from a solid–air interface, in 

that reference case the incident wave is equal to the 

reflected wave. Thus, the reflection coefficient from a 

tribological contact is given by Ref. [30]: 

ref

A
R

A
                 (1) 

 

Fig. 1 Schematic diagram of ultrasonic waves reflected from: (a) solid–air interface where there is almost complete reflection, and the 
incident wave equals the reflected wave; (b) solid–solid contact (dry contact) where some sound is transmitted through the contact
regions; (c) solid–lubricant–solid contact (lubricated contact) where sound is transmitted through both solid contacts and lubricant film.
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where A is the amplitude of the reflected wave from 

the tribological contact and 
ref

A  is the amplitude from 

the solid–air interface (the reference interface). 

2.2 Oil film thickness measurement using ultrasound 

Figure 2 shows a schematic diagram of the flat contact 

between a pin and disk interface under normal load. 

In the absence of lubricant, real contact occurs at the 

asperities, as shown in Fig. 2(b). The contacting surfaces 

are separated by the mean lines of the roughness 

(surface separation) of both surfaces h. The rougher 

the surfaces are, the larger the separation. Figure 2(c) 

shows a boundary contact where the interface is 

partly made by solid–solid contact and the gaps in 

the roughness are filled by lubricant (Fig. 2(c)). As 

sliding takes place, a hydrodynamic film starts to 

form, the contacting surfaces are separated by more 

lubricant, and fewer asperity contacts occur; this is 

known as mixed lubrication (Fig. 2(d)). For the 

purposes of studying the response of an ultrasonic 

wave, the contact can be modeled as two springs in 

parallel [38] (Fig. 2(e)); a solid spring and a liquid 

spring. The reflection coefficient, R , can be calculated 

using the interfacial stiffness of the combined springs 

in parallel, 
tot s l

( )K K K  , according to the well-known 

spring model for reflection [39, 40]: 

2tot

s s

1

2
1 ( )

R
K

c 





            (2) 

where   is the angular frequency of the incident 

wave, and 
s

  and 
s

c  are the density of the solid media 

and the speed of sound in the solid media, respectively. 

This is rearranged to give the combined interface 

stiffness: 

2

s s
tot

1

2

Rc
K

R

  
             (3) 

For a purely dry contact (the lubricant spring is 

absent, Kl = 0), the interfacial stiffness is given by 

2

ss s
s

s

1

2

Rc
K

R

  
             (4) 

where 
s

R  is the reflection coefficient of dry contact. 

The interfacial stiffness in the boundary and mixed 

lubrication is the sum of the solid interfacial stiffness 

s
K  and the lubricated interfacial stiffness 

l
K  as 

shown in Fig. 2(e). These stiffnesses are in parallel 

since the contact pressure is carried simultaneously 

by both the asperities and lubricants. The stiffness of 

the oil film alone is then given by [35]: 

l tot s
K K K                   (5) 

The stiffness of a lubricant film is related to its film 

thickness and bulk modulus according to [36]: 

l

B
K

h
                    (6) 

The bulk modulus B (reciprocal of the compressibility) 

can be expressed in terms of the lubricant density 
l

 , 

and speed of sound in the lubricant 
l

c  [36] and so: 

2

l l

l

c
h

K


                   (7) 

The speed of sound in the oil in the bulk is measured 

(Table 2), although it should be noted that it is hard 

to know the composition exactly of the oil that 

actually exists in the asperity gaps. In the boundary 

and mixed lubrication, the surface separation (the 

distance between the mean lines of the two rough 

surfaces) and the lubricant film thickness are equal 

[35]. The thinner the lubricant layer is, the stiffer  

the interface. However, the proportion of the solid 

and lubricated contact in both boundary and mixed 

lubrication is unknown. Therefore, it is difficult to 

distinguish the portion of reflected ultrasonic waves 

that comes from the solid and lubricant part. To 

address this limitation, the total stiffness of a lubricated 

contact (Ktot in Eq. (3)) and the stiffness of a dry 

contact (Ks in Eq. (4)) are measured separately. The 

stiffness of the lubricant alone is then determined by 

substituting the dry and total contact stiffnesses into 

Eq. (5). This tacitly assumes that the stiffness of a dry 

contact is the same as the stiffness of the asperity part 

of a mixed lubricated contact (under the same loading 

conditions). The oil film thickness is then obtained 

using Eq. (7).  
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3 Experimental details 

3.1 Specimen loading and test apparatus 

Figure 3 shows a schematic of the contact loading 

and test apparatus. A flat-ended pin is loaded against 

a rotating disk in a Bruker UMT-3 tribometer. The 

contact was run either dry or fully immersed in a 

lubricant (about 20 mL) in the disk holder. The pin 

and disk were electrically isolated from the housing 

and carbon brushes were used to conduct the rotating 

disk component. 

Two test procedures were used to identify the 

film thickness variation with speed and load by 

electrification. Firstly, a speed sweep, where a constant 

load of 50 N was applied while the disk was rotated 

at a rotational speed increasing from 20 rpm to     

90 rpm. Then a second set, where a constant rotational 

speed of 50 rpm was applied while the normal load  

 

Fig. 3 Two-electrode cell-based pin-on-disk set-up instrumented 
with ultrasound equipment for running unelectrified and electrified 
sliding tests and measuring film thickness. 

on the pin was increased from 10 N to 80 N. For both 

sequences, reflected ultrasonic signals from the dry 

and lubricated contacts both with and without applying 

electrical currents to the contact were recorded. 

3.2 Electrical apparatus  

To induce external DC electricity (a constant current 

with variable voltage depending on the contact 

resistance variability) to the sliding contact during 

the test, a DC power supply was connected on one 

side to the pin steel holder, which was in contact with 

the pin, and the other side to a carbon brush, which 

in turn slid over an aluminum ring fixed to the plastic 

oil container and connected to the disk sample.     

To provide proper electrical insulation and avoid 

electricity passing to the tester´s sensors, the disk 

holder was 3D printed (100% infill) with (PET-G) 

while the pin holder made of steel was attached to a 

suspension polymeric plate (an accessory of the test 

machine) which provided electrical insulation. In 

order to have an insight on possible tribo-chemical 

changes occurring at the interface during sliding, an 

ohmmeter datalogger was connected to the pin and 

carbon brush to measure directly the electrical contact 

resistance (ECR) variation with sliding distance for 

the unelectrified tests. On the other hand, a voltmeter 

datalogger was used to measure the variation in 

voltage V with test time for the electrified tests (much 

higher external DC current applied), and then calculate 

 

Fig. 2 Schematic diagram of tribological contacts under a nominal applied contact pressure: (a) flat pin–disk contact; (b) dry contact; 
(c) boundary lubrication contact; (d) mixed lubrication contact; (e) equivalent spring model. 



1886 Friction 12(8): 1882–1896 (2024) 

 | https://mc03.manuscriptcentral.com/friction 

 

the variation in ECR with the applied constant 

current, I, through Ohm´s law (see Eq. (8)).  

ECR
V

I
                  (8) 

It is noteworthy that ECR measurement by any 

Ohmmeter requires the application of a low DC current 

(0.01–0.05 A) for non-electrified externally electrified 

contacts. In this case, the implemented voltmeter 

applied a DC current of 0.01 A for measuring ECR in 

the unelectrified tests. This low current was found 

in preliminary testing to effectively measure ECR 

and generate no changes in CoF and wear for the 

lubricated steel interfaces in comparison to those not 

connected to an ohmmeter.  

3.3 Ultrasonic instrumentation 

As shown in Fig. 3, a piezoelectric longitudinal 

transducer (10 mm diameter) with a peak frequency 

of 3 MHz was attached (using a coupling gel) to the 

back face of the pin. The transducer both emitted and 

received reflected signals from the pin–disk contact in 

both dry and lubricated cases. A 3 MHz longitudinal 

ultrasonic wave with 3-tone burst cycles at a 

peak-to-peak incident voltage of 90 V was generated 

using a high-power amplifier (RITEC RAM-5000).  

A reference signal was recorded from the pin–air 

interface. A PC equipped with LabView was used to 

trigger and digitize the reflected ultrasonic waves from 

the contact. The accuracy of the ultrasonics method 

for measuring oil film thickness in metal interfaces 

have been reported elsewhere [30–33]. 

3.4 Test specimens 

A flat pin (diameter 6 mm and length 20 mm) and 

disk (diameter 60 mm and thickness 10 mm) made  

of steel C40 were used. The contact surfaces were 

polished with silicon carbide papers to P800 grit size. 

The surface roughness (arithmetic mean deviation 

a
R  and root mean square 

q
R ) was measured using 

an optical profilometer (Alicona Infinite Focus SL) 

according to ISO 4287 as shown in Table 1. 

Two different lubricants were used to investigate 

the effect of lubricant type on the electrical sensitivity. 

Table 2 shows the properties of the lubricants and 

specimens. Densities and kinematic viscosities  

Table 1 Surface roughness of the flat pin and before and after 
the friction tests. 

Specimen Process Ra (μm) Rq (μm) 

Before test 0.730±0.252 0.95±0.381 
Flat pin 

After test 3.247±0.641 4.338±0.869 

Before test 1.486±0.171 1.901±0.271 
Flat disk 

After test 2.126±0.719 2.784±0.516 

Table 2 Properties of the lubricants and solid materials used in 
this study. 

Test material Density, ρ 
(kg/m3)

Kinematic viscosity 
at 40 °C/100 °C 

(cSt) 

Speed of sound, 
c (m/s) at room 

temp. 

Gear oil 889.0 147.2/15.2 1584 

Mineral oil 849.2 42.0/6.5 1468 

Flat pin/disk 7800 — 6400 

 

are displayed as reported from the supplier’s data 

sheets. Time of flight (TOF) was used to measure the 

speed of sound in the oils. To do this, two transducers 

were placed on two end ends of a cylinder to work in 

a through transmission mode. At the peak frequency 

of 3 MHz and amplitude of 90 V, the distance between 

the emitter and receiver varied, and propagated 

ultrasonic waves were captured. By knowing the 

distance between the transducers and the time of 

flight, the speed of sound in the oils were determined 

as shown in Table 2. 

3.5 Test conditions 

The tribological testing conditions are given in Table 3. 

To determine the change in film thickness by inducing 

DC under different conditions, the electrical current, 

load, and speed were varied. In total, 12 sets of tests 

were carried out by varying load (load sweep) and 

speed (speed sweep) for both oils and under different 

electrical currents (0, 1.5, and 3 A) in order achieve 

boundary and mixed lubrication regimes. The selected 

current magnitudes were intended to replicate the 

peak values of stray currents (~1.4 A) reported for high 

power induction motors (1.5 kW) [41] and to generate 

significant alteration in CoF and wear of the tribopair 

tested. Friction coefficient, electrical resistance, and 

ultrasonic reflection were measured simultaneously 

during the 30 s duration of each test. It should be noted 

that the tests run at 0 A were actually conducted  
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under the very low current (0.01 A) applied by the 

Ohmmeter connected to measure ECR. In pretrials,  

it was found that <0.1 A generate negligible changes 

in CoF, film thickness and wear for the conditions 

and tribopair tested, so the current applied by the 

Ohmmeter to measure ECR was considered as 

unelectrified condition. The same pin and disk pair 

were used to run three repeats of each test condition. 

Before starting each test, the specimens were subjected 

to a running-in process in the tester to pair and align 

the contacting surfaces appropriately (pin specimen 

sliding on a polishing paper mounted in the oil 

container, and further dry sliding with actual testing 

specimens). According to the flat-on-flat contact 

configuration, the pressures ranged between ~0.35 MPa 

and ~3 MPa at the minimum and maximum loads 

tested.  

3.6 Signal processing  

Figure 4(a) shows an example reflected wave signal 

in the time domain from a solid–air and a lubricated  

interface. The reflected signal from the solid–air 

interface is used as a reference signal as explained in 

Section 2.2. Two groups of reflections can be seen and 

are indicated on the figure: the first echo from the 

interface and the second. 

In this study, only the first reflected signals were 

used for the analysis. These first reflected signals were 

averaged over 50 signals followed by extraction using 

a Hanning window and a zero-pad function to improve 

the resolution of the signals as shown in Fig. 4(b).  

To determine the reflection coefficient the amplitude 

of the reflected ultrasonic waves at the incident 

frequency is needed. This can be difficult to distinguish 

in the time domain, so a fast Fourier transform (FFT) 

was applied as shown in Fig. 4(c). The peak at the 

fundamental frequency (just over 3 MHz) of the 

solid–air and lubricated contact reflections, as shown 

in Fig. 4(c), correspond to the amplitude of the 

reference 
ref

( )A  and lubricated contact (A), respectively. 

These values are substituted into Eq. 1 to determine 

the reflection coefficient of the dry and lubricated 

contact for each test case. 

Table 3 Tribological testing conditions. 

Test set Lubricant Speed (m/s) Load (N) DC current (A)

Speed sweep Gear oil (GO), mineral base oil (MBO) 0.06, 0.08, 0.12, 0.16,  
0.18, 0.2, 0.24, 0.28 

50 (constant) 0, 1.5, 3 

Load sweep Gear oil (GO), mineral base oil (MBO) 0.16 (constant) 10, 20, 30, 40, 50,  
60, 70, 80 

0, 1.5, 3 

 

 

Fig. 4 Signal processing of the reflected pulses from a solid–air and lubricated contact with gear oil using 90 V excitation with incident
frequency 3 MHz under 50 N at 50 rpm in the absence of electricity: (a) time domain signals; (b) hanning window and zero pad results 
of the first reflected waves packet; (c) fast Fourier transform (FFT) results of the first reflected signal. 
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4 Results and discussion 

4.1 Reflection coefficient and interface stiffness 

Figures 5(a), 5(c), 6(a), and 6(c) show the reflection 

coefficient of dry and lubricated contacts with gear 

oil and mineral oil obtained in the speed and load 

sweep tests, respectively. These reflection coefficients 

are substituted into Eqs. (3) and (4) to determine the 

total and dry interfacial stiffnesses as shown in  

Figs. 5(b), 5(d), 6(b), and 6(d). 

In each case, the dry contact reflects more ultrasound 

than the lubricated case; the lubricant filled voids 

provide a better sound path than air filled voids.    

It follows that the dry contact is less stiff than the 

lubricated case. For the dry contact the interface 

stiffness arises from the stiffness of the asperity contacts 

alone. The air between the asperities contacts has 

negligible stiffness. For the lubricated case the stiffness  

arises from these asperity contacts and the stiffness  

of the pockets of oil in the gaps between the contacts. 

So, the stiffness is higher, as the air gaps are now 

filled with lubricant which has a bulk modulus many 

times greater than that of air. The stiffness is then the 

combined stiffness of solid and liquid springs in 

parallel. Reference [35] describes work where this 

phenomenon of combined liquid and solid stiffness 

in the mixed lubrication regime is explored in detail. 

It is also observed from Figs. 5(b), 5(d), 6(b), and 

6(d) that as the electric current increases, the contact 

tends to become stiffer. It was more evident in the 

speed sweep tests, see Figs. 5(b) and 6(b). This stiffness 

behavior may be since electrification of dry and 

lubricated sliding steel interfaces promotes accelerated 

metal oxidation [3], which forms metal oxide 

products/layers at the interface, and consequently 

increasing film thickness stiffness. 

 

Fig. 5 Signal processing of reflected signals from dry and lubricated (gear oil) contact: (a) reflection coefficient as a function of speed;
(b) interfacial stiffness as a function of speed; (c) reflection coefficient as a function of load; and (d) interfacial stiffness as a function 
of speed. 
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4.2 Oil film thickness variation 

Substituting the dry contact stiffness, 
s

K  and the total 

interfacial stiffness 
tot

K  into Eq. (5) gives the liquid 

stiffness, Kl and this into Eq. (7) gives the oil film 

thickness, h. The resulting oil film thickness for the 

speed and load sweeps are shown in Figs. 7 and 8, 

respectively. It can be seen that there was not a 

significant change in film thickness when varying speed 

for both oilsunder unelectrified condition. However, a 

more evident difference was found when varying load 

(see Figs. 8(a) and 8(b)). The gear oil film thickness is 

slightly larger, since the viscosity is greater. A slight 

film thickness increase (about 1 μm) in the load ramp 

test was found after 40 N for both oils, which is 

unexpected but within the accuracy of the measurement 

method. It is possibly related to more wear (increase 

in roughness) caused by higher contact pressures. 

The higher roughness in the contact means a less stiff 

interface which would appear as a slight increase in 

the film thickness. 

It is seen from Fig. 7, as the electrical current 

increases, the oil film thickness decreases. The 

minimum oil film thickness was created when the 

oils were subjected to 3 A. In all cases the oil film 

thickness (~3 μm ~9 μm)h< <  is close to the combined 

surface roughness of the pin and disk as shown   

in Table 1 (0.951 μm 2.851μm)h< <  indicating the 

boundary and mixed lubrication regimes. The oil film 

thickness slightly decreases as the speed increases. 

Hydrodynamic effects are marginal, and as the speed 

increases, the temperature of the lubricant increases. 

This would reduce the lubricant viscosity and 

subsequently a reduction in the film thickness.  

The film thickness reduction with electric current 

obtained for both oils is clear for both oils. This     

is ascribed to i) oil viscosity reduction due to heat 

 

Fig. 6 Signal processing of reflected signals from dry and lubricated (mineral oil) contact: (a) reflection coefficient as a function of
speed; (b) interfacial stiffness as a function of speed; (c) reflection coefficient as a function of load; and (d) interfacial stiffness as a 
function of normal load. 
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increase by electrical discharge and breakdown at the 

interface; and ii) metal oxidation layer formation at 

the interface, as illustrated in Fig. 9. As found in 

previous research works [3, 4, 42, 43], the magnitudes 

of electrical currents applied in the tribo-pair quickly 

form metal oxidation at the interface. The film thickness 

reduction with electricity is less evident for the load 

sweep tests (see Fig. 8). It may be because the oil 

viscosity reduction by heat during electrification has 

less influence in the film thickness by increasing load 

than varying speed (constant load) or the oxide layer 

is removed by increasing load.    

4.3 Coefficient of friction (CoF) and electrical 

contact resistance (ECR) 

The coefficient of friction (CoF) and electrical contact 

resistance (ECR) obtained for mineral oil and gear 

oil during the unelectrified and electrified tests are 

shown in Figs. 10–13. Figures 10 and 11 show the 

results obtained for the speed sweep while Figs. 12 

and 13 show the results for the load sweep. ECR 

behavior is useful to have an insight about the interface   

 

Fig. 9 Illustration of sliding surfaces asperities showing the 
generation of an oxide layer produced by applying an electrical 
current. 

 

Fig. 7 The oil film thickness as a function of the speed of flat pin under 50 N normal load: (a) gear oil and (b) mineral oil. 

 

Fig. 8 An oil film thickness as a function of the normal load of flat pin under 0.157 m/s speed: (a) gear oil and (b) mineral oil. 
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condition. One can assume changes in real contact 

area caused by wear and formation of chemical 

compounds with different resistivity at the interface. 

For the speed sweep (Figs. 10 and 11), the CoF 

tended to remain constant with speed for mineral oil 

and to decrease for gear oil under unelectrified 

condition, see Figs. 10(a) and 11(a). The CoF decrease 

obtained for gear oil is possibly caused by the 

activation of additives in the formulation due to the 

heat and shear stress increase at rising speed [44].  

In the case of the electrified condition, CoF decreased 

with speed for both oils. It can be ascribed to the 

Fig. 10 (a) coefficient of friction (CoF) for mineral oil in the speed sweep tests; (b) electrical contact resistance (ECR) under unelectrified 
condition; (c) electrical contact resistance (ECR) under electrified tests. 

Fig. 11 (a) coefficient of friction (CoF) for gear oil in the speed sweep tests; (b) electrical contact resistance (ECR) under unelectrified
condition; (c) electrical contact resistance (ECR) under electrified tests. 

Fig. 12 (a) coefficient of friction (CoF) for mineral oil in the load sweep tests; (b) electrical contact resistance (ECR) under unelectrified 
condition; (c) electrical contact resistance (ECR) under electrified tests.  

Fig. 13 (a) coefficient of friction (CoF) for gear oil in the load sweep tests; (b) electrical contact resistance (ECR) under unelectrified
condition; (c) electrical contact resistance (ECR) under electrified tests. 
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possible formation of metal oxide products/layer by 

electrification, which can act as a solid lubricious 

layer. The oxide products/layer formation is assumed 

because film thickness reduced with electrification, 

as depicted in Fig. 7. 

In an ideal tribological contact (constant speed, 

temperature, and load), it might be expected that 

ECR should reduce with sliding progression since the 

real contact area increases facilitating passage of 

electric current. However, in these experiments, ECR 

increased with speed for both oils under unelectrified 

condition, see Figs. 10(b) and 11(b). It is because the 

asperities contact at the interface becomes more 

intermittent by increasing speed and thus electrical 

contact. ECR for electrified tests also increased 

marginally with speed, seeing Figs. 10(c) and 11(c). 

Additionally higher electrical resistance arises due to 

the formation of metal oxides which have higher 

resistivity than steel (i.e., hematite oxide resistivity is 

about 106 Ω·cm [45] while steel resistivity is in the order 

of 10-4 Ω·cm). In general, ECR magnitudes under 

electrification were significantly lower than those under 

unelectrified condition. This is because increasing the 

applied external electrical current (DC) reduces the 

electrical potential required, and thus, ECR decreases 

as ruled by the Ohm’s law (see Eq. (8)). The variation 

or error in ECR was large for most of the cases, 

especially when varying sliding speed, since electrical 

conductivity interference occurs through the sliding. 

Besides, ECR standard deviation varied greatly 

under unelectrified conditions for both oils. This is 

because much larger currents (1.5 and 3 A) are 

applied under electrified condition in contrast to 

that unelectrified in which the Ohmmeter applies 

only 0.01 A. Larger currents promotes less electrical 

conductivity interference in a sliding contact.  

For the load sweep (Figs. 12 and 13), CoF tended 

to increase with load for both oils under both 

unelectrified and electrified conditions. This CoF 

increase can be related to the decrease of film thickness 

(as seen in Fig. 8) and increase in solid contact with 

load. In the case of mineral oil, CoF reduced with 

electrical current meanwhile it increased for gear oil, 

as also found in a previous research work using 

similar oils [42]. These CoF alterations by electrification 

are related to the chemical nature (additive content) 

of each oil. Electrical current may promote 

adsorption/desorption of polar additives and boost 

the stimulation or suppression of redox reactions at the 

contact interface varying CoF differently than base 

oils [8]. ECR decreased with load under unelectrified 

condition for both oils, seeing Figs. 12(b) and 13(b), 

as expected due to the increase in real contact area by 

the contact pressure increase. In the case of electrified 

condition, ECR exhibited a slight increase with load for 

mineral oil but a decrease for gear oil, see Figs. 12(c) 

and 13(c). The decrease of ECR for gear oil is related 

to the real contact area increase with load, but also to 

the film thickness decrease with load, as presented in 

Fig. 8. On the other hand, the ECR increase with load 

obtained for mineral oil under electrification is again 

associated to the possible formation of metal oxides 

at the interface, which have higher resistivity than the 

steel interface. In this way, ECR tend to keep constant 

or even increase with load instead of decrease. The 

mineral oil lubricated contact can be more prone to 

producing metal surface oxidation due to the lack 

of additives which protect the metal surface against 

oxidation.  

4.4 Surface analyses 

To find evidence of the formation of oxide products/layer 

in the sweep tests, in which film thickness exhibited 

significant reduction by electrification, the pin sample 

surfaces used for electrified (3A) tests were analyzed 

by Raman spectroscopy. The spectra obtained under 

unelectrified and electrified conditions using mineral 

oil and gear oil are shown in Figs. 14(a) and 14(b), 

respectively. The Raman bands found corresponded 

mainly to those bands of the hematite (α-Fe2O3) type 

oxide (226, 291, 406, 498, 658, and 1,320 cm-1) [46], as 

similar to that reported elsewhere [3]. The hematite 

bands for the electrified condition (3A) were found to 

be more intense than those from unelectrified (0 A) 

condition. It can confirm that oxidation was more 

severe after passage of electricity and being able to 

form more oxide products or thicker oxide layers at 

the steel interface than unelectrified tests.  

Finally, the alteration of film thickness in steel/steel 

contacts under electrical conditions was found to be  

a complex problem involving many variables, which 

require different systematic experiments to get a   
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total comprehension. Within this first experimental 

approach, the authors found lubricant local heating 

and surface oxidation as the most notable sources of 

film thickness alteration, confirming some hypotheses 

and suppositions reported elsewhere [8, 9]. Furthermore, 

more in-depth analyses and perhaps some molecular 

simulations are required in order to have a better 

understanding of other parameters or phenomena 

influencing film thickness.   

5 Conclusions 

According to the film thickness and tribological results 

from this research work, it can be concluded that 

passing direct current through the lubricated contact 

steel interfaces caused significant alterations in film 

thickness, CoF and ECR, which were mainly assumed 

to occur by oil viscosity decrease and tribochemical 

reaction (surface oxidation).  

Particularly, film thickness increased and decreased, 

respectively, with electric current at different speeds 

and loads. However, the film thickness reduction  

by interface electrification was more evident when 

varying sliding speed. It is postulated that, electrical 

discharge and breakdown during electrified sliding 

caused more heating than unelectrified sliding, which 

promotes reduction of oil viscosity and decreased 

film thickness as consequence.  

Also, film alterations by electricity are associated 

to steel surface oxidation since the current produces 

more rapid and potent oxidation of steel surfaces, 

and consequently, generating oxide-rich (hematite 

(α-Fe2O3)) products/layer (as confirmed by Raman 

spectroscopy). The oxide products/layer are formed 

over the surfaces and covering roughness valleys 

during sliding, which is assumed to promote the film 

thickness decrease.  

In addition, the ECR results provided insight to 

confirm the formation of oxide products/layer during 

sliding. ECR increased or kept almost constant with 

speed or load under electrification instead of decreasing 

as expected (ECR should reduce during sliding 

because real contact area increases by both wear or 

contact pressure increase). The ECR increase with 

speed under electrification was ascribed to asperities 

contact intermittence and surface oxidation while 

ECR increase with load under electrification was only 

ascribed to surface oxidation. 

Finally, the two-electrode cell-based pin-on-disk 

test instrumented with ultrasound was effective to 

measure the film thickness of lubricated interfaces 

running under boundary and mixed lubrication 

regimes at different speeds and loads. 
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