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Abstract: In this work, we proposed a method for coating the whole surfaces of bearing balls uniformly by 

carbon film with a rotatable ball clamp. We studied the carbon/carbon friction with a self-designed current- 

carrying ball bearing friction test system. A notable and instant friction force drop of 28% and significant 

carbon film wear alleviation were found when currents were applied. By using TEM-, SEM-, and EDS-analysis, 

special carbon stacks with a mixture of large wear particles and oxide were found in the wear areas under 

current applied condition. We elucidated the current-carrying friction mechanisms as follows: (1) wear particles 

formation; (2) wear particles charged by tribomicroplasma; (3) formation of surface passivated carbon stacks 

under electric force; (4) sliding between passivated carbon surfaces. This work may facilitate the development 

of novel solid-lubricated ball bearings and lay some foundations for current-carrying rolling friction. 
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1  Introduction 

With the fast development of electric vehicles [1] and 

high-speed railways [2], the friction performances 

under external electric field or with current passing 

states have become an important issue that draws a lot 

of attentions. Under complicated electric environments, 

failure can occur on all contact/sliding surfaces of 

components. Clarifying the current-carrying induced 

physical or chemical reactions at the friction interface 

is important for improving the reliability and lifetime 

of the related devices [3–5]. Besides sliding conditions, 

ball bearings in electric vehicles may also work under 

current-carrying conditions [6]. It is reported that the 

electrostatic charges accumulation at the ball bearings 

can lead to degradation of lubricant and the current 

induced by breakdown would induce morphology 

damage [7, 8]. Enhancing the conductivity of the 

lubricated interface is a solution to alleviate charge 

accumulation, which asks for new conductive lubricating 

materials in bearings [9]. 

Using conductive solid lubrication is a possible 

solution to eliminate charge accumulation. The 

tribological properties of many solid lubrication 

materials, including AgI, Ag/C, Cu/C, graphite, and 

carbon nanotube films under electrical contact situations 

have been extensively studied [10–12]. Among these 

materials, carbon materials could have good tribological 

properties and high electric conductivity simultaneously 

owing to their tunable sp2/sp3 structures [13, 14]. It was 

found that current could reduce the friction coefficient 

but increase the wear rate when metals slided 

against diamond like carbon (DLC) or transition 

metal dichalcogenides [15, 16]. As reasons for friction 

reduction of carbon materials under current-carrying 

condition, two major mechanisms are proposed. It was 

found that in the current-carrying friction between 

graphite/graphite, the friction force would drop in 

reactive atmosphere but increase in inert atmosphere 

[17, 18]. Thus, the dangling bonds passivation of carbon 

atoms with gas adsorption was considered as the 

reason for the friction force reduction [19]. Recently, 
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our group found that in the steel/amorphous carbon 

film (a-C film) current-carrying friction condition, the 

current would facilitate the formation of transfer film 

and induce the transformation of amorphous carbon 

into graphene nanocrystallites in the transfer film, 

which could also reduce the friction force [20, 21]. As 

for rolling friction condition, the fast change of the 

contact points makes the physical or chemical reactions 

at friction interface to be very transient. Clarifying 

the current-carrying rolling friction would be helpful 

to prompt the development of solid-lubricated ball 

bearings. 

In this work, we investigated the current-carrying 

friction in carbon coated ball bearings. Bearing balls, 

as well as inner races and outer rings of the ball 

bearings were all coated with a-C film, which were 

achieved by special designed coating clamps. The 

effects of currents on the friction force and wear were 

studied. TEM-, SEM-, and EDS-analysis were conducted 

on the bearing ball surface to reveal the effects of 

current. The mechanisms of the current-induced friction 

reduction and wear alleviation were discussed and 

elucidated. 

2 Experiments 

An electron cyclotron resonance (ECR) plasma 

sputtering system was used to deposit a-C film on 

the bearing balls as well as the inner races and outer 

rings of the ball bearings. The process of depositing 

a-C film on the surfaces of bearing balls and the 

assembling-process of the carbon coated ball bearing 

as well as the current-carrying friction test system 

are shown in Fig. 1. The detailed descriptions of the 

sputtering system were reported in our previous 

works [22, 23]. In order to realize the a-C film 

deposition, divergent electron cyclotron resonance 

(DECR) plasma sputtering type was used [22]. The 

background pressure of the vacuum chamber was 

pumped down to 8×10–5 Pa and then argon was 

inflated to keep the pressure at 1×10–5 Pa during the 

deposition process. –500 V voltages were applied 

on the carbon target to attract ion bombardment 

for carbon atom sputtering. Ion-irradiation-assisted 

deposition process was achieved by applying a 

substrate bias voltage of –10 V.  

Figure 1(a) presents the process of depositing a-C 

film on bearing balls. Different clamps were used 

during the deposition processes for different parts of 

ball bearings. The ball clamp includes four “P” shape 

tracks with slopes and edges. During the deposition 

process, the ball clamp was fixed on a rotatable 

substrate holder and the substrate holder was set to 

rotate with a rotation rate of 15 rpm. Each track could 

set 4 bearing balls for one deposition process. The 

bearing balls can roll in the tracks, which have slopes 

to provide different rolling axes for the balls and 

edges to prevent the balls from falling out of the 

tracks. During the deposition process, bearing balls 

will roll in the tracks with the 4 sequences as presented 

in the figure. NSK 7006C super precision bearings 

were used as the test samples in our experiment. The 

original bearing balls were replaced by 304 stainless 

balls with the same diameter of 7.144 mm, because 

the 304 stainless balls are non-magnetic and can be 

characterized by TEM. The deposition time was     

2 hours to guarantee uniform carbon film on the  

304 stainless balls. The deposition time for the other 

parts was also set as 2 hours. 

Figure 1(b) shows the assembling-process of a 

carbon coated ball bearing. The original ball bearing 

was dispatched into four major parts including inner 

race of the bearing, outer ring, cage, and bearing balls 

(rollers) firstly. Then, all four parts were washed in 

hot water with chemical cleaner to remove the grease 

in the ball bearing. At the same time, original bearing 

balls were replaced by 304 stainless balls for satisfying 

the TEM characterization requirements. After grease 

was removed, all the parts were put into an ultrasonic 

cleaner with acetone bath for 20 minutes and then 

heated to 100 °C to remove the residual water. After 

that, the 304 stainless balls as well as the inner race 

and outer ring were coated with a-C film as mentioned 

before. After the deposition process, all the carbon-coated 

parts and cage were assembled together.  
The self-designed current-carrying carbon coated 

ball bearing friction test system is shown in Fig. 1(c). 

The test system contains three major parts including 

a spindle, a tested carbon coated ball bearing, and a 

plastic shell. On one side of the shell, a short stick 

was fixed and a string was tied with the stick at the 

end. The angle between the string and the stick was 

set to be 90 degree. The other end of the string was 
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tied with a strain gauge sensor (KYOWA LTS-50GA), 

which was used to measure the strain force generated 

by the friction force between the ball bearing and the 

shell induced torque. It is clear that the moment of 

the strain force equals to the moment of the friction 

force. Thus, the friction force can be calculated by the 

measured strain force, as shown in the top view in 

Fig. 1(c). On the other side of the shell, an electrode 

was installed and set to contact with the outer ring of 

the carbon coated ball bearing. And the shaft was 

designed to contact with the inner race of the carbon 

coated ball bearing. Thus, a circuit was built through 

the electrode on the shell, the outer ring, the bearing 

balls, the inner race, and the shaft, which can also  

be seen in the cross-sectional view in Fig 1(c). When 

voltage was applied to the test system, current would 

flow through the real contact positions in the ball 

bearing. 

Frictional tests of the carbon coated ball bearing 

were conducted with the mentioned test system. The 

normal loads were set to be 3 N, 6 N, 9 N. The rotation 

rates of the shaft were set to be 200 rpm, 600 rpm, 

and 900 rpm. A constant voltage source with 12 V 

and a slide rheostat were used to control the current 

to be 0 A, 2 A, and 4 A. All the tests were conducted 

in a clean room with a stable temperature of 24 °C and 

 

Fig. 1 Fabrication processes of the carbon coated ball bearings and current-carry friction test system. Schematic of (a) process of 
depositing ECR a-C film on bearing balls as well as the ball clamp, (b) assembling-process of carbon coated ball bearing, and (c) friction
test system for current-carrying carbon coated ball bearing. 
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a relative humidity of 45%–50%. The wear stability 

tests were conducted with a normal load of 15 N, 

rotation rate of 300 rpm, and current of 4 A. The friction 

tests under different parameters were conducted for 

5 times. 

The nanostructures of the as-deposited carbon 

films on the ball and the worn surface of the ball were 

analyzed with optical microscopy, Raman spectroscopy 

(HORIBA, HR-Resolution, wavelength of 532 nm), 

scanning electron microscopy (SEM, FEI, Scios), and 

transmission electron microscopy (TEM, FEI, Titan3 

Themis G2). Cross-sectional TEM specimens were  

cut from the balls and progressively thinned to about 

100 nm thick by using a focused ion beam (FIB, FEI, 

Scios). Au and Pt protective layers were deposited on 

the top of the specimen subsequentially and the final 

polishing was done with a beam current of 27 pA to 

avoid possible damages or thermal recrystallization 

caused by ion bombardments. Energy dispersive X-ray 

spectroscopy (EDS) was conducted at the same time 

when SEM and TEM characterizations were done.  

3 Results and discussion 

3.1 Characterizations of carbon coated ball bearings 

Figure 2 shows the characterization results of the 

bearing ball after coated with a-C film. As can be seen 

in Fig. 2(a), the a-C film coated bearing balls have a 

good gloss, which indicates a relative smooth surface. 

Figure 2(b) shows the optical photo of a bearing ball. 

Although the machining marks can still be observed, 

the whole area has been coated with carbon film. The 

local area was flat without any notable defect, as shown 

in Fig. 2(c) with the SEM characterization. Figure 2(d) 

shows the Raman spectrum characterized from 1,100 

to 3,500 cm-1, only a coupled band could be observed 

around 1,500 cm-1, which indicates a typical structure 

of amorphous film [24]. The ratio of D peak to G peak 

intensity (ID/IG) was calculated to be 0.72. The thickness 

of the a-C film on the bearing ball was characterized 

by TEM, as shown in Fig 2(e). The carbon film 

thickness of the presented ball was 90 nm. Two  

other balls were presented in Fig. S1 in the Electronic 

Supplementary Material (ESM), which showed the 

average thickness of the film was around 91±4 nm. 

The high resolution TEM image presented in Fig. 2(e) 

confirms the amorphous structure of the film. The 

characterization of the bearing balls proved that the 

balls were coated with homogeneous a-C film. And 

the results also showed that the deposition method 

presented was an effective way for coating uniform 

carbon film on the whole surfaces of balls. After coated 

with carbon film, the resistances of the bearings between 

inner races and outer rings increased slightly from 

the original 0.4±0.2 Ω to 0.9±0.2 Ω, which was due 

 

Fig. 2 Characterization of carbon film on bearing balls. (a) Photo of the ball bearing. (b) Optical image, (c) SEM image, (d) Raman
spectrum, and (e) low magnification TEM image and the inset figure is high magnification TEM image of the a-C film coated bearing ball.
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to the high sp2 content of the carbon film fabricated with 

low energy ion irradiation condition in ECR system [25]. 

Thus, current could flow homogeneously through the 

real contact areas in the ball bearings.  

3.2 Current-carrying friction tests 

3.2.1 Friction tests under different parameters 

Figure 3 presents the friction force curves under 

different test conditions. The grease lubricated ball 

bearing, which was insulated, had the highest friction 

force as shown in Fig. 3(a). It can be explained that 

under this shaft rotation rate, the ball bearing did not 

reach its critical lubrication condition, which made the 

grease an obstacle hindering the movements of the 

bearing balls. As for the carbon coated ball bearing, 

the friction force decreased notably from an average 

0.27 N to an average 0.07 N with the same normal 

load of 6 N comparing with that of grease lubricated 

ball bearing, as shown in Fig. 3(b).  

Figure 3(c) presents the friction force curve of the 

carbon coated ball bearing under the test condition of 

9 N normal loads, 4 A current, and shaft rotation rate 

of 200 rpm. The red line in the figure was calculated 

by processing the original data with a low pass filter 

with a cut-off frequency of 0.1 Hz, which was aimed 

at making the influence of current to be observed 

clearly. It could be seen that in the first 120 s, the 

friction force kept in a relative stable value around 

0.07 N. When 4 A current was applied, the friction 

force instantly dropped 28% to an average value of 

0.05 N. Finally, when the current was cut off, the 

friction force increased immediately. Under other 

currents and loads, this phenomenon could also be 

observed, as presented in Fig. S2 in the ESM. And such 

current-induced instant friction drop was also found 

in carbon/steel sliding friction interface as our former 

work reported [20]. Thus, a direct relation between 

current and friction force in the carbon coated ball 

bearing system could be concluded. And it was 

shown that the influence of current on the friction in 

carbon coated ball bearing system was an instantaneous 

process, considering that the contact positions would 

change time by time in the ball bearing. The influences 

of different parameters on the friction force drop 

rates were further studied and presented in Fig. 3(d). 

It could be found that when the same current was 

applied, a higher normal load could induce a more 

notable friction force drop. When the normal load 

was kept unchanged, a higher applied current could 

 

Fig. 3 Friction force curves under different test conditions. Friction forces curves of (a) original grease lubricated bearing, (b) carbon
coated bearing without current, and (c) carbon coated bearing with the friction parameters of 9 N, 4A, and 200 rpm. (d) Friction force
drop rates under different normal loads, currents, and shaft rotation rates (inset figure). 
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lead to further decrease of the friction force. Besides, 

it was also found that for a constant normal load and 

current, an increase of the shaft rotation rate would 

hinder the current induced friction force decrease.  

3.2.2 Wear stability tests  

Figure 4 presents the friction force curves of the 

carbon coated ball bearing during 4 hours wear 

stability tests. Figure 4(a) shows the carbon coated 

ball bearing under the normal load of 15 N without 

current applied. It could be seen that with the wear 

stability test continuing, the friction force slightly 

increased and some sudden jumps of the friction 

force could be observed. While for the current applied 

situation, the friction force became more stable, as 

shown in Fig. 4(b). During the whole test, the friction 

force kept on a relative low value and no sudden 

jump of the friction force could be observed. Besides, 

the friction force curve of a pure steel ball bearing 

with current applied condition was also presented in 

Fig. 4(b). It is shown that the friction force of pure 

steel bearing became unstable within 20 minutes, 

which proves the importance of the carbon coating 

on the ball bearing under the current-carrying working 

condition. It should be mentioned that current would 

also induce a slight drop of friction force for pure 

steel ball bearings, which might be induced by the 

oxidation formation on the steel surface [26]. But 

without the protection of carbon film, the friction force 

of the bearing became unstable in a relative short 

time, which further confirms the effects of carbon film 

coating, as shown in Fig. S3 in the ESM. 

3.3 Analyses for bearing balls after current-carrying 

frictional tests  

3.3.1 Optical, SEM, EDS, and Raman analyses 

Figure 5 presents the optical images, SEM images, EDS 

images, and Raman spectra of the a-C film coated 

bearing balls after wear stability tests. Figures 5(a) 

and 5(b) exhibit the SEM images of the bearing ball 

surfaces after 1 hour wear stability tests under 

normal load of 15 N without current applied and with 

4 A current applied, respectively. The inset pictures 

were the optical images of the same bearing balls. For 

the no current condition, it could be observed that 

large part of the carbon film was worn and the white 

steel surface was exposed, as shown in Fig. 5(a). 

While for the current-carrying condition, as shown in 

Fig. 5(b), most of the surface was still covered with 

black carbon film and only some small white spots 

could be observed, which indicates the exposure of 

steel. Some small humps were marked with red circles 

in both of the SEM and optical photos in Fig. 5(b). 

These humps were carbon stacks formed around the 

local spalling area of the carbon film. 

Figures 5(c) and 5(d) exhibit the SEM images of the 

bearing ball surfaces after 4 hour wear stability tests 

under normal load of 15 N without current applied 

and with 4 A current applied, respectively. The inset 

pictures were the optical images of the same balls. 

For the no current condition, it could be clearly seen 

in the optical image that most part of the ball surface 

was white, which indicates the exposure of the steel. 

And in the SEM image, it could be further confirmed  

 

Fig. 4 Friction force curves in wear stability tests. (a) Friction force curve of carbon coated ball bearing withour current applied. (b) Friction
force curves of carbon coated ball bearing and pure steel ball bearing with current applied. 
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that only some small areas of the ball surface were 

covered with carbon film. However, when it came  

to the current-carrying condition, the worn surface 

became totally different. Most of the surface areas 

were still covered with carbon film and only some 

small white spots could be observed in the optical 

photo, indicating the exposure of steel. With further 

observation of the surface by using SEM in Fig. 5(d), 

it could be seen that some carbon stacks still remained 

in the worn area, as marked by the red circles. In order  

 

Fig. 5 Characterizations of bearing ball surface after wear stability tests. SEM photos of the bearing ball surface after 1 h wear stability 
test (a) without current and (b) with current applied. (c) SEM photos of the bearing ball surface after 4 h wear stability test (c) without 
current applied and (d) with current applied. EDS analyses of the same area after 4 h wear stability test (e) without current applied and 
(f) with current applied. Raman spectra of the film on the ball surface after 4 h wear stability test (g) without current and (h) with 
current applied. 
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to make the carbon stacks can be observed more 

clearly, an enlarged SEM photo of the area 1 marked 

in Fig. 5(d) was presented in Fig. S4 in the ESM. 

Figures 5(e) and 5(f) exhibit the EDS analyses    

of the same area presented in Figs. 5(c) and 5(d), 

respectively. In the EDS images, the blue spots 

indicated the element of Fe, red spots indicated the 

element of C, and yellow spots indicated the element 

of O. For the no current condition presented in    

Fig. 5(e), most of the areas were blue and only a few 

areas were red, which means most of the carbon film 

has been worn out on the bearing ball surface. For 

the current-carrying condition presented in Fig. 5(f), 

most of the areas were still covered with red spots, 

which was in good accordance with the SEM image 

presented in Fig. 5(d). The areas marked with white 

dot lines were the same areas marked with red circles 

presented in Fig. 5(d). It was clear that the areas 

marked with white dot lines were filled with a majority 

of yellow spots, some red and blue spots, which  

was different from the worn out areas presented in 

Fig. 5(e). Considering the signal of Fe element in the 

white-circle-marked areas did not increase prominently 

comparing with that of the adjacent carbon film 

remained areas, it could be further confirmed that 

some carbon stacks still remained in the marked areas 

in Figs. 5(d) and 5(f). Independent element analyses 

of Figs. 5(c) and 5(d) were also presented in Fig. S5 in 

the ESM for a clearer observation. 

Figures 5(g) and 5(h) presented the Raman spectra 

analyses of the remained carbon films after 4 h test 

without and with current applied, respectively. The 

spectrum presented in Fig. 5(g) was obtained from 

the remained carbon film on the ball, while spectrum 

presented in Fig. 5(h) was obtained from the carbon 

stacks as marked in red circles presented in Fig. 5(d). 

Comparing these with the Raman spectrum of the 

as-deposited carbon film presented in Fig. 2(d), the 

Raman spectra of the carbon film after wear stability 

test showed isolated D peak and G peak instead of a 

composite band of the as-deposited carbon film. For 

the no current condition, ID/IG value increased from 

0.72 to 0.78 comparing with that of the as-deposited 

film. For the current applied condition, ID/IG increased 

from 0.72 to 0.91. The further increase of the ID/IG 

indicated the formation of ordered nanocrystalline 

structrue under the current applied condition [24]. 

Besides the changes in D and G peak, the band ranges 

from 2,500 to 3,500 cm–1 also changed. Some peaks 

could be identified around 2,700 cm–1 in the Raman 

spectra of the carbon stacks. These peaks were 

considered to be the formation of few layers graphene 

[27]. Enlarged optical photos and Raman spectra of 

different positions on the ball surface after 4 h   

wear stability test were presented in Fig. S6 in the 

ESM, which were used to provide a more distinct 

observation of the carbon stacks in the optical  

photo and show the carbon compositions at different 

positions. 

3.3.2 TEM and EDS analyses 

In order to further characterize the structure of the 

stacks, TEM photos were taken from a stack presented 

in Fig. 5(b). It was identified that the thickness of the 

as-deposited carbon was around 95 nm. And a much 

thicker carbon stack with a total thickness of 835 nm 

could be observed. The thickness of the carbon 

stack was more than 8 times thicker than that of the 

as-deposited carbon film, which could be observed in 

the low magnification photo in Fig. 6(a). The large 

thickness of the carbon stack should be understood 

as the aggregation of adjacent dropped carbon scarps, 

and may be also induced by the adsorption of O and H 

elements during current-carrying friction, which might 

form some C:H or C:H:O structures and lead to a low 

density structure like polymeric carbon [28]. Within 

the carbon stacks, both bright carbon area and dark 

steel area could be identified. It was noticed that also 

parts of the observed area were uniform structures, 

the rest parts still could be identified with many small 

spherical carbon scraps, which were marked by the 

blue circles. And the steel scarps were marked by red 

circles. Figure 6(b) presents the high magnification 

photo of the current applied condition. In the high 

magnification photo, two different crystal structures 

could be identified. The crystal structures marked by 

red circles had a relative small interplanar crystal 

spacing and more uniform lattice, which should be 

the crystal of Fe. While the crystal structure marked 

by blue circles had larger interplanar crystal spacing 

and were curved. These crystal structures should be 

the graphene nanocrystallites. The formation of those 

graphene nanocrystallites was owing to the applied 

current as well as the friction process [20]. 
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Figures 6(c)–6(f) present the high-angle annular 

dark field (HAADF) photo as well as the EDS 

characterization of the same area as presented in  

Fig. 6(a). It is clear in the HAADF photo that black 

carbon scarps (marked with blue circles) and steel 

scarps (marked with red circles) are distributed in the 

stack. And the boundary between the stack and the 

deposited carbon film can be clearly observed. The 

EDS results confirmed the distribution of the C, Fe, 

and O elements as presented in both the TEM image 

and the HAADF photo. It was clear that carbon spread 

uniformly in the stack and the deposited carbon film 

except for the red circles marked areas. While the 

majority of Fe existed in the red circles marked areas 

and the steel ball, which was in accordance to the 

HADDF photo. The spread of O was very interesting. 

It could be concluded that except for the deposited 

carbon film and the carbon scraps marked with blue 

circles, O spread uniformly in all the rest area.    

The observation of the element distribution was in 

accordance with the results presented in Figs. 5(b) 

and 5(f). Thus, it could be concluded that the stacks 

on the surface were a mixture of large carbon scraps, 

oxide of carbon and small amount of steel scraps. 

4 Discussions 

The frictional results presented in this work showed 

that applying electric current can induce notable 

friction reduction and wear alleviation in the a-C 

carbon coated ball bearing system. The friction tests 

showed an instant reduction of the friction force 

when electrical current was applied with a maximum 

drop of 28%. And the wear stability tests showed that 

 

Fig. 6 Characterizations of carbon stack. (a) Low and (b) high magnification images of the stack structure. (c) HADDF photo and EDS
analyses of the same area of (d) C, (e) Fe, and (f) O elements. 
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comparing with no current situation, when current  

was applied to the carbon coated ball bearing system, 

a much more stable low friction force as well as   

less worn carbon film coated bearing balls could be 

obtained during the 4 h tests. Thus, the effects of the 

current on the friction reduction and wear alleviation 

in the carbon coated ball bearing system must be 

discussed and understood. 

As for the friction reduction mechanisms for 

carbon film, two major theories have been postulated: 

(1) the formation of graphitization transfer film 

(“friction-induced graphitization” mechanism) [29, 30] 

and (2) the saturation of dangling bonds of carbon 

atoms at the friction interface (passivation mechanism) 

[31–33]. When it comes to the current applied friction 

situation, some researches on the steel/carbon 

counterparts have found that the current could 

facilitate the formation of transfer film with graphene 

sheets embedded structure [21], while other researches 

on graphite friction process found that the environment 

had a key influence on the friction coefficient, which 

indicates a passivation of the carbon dangling bonds 

[34]. And it was proved that when carbon film friction 

in the humid environment, surface passivation of –H 

and –OH could happen [35]. For the passivation 

mechanism, although friction process could help to 

form carbon dangling bonds, it still needs extra energy 

to promote the reaction between carbon atoms and 

gas atoms. The tribomicroplasma theory may provide 

a reasonable explanation for the tribo-chemistry 

process [36], which proved the generation of 

tribomicroplasma and emission of electrons and gas 

ions at the carbon film friction interface [37]. 

Thus, based on the experiment results in this work 

and the theories of former researches, a schematic 

diagram was proposed to understand the formation 

of carbon stacks and friction force reduction, as 

shown in Fig. 7. Figure 7(a) presents a local contact 

area at a certain moment. The contact area was 

presented at carbon stacks gathered area to help 

understand the friction process, and current would 

flow through the contact area. Figure 7(b) presents a 

more specific process of the friction reduction with 

carbon stacks formation. In order to explain the 

formation of carbon stacks and high amount of O, the 

tribomicroplasma theory was taken into account. The 

formation of the carbon stacks includes three major 

steps as the illustration presented. First, with the 

friction between the two contact surfaces, carbon scraps 

dropped from the surface and formed wear particles. 

Meanwhile, the friction process would also generate 

tribomicroplasma with electron and gas ions [36]. 

Then, the dropped wear particles would be charged 

with electrons and ions in the tribomicroplasma. 

Besides, the charge of wear particles could also be 

explained by the H2O dissociation at the current- 

carrying interface and combination of –OH and –H 

with wear particles [35]. When the dangling bonds on  

 

Fig. 7 Current-carrying friction mechanisms. (a) Contact position between the bearing ball and inner race at carbon stacks gathered
area. (b) Friction mechanism with carbon stacks formation under electric force and tribomicroplasma: (1) wear particles formation under 
friction force; (2) wear particles charged by tribomicroplasma; (3) wear particles attracted by electric force and surface passivated carbon
stacks formation; and (4) sliding between passivated surfaces. 
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the newly exposed surface of wear particles attract 

and react with the gas ions or the dissociated water 

molecules, the electrical force can facilitate the 

particles stick to the place where they dropped. And as 

a result, the carbon stacks with oxide and graphene 

nanocrystallites formed on the contact interface, 

which was proved by the TEM results presented in 

Fig. 6. As for the high concentration of O in the stacks, 

two possible reasons can be considered. On one hand, 

it may come from the dissociation of H2O under current, 

which may form –OH and combine with carbon 

atoms [35]. On the other hand, some researches also 

indicated oxygen could be attracted to the interface 

under current-carrying friction condition and induce 

carbon atoms passivation with =O [38]. As for the 

formation of graphene nanocrystallites in the stacks, 

it should be induced by the combined effect of 

friction force and current [21, 39]. 

When we discuss the mechanisms of friction 

reduction in the current applied condition, it should 

be noticed that the contact points would change  

time by time in the ball bearing, which means the 

process inducing friction reduction must happen in a 

short time. One of the major reasons should be the 

passivation of the carbon dangling bonds with –OH 

or =O, which could provide a repelling force between 

the interface and reduce the adhesive force. And the 

graphene nanocrystallites formed at the interface  

as well as the spherical wear particles rolling in the 

interface could also lead to the friction reduction. As 

for the wear reduction of the carbon film on the bearing 

balls, it should be comprehended by a third-body 

process [40]. Under the current applied condition, the 

dropped wear particles would stay around where 

they dropped and form the carbon stacks due to the 

combined effect of tribomicroplasma and electric 

force, which could keep protecting the surface as a 

consequence. Besides, the reduced friction force by 

passivated surface can also alleviate the adhesive 

wear between the contact carbon films. As a result, 

current could further reduce the wear of the carbon 

materials on the ball surface as a result.  

5 Conclusions 

In summary, carbon coated ball bearings were 

fabricated with a rotatable substrate and the 

current-carrying friction behaviors and mechanisms 

in carbon coated ball bearings were studied. The 

current-carrying frictional tests showed the current 

could induce an instant and notable decrease of 

friction force with a maximum drop rate of 28% and 

significant wear alleviation. The SEM, TEM, and EDS 

results elucidated that the friction reduction mechanisms 

as follows: (1) wear particles formation; (2) wear 

particles charged by tribomicroplasma; (3) formation 

of surface passivated carbon stacks under electric 

force; (4) sliding between passivated surfaces. This 

work systematically studied the current carrying 

rolling friction in carbon coated ball bearings and laid 

some foundations for the development of novel solid 

lubricated ball bearings.  
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