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Abstract

To clarify the origin of asymmetric arc ablation in hydroelectric generator slip rings, a Steel
45/carbon current-carrying friction pair was selected to investigate the influence of current
polarity on arc behaviour and interfacial damage. Static gap discharge tests (10 A) and
dynamic tests (current density of 10 A/cm2, sliding velocity of 0.419 m/s) were performed
to characterize polarity-dependent erosion behaviour. The results indicate that, under the
steel(+)–carbon(−) condition, the arc exhibits unstable burst-like discharge accompanied
by intense spark spattering. The carbon cathode experiences severe material loss due to the
combined effects of cathode-spot heating, positive-ion bombardment, and molten metal
droplet impact. The steel surface is characterized by nested erosion pits and spherical
resolidified spatter particles, while the apparent ablation-affected area shows an overall
increase with accumulated arc duration, with a more pronounced expansion observed at
longer durations. Pronounced bidirectional material migration and interfacial elemental en-
richment are observed under the steel(+)–carbon(−) configuration, resulting in an apparent
net mass loss rate approximately 2.5 times higher than that under the steel(-)–carbon(+) con-
figuration. The reversed steel(−)–carbon(+) configuration produces a spatially constrained
and stable arc discharge, accompanied by a continuous remelted layer and network-like
thermal-stress cracks on the steel surface. Polarity reversal changes the direction of the
interfacial electric field and charged-particle migration, thereby regulating cathode electron
emission, arc discharge behaviour, energy distribution in the near-electrode region, and
bidirectional material migration across the interface. These results provide a theoretical
basis for elucidating the polarity-dependent arc ablation mechanism of steel/carbon friction
pairs and for optimizing polarity configuration and differentiated protection strategies for
hydroelectric generator slip rings.

Keywords: arc discharge; polarity effect; current-carrying friction; steel/carbon friction
pair; interface erosion damage

1. Introduction
In the excitation system of a hydroelectric generator, the positive and negative slip

rings are arranged in symmetrical pairs with carbon brushes and operate synchronously
under identical operating parameters and environmental conditions [1]. However, during
actual operation, arcing frequently occurs at the contact surfaces between the carbon
brushes and the slip rings [2–4], with the surface of the positive slip ring often exhibiting
more severe ablation characteristics [5]. This asymmetric damage phenomenon cannot be
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explained solely by differences in mechanical or electrical operating conditions, suggesting
that polarity-induced variations in arc behaviour and interfacial material response may play
an important role. However, the underlying mechanism governing polarity-dependent arc
ablation remains unclear.

Current-carrying friction pairs typically operate in rolling or sliding contact modes.
The introduction of electric current significantly increases the complexity of friction and
wear behaviour at the contact interface [6]. Under current-carrying conditions, wear mech-
anisms can be mainly classified into four categories: mechanical wear, electrical wear,
chemical wear, and multi-mechanism coupled wear [7,8]. Among them, electrical wear
is predominantly driven by arc ablation, which manifests as material spattering, melt-
ing, vapourization and other damage forms, with its action characteristics determined
by the intrinsic properties of the materials. Meanwhile, arc ablation further amplifies
the effects of other wear mechanisms and exacerbates the overall damage to the contact
interface [9]. Under severe operating conditions, contact instability becomes one of the
main causes of arcing in current-carrying friction; arcing caused by gap breakdown results
in thermal damage to the electrode surface, exacerbating wear and degrading system
performance [10–13]. Previous studies have investigated arc discharge from various per-
spectives. Deng et al. [14] revealed that arc discharge undergoes two evolution stages:
initially, the arc is constrained above the friction surface due to the narrow gap, resulting
in a relatively small discharge region; subsequently, the arc moves toward the exit of the
pin specimen, where it becomes less constrained and develops into a fan-shaped structure
before extinction. They further found that arc ablation is more severe at the exit region
than at the entrance. Yang et al. [15] demonstrated that arc discharge migrates along the
sliding direction, and the associated thermal accumulation and sputtering effects induce
material melting, evapouration, and oxidation, thereby accelerating surface degradation.
In addition to arc evolution behaviour, researchers have also investigated the relationship
between arc discharge and wear degradation. Zhang et al. [16] found that arc occurrence
exhibits periodic synchronization with contact force, and increasing arc initiation frequency
promotes the transition of the dominant wear mechanism from mechanical wear to arc
ablation. Tang et al. [17] further studied the influence of slip ring materials on arc erosion
resistance and proposed three stages of arc damage evolution, namely constriction heating,
incandescent melting, and arc erosion. They reported that CuW70 exhibited superior
arc erosion resistance due to the restriction effect of its tungsten skeleton on molten pool
expansion, whereas 7075Al suffered more severe damage because of its low-melting-point
matrix. Besides material properties, electrode polarity is another important factor affecting
arc-induced damage. Jin [18], Liu [19] and co-workers investigated polarity-dependent arc
ablation in carbon–copper electrical contacts and found that electrode polarity significantly
influenced the ablation behaviour of both electrodes under opposite polarity conditions.
They also observed material transfer from the anode to the cathode under both polarity
conditions. Nevertheless, these studies mainly focused on carbon–copper electrical con-
tacts, and the polarity-dependent asymmetric damage mechanism of steel–carbon friction
pairs remains insufficiently understood.

Despite previous studies on polarity-dependent arc damage [20,21] the mechanism
by which electrode polarity affects arc behaviour and leads to asymmetric damage in
steel–carbon friction pairs remains insufficiently understood. In this study, a Steel 45
(GB/T 699-2015)/carbon friction pair was selected as the test specimen, and a non-contact
pure-gap arc ablation test was designed to eliminate the influence of mechanical friction
and investigate the intrinsic effect of electrode polarity on arc erosion. By systematically
analysing arc characteristics, surface morphology, and material damage under different
polarity conditions, this study aims to elucidate the polarity-dependent asymmetric arc
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ablation behaviour and its underlying mechanisms, providing deeper insights into arc-
induced degradation in current-carrying friction systems.

2. Experimental
2.1. Materials and Preparation

A disc-pin friction pair was used in this study, with the disc specimen made of Steel
45 (∅ 40 mm × 2 mm), and the pin specimen was a Shanghai Morgan D172 carbon brush
(5 mm × 5 mm × 20 mm). This metal/carbon friction pair is representative of the electrical
contact materials used in hydroelectric generator slip-ring systems. The steel disc was
progressively ground and polished using 600–2000 grit sandpaper, followed by ultrasonic
cleaning in ethanol for 10 min to remove surface impurities. Finally, the three-dimensional
morphology of the original specimen was measured using a 3D profilometer, and the
scanning electron microscope (SEM) morphology is shown in Figure 1.

Figure 1. Original surface morphology of friction pair specimens: (a) SEM image of carbon pin; (b) 3D
morphology of carbon pin; (c) SEM image of steel disc; (d) 3D morphology of steel disc.

2.2. Experimental Methods

Two complementary non-contact experimental configurations were employed. The
static gap-discharge test was designed to investigate the fundamental influence of electrode
polarity on arc evolution and early-stage surface damage under a stationary condition.
The rotating gap-discharge test was conducted with the steel disc rotating beneath the
carbon brush while a constant interelectrode gap was maintained. This configuration
introduced circumferential relative motion without direct mechanical contact, enabling the
cumulative arc-induced damage under rotating conditions to be evaluated independently
of mechanical friction and contact wear. In both configurations, the steel disc and carbon
brush remained physically separated throughout the test; therefore, no normal load was
applied and mechanical sliding wear was excluded.

The tests were conducted on a custom-built current-carrying friction and wear testing
machine, as shown in Figure 2. During the tests, the gap distance between the electrodes
was controlled precisely. Two polarity configurations were tested: steel(+)–carbon(−) and
steel(−)–carbon(+). The polarity was controlled by connecting the steel disc to the positive
or negative terminal of the DC power supply, while the carbon brush was connected
oppositely. Each operating condition was repeated three times.
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Figure 2. Experimental setup: (a) current-carrying friction and wear tester; (b) schematic diagram of
test system.

Specific procedure for the static gap test: A Steel 45 disc and a carbon brush were
clamped onto the testing machine. After a current of 10 A was applied, the gap between the
brush and the ring was slowly increased with a precision displacement stage; movement
was halted when the gap reached 0.2 mm and stable arc discharge was generated, as
shown in Figure 3. This gap distance was selected based on preliminary tests, which
demonstrated that a 0.2 mm gap enabled stable arc ignition and sustained discharge under
the applied current while avoiding direct mechanical contact between the two electrodes.
Therefore, the influence of mechanical wear could be minimized, allowing the intrinsic
effect of electrode polarity on arc-induced damage to be evaluated. The arc morphology
was recorded throughout the process with a Thousand-Eye Wolf high-speed camera (frame
rate 1000 fps). To investigate the effect of accumulated arc duration on damage to the steel
surface, the accumulated arc duration was set to 1, 3, 5, 7 and 10 s respectively; the test
parameters are shown in Table 1. Following the test, the ablated surface was examined for
morphology and analysed for composition.

Figure 3. Gap arc breakdown of the friction pair: (a) schematic diagram; (b) physical photograph.

Table 1. Experimental parameters.

Test
Parameters

Polarity Current/A Current Density/A
× cm−2

Rotational
Speed/rpm

Accumulated
Arc Duration/s

Static gap test +, − 10 — — 1, 3, 5, 7, 10
Dynamic test +, − 2.5 10 200 300

Specific steps for the dynamic test: the steel disc and carbon brush were separated by
a fixed interelectrode gap of 0.2 mm, which was set using the precision displacement stage
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and maintained throughout the test. The steel disc was operated at 200 rpm, corresponding
to a peripheral velocity of 0.419 m·s−1 at the test track, and a current of 2.5 A was applied.
Based on the 5 mm × 5 mm cross-sectional area of the carbon brush, the corresponding
nominal current density was 10 A·cm−2. No normal load was applied because the two
electrodes remained physically separated during the entire test. Under rotation, the relative
position between the steel surface and the carbon brush continuously changed, and the arc
exhibited intermittent extinction and reignition despite the constant geometric gap. When
the accumulated arc-on duration reached 300 s, the power supply was switched off and
the rotation was stopped. The accumulated arc duration was defined as the cumulative
sum of the individual arc-on periods recorded during the entire test. After testing, the
ablated surfaces of the steel disc and carbon brush were examined for morphology and
elemental composition.

2.3. Characterisation Methods

The dynamic behaviour of the arc was recorded using a Thousand-Eye Wolf high-
speed camera (1000 fps). The macroscopic features of the ablated regions were examined
by optical imaging, while the microscopic morphologies were characterized using scanning
electron microscopy (SEM, Zeiss Sigma 300). The ablated area was quantitatively measured
using a 3D profilometer (Sensofar S Neox). Elemental distribution and material transfer
behaviour were analysed using energy-dispersive X-ray spectroscopy (EDS, Xplore 30).

The mass difference of carbon brushes before and after arc discharge was measured
using an electronic balance (FB-224, precision: 0.1 mg), and the net mass change rate Wm

(g·(A × h)−1) was calculated as Wm = ∆m/(I × t), where ∆m is the mass difference in the
specimen before and after the test (g), I is the direct current in the test circuit (A), and t is
the accumulated arc duration (h).

3. Results and Discussion
3.1. Arc Behaviour and Surface Ablation in Static Tests

Through static gap tests, this study investigated the mechanisms governing the full-
cycle dynamic behaviour of arc initiation, development and extinction during the break-
down process of steel/carbon friction pairs, analysed the macroscopic ablation morphology
on the surfaces of positive and negative steel electrodes under different arc durations,
and established the intrinsic relationship between arc dynamics and macroscopic dam-
age at the interface.

3.1.1. Dynamic Arc Evolution Characteristics

Figures 4 and 5 show the complete evolution of a single-pulse arc when the steel disc
is connected to the positive and negative terminals, respectively.

For steel(−)–carbon(+), the duration from arc initiation to extinction was 9 ms. At
t = 0.030 s, the arc broke through the separation gap of the friction pair and ignited, first
forming a short, thick, and regularly shaped columnar arc at the top of the steel/carbon
gap. The arc column was strongly spatially confined and showed no significant diffusion;
following ignition, the columnar arc rapidly contracted into a slender filamentary form,
white fume appeared above the arc column, which may have resulted from the combined
effects of rapid condensation of surrounding moisture and the formation of fine particles
from evapourated electrode materials under the high-temperature arc environment; as
the contact gap slowly increased, the arc morphology transformed from filamentary to
fan-shaped, with the brightness of the arc column increasing simultaneously; subsequently,
the spatial coverage of the fan-shaped arc expanded until, at t = 0.037 s, the arc first broke
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and extinguished at the corners of the fan, with brightness rapidly decaying and the
discharge ending.

Figure 4. Dynamic evolution of single-pulse arc discharge under steel(-)–carbon(+) configuration:
(a) physical photograph; (b) schematic diagram.

Figure 5. Dynamic evolution of single-pulse arc discharge under steel(+)–carbon(−) configuration:
(a) physical photograph; (b) schematic diagram.

For steel(+)–carbon(−), the duration from arc initiation to extinction was 5 ms, of
which the effective arc burning time was only 3 ms, with the remaining time comprising the
decay and extinction process of spattered sparks. At t = 0.020 s, gap breakdown occurred at
the steel/carbon contact surface, instantly generating a strong arc discharge. The initial
arc column exhibited an irregular radial pattern, with the luminous coverage extending
up to twice the area of the contact surface, and the brightness rose rapidly; immediately
after the arc was established, explosive sputtering of sparks occurred, accompanied by
the ejection of molten material, further increasing the brightness of the arc column; at
t = 0.022 s, the arc column detached from the lower region of the contact surface while
remaining in a burning state without extinguishing; by the next millisecond, the arc column
had completely disappeared, and for the remainder of the time, only the gradual fading of
the already-spattered molten sparks until complete extinction could be observed.

These different arc evolution characteristics indicate that electrode polarity affects
the spatial distribution and stability of arc energy input. The relatively confined arc
under steel(−)–carbon(+) provides a stable thermal loading condition, whereas the ex-
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plosive arc under steel(+)–carbon(−) produces stronger localised energy concentration
and material ejection.

3.1.2. Temporal Evolution of Steel Surface Erosion

Figure 6 shows a comparison of the arc ablation morphologies on the surfaces of
steel discs under two polarities, observed using an optical microscope (×50) for different
arc durations (1 s, 3 s, 5 s, 7 s, 10 s). There were significant differences in the ablation
morphologies between the two polarities:

 

Figure 6. Macroscopic morphology of arc-ablated regions on steel surfaces at different arc durations:
(a) steel(−)–carbon(+); (b) steel(+)–carbon(−).

For steel(−)–carbon(+), only localised thermal oxidation and slight surface modifi-
cation occurred at 1 s; as the arc duration increased, shallow melt spots and a distinct
heat-affected zone formed;

For steel(+)–carbon(−), an ablation core and radial spatter marks formed within 1 s
and the ablation area expanded rapidly over time. After 10 s of arc burning, the steel
surface was covered by a molten and resolidified layer containing nested molten pits, and
the extent of damage was far greater than that observed for steel(−)–carbon(+) under the
same duration. These macroscopic morphological differences were highly consistent with
the dynamic arc behaviour shown in Figures 4 and 5.

Three-dimensional topographical scans were performed on the ablation zones of the
steel discs under different arc durations and polarity configurations, and the corresponding
apparent ablation areas were quantified, as presented in Figure 7.

For the steel(−)–carbon(+) configuration, the apparent ablation area expanded rapidly
from 1 to 3 s, temporarily decreased during the period from 3 to 7 s, and then increased
sharply from 7 to 10 s. This temporary decrease may not necessarily indicate a reduction
in damage severity because the identified boundary of the topographically altered region
may be influenced by remelted and resolidified materials and transferred products that
partially obscure shallow ablation features. Therefore, surface remelting, resolidification,
and material deposition are considered possible contributors to the observed fluctuation.
With extended arc duration, accumulated thermal damage and surface cracking may have
increased the spatial extent of the identifiable affected region, corresponding to the renewed
increase in the apparent ablation area.
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Figure 7. Variation in the apparent ablation area with accumulated arc duration.

For the steel(+)–carbon(−) configuration, the apparent ablation area showed an overall
increasing tendency with accumulated arc duration. The measured areas at 3 and 5 s were
comparable, at 2.832 and 2.787 mm2, respectively, indicating an approximately stable
interval within the experimental scatter rather than a strictly monotonic increase. A more
pronounced expansion was subsequently observed from 7 to 10 s. The relatively limited
variation during the earlier stage may be associated with the gradual development of
molten and oxidized regions, whereas the more pronounced expansion at longer durations
is consistent with repeated melting, spattering, and material removal under prolonged
arc exposure.

3.2. Arc Ablation Characteristics in Dynamic Tests

The dynamic test was conducted under a fixed-gap, non-contact condition. Therefore,
the observed circumferential damage should be interpreted as arc-induced ablation associ-
ated with disc rotation rather than mechanical sliding wear. Rotation continuously changed
the position of the steel surface relative to the carbon brush and consequently altered the
spatial distribution of arc attachment and heat input. The polarity-dependent carbon-brush
net mass change and surface morphology obtained under this controlled rotating condition
are analysed below.

3.2.1. Carbon Brush Net Mass Change

To evaluate the polarity-dependent variation in carbon brush mass change, three
parallel tests were conducted for each polarity condition. The results are shown in Tables 2
and 3. Considering the porous structure of graphite, the measured mass change may
include not only arc-induced material loss but also the evapouration of adsorbed moisture
during arc exposure. Therefore, the obtained values represent the net mass change in the
carbon brush electrodes. Under identical test conditions:

Table 2. Mass change of carbon brushes under steel(-)–carbon(+) configuration.

Parameter Steel(−)–Carbon(+) 1 Steel(−)–Carbon(+) 2 Steel(−)–Carbon(+) 3

Mass before test/g 1.009 0.9763 1.0872
Mass after test/g 1.0083 0.9754 1.0863
Mass change/g 0.0007 0.0009 0.0009

Net mass change
rate/g/(A × h) 0.00336 0.00432 0.00432
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Table 3. Mass change of carbon brushes under steel(+)–carbon(-) configuration.

Parameter Steel(+)–Carbon(−) 1 Steel(+)–Carbon(−) 2 Steel(+)–Carbon(−) 3

Mass before test/g 1.0285 1.1182 1.0476
Mass after test/g 1.0266 1.1161 1.0465
Mass change/g 0.0019 0.0021 0.0021

Net mass change
rate/g/(A × h) 0.00912 0.01008 0.01008

For steel(−)–carbon(+), the average mass change in the carbon brush was 0.00083 g,
with an average net mass change rate of only 3.9 × 10−3 g/(A × h). This slight decrease
may be partially attributed to moisture evapouration from the porous graphite structure
rather than solely to arc-induced material removal.

For steel(+)–carbon(−), the average mass change in the carbon brush reached 0.0020 g,
with an average net mass change rate of 9.76 × 10−3 g/(A × h), approximately 2.5 times
higher than that under the carbon-anode condition.

When the carbon brush acts as the cathode in the steel (+)–carbon (−) configuration,
high-energy positive ions accelerate across the cathode sheath and bombard the carbon
surface, inducing localised heating and sputtering. The low thermal conductivity and
porous structure of graphite may influence cathode spot behaviour and contribute to
localised energy accumulation. Consequently, carbon degradation may be promoted
through sublimation and oxidation-related processes. Meanwhile, iron-containing species
generated from the steel electrode can migrate toward and deposit on the carbon surface,
partially compensating for carbon loss. These combined effects result in a higher measured
net mass loss rate of the carbon brush.

3.2.2. Steel Surface Macroscopic Morphology Differences

Figure 8 shows the overall morphology of the steel disc after ablation, as well as
the macroscopic morphology of the corresponding region under a 50× magnification
electron microscope.

Figure 8. Macroscopic morphology of the arc ablation zone on the steel surface following dynamic
arc ablation: (a) steel(-)–carbon(+), A, core ablation zone; B, peripheral ablation zone; (b) steel(+)–
carbon(-), C, core ablation zone; D, peripheral ablation zone.
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For the steel(−)–carbon(+), the arc ablation zone was concentrated and distributed in
an arc-shaped band extending along the circumference, with the band length accounting for
approximately one-third of the total circumference. The overall morphology was relatively
continuous and smooth; the main ablation zone appeared light brown (a colour resulting
from thermal oxidation), with a clear but irregular boundary with the unablated matrix
region. Dark brown to black regions at the ends of the ablation band were observed,
which were mainly attributed to deposited carbonaceous products based on the subsequent
elemental analysis. At point A in the core region, the steel surface was covered by a
molten layer, exhibiting a wrinkled texture formed by the flow and cooling of molten metal,
accompanied by irregular bubble-like pits. At point B in the transition zone, the surface
undulations were gentler, with no obvious molten layer or pits, and black patchy areas
were observed.

For the steel(+)–carbon(−), the arc ablation zone was distributed as a continuous,
wide band along the upper semicircle of the steel disc, with the band length accounting
for approximately half of the total circumference; the boundary with the unablated ma-
trix region was clear and regular. The ablated area was mainly dark black and covered
with abundant powdery deposits. The surface roughness and degree of morphological
modification were higher than those observed under the steel(−)–carbon(+) condition. At
point C in the core region, the molten region was accompanied by abundant black powdery
deposits and solidified products. At point D in the peripheral region, discontinuous molten
traces with fragmented boundaries were observed, together with slight thermal oxidation
discoloration and a small amount of carbon-containing deposits.

3.3. Microstructure and Elemental Distribution
3.3.1. Static Test Results

Figure 9 shows SEM morphologies (×50, ×200) of ablated regions on steel surfaces
with different polarities. For steel(−)–carbon(+), after 1 s arc duration, localised shallow
melt spots were observed at low magnification. The matrix integrity remained relatively
intact, with only slight heat-affected regions surrounding the melt spots. A small number of
shallow pits were distributed sporadically within the affected region. At high magnification,
fine cracks, shallow pits, and a few white granular particles were observed near the
melt spots.

Figure 9. Microscopic morphology of steel surfaces after static tests: (a) 1 s, steel as cathode; (b) 10 s,
steel as cathode; (c) 1 s, steel as anode; (d) 10 s, steel as anode.
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After 10 s arc duration, a continuous remelted layer was formed on the steel surface.
Under high magnification, the surface of the remelted layer exhibited molten protrusions
generated during melt flow and subsequent solidification, together with several micro-
pores and thermal cracks. These features indicate repeated thermal effects and solidification
processes during arc exposure.

For steel(+)–carbon(−): just 1 s arc duration, localised melt pits appeared on the
steel surface, with a clear boundary between the ablated core and the unablated matrix.
Compared with steel(−)–carbon(+), the damage was more concentrated and the surface
modification was more pronounced. Under high magnification, a distinct molten depres-
sion formed in the ablated core area, with molten voids visible within the pit.

After 10 s arc duration, the steel surface exhibited an expanded damaged region
containing multiple overlapping arc-induced pits. The pits were large in size, with spherical
molten spatter particles distributed around their edges. The original surface morphology
was significantly modified. Under high magnification, spherical particles, molten flow
traces, pores, and irregular protrusions were observed within and around the erosion pits,
indicating repeated melting, material ejection, and resolidification during arc exposure.

Surface elemental scanning EDS analysis was performed on the ablated core regions
of steel surfaces subjected to 10 s arc discharge under different polarities, as shown in
Figure 10. The elemental composition of the original unablated Steel 45 surface was 92 wt.%
Fe, 6.5 wt.% C and 1.5 wt.% O. For steel(−)–carbon(+), C was locally enriched in the molten
zone, with its content rising to 17 wt.%, whilst the O content remained nearly unchanged
compared to the unablated matrix. For steel(+)–carbon(−), C and O were enriched in the
molten pit and spheroidal particle zones, with concentrations of 25.3 wt.% and 5.1 wt.%
respectively. The increased C concentration indicates the deposition of carbon-containing
species on the steel anode surface, whereas the elevated O content may be associated with
oxidation reactions involving the high-temperature steel surface and deposited carbon
species under atmospheric conditions.

Figure 10. Elemental distribution and concentrations in the core ablation zone of steel surfaces after
10 s arcing: (a) steel as cathode; (b) steel as anode.

Figure 11 illustrates the effect of polarity on the surface morphology of the carbon
brush, and Figure 12 provides an analysis of the elemental distribution on the brush surface
based on energy dispersive spectroscopy (EDS) data. The elemental composition of the
original carbon brush matrix is 98.5 wt.% C, 1.2 wt.% O and 0.3 wt.% Fe. For steel(−)–
carbon(+), only limited micropore expansion and graphite-layer spalling were observed
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after short-term arc exposure. After 10 s, the affected regions expanded, although the overall
morphological alteration remained relatively limited. The selected-area EDS result showed
96.7 wt.% C and 2.4 wt.% Fe, indicating only limited local enrichment of Fe-containing
material on the carbon surface.

Figure 11. Microscopic morphology of carbon brush surfaces after static tests: (a) 1 s, carbon as anode;
(b) 10 s, carbon as anode; (c) 1 s, carbon as cathode; (d) 10 s, carbon as cathode.

Figure 12. Elemental distribution and concentrations in the core ablation zone of carbon brush
surfaces after 10 s arcing: (a) carbon as anode; (b) carbon as cathode.

For steel(+)–carbon(−), a large number of spherical or irregularly shaped white parti-
cles adhered to the carbon surface after just 1 s of arc burning; after 10 s of arc burning, the
carbon brush matrix was severely damaged, with multiple irregular erosion pits forming
on the surface and localised non-uniform material removal occurring. EDS analysis showed
that the Fe content rose from the initial 0.3 wt.% to 16.5 wt.%, the C content fell to 79.8 wt.%,
and the O content rose slightly to 3.7 wt.%. The significant increase in Fe content on the
carbon surface indicates that metallic species generated from steel ablation migrated toward
and deposited on the carbon electrode.

The complementary elemental-enrichment patterns observed on the two electrode
surfaces provide evidence consistent with bidirectional interfacial material transfer during
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arc discharge. The enrichment of C on the steel surface is consistent with the transfer of
carbon-containing species from the carbon electrode, whereas the enrichment of Fe on the
carbon surface supports the transfer of Fe-containing species from the steel electrode. The
specific physical forms of the transferred species, such as vapour, fine particles, or molten
droplets. Their transport may be influenced by plasma flow, electromagnetic forces, and
the high-temperature state of the electrode surfaces.

3.3.2. Dynamic Test Results

Figure 13 shows SEM morphologies (×50, ×200) of the ablated regions on steel
surfaces of different polarities following arc ablation. For steel(−)–carbon(+), the low-
magnification morphology showed no significant difference from that observed in static
tests; however, high-magnification views revealed distinct features: the steel surface was
covered with numerous aggregates of micron-sized molten particles of similar dimensions,
accompanied by a small number of fine, discontinuously distributed microcracks. A
network of cracks formed on the surface of the remelted layer; these cracks were relatively
wide and extended outwards into fine cracks, whilst a large number of circular micro-pores
were dispersed throughout.

Figure 13. Microscopic morphology of steel surfaces after dynamic tests: (a–c) steel as cathode;
(d–f) steel as anode.

For steel(+)–carbon(−), the low-magnification view was filled with circular or near-
circular arc ablation pits, with a maximum diameter approaching 200 µm. The pit bound-
aries were distinct, with some exhibiting multi-layered nested features; the matrix regions
between the pits were covered with molten deposits, debris and carbon deposits. Under
high magnification, dense molten particles, fractured remelted layers and loose deposited
structures were visible around the pits, along with through-cracks along the pit edges. Flow
ripples and solidification folds formed by the rapid cooling of molten steel were present,
interspersed with circular gas pores of varying sizes.

Figure 14 shows SEM images (×50, ×200, ×300) of the ablated regions on the surfaces
of carbon brushes of different polarities following arc ablation. For steel(−)–carbon(+):
Overall surface damage was minor; at low magnification, a large, white, hazy coating was
visible on the carbon brush surface. EDS mapping of the bright coating shown in Figure 15b
revealed local Fe enrichment, indicating that it was an Fe-containing deposit rather than
confirming a specific metallic or oxide phase. At high magnification, spherical molten
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particles were observed within the white coating, accompanied by the formation of cracks,
whilst the graphite matrix exhibited signs of spalling; the damage was relatively shallow.

 

Figure 14. Microscopic morphology of carbon brush surfaces after dynamic tests: (a–c) carbon as
anode; (d–f) carbon as cathode.

Figure 15. Elemental distribution and concentrations in ablated regions after dynamic tests: (a) steel
as cathode; (b) carbon as anode; (c) steel as anode; (d) carbon as cathode.
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For steel(+)–carbon(−): During rotation, the arc root swept across the graphite matrix,
causing etching pits and delamination of the graphite layer at the etched sites. At high mag-
nification, the graphite matrix was covered by extensive white molten deposits and metal
particles; the matrix structure exhibited widespread interlaminar cracking, disintegration
and delamination, losing the original layered continuity of the graphite.

Figure 15 shows the elemental distribution and concentrations in the ablated regions
of the steel and carbon surfaces following dynamic arc ablation. For steel(−)–carbon(+): the
three elements were uniformly distributed across the scanned area on the steel surface, with
a slight accumulation of elements at the melted particles, corresponding to a slight reduction
in Fe distribution at these locations. Quantitative analysis revealed C and O contents
of 26.37 wt.% and 5.66 wt.%. Compared with those measured on the unablated steel
reference surface, these values corresponded to increases of 19.87 and 4.16 percentage points,
respectively. EDS analysis of the white, hazy coating on the carbon surface revealed the
presence of Fe and O, providing evidence consistent with the deposition of Fe-containing
species transferred from the steel-disc cathode. The selected-area normalized EDS fractions
of C, O, and Fe in this region were 85.3 wt.%, 2.2 wt.%, and 12.4 wt.%, respectively.

For steel(+)–carbon(−): The carbon content on the steel surface reached as high as
33.35 wt.%, exhibiting distinct cluster-like and patchy enrichment; oxygen was simul-
taneously enriched in the carbon-enriched zones, whilst the iron content decreased to
62.93 wt.%. On the carbon surface, the selected-area C fraction decreased to 59.5 wt.%
and exhibited a localised patchy distribution. Fe and O were enriched in regions with
relatively weak C signals. The Fe fraction reached 35.1 wt.%, corresponding to an increase
of 34.8 percentage points relative to the unablated carbon reference surface, while the O
fraction reached 5.4 wt.%.

3.4. Polarity Effects in Arc Damage to Steel/Carbon Friction Pairs
3.4.1. Physical Basis of Arc Polarity Effects and Material Coupling Mechanisms

The microscopic process of arc formation is illustrated in Figure 16. During the initial
stage of discharge, free electrons are emitted from the cathode surface through thermo-
field emission. The emitted electrons are accelerated by the electric field across the gap
and undergo inelastic collisions with neutral particles, initiating impact ionization. Once
the density of charged particles reaches the electrical breakdown threshold, the electrical
conductivity of the gap increases abruptly, a stable plasma channel is established, and a
self-sustained arc discharge is initiated [22].

Figure 16. Schematic diagram of the microscopic physical processes involved in arc formation.

The essence of arc-induced damage lies in the asymmetric distribution of en-
ergy between the cathode and the anode after gas breakdown and the formation of a
high-temperature plasma channel. During gap breakdown, free electrons are emitted
from the cathode surface and accelerated into the plasma region by the electric field,
whereas positive ions migrate towards the cathode and bombard the surface at high
velocity [23,24]. Consequently, polarity not only changes the migration direction of
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charged particles but also regulates cathode-spot behaviour, arc-root stability, and the
distribution of thermo-mechanical loads at the interface, thereby leading to distinct
damage characteristics.

From the perspective of energy partitioning in the near-electrode regions, the cathode
and anode exhibit different energy-exchange mechanisms. At the cathode, energy input
may include positive-ion bombardment and neutralization as well as Joule heating within
the electrode, whereas electron emission and material evapouration may contribute to
energy dissipation. Numerical modelling of atmospheric-pressure arc cathodes has further
shown that the near-cathode sheath strongly affects charged-particle and energy transport,
while Joule heating and the energy delivered by charged particles can make substantial
contributions to cathode heating [25]. The emitted electrons can remove energy from the
cathode surface by overcoming the material work function [26,27]. At the anode, incident
electrons and energy transport through the near-anode plasma layer contribute to surface
heating. Models of short atmospheric-pressure arcs and high-pressure anode regions
indicate that the heat flux delivered to the anode is affected by the local current density,
near-anode sheath, anode surface temperature, and current-transfer regime [28,29]. The
relative contributions of these processes depend on the discharge conditions, electrode
temperature, and attachment mode, resulting in different thermal responses of the cathode
and anode [29,30].

Polarity-dependent damage is not determined solely by the total energy transferred
to each electrode but is also strongly influenced by the spatial distribution of energy
deposition. Localised cathodic attachment can produce high current density and heat
flux within microscopic regions, resulting in concentrated thermal loading [25–27]. When
carbon acts as the cathode, its porous and anisotropic microstructure may restrict local
heat spreading and promote localised energy accumulation. Conversely, when steel serves
as the cathode, its higher thermal conductivity facilitates heat redistribution and may
reduce prolonged heating at a single location. Therefore, the asymmetry in cathode–
anode energy exchange, combined with material-dependent heat-transfer characteristics,
contributes to the different damage responses of the steel and carbon electrodes under
opposite polarity configurations.

In steel/carbon systems, the polarity effect is strongly influenced by the intrinsic
physical properties of the two materials. Steel can undergo localised melting, liquid flow,
and subsequent resolidification, while its relatively high thermal conductivity facilitates
the redistribution of localised heat input. In contrast, the carbon brush has a porous
and anisotropic microstructure and does not readily form a stable molten layer under
atmospheric-pressure conditions. Its surface degradation may instead involve sublimation,
oxidation, pore expansion, and interlayer delamination [23,31]. These characteristics may
promote localised energy accumulation and solid-state degradation around surface defects,
thereby contributing to the observed polarity-dependent damage.

3.4.2. Interface Energy Distribution and Material Transport Mechanisms

When steel(+)–carbon(−) is employed, the steel-side interface is subjected to bom-
bardment by high-energy electrons. Heat flux becomes highly concentrated at surface
asperities, defects in the oxide film, and other microstructural discontinuities, resulting
in the formation of a locally constricted anode arc root. The concentrated energy input
can generate extremely high local temperatures, potentially causing rapid melting and
vapourization of steel [32].

The recoil pressure generated by rapid vapour expansion, together with plasma
flow and electromagnetic forces, induces severe molten-pool instability [33]. When these
driving forces exceed the restraining effect of surface tension, molten metal is ejected
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from the interface as high-velocity droplets, which become spheroidized during flight
and rapidly solidify into deposited particles [34]. The arc root repeatedly extinguishes
and reignites at the crater edge, resulting in the characteristic nested growth of erosion
pits. Meanwhile, the ejection of a large number of molten droplets and metal vapour
removes part of the input energy from the discharge region, thereby reducing sustained
heat accumulation at the interface.

The observed elemental redistribution and surface deposits provide evidence consis-
tent with bidirectional interfacial material transfer during arc discharge. Carbon vapour
and fine carbonaceous species generated from the carbon cathode may be transported
toward the steel surface and deposited within the molten region, leading to carbon en-
richment. This is consistent with the carbon enrichment detected on the steel surface after
arc ablation. Conversely, micrometer-sized molten iron droplets and evapourated iron
species generated from the steel side migrate toward the carbon side and form iron-rich
deposits, corresponding to the Fe-containing regions identified on the carbon surface. The
carbon cathode is simultaneously subjected to positive-ion bombardment, localised heating
at cathode spots, and impacts from molten metal droplets. In addition, the porous and
anisotropic structure of graphite provides preferential attachment sites for cathode spots,
facilitating repeated arc attachment at localised regions and thereby enhancing local energy
accumulation. As a result, the carbon cathode exhibits a substantially higher measured net
mass loss rate.

When steel(−)–carbon(+) is employed, the steel side is primarily subjected to positive-
ion bombardment, while the discharge is sustained by thermo-field electron emission.
Cathode spots on a uniform metallic surface exhibit self-diffusion characteristics and can
migrate toward regions with lower work function, thereby preventing prolonged energy
concentration within a single micro-region and promoting a more uniform distribution of
heat input.

The steel surface primarily undergoes overall melting and liquid spreading. Under the
action of surface tension, a continuous molten layer is formed and subsequently solidifies
into a dense remelted layer after arc extinction. Only localised regions develop network-like
thermal-stress cracks due to stress relaxation. This morphology is in excellent agreement
with the smooth remelted layer and network-like crack patterns observed experimentally.

Because large-scale molten droplet ejection is absent, arc energy is retained within
the system predominantly through interfacial heat conduction, resulting in significantly
enhanced interfacial heat accumulation. The carbon anode undergoes only limited subli-
mation and oxidation, and the resulting carbon vapour and fine carbon particles migrate
toward the steel side, where they contribute to interfacial deposition. In contrast, trace
evapouration products from the steel cathode migrate toward the carbon side and form
discrete deposits.

3.4.3. Mechanism of Arc-Root Evolution Under Dynamic Conditions

The dynamic test in the present study was conducted with a constant interelectrode gap
and without mechanical contact. Rotation did not produce periodic contact separation or
intentional variations in the geometric gap. Instead, it continuously changed the local steel
surface positioned beneath the carbon brush and may also have modified the surrounding
gas flow. These effects altered the arc-root attachment position and were associated with
the observed intermittent extinction and reignition of the arc. Accordingly, the rotating
test reflects the influence of circumferential relative motion on the spatial distribution of
arc-induced damage under a controlled non-contact condition.

Under the steel(-)–carbon(+) configuration, cathode spots on the steel surface
exhibit a strong tendency to migrate. The intrinsic migration of cathode spots prevents
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prolonged arc attachment at a fixed location. Combined with the sweeping motion of
the rotating disc, the arc root expands uniformly along the circumferential direction,
preventing prolonged arc attachment at a specific location. Consequently, the dwell
time at any individual location is further reduced, resulting in a more uniform spatial
distribution of heat input and ultimately forming a continuous arc-shaped remelted
zone distributed along the circumference.

Under the steel(+)–carbon(-) configuration, the anode arc root strongly depends on the
electric-field enhancement induced by surface asperities. During rotation, these previously
affected and newly exposed surface regions successively passed through the discharge
region, causing periodic arc-root extinction followed by reignition at fresh asperities. Fre-
quent re-ignition promotes preferential arc attachment to newly formed defect sites, thereby
accelerating the growth and interconnection of erosion pits and ultimately producing a
dense distribution of near-circular pits.

The centrifugal force generated by rotation further promotes molten-droplet detach-
ment. Under the steel(+)–carbon(−) configuration, the ejected molten droplets are unlikely
to refill their original locations, thereby increasing the net material loss. In contrast, under
the steel(−)–carbon(+) configuration, the molten layer spreads tangentially under the com-
bined effects of centrifugal force and surface tension before cooling uniformly, resulting in
a smoother surface morphology.

From the perspective of practical operation of hydroelectric generator excitation sys-
tems, the polarity-dependent morphologies observed in this study correspond to different
degradation pathways of the steel/carbon current-carrying friction pair. The steel(-)–
carbon(+) configuration is mainly characterized by repeated thermal cycling, resulting in a
continuous remelted layer and thermally induced cracks, which may gradually deteriorate
contact stability during long-term operation. In contrast, the steel(+)–carbon(-) configu-
ration exhibits an intensive material-removal mode with nested erosion craters, molten
deposits, and severe surface roughening. Such damage promotes further arc attachment at
surface defects and accelerates interface degradation. Therefore, polarity-dependent arc
damage represents not only different surface morphologies but also distinct failure modes
of the brush–slip ring system.

It should be noted that the conclusions of this study are based on low-current, non-
contact arc-ablation conditions for a Steel 45/carbon friction pair, and the corresponding
damage mechanisms are strongly coupled with the physicochemical properties of the two
materials. Whether similar polarity-dependent mechanisms occur in other friction-pair
materials or at different current levels requires further investigation.

4. Conclusions
Through static gap and dynamic tests, this study systematically investigated the

polarity effect of arc damage in a Steel 45/carbon friction pair, and reached the following
main conclusions:

1. Polarity-induced arc mode transition determines the macroscopic damage characteris-
tics. Under the steel(+)–carbon(−) configuration, the arc exhibited unstable burst-like
discharge accompanied by intense spark spattering, resulting in a wide severely
ablated region dominated by material ejection. In contrast, the steel(−)–carbon(+)
configuration produced a spatially constrained and stable arc, leading to a continuous
thermally oxidized remelting zone. These results demonstrate that electrode polarity
controls the evolution mode of arc-induced surface degradation.

2. The asymmetric degradation of carbon electrodes originates from polarity-dependent
near-electrode energy transfer. When carbon acted as the cathode, positive-ion bom-
bardment, localised cathode-spot heating, and molten metal droplet impact jointly ac-
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celerated carbon degradation, resulting in a net mass loss rate approximately 2.5 times
higher than that under anodic conditions. This reveals that the coupling between cath-
ode energy concentration and graphite structural characteristics dominates carbon
brush failure.

3. Electrode polarity determines distinct steel damage mechanisms through arc-root evo-
lution. When steel served as the anode, constricted anode arc roots generated localised
high energy density, causing micro-explosive ejection and nested erosion pits. When
steel served as the cathode, cathode-spot migration promoted heat redistribution and
produced a continuous remelted layer accompanied by thermal-stress cracks.

4. Bidirectional material migration: Selected-area EDS mapping revealed C enrichment
on the steel surface and Fe enrichment on the carbon surface relative to the corre-
sponding unablated reference surfaces. These complementary elemental-enrichment
patterns provide evidence consistent with bidirectional transfer of carbon− and Fe−

containing species between the two electrodes.
5. The polarity effect of arc ablation in the steel/carbon electrode pair was associated

with the combined effects of near-electrode energy transfer, arc-root evolution, and
bidirectional material migration. Under the fixed-gap non-contact rotating condition,
rotational motion modified the spatial distribution of arc attachment and the resulting
surface damage.

This study reveals the polarity-dependent characteristics and formation mechanisms
of arc ablation in steel/carbon friction pairs, providing a theoretical basis for optimizing
polarity configuration and developing differentiated protection strategies for hydroelectric
generator slip rings.
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