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Abstract: Conductive grease has been considered as a potential solution in addressing electric erosion issue 

inside motor bearings. Understanding the conductive grease performance, especially the electric and tribological 

behaviour is crucial for its application. This paper combines bulk grease characterization and contact film study 

considering both electrical and tribological loading conditions. The results show that the electric performance 

for the selected conductive grease sample is electric field dependent, including both frequency and voltage 

amplitude. Its film impedance inside the contact area is closely related to the external electric field, running 

condition, and lubrication regime. The following film impedance calculation tells that not only bulk grease 

electric parameters, but the contact parameter, lubricant film contour and lubrication condition should be 

considered when performing the overall bearing electrical modelling.  
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1  Introduction 

Electric erosion is commonly observed inside the 

bearings due to the circumferential current and common 

mode voltage induced bearing current for a pulse 

width-modulation (PWM) inverter driving motor [1, 2]. 

Such discharge arcing will result in the local melting 

of raceway and rolling element (frosting and fluting), 

deterioration of the NVH performance, degradation 

of lubricant and the premature failure of bearing [3, 4]. 

To control the electric current damage in rolling 

bearings, different remediating methods have been 

tried, one is the insulating approach, e.g., hybrid 

bearings or insulating coating to cut the electric 

circuit [5]; the other is the conducting approach, where 

grounding ring [6], conductive seal [7] or bearing are 

applied to transfer the aggressive current. Among 

them, electric conductive grease has been a continuous 

interest to address the electric current damage as the 

accumulated voltage or bearing current is expected 

to be guided away from the shaft to the motor housing 

through the low electric resistant (conductive) 

lubricating film [8].  

Conductive grease was initially developed for 

conductive parts of electrical machinery such as 

switches, integrated circuits [9], contact stripes of 

electrical locomotives [10], etc. Its electric conductivity 

originates from the conductive agents, e.g., metal 

powders [11], carbon nanotubes [12], graphene [13], 

ionic liquid [14], conductive polymer [15], etc. and 

there is a wealth of information on their chemical 

composition and tribological performance [16–18].  

In some concepts, motor bearing was filled with 

conductive grease so as to transfer the electric current 

from the rotor to the grounding frame directly [15]. In 

another approach, a “rotor discharge bearing” packed 

with conductive grease was designed in the motor 

system to protect the main rotor bearing [19].  

The electric field inside a PWM inverter driven 

motor shows a character of Alternating current (AC)  
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voltage or current with high frequency [20] and variable 

amplitude generated from the parasitic capacitors 

inside the motor [3]. In addition, the expected electric 

channel for conductive grease is on the base of the 

lubricating film layer inside the contact zone. This film 

layer is always in a dynamic rather than steady state, 

which is highly related to load, speed, temperature, 

grease lubricity, lubricant replenishment, etc., causing 

a film evolution and complicated film constitution [21]. 

Such combined electrical and tribological environments 

complicates the evaluation of conductive grease 

performance in the bearing. Luo and Xie [22, 23] 

performed comprehensive tribological studies in thin 

film lubrication regime under external electrical load. 

According to their results, external electric field may 

result in film instability such as local discharge, 

electro-viscosity rising [24], microbubble [25], unstable 

lubricant flow, etc., but their study also confirmed these 

behaviours would differ for grease lubrication [26]. 

Other Direct current (DC) or AC electric powered 

fundamental tests can be found in the literature 

[27–32] as well, whilst the electric performance for 

conductive grease in a dynamic contact zone under 

high frequency AC electric environment still remains 

ambiguous.  

This paper focuses on bridging the conductive grease 

electric behaviour to its tribological performance which 

may contribute to the development and application 

of conductive greases in addressing the electric 

erosion issues. In order to achieve this, not only the 

bulk grease analysis is in need, it is equally important 

to know its microscopic electric response inside the 

contact zone considering both mechanical and electrical 

loading parameters. The bulk grease electric behaviour 

is performed using an LCR metre and the film 

impedance is carried out using a ball-on-disc contact 

geometry with an LCR metre as the electric loading 

source. Finally, numerical film impedance is calculated 

using the electric volume impedance from the bulk 

analysis and the film thickness profile from the 

ball-on-disc test. The calculated film impedance is 

compared to the measured results to study the 

connection between the steady bulk grease analysis 

and the dynamic film layer behaviour in the contact 

zone. 

2 Sample and Methodology 

2.1 Tested sample 

Two lubricating greases were selected as tested 

sample, labelled as CG (conductive grease) and NCG 

(non-conductive grease). To the authors’ knowledge, 

CG and NCG share similar base oil and thickener, 

except that the ionic liquid was added to CG as the 

conductive agent. In addition to fresh sample, 

pre-treatment was carried out to reflect the degradation 

of grease inside a bearing: fresh CG and NCG were 

baked in a thermal chambre at 120 °C and 150 °C for 

240 hours; also, fresh CG and NCG were mechanically 

aged inside a grease worker for 100,000 strokes. 

According to the grease lubricating mechanism, bled 

oil plays an important role in bearing lubrication and 

contact film construction [21]. To study the interaction 

between conductive agent and grease bled oil, and 

their contribution to grease electric performance    

in the contact zone, bled oil for CG and NCG were 

collected using the DIN51817-14 oil separation 

apparatus, but at 100 °C to accelerate the oil separation. 

The bled oils are termed as CGBO (conductive grease 

bled oil) and NCGBO (non-conductive grease bled 

oil), respectively. The tested sample properties and 

pre-treatment conditions are provided in Table 1. 

2.2 Bulk grease analysis 

Bulk grease electric analysis was carried out by 

measuring the grease impedance at ambient condition. 

Different from the electric conductivity evaluation 

using fixed voltage or current [33, 34], a Victor 4092E  

Table 1 Tested sample information. 

Fresh sample CG NCG 

Base oil viscosity KV40 (cSt) 72 80 

Base oil viscosity KV100 (cSt) 9.5 9.5 

Thickener Polyurea Polyurea

Base oil Ester Ester 

Conductive agent Ionic liquid No 

Thermal baking at 120 °C (h) 240 240 

Thermal baking at 150 (h) 240 240 

Mechanical shear in  
grease worker 

100,000 
strokes 

100,000 
strokes 

Bled oil collected from 100 °C test CGBO NCGBO
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LCR metre was used to apply variable electrical 

parameters on the measuring subject. As the motor 

shaft voltage may fall in different frequency and 

amplitude ranges because of the various inverter 

switching frequency and parasitic capacitors [3], for 

each sample, frequency sweep was applied from  

10 Hz up to 1 MHz (top limit of the current apparatus) 

with a default AC voltage amplitude at ±1 V. This 

frequency sweep test was performed using an Anton 

Paar 302e rheometer dielectric module, shown in Fig. 1, 

where the target samples (grease or oil) are packed 

between a pair of plate-plate geometry with 12.5 mm as 

radius, yielding a measuring area as 4 2

p
4.91 ,10 mA    

and at an accurately controlled measuring gap. The 

plate–plate geometry was subsequently connected to 

the LCR metre by a specific electric circuit and was 

isolated from the rest of the rheometer. The sample 

electric impedance was measured at steady state 

with a fixed measuring gap hp = 0.5 mm. Different 

measuring gaps was also tried at 0.9 mm and 1.5 mm, 

giving different absolute impedance value but does 

not change the overall trend, and in the following test, 

0.5 mm was selected for the sake of sample saving, 

especially the bled oil. The impedance parameters 

from the rheometer will be used in the following film 

impedance calculation. 

In addition, a DC bias sweep was applied using an 

external DC power source. A DC amplitude sweep 

was set up to 50 V to study the grease behaviour   

at elevated voltage conditions. Unfortunately, the 

rheometer system cannot suffer such high amplitude, 

and thus a simplified measuring apparatus was 

used. As is schematically shown in Fig. 1, the sample   

was packed between two copper plates which were 

connected to the LCR metre, with a measuring gap at 
0.5 mm  as  well  fixed  by  a  three-dimensional  (3D)  

printed framework. The parallel frequency sweep tests 

between rheometer and this simplified measuring 

apparatus tell that, although the absolute values are 

different, the overall behaviour remains the same. 

Therefore, for the DC bias sweep test and the test for 

aged grease samples, the simplified test apparatus was 

used for the trend analysis. Each frequency or DC bias 

test was repeated twice. Also, to check the potential 

chemical reaction during the thermal baking and  

the electrical tests, Fourier Transform Infrared (FTIR) 

spectroscopy analysis was performed using a BRUKER 

Tensor 27 FTIR metre. 

2.3 Grease tribological study  

The grease film thickness was measured by optical 

interferometry method using an in-house made ball 

on disc test rig in the open air and its schematic 

drawing is shown in Fig. 2. The load of 30 N (equalling 

a maximum Hertz contact pressure of 0.5 GPa) was 

added by a pre-defined weight and a lever geometry; 

the ball and disc were driven by a motor and a spindle 

separately, and pure rolling condition was applied. 

In the current study, fully flooded condition was 

applied where the grease adjacent to the contact zone 

was collected and pushed back to the inlet area through 

a 3D printed “grease collector”, giving a continuous 

inlet track width win = 2 mm and an inlet track height 

hin = 0.5 mm. To cover a full range of lubrication 

regime, speed sweep was performed from 0.1 mm/s 

up to 1,024 mm/s.  

To measure the contact film electric signal at various 

electric loads, an LCR metre was added to the ball on 

disc rig. Electric conducting accessories were designed 

to transfer the target film electric signal: the rotating 

steel ball was connected to the LCR metre through a 

copper coil; the glass disc was covered by a chromium  

 

Fig. 1 Schematic drawing of the bulk grease impedance measuring set up. 
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layer with specific thickness to ensure the simultaneous 

light transmission capability and electric conductivity;  

the glass disc was subsequently connected to the LCR 

metre by a copper ring around the disc perimeter. In 

this way, an electric circuit was constructed between 

the steel ball, contact zone, glass disc and the LCR 

metre, and the output film electric signal was rad 

through an oscilloscope (module DS1052E from RIGOL 

Technologies, not presented in the Fig. 2). The ball 

and disc were insulated from the rest of the structure 

to cut away the potential electric noise from the driving 

spindle or motor. To protect the electric driving 

systems from potential electric leakage, DC bias was 

not applied in the current study. Before each test, the 

background impedance including the glass disc, steel 

ball, connecting circuit, etc. was recorded at the 

designed frequency and subsequently removed from 

the film impedance value. More details on the test  

set up design and rig preparation can be found in  

the authors’ previous work [35, 36]. The mechanical 

and electrical loading conditions for both bulk and 

tribological analysis in the current study are 

summarized in Table 2.  

3 Results 

3.1 Bulk grease electric impedance results 

LCR frequency sweep results for fresh grease and 

bled oil are provided in Fig. 3(a) with the applied 

frequency as the horizontal line and the sample 

impedance as the vertical line. The corresponding 

Nyquist plotting for CG and NCG are provided in 

Fig. 3(b) with the real part Zr as the horizontal line 

and imaginary part Zi as the vertical line, from which 

an equalized electric circuit can be iterated.  

Clearly, NCG and NCGBO show a capacitor 

dominating frequency response characteristics, namely 

the lubricant impedance drops with the frequency 

in a logarithm plot. This is in line with the common 

sense that grease is an isolating material and the bulk 

impedance measuring apparatus shown in Fig. 1 creates 

an equalling capacitor with grease as the dielectric  

 

Fig. 2 Ball on disc rig coupled with electric loading and measuring circuit. 
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Table 2 Testing condition for grease analysis. 

Temperature (°C) 25 Ambient 
condition Relative humidity (%) 36 

Frequency sweep f (MHz) 10–1 

AC voltage amplitude (V) 1 
Bulk grease 

analysis 
DC bias (V) 0–50 

Entrainment velocity ue (mm/s) 0.1–1,024

Contact load F (N) 30 

Slide to roll ratio (SRR) 0 

Ball surface roughness q 1|R  (nm) 16.8 

Disc surface roughness q 2|R  (nm) 24 

Lubricant supply Fully flooded

Inlet grease track width win (mm) 2 

Inlet grease track height hin (mm) 0.5 

Frequency FLCR (kHz) 1, 100, 1,000

Tribological 
test 

Voltage amplitude (V) 1 (AC)  
 

filling in-between. Interestingly, a very short plateau can 

be observed at low frequency regime (upto 200 Hz for 

NCG and upto 400 Hz for NCGBO), which is probably 

due to the existence of polarized composite such as 

additives, electrically active components, etc. Based on 

such behaviour, the impedance iteration (red curve in 

Fig. 3(b)) gives an R(CR) model. 

CG, however, shows a different electric response: a 

resistive impedance can be found until the applied 

frequency reaches 105 Hz; afterwards, both CG and 

CGBO show a capacitive dropping impedance with 

the increasing frequency, falling to a similar impedance 

range as NCG. The impedance iteration (blue curve 

in the inset figure in Fig. 3(b)) gives an R(CR)(CR) 

model, which agrees with the electric mechanism for 

conductive grease [37]: when subjected to the electric  

field, electron current is transferred by the quantum- 

tunnelling effect between the neighbouring conductive 

particles, forming an intrinsic resistance [12]; if the 

conductive particles are too far away from each other, 

the quantum-tunnelling effect is eliminated and the 

dielectric bulk grease material (e.g., base oil, thickener, 

etc.) will create an equivalent capacitor in parallel. The 

combination of the resistive part and the capacitive 

part thus creates a macroscopic R(CR)(CR) performance. 

To characterize the CG electric behaviour, a “corner 

frequency” f0 = 108,821 Hz is defined, where Zi = Zr, 

below which the resistant behaviour dominates and 

CG shows a lower impedance compared to NCG; 

from f0 onwards, capacitive behaviour dominates and 

the difference between CG and NCG is no longer 

observable. 

The equivalent impedance model shown in Fig. 3(b) 

indicates that when considering various frequencies, 

the electric performance for either CG or NCG cannot 

be simply represented by a capacitor, nor a resistor. 

Therefore, in the following analysis, volume impedance 

v f
  (reciprocal of the specific conductivity) is selected 

as the major electric parameter: 

p

p

f

v f

Z A

h



               (1) 

where 
f

Z  is the bulk grease impedance at the designed 

frequency f, Ap is the plate-plate geometry surface area, 

and hp is the grease sample thickness. 

Also noticed is that the bulk grease impedance is 

 

Fig. 3 (a) Frequency sweep plot and (b) impedance spectroscopy iteration for bulk lubricant (impedance measured using the 
rheometer) 
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higher than the bled oil for CG and NCG, especially 

at low frequency regimes. From this phenomenon, 

two points can be drawn: firstly, grease thickener 

also contributes to the impedance increment and this 

contribution is weakened with increasing frequency; 

secondly, for CG, the conductive agent does enter its 

bled oil, indicating an expected conductive contact 

film for CG lubrication. 

In addition to frequency, voltage amplitude is 

another important factor for the electric loading.   

To protect the rheometer system, DC bias amplitude 

sweep was added to the simplified measuring apparatus 

as was shown in Fig. 1. The fresh grease response 

for DC bias sweep at different frequencies are given  

in Fig. 4. NCG is insensitive to the applied DC bias 

magnitude whilst CG’s impedance exhibits an 

overshoot when the applied DC bias voltage exceeds 

a critical magnitude, ending up at a high impedance 

level. This critical DC bias magnitude is frequency 

dependent, namely CG tends to maintain its low 

impedance further at high frequency level. Besides, 

the impedance increment is less pronounced at high 

frequency range, for instance, CG impedance increases 

by 103 at 10 Hz during the DC bias sweep, whilst 

only by 20 times at 1 MHz. The comparison between 

Figs. 4(a) and 4(b) also demonstrates that after   

the impedance overshoot, CG gives even a higher 

impedance value than the NCG value.  

Based on the previous work, working environment 

has a significant influence on grease properties [38]. 

Grease inside a motor bearing will be subjected to 

severe running conditions including high shear and 

elevated temperature. The electric response comparison 

between the fresh grease and its pre-treated sample 

(Table 1) are provided in Fig. 5 using the simplified 

measuring apparatus (as shown in Fig. 1) for trend 

analysis. Although the typical grease electrical 

response still holds after the ageing treatment, such 

procedure does change the grease impedance value. 

After baking at 120 and 150 °C in the open air,   

NCG grease impedance decreases, as shown by the 

downwards shifted blue and green dots (baked 

sample) compared to the black dots (fresh sample) in 

Fig. 5(a). On the contrary, for CG, elevated temperature 

results in a 65% impedance rising for baked CG (blue 

and green dots) compared to the fresh CG (black dots) 

in Fig. 5(b). According to the current results, pure 

shear has limited effect on the conductive grease 

electric performance. The FTIR spectrum shown in 

Fig. 6 indicates the chemical reaction of grease thickener 

at 150 °C, as shown in the green peak variation at 

3,184 cm-1 and 1,600 cm-1 for both CG and NCG. This 

may have an influence on the overall grease electric 

performance. In addition, no base oil oxidation can 

be found from the FTIR results (1,730 cm–1), which 

also tells that the bled oil test at 100 °C in Table 1 

should be free from chemical reaction. Although the 

conducting agent is not given, there is no observable 

additive change in the FTIR results, which can be 

found from the fingerprint peaks comparison in the 

vicinity of 621–505 cm–1. 

The results show that the grease running history 

will have effects on its electrical impedance due to the 

potential change of chemical composition. Change of 

grease electric resistivity was also observed in the full 

bearing test in Ref. [29], and resulted in the initiation 

 

Fig. 4 (a) NCG and (b) CG bulk grease DC bias sweep at different frequencies (impedance measured using the simplified apparatus).
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of electric erosion. The CG conductivity is expected  

to serve the bearing lifespan, but the running condition, 

such as elevated temperature, or possibly contaminant 

invasion (not investigated in this paper yet) may change 

the conductive agent behaviour. This will introduce a 

concept as “conductivity life”, the bearing users should 

pay attention to the bearing working environment 

and its influence on the CG electric characteristic to 

prevent the fast loss of the CG conductivity life. 

3.2 Film thickness and film impedance results  

Inside a bearing, the lubricant electric performance is 

highly dependent on the film layer in the contact area 

determined by the mechanical running condition  

and the electric loading condition. The lubricant film 

thickness profile was firstly collected between a steel 

ball and a chromium coated glass disc using the 

in-house made ball on disc test rig following the speed 

sweep test provided in Table 2. The contact central 

film thickness hcen for CG, NCG, CGBO, NCGBO and 

typical grease film profiles at different lubricant regimes 

are presented in Fig. 7(a). As expected, CG and NCG 

grease show similar film thickness variation due to 

similar grease composites and a “V-shaped” film 

thickness behaviour can be observed. Such results 

are in line with the grease film thickness variation as 

in Ref. [39]. Besides, the results also illustrate that the 

conductive agent in CG has no observable effect on 

the film thickness construction. 

 
Fig. 5 (a) NCG and (b) CG bulk grease frequency sweep for different treatment (impedance measured using the simplified apparatus)

 
Fig. 6 FTIR comparison for aged (a) NCG and (b) CG. 
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The lubrication regime for CG and NCG can be 

roughly estimated based on the speed sweep film 

thickness, characterized by the classic lambda value 

λ (defined as the ratio of the minimum film thickness 

over the composite roughness of the contact surfaces). 

The mixed lubrication regime can be determined   

by entrainment velocity 
e

128 mm/su  , where 3λ   

[40]. Afterwards, full film separation is constructed, 

and direct asperity contact is largely reduced. 

At each speed, in line with the film profile collecting, 

the contact film impedance between the ball and disc 

was measured using the LCR metre. Three typical 

electric frequencies were selected: 1 kHz, 100 kHz, 

and 1 MHz, to cover the full CG grease electric curve, 

i.e., the low impedance plateau, corner frequency, and 

capacitive impedance dropping area shown in Fig. 3(a). 

The measured film impedance at different entrainment 

velocities and electric frequencies are presented in 

Fig. 7(b) for CG (blue bar) and NCG (red bar). 

Under full lubricant supply condition, with 

increasing speed, the constructed film thickness gives 

rise to a climbing film impedance. According to   

Fig. 7(a), CG and NCG show similar film thickness 

behaviour, hence the difference in CG and NCG film 

impedance should be ascribed to the lubricant intrinsic 

electric property. When the film is sufficiently thick 

to separate the two contact surfaces 
e

( 128 mm /s),u   

observable film impedance difference between CG 

and NCG can be found, especially at low frequency 

range, e.g., 1 kHz. This verifies the entrance of 

conductive agent into the contact zone for CG (at 

least in this full lubricant supply condition) and 

confirms the earlier bulk CG analysis: at low electric 

frequency, CG is dominated by resistant property  

and a conductive film can be built. When the applied 

frequency exceeds the CG corner frequency f0, CG 

film impedance clearly show a decreasing tendency, 

where capacitive property prevails, and the film 

impedance difference between CG and NCG is   

no longer observable. Also noticed is that in the 

mixed lubrication regime 
e

( 128 mm/s),u   the film 

impedance difference between CG and NCG is not 

noticeable because of the occasional electric short 

circuit generated by the direct asperity contacts. 

3.3 Comparison between calculated and measured 

film impedance 

As Fig. 7(b) displays, a frequency dependent film 

impedance is observed for CG and NCG, showing a 

similar trend as the bulk grease frequency dependency 

in Fig. 3(a). To understand the connection between 

the bulk grease behaviour and that inside the contact 

zone, film impedance is calculated by taking use  

of the bulk lubricant volume impedance 
v f

  from 

Fig. 3(a), the grease track geometry from grease 

collector (win and hin in Table 2), and the EHL lubricant 

film thickness profile h.  

To calculate the film profile inside the contact zone, 

the lubricant piezo-viscous behaviour is required. Here 

the bled oil pressure–viscosity coefficient α is calculated 

following Foord’s method [41], making use of the 

empirical central film thickness hc data in Fig. 7(a) in 

the range of 
e

1 mm / s 640 mm / su  , where a piece- 

wise linear plotting can be found between hc and ue, 

using Hamrock and Dowson equation for a fully 

flooded point contact [42]. The parameters used in 

Hamrock and Dowson equation are calculated from 

the tribological test condition in Table 2 and the  

 

Fig. 7 (a) Speed sweep CG/NCG central film thickness 
c

h  and (b) film impedance at different frequencies. 
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EHL parameters in Table 3. The dimensionless CGBO 

and NCGBO film parameter   
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 and the speed 

parameter 
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. The curve 

fitting gives the bled oil pressure–viscosity coefficient 

as 8 12.6 10 Pa     for CGBO and     8 12.1 10 Pa  

for NCGBO. The EHL lubricant film thickness profile h 

inside the contact zone is thus achieved by numerically 

solving the isothermal Reynold’s equation, pressure 

field, pressure–viscosity equation, and pressure–density 

equation using multigrid numerical method [43] and  

Table 3 EHL parameters. 

Steel ball radius in x and y directions Rx and Ry (m) 0.013 

Elastic moduli for steel ball E1 (Pa) 2.2 × 1011

Elastic moduli for glass disc E3 (Pa) 2.2 × 1010

Poisson ratio for steel ball u1 0.30 

Poisson ratio for glass disc u2 0.21 

 
Fig. 8 Dimensionless bled oil film thickness. 

the calculated central film thickness for each speed 

shows a good agreement as the measured results hc. 

The contact impedance calculation is on the 

foundation of lubricant distribution at the contact 

area and thus is divided into four sections shown in 

Fig. 9. (1) The Hertzian contact section 
Hertz

,z  namely, 

the EHL film thickness profile section. (2) The inlet 

section 
inlet

.z  Considering the current fully lubricant 

supply condition, the computed domain is set up to 

the grease filling boundary between the ball and glass 

disc surface, namely the position where the surface 

separation is bigger than the inlet grease track height 

in
(0.5 mm).h  (3) The two contact side sections 

side
,z  

determined by the grease track boundary, namely, the 

track width up to 
in

2 mmw  . (4) The outlet section 

outlet
,z  where the computed domain is set the same as 

the inlet area, but the cavitation zone is determined 

as a quarter of the total area surrounding the outlet 

area until the cavitation width reaches 2 times of the 

Hertzian contact width (lubricant replenishment is 

not considered in the current flat disc case) [44]. In 

the cavitation zone, the lubricant is estimated to be 

split into two equal thicknesses 0.5hc adhering to the 

contact surfaces, and the rest of the gap is filled with 

air [44]. Therefore, the cavitation impedance is equal 

to two film impedance 
c0.5h

z  and one air impedance 

air
z  in a series arrangement. The equivalent electric 

circuit for the contact impedance is provided in 

Fig. 9(b). In the current approach, only the lubricant 

film impedance is calculated and the two contact 

surfaces are assumed to be perfectly smooth, and 

thereby the resistance component due to potential 

asperity contact is not considered. 

The calculated contact film impedance 
film

z  is 

achieved by summarizing the unit lubricant impedance 

i, j
Z  over the computing zone in a parallel arrangement. 

    
,film inlet Hertz side outlet ,

1 1 1 1 1 1

i j i j
z z z z z z

    (2) 

 
Fig. 9 (a) Film impedance calculating domain and (b) the equivalent electric circuit 
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i, j
z  in the lubricant filling area is 

 


,

,

,

v i jf

i j

i j

h
z

A
               (3) 

where i and j are the node indexes in x and y 

computing direction. The unit impedance 
i, j

z  at each 

computing node is obtained from the frequency 

dependent volume impedance ,
v f

  and the calculated 

lubricant thickness 
i, j

h  over each computing grid 

area 
i, j

A  [45]. The optical interferometry film profile 

in Fig. 7(a) indicates that inside the Hertzian contact 

zone, after 
e

1 mm/su , bled oil is the major material 

contributing to the film construction, and thus for 

Hertz
,z  bled oil volume impedance is used; for the rest 

surroundings, i.e., 
side

z  and 
inlet

,z  bulk grease volume 

impedance is used. 

At the cavitation zone, because the air is considered 

as a capacitance directly, for each computing grid, the 

cavitation impedance is calculated from the imaginary 

part 
, ii j

Z  and the real part 
, ri j

Z . 

 
2 2

, , ,i r
,

i j i j i j
z Z Z              (4) 

where 
, ii j

Z  covers the imaginary part of the film layer:  

c0.5
2 sin

h
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h
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The calculated film impedance 
film

z  at 1 kHz, 

100 kHz, and 1 MHz, is then compared to the measured 

lubricant film impedance value in Figs. 10(a) and 10(b), 

where the calculated impedance is presented in dashed 

line and the measured impedance is presented in 

boxplot at each speed and frequency. Also plotted  

are the film impedance angle in Figs. 10(c) and 10(d), 

where the dashed line presents the impedance angle 

from bulk lubricant analysis, and the boxplot presents 

the measured film impedance angle at each specific 

frequency and speed. The film impedance angle 

gives an indication of the contact status: impedance 

angle close to 0° tells a resistive film behaviour, and 

impedance angle close to –90° tells a capacitive film. 

4 Discussion 

The electric and tribological behaviour of CG is 

presented by comparing it with NCG. The causes of 

differences in the results are analyzed and discussed 

in this section.   

In Fig. 4, an abrupt impedance jump is found  

for CG at elevated DC magnitude. The current 

hypothetical explanation for this impedance jump 

is electric polarization induced by the high voltage 

DC electric field, where the conductive particles 

are separated and accumulated in the vicinity of two 

plates (see the schematic drawing of the conductive 

agent movement at different DC amplitude level in 

Fig. 4(b)), leading to the loss of conductive agent 

mobility in the bulk grease volume, and the increment 

of CG impedance. This is predominant in the low 

frequency regime, where the quantum-tunnelling 

path works. At high frequency regime, capacitive 

behaviour dominates, and such impedance jumping 

will be weakened. To sum up, a DC voltage threshold 

value is observed, above which CG will lose its 

conductivity, which may suggest certain application 

boundary for CG grease. 

In Fig. 10, the first remarkable difference can be 

found at low speed regime: when 
e

128 mm/su , for 

both CG and NCG, the measured film impedance 

shows a considerable negative deviation from the 

calculated value, and the film impedance angle is 

close to zero, giving a resistive contact film behaviour 

independent of the applied frequency. This is in line 

with the calculated film separation λ value shown in 

Fig. 7(a), indicating that the film impedance is highly 

dependent on the lubrication regime: when the film 

separation is not sufficient, the periodic direct asperity 

contact results in an electric short circuit, thereby a 

rather small resistive contact impedance, independent 

of the applied electric frequency. Since the current 

calculation model does not take the surface roughness 

into account, and thus the impact of direct asperity 

contact on the film impedance behaviour cannot be 

reflected. For a grease lubricated bearing, running 

environments such as starvation, high temperature 

and limited bleeding may lead to thinner film, 

resulting in substantial surface contact [46] and the  
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accumulated electric load will be transferred away 

through an ohmic current. In such case, the CG and 

NCG difference will no longer exist. This may be the 

explanation for Tischmacher’s full bearing test results 

[47], where after 40-hour running (when the churning 

phase might finish), the conductive grease lubricated 

bearing showed a similar electric signal as the 

non-conductive grease lubricated bearing.  

When a sufficient film separation is constructed, 

the lubricant electric parameter will play a role inside 

the contact zone. As expected, CG shows lower  

film impedance compared to NCG over the tested 

frequency spectrum, and despite the data fluctuation, 

the measured CG film impedance agrees with the 

calculated value. The CG contact film impedance 

angle falls in similar range as the bulk CG analysis, 

i.e., a resistive film is constructed at 1 kHz; after   

the “corner frequency”
0

f , a capacitive film is built at 

100 kHz and 1 MHz. Similar behaviour is also observed 

for NCG at high frequency regime.  

However, at 1 kHz, the NCG generates a resistive 

film with lower impedance value compared to the 

calculated results, as shown by the film impedance 

and impedance angle comparison in Figs. 10(a)   

and 10(c). The current explanation is the influence of 

pressure and measuring distance on the lubricant 

electric parameters. According to the bulk impedance 

results in Fig. 3, NCGBO provides a very short 

resistive impedance plateau by 400 Hz which was 

attributed to polarized additives or the potential 

existence of active electrons. This bulk lubricant 

impedance is measured at open air; whilst the 

lubricant inside the contact zone is subjected to 

0.5 GPa contact pressure (Table 2). According to the 

literature, lubricant dielectric constant is a function of 

pressure dependent density following either Clausius– 

Mossotti equation [48] or Schmidt’s equation [49]. 

The high contact pressure might affect the lubricant 

electric properties and thereby the film impedance. 

In addition, the contact film thickness is on a nano  

 

Fig. 10 Comparison between measured and calculated film impedance for (a) NCG and (b) CG; and comparison between film
impedance angle and bulk grease impedance angle for (c) NCG and (d) CG.  
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to micron metre scale, and in such a small distance, 

quantum-tunnelling effect might take place between 

the dissolved polarized additives in NCG as well, such 

as potential extreme pressure (EP), anti-oxidation, 

anti-corrosion additives, etc., and a resistive current 

bridge might be built at low frequency regime, giving 

a relatively low film impedance value. With increasing 

electric frequency, capacitive behaviour dominates 

(indicated by a negative impedance angle shown in 

Fig. 10(c)) and the measured contact film impedance 

falls in similar range as the calculated data again. 

Unfortunately, the author cannot validate these 

hypotheses by far, nor can we conclude whether the 

NCG film electrical performance can be promoted  

to other general greases. Besides, the assumption 

used in the impedance calculating model may also 

introduce the value deviation. The current model 

considers only the film thickness resulted impedance, 

but as the asperity contact is a matter of probability, 

even when full film separation is built (λ > 3), 

potential asperity contact may still take place and 

change the film impedance. Also, at the outlet 

cavitation area, two equal film separation with 0.5hc 

thickness is used for the calculation may lead to 

deviation as well. More detailed exploration is expected 

to study the influence of contact parameters on the 

lubricant electrical performance and the corresponding 

contact impedance. 

5 Conclusion  

The electrical and tribological properties of a conductive 

grease CG have been investigated and compared to 

its non-conductive counterpart NCG. Electric and 

mechanical loadings are applied when analysing the 

grease lubricity and contact film impedance. Based 

on the experimental and calculated results, the 

observations are summarized as follows. 

1) Different from the conventional lubricant, the 

selected CG product cannot be equalized as a capacitor 

nor a resistor directly, but a R(CR)(CR) arrangement 

according to the impedance spectroscopy analysis. 

When the applied frequency exceeds a corner frequency 

0
f  for CG, the impedance difference between CG 

and NCG will be eliminated, thus the resistive low 

impedance plateau for CG should cover the electric 

frequency range for the target field application. Also, 

a large voltage amplitude will result in an irreversible 

loss of CG conductivity. 

2) Working environments, especially chemical 

reaction at elevated temperatures will change the 

grease impedance and conductivity. Therefore, the 

conductive grease should be developed not only to 

provide good lubricity and oil supply, but also to 

guarantee that the conductive agent, with a reliable 

“conductive life” considering the working condition, 

is capable to enter and function well inside the contact 

zone. 

3) The contribution of CG to film impedance is 

closely related to the contact lubrication condition. In 

the mixed lubrication regime, the potential short 

circuit due to asperity direct contact will eliminate 

the impedance difference between CG and NCG and 

give a resistive film. When the contact surfaces are 

fully separated by the lubricant film, the bulk CG 

electric behaviour is observed inside the contact zone 

as well: a relatively low resistive film at low frequency 

regime, where the accumulated electric energy between 

the contact surfaces can be dissipated; and a capacitive 

film at high frequency regime, where CG will provide 

similar behaviours as NCG. 

4) Bulk grease parameters, e.g., the dielectric 

constant, volume impedance or specific conductivity, 

may be affected by the contact parameters such as 

contact pressure, flash temperature, etc. Therefore, 

empirical parameters based on the combined 

tribological and electrical test are needed in the case 

of accurate film impedance prediction.  
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