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Abstract: The complex electrical environments inherent in electric vehicles often lead to premature failures of
bearings. A comprehensive understanding of material behavior under current-carrying conditions is therefore
essential. In this study, a current-carrying pin-on-disk tribometer was used to investigate the tribological response
and microstructural degradation of bearing steel subjected to electric current. The results show that electric current
significantly intensifies adhesive, oxidative, and abrasive wear, leading to increased coefficient of friction (COF)
and wear volume. After 120 min of sliding, the average COF increases from 0.058 at 0 A to 0.066 at 1.5 Aand 0.072
at 6 A, while the corresponding wear volumes at 1.5 A and 6 A are approximately 1.5 and 2 times that at 0 A,
respectively. This deterioration is attributed to the combined effects of electro-thermal and athermal mechanisms.
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Specifically, arc discharge in conjunction with frictional heating rapidly raises the surface temperature, inducing
subsurface tempering and dynamic recrystallization. These thermally activated processes lead to microstructural
softening, which in turn facilitates severe plastic deformation. Meanwhile, athermal effects accelerate dislocation

motion and rearrangement, further affecting the material's mechanical properties.
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1 Introduction

Bearings operate under complex electrical environments in applications such as electric vehicles, high-speed
trains, and wind turbines [1]. For example, during motor operation, factors such as magnetic flux asymmetry,
inverter-induced voltages, and triboelectric effects can subject bearings to both DC and AC electrical loads [2, 3].
The presence of electrical currents can lead to electrical erosion, frictional heat accumulation and lubrication
degradation. This significantly raises the risks of adhesive and abrasive wear [4, 5]. Studies have shown that shaft
currents can accelerate material degradation and significantly reduce bearing service life [6]. Although the
mechanical performance of bearings has been extensively studied, their tribological behavior under current-carrying
conditions remains insufficiently understood.

Compared to conventional sliding wear, current-carrying tribological behavior is more complex due to the
coupled effects of mechanical and electrical wear [7]. Electrically induced damage can be categorized into frosting,
fluting, pitting, spark tracks, and welding, based on surface morphology [8]. Song et al. [9] reported that when
current density exceeds 0.95 A/mm?, high-temperature discharges generate pits and induce martensite-to-ferrite
transformation. Didenco et al. [10] observed erosion grooves caused by accumulated micro-discharges. At high
voltages, lubricant film breakdown can produce pits, debris, and other erosion features. He et al. [3] demonstrated
that electric current affects friction through surface melting, Joule heating, lubricant failure, and electrochemical
corrosion. Cai et al. [11] found through combined experimental and data-driven analysis that current and load are
the key factors affecting electrical contact performance. Arc discharge shifts the damage mechanism from
mechanical to a compound mode, with ablation and oxidation intensifying over time and energy [12]. Similarly,
Xue et al. [13] found that current application reduces the friction coefficient and wear of carbon film contacts,
mainly due to the formation of carbon stacks with large wear particles and oxides in the wear region. However, most
studies on current-carrying tribological behavior have primarily focused on macroscopic surface damage, with
relatively few addressing subsurface microstructural evolution and the underlying damage mechanisms.
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Besides, electric current can significantly influence the microstructure and mechanical properties of metals
through both thermal and athermal effects [14]. Through current-induced thermal effects, it can promote diffusion-
driven processes such as annealing [15], aging [16], and recrystallization [17]. Current can also interact with
dislocations via electron wind, current constriction, and magnetic effects, thereby enhancing dislocation mobility
and structural reorganization [18-20]. This facilitates deformation and accelerates microstructural evolution—a
phenomenon known as electroplasticity [21, 22]. In tribological contacts, near-surface plastic deformation in bearing
steel, together with the associated microstructural and mechanical evolution, can markedly affect tribological
behavior. Accordingly, under current-carrying wear, electric current may degrade material performance through
thermal effects and thus alter friction and wear. It may also promote dislocation motion and structural rearrangement
via athermal interactions between electric current and dislocations, thereby influencing near-surface plastic strain
accumulation and microstructural evolution and jointly affecting the tribological response. Nevertheless, systematic
studies on how electric current affects tribological behavior through changes in material properties remain limited.
In particular, athermal contributions in real contacts may couple with thermal effects, making temperature matching
and decoupled validation challenging and warranting further investigation.

In this study, sliding wear tests were conducted on bearing steel using a pin-on-disk setup under oil-lubricated
conditions, with varying current levels and wear times. The effects of electric current on tribological behavior,
microstructural evolution, and mechanical properties were systematically examined. Emphasis was placed on
subsurface microstructural changes and mechanical degradation during current-carrying wear, and their impact on
frictional behavior. The findings offer valuable insights into bearing degradation and early failure in electric motor

applications.

2 Experimental procedure
2.1 Materials

The raw material was AISI 52100 steel with the chemical composition (wt %): C, 0.91; Mn, 0.28; Cr, 1.51; Si,
0.21; S, 0.018; P, 0.025; Fe, balance. It was austenitized at 860 °C for 2 h, then oil-quenched to room temperature,
and tempered at 160 °C for 1 h. The resulting microstructure consisted primarily of tempered martensite with finely
dispersed carbides with an average diameter of approximately 0.8 um, as shown in Fig. 1(a). According to the XRD
results in Fig. 1(b), the matrix phase was mainly composed of martensite (a-Fe), residual austenite (y-Fe, <5%), and

M3C cementite. The average matrix hardness was approximately 630 HVq g2s.
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Fig. 1 (a) Microstructure of the original material; (b) XRD pattern of the original material.

2.2 Current-carrying sliding wear tests

Sliding wear tests were conducted using a modified MMU-2Z pin-on-disk tribometer equipped with an ANS®-
JP20200D DC power supply, as shown in Fig. 2(a). DC was selected to partially simulate the electrical conditions
in electric vehicle motors [4]. Both the disk and pin specimens were machined from AISI 52100 steel. The disks
measured 99 mm in diameter and 8 mm in thickness, while the pins were 4.8 mm in diameter and 15.7 mm in length,
with a hemispherical tip of 2.4 mm radius. All specimens were polished to achieve a surface roughness of 0.2-0.3
um. Three pin specimens were mounted on the upper spindle fixture and rotated by a variable-frequency motor. The
disk specimen was fixed to the lower spindle end, and axial loads were applied via a hydraulic system to establish
contact and generate circumferential sliding. The power supply’s positive and negative terminals were connected to
the pin and disk fixtures, respectively, enabling current flow through the contact, as shown in Fig. 2(b) and 2(c).
Tests were conducted at room temperature (23 °C) with PAG gear oil lubrication (viscosity grade 68; kinematic
viscosity 68.7 mm?/s at 40 °C; viscosity index 175).

The normal load and motor speed were set to 450 N and 200 rpm, corresponding to a relative sliding speed of
0.838 m/s. Current levels of 0, 1.5, and 6 A were selected based on typical stray currents (short-circuit characteristics)
of 0.2-1.4 A observed in 1.5 kW induction motors [23]. The severity of bearing currents is commonly assessed by
the nominal contact current density, J = I/Anz, where 1 is the applied current and Az is the Hertzian contact area
[24]. In the present three-pin configuration, | denotes the total circuit current and Az denotes the total Hertzian
contact area of the three pins (Anzwotal). For the present geometry and loading, the Hertzian contact area per pin is
Az per pin = 0.055 mm?, S0 Anz total = 3Anz,perpin = 0.165 mm?, giving J =~ 9 and 36 A/mm? at 1.5 and 6 A, respectively.
This J is a nominal average metric for comparing current levels rather than the instantaneous current density at an
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individual pin. Based on prior studies [1, 9, 25], nominal contact current densities linked to pronounced bearing
electrical damage range from a few tenths to the order of tens of A/mm?, depending mainly on test operating
conditions. Accordingly, 1.5 A falls within a typical damage-relevant range, whereas 6 A represents an accelerated
condition with a higher current density. Wear times were 30, 60, and 120 min, with each test repeated three times to

ensure repeatability.
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Fig. 2 (a) MMU-2Z current-carrying sliding wear test setup; (b) enlarged view of the boxed area in (a); (c) schematic

diagram of the test system; (d) schematic illustration of sample preparation for SEM observation.

2.3 Microstructural characterization procedure

Macroscopic wear tracks morphology and profile were characterized using an OLYMPUS GX53 optical
microscope (OM) and a Zeiss LSM 800 laser scanning confocal microscope (LSCM), respectively. Surface oxides
were analyzed by a Renishaw inVia Reflex confocal Raman spectrometer with a scan range of 100-1000 cm™,
excitation power of 1 mW, laser wavelength of 532 nm, and exposure time of 10s. To examine subsurface
microstructural changes, disk specimens were sectioned circumferentially and pin specimens axially, as shown in
Fig. 2(d). The observation surfaces were mechanically ground and polished, then etched with 4% nitric acid in
ethanol to reveal the microstructure. Subsurface microstructures were characterized using a SU-5000 scanning
electron microscope (SEM) equipped with energy-dispersive X-ray spectroscopy (EDS) for elemental analysis.
Phase analysis was performed using a Bruker D8 Advance X-ray diffractometer (XRD) with Cu Ka radiation (A =
0.154 nm) at a scanning rate of 6°/min. Microhardness was measured using a YSMX automatic image-processing

Vickers hardness tester under a 25 g load and 15 s dwell time.

3 Results



3.1 Coefficient of friction and wear volume

Fig. 3(a) shows the coefficient of friction (COF) over 120 min under different current levels. The wear process
exhibits two distinct stages. Initially, the COF drops rapidly, stabilizes briefly, and then gradually rises across all
conditions, with higher currents leading to consistently higher COF values. In the later stage, distinct behaviors are
observed. At 0 A, the COF continues to decrease and stabilizes at 0.04, while 1.5 A and 6 A result in rising COFs,
reaching 0.085 and 0.09, respectively. As summarized in Fig. 3(b), the average COF increases from 0.058 (0 A) to

0.066 (1.5 A) and 0.072 (6 A), indicating a clear current-dependent frictional response.
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Fig. 3 (a) COF under different current levels during 120 min of wear; (b) average COF after 120 min of wear under

different current levels.

Wear volume was determined by measuring the mass loss of pin specimens and estimating the worn geometry
using the spherical cap model, accounting for the evolving contact from point to area due to the hemispherical tip.
As shown in Fig. 4, wear volumes were comparable across all current levels at 30 min (155 x 108 um?®). However,
at 6 A, the wear volume increased markedly to 290 x 10® ym® at 60 min and 458 x 10° um® at 120 min—
approximately 1.2 and 2 times higher than those observed at 1.5 A and 0 A, respectively. These results indicate that

electric current significantly accelerates material loss, particularly over prolonged sliding.
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Fig. 4 Wear volume of pin specimens under different current levels and wear times.

3.2 The wear track surface analysis

Fig. 5 shows the macroscopic wear track morphologies on disk specimens under different conditions. Electric
current significantly influenced surface morphology, with more severe damage observed at higher current levels for
the same wear time. Black regions within the wear tracks, which were not oil residues due to post-test ultrasonic
cleaning, were identified as tribo-films. At 6 A, tribo-films formed after 30 min and became denser, nearly covering
the entire track by 120 min. A similar trend was observed at 1.5 A after 60 min. In contrast, under 0 A, tribo-films

were sparse and confined to the central area, even after 120 min.
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Fig. 5 OM images of wear track surfaces on disk specimens under various current levels and wear times.

To further investigate the wear behavior, Fig. 6 presents the microscopic morphologies of the central region of
the wear tracks after 30 and 120 min of sliding at 0 A and 6 A, corresponding to the red-marked areas in Fig. 5. At
0 A after 30 min, the surface showed scratches and grooves parallel to the sliding direction, along with microcracks
and slight delamination (Fig. 6(a)), indicating abrasive wear as the dominant mechanism. After 120 min,
microcracks became more prominent, while delamination remained limited and the grooves appeared smoother (Fig.
6(b)), suggesting progressive plastic deformation during sliding. At 6 A after 30 min, in addition to scratches,

grooves, and localized spalling, significant plastic deformation formed irregular bulges at the contact interface (Fig.



6(c)), typical of adhesive wear. After 120 min, both abrasive and adhesive wear intensified, with extensive

delamination and spalling (Fig. 6(d)).
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Fig. 6 SEM images of the central region of the wear tracks under different conditions: (a, b) 0 A for 30 and 120 min,

respectively; (c, d) 6 A for 30 and 120 min, respectively.

To identify the composition of the tribo-film, EDS was performed on selected points within the wear track, as
shown in Fig. 6 (marked in black). The results are summarized in Table 1. The black regions contain a higher oxygen
content in addition to the substrate elements, indicating severe oxidation and the presence of oxide films. Combined
with the macroscopic morphology in Fig. 5, these findings confirm that electric current promotes oxidative wear.
SEM observations further reveal that the oxide film is unevenly distributed and locally damaged, suggesting it is
prone to delamination under cyclic shear. This increases surface roughness and makes the underlying material more
susceptible to damage.

Fig. 7 shows the cross-sectional profiles of wear tracks under different conditions. At the same wear time, track
width increases with current. Compared to 0 A, current-carrying conditions exhibit more pronounced profile
fluctuations and significantly higher pile-up, indicating enhanced plastic flow and material accumulation. After 120

min, the profile at 0 A becomes relatively smooth, while large undulations persist under current. These results are



consistent with the surface morphologies observed in Figs. 5 and 6.

Table 1 Major chemical compositions (wt%) of the marked regions shown in Fig. 6.

@] C Cr Fe
A 0.52 5.12 1.48 92.88
B 17.07 5.93 1.57 76.43
C 1.86 5.09 1.23 91.82
D 16.93 5.61 1.36 76.10
E 1.91 5.84 1.46 90.79
F 17.75 5.89 1.24 75.12
G 0.97 5.15 1.35 92.53
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Fig. 7 Cross-sectional profiles of wear tracks under different current levels and wear times: (al, b1, c1) after 30 min

of wear; (a2, b2, c2) after 60 min of wear; (a3, b3, c3) after 120 min of wear.

3.3 The wear track cross-section analysis

The microstructural evolution during wear significantly influences tribological behavior. Fig. 8 presents SEM
images of cross-sectional microstructures under different conditions. Sliding wear results in subsurface strain
accumulation and the formation of a plastically deformed layer (PDL), where martensitic structures undergo flow
deformation, distinct from the original tempered microstructure in Fig. 1(a). Compared to conventional wear,
current-carrying conditions increase PDL thickness and induce more pronounced morphological changes. After 30
min, all samples exhibit elongated and bent martensitic structures inclined toward the surface, with greater curvature
at 6 A. After 60 min, a gradient structure is observed at 6 A, including a severely plastically deformed layer (SPDL)
within approximately 3 um of the surface, contrasting with the other conditions. After 120 min, the PDL under 0 A

remains dominated by elongated structures, while a gradient forms under 1.5 A. At 6 A, the SPDL becomes denser,
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with deformation features barely discernible. These results indicate that electric current accelerates plastic
deformation during wear, altering the material’s mechanical properties. This accelerates surface damage and
increases the likelihood of microcrack initiation (as indicated by black arrows), thereby raising the risk of pitting

and spalling.
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Fig. 8 Cross-sectional SEM images of wear tracks under different current levels and wear times.

4 Discussion
4.1 Estimation of temperature rise during current-carrying sliding wear

In sliding wear, frictional heating is inevitable. Under current-carrying conditions, additional Joule and arc
heating further increase the interface temperature by combining with frictional heat [26, 27]. Temperature evolution
was monitored using a built-in probe located 2 mm below the wear track, and the results are shown in Fig. 9. During
the first 30 min, the temperature increased rapidly, then the rate of rise gradually slowed. Throughout the test,
temperatures under current-carrying conditions remained higher than those without current. By the end, disk

temperatures reached approximately 48 °C, 53 °C, and 60 °C under 0 A, 1.5 A, and 6 A, respectively. However, such
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a small temperature difference is unlikely to significantly affect the tribological behavior. Considering heat
dissipation through wear debris, plastic deformation, and bulk heat conduction within the specimen [28, 29], the
actual temperature at the contact interface may be considerably higher than measured. Therefore, the temperature
was estimated based on experimental observations and thermal models, providing a reasonable approximation

despite the challenges in accurately determining it due to the complexity of frictional processes.
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Fig. 9 Temperature evolution of the disk specimen during 120 min of wear under different current levels.

Frictional heating under no-current conditions was estimated using a one-dimensional transient heat
conduction model, suitable for pin-on-disk contact [30]. The model assumes heat is generated at the contact interface,

conducted into the material, and partially dissipated through surface convection. The local surface temperature is

given by [31]:

T= %{1-erfc[hs %}-exp{ist }}
: X & M

where hs is the convective heat transfer coefficient, t is time, and p, ¢, and K are the material’s density, specific heat,

and thermal conductivity, respectively. The unit-area frictional heat flux Qa is calculated as Qa = uPv/As, Where y is
the COF (average value used), P is the normal load, v is the sliding velocity, and As is the wear track area, estimated
from the cross-sectional profiles in Fig. 7. Parameter values are listed in Table 2. 1t should be noted that this model
considers only one dimensional heat conduction and does not explicitly account for heat removal by the lubricant
or the influence of wear debris accumulation on the heat source distribution and thermal boundary conditions.

Moreover, by neglecting the approach to thermal steady state, it predicts a gradual temperature increase with time.

1



As a result, the interfacial temperature rise may be overestimated, but the prediction can serve as an upper bound
estimate. Based on the data in Table 2, the predicted local frictional temperature under 0 A after 120 min is

approximately 258 °C.

Table 2 Parameters and values used in the calculation of temperature.

Parameter Value
Convection heat transfer coefficient, hs (W m2 K1) 50
Specific heat, ¢ (N mm2 K1) 45
Density, p (kg/m°) 7687
Thermal conductivity, K (N s K1) 60
COF, u 0.058
Normal load, P (N) 450
Sliding velocity, v (m/s) 0.838
Surface area, As (mm?) 452.9
Specific heat capacity, C, (J/(kg K)) 460
Effective resistance, Re (u€2-m) 1.2

When current flows through a metal, electrons accelerated by the electric field scatter with the lattice,
increasing lattice vibrations and releasing heat as Joule heating [32]. In bearing steel, microstructural defects such
as dislocations and grain boundaries, along with the lower conductivity of carbides compared to the martensitic
matrix, can contribute to localized Joule heating [33]. However, after heat treatment, carbides are uniformly
distributed (Fig. 1(a)), and the material’s high thermal conductivity promotes efficient heat dissipation, minimizing
local temperature gradients. The overall temperature rise due to Joule heating can be estimated by AT = Q/mC,,
where m and C,, are the mass and specific heat capacity, respectively [32]. Joule heat Q is calculated as Q = I?Ret,
where |, Re, and t represent current, effective resistance, and duration of current application. Parameter values are
listed in Table 2. Assuming adiabatic conditions, the model gives an upper-limit estimate. Even at 6 A, the predicted
temperature rise after 120 min is only 5.8 <10 °C for the disk and 11.7 °C for the pin. The higher resistance of the
pin, due to its smaller cross-sectional area, leads to greater heat accumulation. Nonetheless, the overall temperature
rise remains low. A previous study reported a 7 °C increase in the outer ring of bearings after 120 min at 10 V
(greater than the 1.5 V used at 6 A in this study), mainly attributed to Joule heating [9]. Therefore, under the present
conditions, the thermal effect of Joule heating is considered negligible.

During current-carrying wear, the temperature rise in the wear track is primarily caused by arc heating. Current
flow across the contact interface may intensify the local electric field, and momentary contact interruptions due to

friction or material detachment can exceed the breakdown threshold, triggering arc discharges with transient high
12



temperatures and intense thermal shock [34, 35]. Fig. 10 shows typical arc-induced damage. Electrical erosion
appears as randomly distributed black spots consisting of fine particles enriched in carbon, oxygen, and chromium
(Fig. 10(a)). Most erosion pits are circular, with clear evidence of melting and oxidative ablation (Fig. 10(b)). In
more severe cases, extensive melting and burning are observed, with severe oxidation and numerous cracks in the
burned regions (Fig. 10(c)). These arc burns are mainly found under 6 A and tend to concentrate in scratches and
ploughing grooves. Higher current and surface irregularities enhance local electric fields, increasing arc discharge
probability [36]. The damage consistently shows oxidation and melting, indicating local temperatures exceeding the
melting point of steel (approximately 1500 °C [37]). Arc discharge is considered adiabatic, with instantaneous
temperatures reaching up to 10,000 K [38]. Such extreme temperatures generate localized heat-affected zones,
leading to material softening and spalling caused by thermal stress, which in turn promotes further arc activity.
Although local temperatures spike briefly, the short duration and random nature of arc events allow rapid heat

dissipation, keeping the overall wear track temperature relatively low [12, 39].
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Fig. 10 Typical morphologies of electrical erosion damage within the wear track under current-carrying conditions:
(a) electrical erosion marks and corresponding magnified view; (b) erosion pits and corresponding magnified view;

(c) arc discharge burns and localized EDS analysis.

The actual wear temperature can be inferred from the analysis of wear products. Fig. 11 shows Raman spectra
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obtained from the central region of the wear track under different conditions. The main wear products are Fe;O3
and Fe3O4. Characteristic Raman peaks for Fe,Oz appear at 229cm™, 299cm, 410cm™ and 670cm™ [40], while
those for FesO, are observed at 300cm™, 530cm™ and 670cm™ [41]. Under 0 Aand 1.5 A, only Fe,O3 was detected
after 120 and 60 min, respectively. In contrast, under 6 A, Fe2Os appeared as early as 30 min, and Fe3O4 was detected
after 60 min. A similar phenomenon was reported in [40]. This variation is primarily attributed to temperature
differences, as Fe»Oz typically forms around 300 °C [42, 43], while Fe3O4 forms at higher temperatures between
450 °C and 600 °C [44, 45]. Under 0 A, the presence of Fe,O3 after 120 min suggests a temperature of approximately
300 °C, aligning with the value predicted by Eq. (1). Accordingly, the temperatures at 30 and 60 min are estimated
at about 115 °C and 171 °C, respectively. Under 6 A, the temperature reached 300 °C after 30 min, and the presence
of Fe304 at 60 min suggests it exceeded 450 °C. Conservatively, the overall wear track temperature after 120 min is
estimated at 600 °C, while local regions affected by arc discharge may be significantly higher. At 1.5 A, the
temperature evolution lies between the 0 A and 6 A conditions, starting similarly to 0 A but rising more rapidly due

to increased arc activity over time.
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Fig. 11 Raman spectra of the wear track under different current levels and wear times.

4.2 Effect of electric current on tribological behavior
As shown in Figs. 3 and 4, electric current increases COF and wear volumes, indicating deteriorated
tribological performance. These changes are closely linked to a shift in wear mechanisms under current-carrying

conditions. According to Figs. 5-7, abrasive wear dominates under no-current conditions, with minor oxidative wear
14



developing over time. In contrast, current-carrying conditions induce significant abrasive, adhesive, and oxidative
wear from the early stages, which intensify with higher current and longer wear time. Adhesive and oxidative wear
are typically associated with elevated temperatures. The additional thermal effect from current is the main driving
factor. Higher temperatures soften the interfacial material, enhance metallic bonding, and promote micro-welding
between asperities. They also accelerate atomic diffusion, facilitating oxide film formation. For most metals,

oxidation kinetics follow the relation [46]:

1

h=Ct? )
where h, C and t represent the oxide film thickness, growth rate, and oxidation time. The film growth rate is highly
temperature-dependent and can be expressed as [47]:
K= Aexp(—i)

RT 3)
where K is the rate constant, A is the pre-exponential factor, Q is the activation energy, R is the gas constant, and T
is the absolute temperature. According to these equations, the thickness and coverage of the oxide film increase
with temperature and time. This further indicates that oxide films form more readily under current-carrying
conditions, with greater thickness and coverage.

Oxide films generally inhibit adhesion and provide self-lubricating effects. Spikes et al. [5] reported that
improved tribological performance under current-carrying conditions is related to current-induced ionic adsorption
of additives or oil molecules, which accelerates oxide formation. Farfan-Cabrera et al. [6, 23] also found that
applying direct current reduced the friction coefficient in bearing and gear steels due to rapid formation of oxide-
based tribo-films. However, such effects were not observed in this study. Instead, oxide films appeared to aggravate
wear. After 60 min of current-carrying wear, a relatively continuous oxide film had formed, yet the COF increased
further and adhesive wear remained severe (Figs. 3-7). In fact, thick oxide films may spall from the surface, and arc
erosion can further promote their fracture, generating oxide debris [48]. The competition between film spalling and
regeneration largely determines the tribological behavior. EDS (Table 1) and Raman spectra (Fig. 11) indicate the
oxide films primarily consist of Fe,O3 and FezO4. Compared to Fe3Oa, Fe;03 has a looser structure with lower load-
bearing capacity and adhesion, making it more prone to cracking and detachment [49]. Although the hardness of
Fe,O3 debris (2.7-8.3 GPa) is lower than that of AISI 52100 steel (~8.4 GPa) [6], accumulated debris can act as a
third body, promoting oxidative and abrasive wear. Simultaneously, film removal exposes fresh, reactive metal
surfaces that promote adhesion or rapid reoxidation. This cycle of film breakdown and regeneration degrades surface

integrity and leads to shallow spalling (Figs. 6(c) and 6(d)).
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Beyond the electro-thermal effects discussed above, current-carrying contact is also accompanied by an electric
field, which may further influence tribological behavior by modifying lubrication and interfacial mechanics.
Previous studies have shown that electric fields can drive electromigration of polar species and ions in lubricants
and promote electrochemical reactions, thereby accelerating lubricant oxidative degradation [50, 51]. In addition,
electric-field-induced electrostatic pressure and electrowetting may alter lubricant spreading and interfacial tension,
reducing film stability and promoting a transition toward boundary lubrication, which can aggravate adhesion and
electrical erosion [52, 53]. Furthermore, Xie et al. [54] reported that electric fields can induce microbubbles in
confined liquid films, whose formation and collapse may locally disturb the film and aggravate electrical erosion.
Electric fields may further enhance electrostatic attraction between asperities and thus increase friction [55].

In the present tests, the current source indicated output voltages of approximately 0.8 V at 1.5 Aand 1.5 V at
6 A, implying a finite potential difference across the pin-disk electrical loop (including the contact region) and
suggesting possible electric-field effects during current-carrying wear. Nevertheless, due to the lack of in situ
characterization, the magnitude of the interfacial electric field and its coupling with film formation could not be
quantitatively assessed. Based on prior studies, electric-field-related effects may act in conjunction with electro-
thermal effects, contributing to lubrication deterioration, increased wear, and an increased risk of electrical erosion.

Based on the above analysis, the COF variations in Fig.2 can be explained as follows. In the first stage,
frictional and electrical heating under current-carrying conditions induce oxidative and adhesive wear. However,
during the run-in period, extensive debris generation makes abrasive wear dominant, hindering oxide film formation
and producing oxide particles that aggravate wear. As a result, COF trends are similar across all conditions but
slightly higher under current-carrying ones. In the second stage, the contact surface stabilizes. Under no-current
conditions, abrasive wear decreases and mild oxidative wear occurs locally due to limited heat. In contrast, sustained
high temperatures under current-carrying conditions lead to dominant oxidative wear. At 1.5 A, an Fe,Os-rich oxide
film gradually forms, but its loose structure and weak adhesion result in repeated spalling, promoting abrasive and
adhesive wear and increasing COF. A similar effect occurs at 6 A. After 60 min, Fe3O4 formation promotes a more
continuous oxide film, but excessive thickness reduces lubricant film effectiveness, increases arc discharge risk [56],
and further accelerates wear and friction. In addition, the interfacial electric field under current-carrying conditions

may also act together with electro-thermal effects to promote lubrication degradation, thereby influencing the COF.

4.3 Thermal effects of electric current on the mechanical properties of bearing steel

Under current-carrying conditions, the subsurface PDL exhibits greater thickness and altered morphology
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compared to conventional wear, primarily due to shear strain gradients during sliding. Shear strain can be estimated
from the displacement of flow-deformed structures within the PDL [57]. The depth dependence of displacement
field can be represented by y(x) = ysexp(-ks), where x and ys denote the depth and surface displacement, respectively,
in the X-O-Y coordinate system. For consistency, the origin was set at the midpoint of each cross-section (Fig. 8),
as illustrated in Fig. 12(a). Detailed calculation procedures can be found in [58]. Fig. 12(b) shows the subsurface
equivalent shear strain distributions after 30 and 120 min under different currents. Strain decreases exponentially
with depth. Current-carrying conditions result in higher shear strain and deeper affected zones than the no-current
case, with differences increasing over time. After 120 min, the maximum strain at 6 A reaches 92, which is 1.3 and
2 times higher than the values at 1.5 A and 0 A, respectively. Strain levels in plastic deformation processes are

typically reported to range from 10 to 100 [59].
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Fig. 12 (a) Schematic illustration of subsurface shear strain estimation; (b) shear strain variation with depth.

Sliding wear is essentially a fatigue loading process [60]. Subsurface plastic shear strain in metals is closely
associated with friction-induced softening, which is further intensified by electro-thermal effects under current-
carrying conditions. Prolonged high temperatures may also induce microstructural changes and reduce mechanical
strength. To evaluate this, microhardness was measured at 10 um intervals along the wear track depth under different
conditions, as shown in Fig. 13. All samples exhibited a subsurface hardness gradient, with the highest hardness at
the surface decreasing with depth. Compared to the no-current case, both surface and subsurface hardness changed
notably under current. Surface hardness is influenced by multiple factors (to be discussed later), while subsurface
hardness, less affected by shear strain, more directly reflects thermal effects of electric current. It decreased
progressively with increasing current and wear time. After 120 min, subsurface hardness was about 630 HVg 025 at

0 A, but dropped to 612 HVg 025 and 600 HVo 025 at 1.5 A and 6 A, respectively. Similar trends have been reported in
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studies on hard turning [61] and rolling contact fatigue [9] of bearing steel under various current conditions.

Joule heating and arc discharge can transfer heat deeper into the material, enlarging the heat-affected zone
beyond that caused by friction alone [1]. Martensite in this region may undergo tempering-like transformations. To
verify this, carbide number and size within 50 um of the surface were measured for the original material and samples
worn under 0 A and 6 A for 120 min, as shown in Fig. 14. At 6 A, an increase in carbide number and size suggests
high-temperature tempering (>300 °C) occurred in this region. Supersaturated carbon precipitated from the
martensitic matrix, forming carbides and reducing hardness. This weakened resistance to plastic deformation,
allowing shear to penetrate deeper and increasing both the depth and severity of deformation. In contrast, under 0 A,
the lower frictional temperature (258 °C) may have triggered mild tempering, but no significant microstructural or
hardness changes were observed. Notably, the tempering effect was confined to the near-surface region, with no

evident changes in deeper regions.
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levels: (a) after 30 min of wear; (b) after 60 min of wear; (c) after 120 min of wear.
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Fig. 14 (a) Subsurface SEM image of the wear track after 120 min of wear under 0 A; (b) Subsurface SEM image
of the wear track after 120 min of wear under 6 A; (c) Statistical comparison of subsurface carbide sizes in the

original material and after 120 min of wear under 0 A and 6 A conditions.

To investigate the influence of current-carrying wear on surface hardness, XRD was conducted to characterize
the microstructure of the wear tracks under various conditions, as shown in Fig. 15. In Figs. 15(a-c), the
disappearance of austenite peaks relative to the original material (Fig. 1(b)) indicates a transformation into
martensite during wear. This stress-induced transformation can enhance surface hardness due to the higher hardness
of martensite [62]. However, the contribution is limited by the low retained austenite content. To further assess
microstructural changes, Gaussian fitting of the (100)a, (200)a, and (211)a diffraction peaks was conducted using
Origin to obtain full width at half maximum (FWHM) and peak positions (28), as shown in Figs. 15(d-f). Compared
with conventional wear, current-carrying wear leads to a significant increase in FWHM, which further broadens
with increasing current. This typically reflects reduced grain size and increased microstrain [63, 64]. Elevated
temperatures under current promote plastic shear and deformation, contributing to finer grains. According to the
Hall-Petch relationship, decreasing grain size increases the strength of polycrystalline materials by introducing more
grain boundaries that hinder dislocation motion [65]. Thus, the finer grains after current-carrying wear contribute

to higher surface hardness compared to conventional wear. However, under 6 A, surface hardness did not continue
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to increase with wear time and was even lower than that under 0 A at 120 min (Fig. 13(c)), indicating that factors

beyond grain refinement also affect hardness evolution.
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Fig. 15 XRD patterns and corresponding FWHM of wear tracks under different current levels and wear times: (a),

(d) after 30 min of wear; (b), (¢) after 60 min of wear; (¢), (f) after 120 min of wear.

During prolonged plastic deformation, material strength is largely governed by dislocation interactions [66].

In metals such as copper and steel, grain size strengthening contributes only 10-12%, while dislocation

strengthening accounts for 88-90% [67]. This aligns with the findings of Li et al. [68], who applied the LASSO

method to analyze the hardness of cold-rolled steel and identified dislocation density as the dominant factor. The
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dislocation density induced by plastic strain can be estimated using the Williamson-Hall (WH) method [69],

described by:

KA .
ocosd = E + 2¢siné

(4)
where 0 is the diffraction angle, o is the FWHM of the peak, K is the Scherrer constant (~0.9), 1 is the Cu Ka
wavelength (~0.154 nm), D is the grain size, and ¢ is the average microstrain. A linear fit of dcosé versus 2sing

yields ¢ as the slope and K7/D as the intercept. Dislocation density is then calculated by [70]:

_14.4¢°
- 2
b (5)

p

where b is the Burgers vector (~0.25 nm). Based on the XRD results in Fig. 15, dislocation densities under different
wear conditions were calculated using the WH method, as shown in Fig. 16. Current-carrying wear resulted in
notably higher dislocation densities than conventional wear at both 30 and 60 min. Under 6 A, values reached 6.12
x10*m2and 9.12 <10 m2, approximately 1.4 and 1.3 times those under 0 A, respectively. At 120 min, dislocation
densities at 0 A and 1.5 A were similar, with values of 3.15 10 mZ2and 3.34 x10'® m, respectively, while the 6
A condition showed a lower value of 1.88 <10 m?,

Under the 6 A condition, the lower dislocation density and more pronounced grain refinement after 120 min
suggest the occurrence of dynamic recrystallization (DRX). As discussed in Section 4.1, the wear track temperature
is conservatively estimated at 600 °C. Although this is below the typical DRX initiation temperature for martensitic
steels (approximately 750 °C [58]), transient local temperatures from arc discharge may exceed this threshold.
Additionally, high dislocation density can provide sufficient strain energy to promote DRX at subcritical
temperatures [71]. During DRX, dislocations are reduced through annihilation and grain boundary migration,
resulting in the formation of finer recrystallized grains. Under cyclic loading, these grains remain stable and exhibit
limited growth. In fact, DRX has been reported in current-assisted cutting of bearing steels and is considered a major
factor in reducing work hardening [61]. In that study, the fractions of recrystallized and deformed grains increased
from 9.23% and 14.82% under conventional cutting to 9.86% and 22.80% under a current density of 0.075 A/mm?,
while the grain size decreased from 1.103 um to 0.777 pm.

In summary, surface hardness during current-carrying wear is influenced by multiple factors. In the early stage,
elevated temperatures soften the matrix and increase plastic strain, while grain refinement and dislocation
accumulation enhance hardness compared to conventional wear. With prolonged wear, tempering reduces matrix

strength and weakens the hardened layer. Under 6 A, sustained high temperatures trigger DRX, leading to
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dislocation annihilation. Despite grain refinement, the resulting decrease in dislocation density ultimately reduces

surface hardness.
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Fig. 16 Linear fitting results based on the WH method and corresponding dislocation densities (p(0 A), p(1.5 A),
and p(6 A) represent the dislocation densities under currents of 0 A, 1.5 A, and 6 A, respectively): (a) after 30 min

of wear; (b) after 60 min of wear; (c) after 120 min of wear.

4.4 Athermal effects of electric current on the mechanical properties of bearing steel

Plastic deformation in metals mainly occurs via dislocation slip. During current-carrying wear, elevated
temperatures reduce the energy barrier for dislocation motion, while athermal effects of the electric current may
also contribute to increased surface strain. Studies suggest that drifting electrons can interact with dislocations and
transfer momentum, promoting their motion through the electron wind effect [72, 73]. Li et al. [74] used gold
nanocrystals to model dislocations and found that drifting electrons increase atomic vibrations near dislocation cores,
facilitating their migration. Qian et al. [75] observed current-induced dislocation motion in M50 steel via in situ
TEM, and confirmed through DFT and MD simulations that this results from current-induced athermal effects
enhancing atomic interactions in defect regions. In this study, plastic strain during wear led to high dislocation
density in the subsurface. Athermal effects may accelerate dislocation rearrangement, relieve local pile-ups, and

promote unpinning or climb, thereby enhancing dislocation mobility and plastic deformation.
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The athermal effects of electric current on material plasticity have been widely demonstrated [76]. For example,
pulsed current significantly improves the formability of aluminum alloys, where Joule heating is not the main
softening mechanism [77]. Rudolf et al. [78] performed uniaxial tensile tests with constant DC current on
polycrystalline copper, iron, and titanium, along with temperature-matched controls. Titanium exhibited the
strongest athermal response, with a 20% reduction in tensile strength. Zhao et al. [79] found that electric pulses
enhanced cross-slip in Ti-Al alloys, producing wavy dislocation structures similar to those in low-temperature
deformation. They attributed this electroplastic behavior to defect-level microstructural reconstruction beyond the
effects of Joule heating. The enhancement of plasticity by athermal effects can be interpreted through thermally

activated dislocation motion, described by the Arrhenius equation [79]:

AH (T)
7&: )r%exp |:_—:|
KT )

where 7 is the shear strain rate, 7o is the pre-exponential factor including mobile dislocation density and lattice
vibration frequency, AH(z) is the activation enthalpy inversely related to the applied shear stress z, K is the
Boltzmann constant, and T is the temperature. Dislocation mobility can be enhanced by reducing activation enthalpy,
increasing lattice vibration frequency, and raising temperature. In addition, the electric current force, defined as
acting directionally on defect atoms, will increase the stress 7 and thereby reduce AH(z).

Under the present conditions, it is difficult to isolate the athermal effects of electric current on plastic
deformation at the worn surface, as thermal effects may dominate and mask weaker athermal contributions.
However, Fig. 9 shows that the temperature measured 2 mm beneath the wear track remains relatively low across
the tested current levels, and is generally insufficient to induce pronounced microstructural evolution or bulk
mechanical-property changes in bearing steel. Considering heat conduction and dissipation through the specimen
thickness, the thermal influence at the bottom of the specimen should be even weaker. Therefore, comparing post-
wear mechanical-property changes in the bottom region across different currents may allow an indirect assessment
of the possible contribution of athermal current effects under conditions of relatively weak thermal influence. To
evaluate this, tensile specimens were extracted from the bottom of disk samples (~7 mm below the wear surface)
worn for 60 and 120 min under different currents. The specimen preparation and dimensions are shown in Fig. 17(a).
All tests were performed at a constant strain rate of 0.001 mm/s until fracture. Because each current level and wear
duration was repeated three times, the corresponding tensile tests were also performed three times. The results are
shown in Figs. 17(b-d). After current-carrying wear, the tensile strength of the bulk material decreased compared to

the original sample. At 60 min, strengths under 1.5 A and 6 A were 1812.3 MPa and 1773.7 MPa, representing
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reductions of 3.48% and 5.53% from the original 1877.6 MPa. This reduction became more pronounced at 120 min,
with strengths dropping to 1770.4 MPa and 1733.3 MPa, corresponding to decreases of 5.71% and 7.69%,
respectively. In contrast, conventional wear (0 A) caused no significant change. It should be noted that the strength
change may be influenced by localized Joule heating arising from microscale electrical-resistance inhomogeneities.
However, given the relatively uniform microstructure and good thermal conductivity of the present material (as
discussed in Section 4.1), heat diffusion and homogenization are facilitated. Therefore, sustained and pronounced
internal temperature gradients are unlikely to develop and significantly contribute to the strength changes. The
consistent trends across repeated tests further indicate that the strength reduction is not an isolated outlier, thereby
reducing the likelihood that localized Joule heating accounts for the observed differences. Taken together, the
current-dependent decrease in bulk strength after current-carrying wear suggests a possible contribution from
athermal effects.

Under current-carrying conditions, athermal effects not only promote dislocation motion but also encourage
interactions like slip, cross-slip, and annihilation, leading to dislocation rearrangement [80]. As current and duration
increase, dislocation interactions intensify, creating density gradients that weaken local strengthening, induce stress
concentrations, and promote micro-defects. These factors can affect mechanical properties during plastic
deformation. For example, Zhang et al. [21] reported a 24.4% drop in maximum flow stress and a 32.2% rise in
reduction in area for M50 bearing steel under electrically assisted tension, attributed to athermal effects that enhance
dislocation activity and weaken strain hardening. Wang et al. [22] proposed that electron wind may increase the
local vacancy concentration, enhancing dislocation climb and slip activation and thereby lowering the critical
resolved shear stress and deformation resistance in high-strength steels. Related studies also reported that athermal
effects can promote localized recrystallization and reduce dislocation density in low-carbon steels, with stronger
effects at higher current densities [17]. In addition, Gould et al. [81] reported that AISI 52100 bearings under
electrical conditions were more prone to white etching cracks, attributed to localized plasticity from dislocation-
current interactions. Overall, these studies suggest that the bulk strength reduction observed after current carrying-
wear in this study may be linked to athermal effects induced by electric current through defect evolution and the
associated changes in mechanical response. However, this remains a hypothesis, as mechanical testing alone cannot
fully confirm athermal effects. Further microstructural analysis will be needed for validation, which will be
addressed in future work. In summary, subsurface shear strain in current-carrying wear is primarily driven by
thermal effects, with athermal effects acting as a secondary contributor, together influencing both mechanical

properties and tribological behavior.
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Fig. 17 (a) Schematic diagram of specimen preparation and dimensions for tensile testing; (b) tensile test results
comparing the bulk material after 60 min of wear under different current levels with the original material; (c) tensile
test results comparing the bulk material after 120 min of wear under different current levels with the original material;

(d) tensile strength statistics for all tensile tests.

5 Conclusion

In this study, sliding wear tests were conducted on AISI 52100 bearing steel under oil-lubricated conditions
with varying electric currents and wear times to investigate the effect of electric current on its tribological behavior
and associated microstructural degradation mechanisms. The main conclusions are as follows:

(1) Under current-carrying conditions, arc discharge in conjunction with frictional heating significantly raises

the wear temperature. While the early-stage temperature rise is comparable to the no-current case at low currents,
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prolonged wear leads to increased arc activity and a rapid temperature escalation within the wear track.

(2) Electric current induces a fundamental shift in wear mechanisms. In the absence of current, abrasive wear
prevails with mild oxidation over time. Conversely, current-carrying conditions cause severe oxidative, abrasive,
and adhesive wear from the early stages, resulting in elevated coefficient of friction and wear volume.

(3) High interfacial temperatures during current-carrying wear trigger tempering and dynamic recrystallization
in the subsurface, softening the microstructure and promoting plastic deformation. These thermal effects facilitate
microcrack initiation and may accelerate fatigue failure.

(4) Athermal effects of electric current enhance dislocation motion and facilitate structural rearrangement,
which progressively degrade the mechanical properties of bearing steel with increasing current and exposure time,
ultimately impairing its tribological performance.

Overall, our results indicate that the current-carrying degradation of bearing steel is primarily driven by arc-
discharge-induced localized overheating. Under 6 A (~36 A/mm?), the wear surface temperature may reach on the
order of 300 °C after 30 min. This suggests that suppressing arc discharge and keeping the current density as low as
practicable should be prioritized to mitigate friction and wear degradation. Practical measures include interfacial
insulation (insulated bearings/coatings) and sufficient lubrication to maintain a continuous film and improve
electrical insulation. In addition, after 120 min of wear, the bulk tensile strength decreased by approximately 5.71%
and 7.69% under 1.5 A (~9 A/mm?) and 6 A, respectively, indicating that electric current may also affect mechanical
properties through athermal effects. Correspondingly, appropriate heat treatment or surface modification can be
used to enhance material stability and near-surface strength, thereby alleviating these potential adverse effects and

reducing possible long-term reliability risks.
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