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Abstract: The collector ring/carbon brush assembly of a hydrogenerator set is a critical
component for transmitting excitation current into the self-exciting winding. Its operating
environment necessitates excellent corrosion resistance and current-carrying frictional
properties. The surface condition and material composition of the collector ring are key
factors influencing the performance of the brush/ring interface. Coatings have proven ef-
fective in enhancing both tribological and corrosion-resistant characteristics. In this study,
copper/graphene composite coatings were fabricated via electroplating, and the effects of
graphene deposition rate on current-carrying friction characteristics were systematically
investigated to optimize electroplating parameters. The results showed that the composite
coating reduced contact resistance by 32.58% and friction coefficient by 37.59%. Electro-
chemical and immersion tests were conducted to evaluate the corrosion behavior under
varying pressure and current density conditions. The results revealed that the optimal
corrosion resistance was achieved under 1 N pressure and 12 A/cm? current density. The
copper/graphene composite coating demonstrated superior corrosion resistance com-
pared to uncoated samples. In summary, the electroplated copper/graphene composite
coatings exhibit excellent current-carrying frictional performance and corrosion re-
sistance, offering a promising solution for enhancing the durability and efficiency of hy-
drogenerator collector rings.

Keywords: carbon brush/collector ring; current-carrying friction and wear; electroplating;
corrosion resistance; graphene

1. Introduction

The hydropower unit, as the core component of hydropower generation and energy
storage regulation, relies significantly on the performance of the carbon brush/collector
ring assembly. This component greatly influences the efficiency and stability of the entire
power generation system. Consequently, enhancing the collector ring’s wear resistance
and conductivity is paramount. Current research focuses on extending the service life of
hydrogenerator sets and improving power generation efficiency through advancements
in these areas [1].
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The operational mode of the brush/ring assembly primarily involves current-carry-
ing friction and wear, which presents a challenge of coupling electrical contact with fric-
tional forces [2-5]. Furthermore, corrosion of collector rings is particularly evident when
generator sets are idle for extended periods. During the shutdown, the lack of relative
movement between the brush and the collector ring can result in noticeable corrosion pat-
terns, often manifesting as distinct brush traces on the ring’s surface. Even in standby
mode, the carbon brush continues to apply pressure via spring mechanisms to maintain
contact, and control circuits may carry small residual currents to ensure rapid startup ca-
pability. These conditions exacerbate corrosion risks, highlighting the need to identify op-
timal parameters for minimizing degradation during inactive periods [6-10]. In the do-
main of current-carrying friction, wear and corrosion are principal contributors to mate-
rial degradation and equipment failure in mechanical systems [11-13]. Friction pairs,
therefore, must exhibit superior corrosion resistance. During the relative sliding of friction
pair surfaces, a chemical or electrochemical reaction between the surface material and the
surrounding medium occurs, resulting in material loss due to mechanical action, a phe-
nomenon known as corrosive wear [14,15].

To enhance the current-carrying friction characteristics and corrosion resistance of
friction pairs, surface treatment technologies have become a critical focus of contemporary
research [16]. Innovations in liquid additives have shown potential not only to improve
the conductivity of friction pairs but also to enhance their corrosion resistance [17,18].
Concurrently, conductive and wear-resistant self-lubricating coatings, known for their
high conductivity, wear resistance, low friction coefficient, high-temperature tolerance,
and robustness, are extensively employed to augment the surface performance of sliding
electrical contact components in high-end equipment [19-21]. For metallic coatings, such
as Cu [21-23], Ag [20,21], Mo [24,25], and Ni [26], while they exhibit excellent electrical
conductivity, their corrosion resistance remains an area requiring further investigation.
Graphene, with its unique properties—such as inertness, impermeability, and tough-
ness—emerges as an ideal coating material for enhancing both corrosion resistance and
conductivity. Metal-based graphene coatings have demonstrated superior corrosion re-
sistance. Numerous studies have confirmed graphene’s dual role in boosting the electrical
conductivity of metal matrices and inhibiting metal corrosion [27-33].

In this study, a copper-graphene nanosheet (Cu-GNS) composite coating was elec-
troplated onto a 45 steel collector ring substrate. Recent advancements in copper—gra-
phene composites have demonstrated their cross-domain applicability in electrical engi-
neering. Notably, pulsed electrodeposited Cu-GNS coatings have shown remarkable per-
formance in circuit breaker applications, where simultaneous requirements for electrical
conduction efficiency and mechanical durability are paramount. Studies by [34] revealed
that such composite coatings achieved a 40% improvement in arc erosion resistance and
a 35% enhancement in thermal dissipation compared to pure copper contacts, attributed
to graphene’s exceptional electron mobility and thermal conductivity. These findings cor-
roborate the material’s potential for applications requiring coupled electrical-thermal-
mechanical performance, including but not limited to hydrogenerator collector rings. The
successful implementation of circuit breakers provides valuable insights for optimizing
graphene dispersion and interface bonding in sliding electrical contact systems. By ana-
lyzing the relationship between the deposition rate of Cu-GNS and the current-carrying
friction characteristics, we identified the optimal composite plating parameters. The con-
tact resistance, friction coefficient, and wear rate of the samples were evaluated to deter-
mine the most corrosion-resistant current-carrying conditions. Finally, the corrosion re-
sistance of the two samples was compared under the best working conditions. The prin-
cipal novelty of this work lies in establishing a parameter optimization framework for
copper—graphene electrodeposition specifically tailored for hydrogenerator collector
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rings. This study pioneers the demonstration of graphene’s dual functionality in simulta-
neously enhancing current-carrying capacity (32.58% contact resistance reduction) and
corrosion resistance (2.21 x 10-> A/cm? corrosion current density) under actual generator
operating conditions, addressing a critical gap in large-scale hydropower equipment sur-
face engineering.

2. Materials and Experimental Section
2.1. Production of Coating

Cu coating and Cu—GNS composite coating were prepared on the collector ring by
electroplating. Graphene nanosheets (GNSs) were purchased from Joyhang Metallic Ma-
terials, Foshan, China, using nanoscale GNS. First, the surface roughness of Ra 0.6 um was
obtained by polishing the collector ring with 2000-grit sandpaper (sequential polishing
from 800 to 2000 grit). Then, the polished collector ring was ultrasonically cleaned in eth-
anol. A copper sheet was used as the anode, the collector ring substrate was used as the
cathode, and the plating was carried out in the plating solution at room temperature. The
bath consisted of CuSOs+5H20 (100 g/L), H2504 (50 g/L), and 1 L of distilled water. Elec-
troplating of Cu—GNS composite coatings was performed using the procedure as shown
in Figure 1. Different amounts of graphene (0.2, 0.4, 0.6, 0.8, 1 g/L) were added to the plat-
ing solution as the reinforcement phase. Additionally, 0.5 mg/L of sodium dodecyl sulfate
(SDS) was introduced to improve the uniform dispersion of graphene in the bath. During
the plating process, current density (0.5, 1, 1.5, 2, 2.5 A/dm?), stirring speed (100, 140, 180,
220, 260 r/min), and plating time (1, 5, 10, 15, 20 min) were selected. By adjusting stirring
speed, graphene content, electroplating time, and current density, composite coatings un-
der different electroplating parameters were prepared.
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Figure 1. Cu—-GNS composite coating process.

2.2. Current-Carrying Tribological Experiment

In this study, the sliding current-carrying friction and wear test of a pin (D172 carbon
rod)/disk (45 steel) was carried out. Each tribological test was repeated four times under
the same conditions to ensure data reliability, and the average values were used for anal-
ysis. The composition of 45 steel is as follows: C: 0.42-0.50, Si: 0.17-0.37, Mn: 0.50-0.80, S:
0.035, P: 0.035, Cr: 0.025, Ni: 0.25, Cu: 0.25, and the residue composition is Fe. The simula-
tion of the sliding friction process of the carbon brush in the collector ring of a hydrogen-
erator was performed. The current-carrying friction characteristics were measured using
a self-made current-carrying wear testing machine for a pin (width and height of 6 mm x
6 mm x 12 mm) and disc (diameter of 20 mm), as shown in Figure 2. The experimental
parameters were set as follows. Current densities in actual hydroelectric generator collec-
tor rings are typically in the range of 5-15 A/cm?2. We chose an intermediate value of 9
A/cm? to represent typical operating conditions while avoiding extreme values to ensure
that the experimental results reflect actual performance; the load is equivalent to a contact
pressure of 0.0032 MPa (1 N), which is based on the typical range of pressures applied by
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the carbon brushes and collector rings through the spring mechanism in actual operation
(0.5-2 N), and a standard value of 0.0032 MPa (1 N) was chosen to simulate the actual
contact pressure; the hydrogenerator speed is typically 100-300 arc/min. To simulate the
actual contact pressure to avoid excessive wear of the carbon brushes due to high loads;
the turbine generator’s rotational speed is usually between 100-300 rpm. An intermediate
value of 0.21 m/s (200 rad/min) was chosen to cover common operating conditions and to
ensure that the experimental conditions are consistent with the dynamics of the actual
mechanical motion. A testing time of 1000 s and a sliding distance of 210 m were chosen
to ensure that the experiment captures the steady state of the friction pair. In contrast, a
shorter test time may not be able to reflect the long-term wear behavior, and a longer test
time would be a waste of resources. Shorter test times may not reflect long-term wear
behavior, while longer test times would waste resources. Real-time torque and pressure,
current, and voltage were measured during the test. After the tribological tests, electrical
contact resistivity was calculated according to Ohm’s law. The difference in mass of the
pin before and after the test was measured using a PTY-A220 electronic balance (Huazhi
Electronic Technology Co., Ltd, China, Fujian Province) with an accuracy of 0.001 mg. The
friction coefficient was calculated using Formula (1), where FN is the applied load, Ff is
the friction force, NB is the number of contact friction pairs, r is the radius of friction, Tt is
the friction torque, T is the load torque, and TO is the no-load torque. This experiment was
conducted in an environment where the temperature and relative humidity changes were
minimal, ensuring they did not significantly impact the results.
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Figure 2. (a) Current-carrying friction and wear testing machine. (b) The test mode is pin—disk con-

tact. (c) Physical diagram of current-carrying friction and wear testing machine. (d) Schematic dia-

gram of the test device.

2.3. Coating Corrosion Resistance Test

Making electrochemical testing methods is crucial in corrosion research. In this
study, an CH1760e electrochemical workstation (Figure 3a) was employed to measure the
open circuit potential and polarization curves of the original sample under various pres-
sures (0, 0.3, 0.6, 1, and 1.5 N) in a 3.5% saline solution. Concurrently, the open circuit
potential, impedance, and polarization curves of the collector ring, Cu layer, and Cu—-GNS
composite electroplating were analyzed based on the pressure test results. As depicted in
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Figure 3a, the reference electrode (RE) was a saturated calomel electrode (SCE), the coun-
ter electrode (CE) was a platinum sheet, and the working electrode (WE) was the sample
under investigation. Before testing, the sample was encapsulated with epoxy resin, expos-
ing only a 1 cm? area. The sample was then immersed in the electrolyte, ensuring direct
alignment of the test surface with the platinum electrode, and electrochemical experi-
ments were initiated. Potentiodynamic polarization tests were performed with a potential
range of 1.5 V to 0.5 V (vs. OCP) at a scan rate of 1 mV/s. Electrochemical impedance
spectroscopy (EIS) was conducted in the frequency range of 100 kHz to 10 MHz, with 10
points per decade and a sinusoidal voltage amplitude of 10 mV. All electrochemical and
immersion corrosion tests were performed four times and analyzed using average values.
The corrosion tests were conducted under carbon brush contact conditions. A D172 car-
bon brush (6 mm x 6 mm x 10 mm) was pressed against the sample surface via a spring-
loaded mechanism, and the applied pressure was monitored by a Futek LSB200 load cell.
This setup simulated the actual brush/collector ring interface during generator operation.
Figure 3b illustrates the immersion corrosion test under external current application. To
simulate corrosion caused by residual current during generator shutdown, immersion
tests were conducted in a 3.5 wt% NaCl solution with a D172 carbon brush pressed against
the sample surface (1 N load). A fixed current density (0-12 A/cm?) was applied using a
DC power supply (Model: Keithley 2231A-30-3, Keithley, Cleveland, OH, USA, Jiangsu
Province, China).

e
E [———] pressure sensor

pressure sensor

Figure 3. (a) Electrochemical corrosion workstation. (b) Simulated actual corrosion device.

2.4. Raman Spectroscopy Analysis and EDS

Raman spectroscopy was analyzed using [instrument model, e.g., Horiba LabRAM
HR Evolution, Irvine, CA, USA] with a laser wavelength of 532 nm, spot size of ~1 um,
and a power setting of 5 mW to avoid sample damage. Before testing, the sample surface
was ultrasonically cleaned with ethanol and dried, both with a silicon standard (520.7
cm), to calibrate the instrument. The scanning range was 100-3200 cm™ with a resolution
of less than 1 cm™ (grating: 1800 gr/mm). The integration time was 10 s, three times accu-
mulated and averaged to improve the signal-to-noise ratio. The instrument wavelength
was calibrated during the test using a standard silicon wafer and focused on the sample
surface through a 50x objective lens. All spectral data were baseline corrected and decon-
volution processed to accurately identify the characteristic peaks of graphene (D, G, 2D).
Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS)
were performed using a Zeiss Sigma 300 field emission scanning electron microscope
(Carl Zeiss AG, Oberkochen, Germany) equipped with an Oxford X-MaxN 80 mm? silicon
drift detector (SDD). The graphene deposition rate was quantified by analyzing optical
microscopy images (Figure 4) using Image]J software (V1.8.0.112). Eight regions (100 um
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100r/min

- 1.5A/cm?

x 100 um) were selected per sample, and adaptive thresholding (Otsu method) was ap-
plied to segment graphene regions. The deposition rate was calculated as the percentage

of graphene-covered pixels relative to the total area. Results were validated via SEM/EDS
and Raman spectroscopy.

140r/min

2.5A/cm?

Figure 4. Optical microscope morphology and macroscopic picture of Cu—-GNS composite coating
with changing. (a,b) Stirring speed 100 r/min and 140 r/min. (c,d) Graphene content 0.6 g/L and 0.8

g/L. (e f) Electroplating current density 1.5 A/cm? and 2.5 A/cm?. (g h) Electroplating time 1 min and
10 min.

3. Results and Discussion
3.1. Composite Coating Characterization

Figure 4 presents the optical microscope morphology and macroscopic images of the
composite coating under various electroplating parameters. Eight distinct areas on the
sample surface were selected to calculate the graphene deposition rate, with the average
value used as the final result. Figure 5 illustrates the graphene deposition rate of the Cu-
GNS composite coating under different electroplating conditions.
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Figure 5. Graphene deposition rates of Cu-GNS composite coatings under different composite plat-

ing parameters. (a) Stirring speed, (b) graphene content, (c) electroplating current density, (d) plat-
ing time.
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Based on the graphene deposition rate, the experiment first identified the optimal
stirring speed by maintaining a plating time of 10 min, a current density of 1.5 A/dm?, and
a graphene nanosheet (GNS) concentration of 0.2 g/L, while varying the stirring speed.
Figure 4 shows the macroscopic morphology of the Cu-GNS composite coating under
different stirring intensities, along with the surface morphology observed under an optical
microscope. At a stirring speed of 100 r/min, the surface morphology and gloss of the
composite coating were similar to that of the Cu coating, with no apparent graphene par-
ticles observed. As the stirring speed increased, the color of the composite coating gradu-
ally darkened and the gloss diminished. At a stirring speed of 140 r/min, black GNS par-
ticles became visible on the sample surface. As shown in Figure 5a, the highest GNS dep-
osition rate of 4.1% was achieved at this stirring speed. However, when the stirring speed
was further increased t0220 r/min, the surface of the composite coating became uneven,
with significant GNS agglomeration, deteriorating the overall appearance of the coating.
This observation is consistent with the findings reported in the literature [35], and thus,
140 r/min was selected as the optimal stirring speed.

Figure 4c,d show the morphology of the collector rings with graphene contents of 0.6
g/L and 0.8 g/L. Based on the previous findings, the stirring intensity was set at 140 r/min,
with other conditions remaining constant. As depicted in Figure 5b, the maximum GNS
deposition rate of 9.89% was achieved at a GNS content of 0.8 g/L. When the GNS content
exceeded 0.8 g/L, the deposition rate began to decline. Therefore, a GNS content of 0.8 g/L
was selected as the optimal concentration.

Figure 4e,f shows the surface morphology of the composite coatings at current den-
sities of 1.5 A/cm? and 2.5 A/cm?. As illustrated in Figure 5c, the GNS deposition rate ini-
tially decreases, then increases, and subsequently decreases again with increasing current
density. Specifically, at a current density of 0.5 A/cm?, the GNS deposition rate is 8.7%; at
1 A/cm?, the rate is 7.6%; at 1.5 A/cm?, the rate reaches a maximum of 9.3%; and at 2 A/cm?,
the rate drops to 5.3%. At lower current densities, the electrodeposition rate is slow, al-
lowing for extended interaction time between the precipitated metal ions on the electrode
surface and the GNS, leading to homogeneous GNS deposition. However, lower current
densities may not sufficiently drive GNS particles into the coating, resulting in lower over-
all deposition. As the current density increases, the electrodeposition rate accelerates,
causing a rapid reduction of metal ions and increasing the likelihood of GNS particle em-
bedding, thereby enhancing deposition. At this stage, a moderate current density is con-
ducive to the co-deposition of GNS and the metal coating, with the optimal deposition
achieved at 1.5 A/cm? However, further increases in current density result in excessively
fast electrodeposition rates, causing rapid reduction of metal ions on the electrode surface
and the formation of a dense metal layer, which hinders GNS embedding. Additionally,
higher current densities may cause local overheating and bubble generation, obstructing
GNS deposition and resulting in a subsequent decrease in deposition. Therefore, 1.5 A/cm?
is identified as the optimal electroplating current density.

Figure 4g,h show the macroscopic morphology of the composite coatings at plating
times of 1 min and 10 min, as well as the surface morphology observed under an optical
microscope. When the plating time was 1 min, no obvious GNS particles were observed
on the surface of the composite coating, and the surface morphology and gloss were sim-
ilar to that of the Cu coating. According to Figure 5d, the GNS deposition rate was only
0.53% at a plating time of 1 min. The GNS deposition rate exhibited an initial increase
followed by a decrease with increasing plating time. At a plating time of 10 min, the GNS
deposition rate reached 9.36%. Therefore, a plating time of 10 min was determined to be
optimal.
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Subsequently, the current-carrying friction characteristics under different electro-
plating parameters were analyzed. While determining the optimal electroplating param-
eters, the current-carrying friction characteristics of the collector ring and the Cu—GNS
composite coating under these optimal conditions were compared. Additionally, the
mechanisms of friction wear and conductivity were analyzed.

Figure 6 shows that the roughness of the surface of the Cu—GNS composite plating
increases with the increase of plating time, and the surface of the plating becomes rough
and uneven. Afterward, the current-carrying friction and wear characteristics of the com-
posite plating layer under different plating times are analyzed to further determine the
plating time. The microscopic morphology and chemical composition of the specimens
prepared under the optimal plating process conditions were characterized in Figure 7,
which shows the cross-sectional area of the composite layer with a thickness of 74 pum.
Meanwhile, obvious C peaks can be seen in the EDS spectra in Figure 8, which confirms
the presence of the GNS and its embedding in the Cu-based composite layer. The compo-
site layer mainly contains Cu and C elements, the content of Cu is 75.0 wt.%, and the
content of C is 25.0 wt.%. The blue color in the figure represents the distribution of Cu
elements and the green color represents the distribution of C elements, and the EDS re-
sults further show that the GNS has been deposited in the composite layer and the distri-
bution is relatively uniform.

v pm
T

1208

( d ) Sa=1.97um

5 % 8 8 8 8 3 3§

P °

Figure 6. Three-dimensional profiles of Cu-GNS composite coatings prepared at different plating

times: (a) 1 min, (b) 5 min, (c) 10 min, (d) 15 min, (e) 20 min.

Figure 7. Cross-sectional morphology of composite plating layer under optimal plating parameters.
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Figure 8. Surface morphology of composite layer under optimum plating parameters.

Figure 9 shows the Raman spectra of Cu-GNS composite coatings prepared under
different stirring intensities. Raman spectra were analyzed for samples prepared at stir-
ring intensities of 100 r/min, 140 r/min, and 180 r/min. The Raman results for the three
samples reveal three prominent characteristic peaks at 1349.1 cm™, 1584.4 cm™, and 2720.9
cm, corresponding to the D peak, G peak, and 2D peak of GNS, respectively [36], con-
firming the presence of GNS in the composite coatings. Additionally, at a stirring intensity
of 180 r/min, the Raman spectra exhibit more miscellaneous peaks, and the GNS charac-
teristic peaks are weak, indicating a lower GNS content in the composite coating. The var-
iation in the intensity of the GNS characteristic peaks suggests differing amounts of GNS
deposition in the composite coatings. At a stirring intensity of 140 r/min, the GNS deposi-
tion is significantly higher, which correlates with the results shown in Figure 5a.

100r/min D 2D
G
< 2
é 140r/min
; G
180r/min 7

T T T T
1000 1500 2000 2500 3000

Raman shift (cm)
Figure 9. Raman spectra of Cu—-GNS composite coatings prepared at different stirring speeds.

3.2. Analysis of Current-Carrying Friction and Wear Characteristics
3.2.1. Cu-GNS Coating Contact Resistance Characteristics

Figure 10 illustrates the effect of Cu—GNS composite coating on contact resistance
under varying electroplating parameters. As shown in Figure 10a, the average contact re-
sistance initially decreases and then increases with increasing stirring speed, consistent
with the GNS deposition rate. GNS, as a reinforcing phase, enhances the Cu layer’s con-
ductivity on the collector ring. At a stirring speed of 140 r/min, the GNS deposition rate
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peaks at 4.1%, reducing the average contact resistance to 0.93575 Q. Within the stirring
speed range of 100-220 r/min, the dynamic contact resistance stabilizes within 100 s. How-
ever, at 260 r/min, the dynamic contact resistance remains unstable due to excessive stir-
ring speed. This instability arises from incomplete Cu layer plating and uneven GNS dis-
tribution, leading to a less uniform coating and higher contact resistance. These results
confirm that the optimal stirring speed of 140 r/min achieves the highest GNS deposition
rate, the lowest contact resistance, and superior current-carrying friction performance.

Figure 10b depicts the dynamic contact resistance of the composite coating with var-
ying GNS content. The average contact resistance decreases initially and then increases
with rising GNS content. Although the GNS deposition rate is highest at 0.8 g/L (Figure
5b), the lowest contact resistance (0.8911 Q) is achieved at 0.6 g/L. GNS. This is because
increasing graphene content in the plating solution raises the number of suspended par-
ticles, enhancing graphene incorporation into the coating. However, excessive graphene
content leads to particle agglomeration, hindering adsorption onto the collector ring sur-
face and forming voids or discontinuous conductive paths. These defects reduce electron
conduction efficiency and the coating’s overall conductivity. To ensure uniform GNS dep-
osition and optimal electrical conductivity, a GNS content of 0.6 g/L is identified as the
optimal plating parameter.

Figure 10c shows the effect of current density on dynamic contact resistance, which
follows a trend similar to the GNS deposition rate. At a current density of 1.5 A/dm?, the
average contact resistance reaches its lowest value of 0.8911 Q, and the dynamic contact
resistance stabilizes within 100 s. Therefore, a current density of 1.5 A/dm? is identified as
the optimal condition for achieving superior performance.

Figure 10d illustrates the effect of plating time on dynamic contact resistance, show-
ing a trend similar to the GNS deposition rate. At a plating time of 1 min, the average
contact resistance is highest at 1.2746 (2, comparable to that of pure Cu coating. The lowest
average contact resistance (0.8911 ) occurs at 10 min. However, further increasing the
plating time to 20 min raises the resistance to 1.262 Q. Based on the macro morphology of
the collector ring and the GNS deposition rate, a plating time of 10 min is identified as
optimal. Further analysis of the friction and wear characteristics of the composite coating
will be discussed in subsequent sections.
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Figure 10. Contact resistance characteristics under different composite electroplating parameters:
(a) stirring speed, (b) electroplating current density, (c) graphene content, (d) plating time.
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3.2.2. Friction and Wear Characteristics of Cu-GNS Coating

Figure 11 illustrates the influence of Cu—~GNS composite coating on friction and wear
under varying electroplating parameters. Figure 11a shows the friction coefficient and
wear rate as functions of stirring speed, both of which initially decrease and then increase,
consistent with the GNS deposition rate. This highlights the significant role of GNS in
improving the friction and wear characteristics of the composite coating. At a stirring
speed of 140 r/min, optimal performance is achieved, with the friction coefficient reaching
0.255 and the wear rate at 0.1723 g/m?s.

Figure 11b shows the variation in friction coefficient and wear rate with different
GNS contents. Both parameters initially decrease and then increase as the GNS content
rises, while the GNS deposition rate peaks at 0.8 g/L. However, excessive GNS content
leads to particle agglomeration, the formation of localized bumps, and increased surface
roughness. The actual contact area of the rough surface is reduced (contact is concentrated
at the top of the micro-bumps), leading to localized stress concentration and increased
adhesive wear between the friction partners, which significantly increases the coefficient
of friction and wear rate. Resulting in a higher friction coefficient and elevated wear. The
Cu—GNS composite coating with 0.6 g/L GNS content demonstrates the best friction and
wear performance, with a friction coefficient of 0.2149 and a wear rate of 0.1667 g/m?ss.

Figure 11c shows the variation in friction coefficient and wear rate with current den-
sity. Both parameters initially decrease and then increase, consistent with the GNS depo-
sition rate trend. At a current density of 1.5 A/dm?, the Cu-GNS composite coating
achieves the lowest friction coefficient (0.2149) and wear rate (0.1667 g/m?-s). Thus, a cur-
rent density of 1.5 A/dm? is identified as optimal for achieving superior friction and wear
performance.

Figure 11d illustrates the impact of plating time on the friction and wear characteris-
tics of the Cu—GNS composite coating. Both the friction coefficient and wear rate initially
decrease and then increase with increasing plating time. At a plating time of 10 min, the
Cu-GNS composite coating exhibits a friction coefficient of 0.2145 and a wear rate of
0.1667 g/m?s.

This study confirms that the Cu—-GNS composite coating achieves optimal surface
conductivity, friction, and wear properties with a plating time of 10 min. The comprehen-
sive analysis identified the optimal electroplating parameters as a stirring speed of 140
r/min, GNS concentration of 0.6 g/L, plating time of 10 min, and current density of 1.5
A/dm?2. Under these conditions, the Cu-GNS composite coating demonstrates an average
contact resistance of 0.8911 (), a friction coefficient of 0.2145, and a wear rate of 0.1667
g/m?s. The current-carrying friction characteristics of the Cu-GNS composite coating pre-
pared under these parameters were then compared with those of the collector ring.
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Figure 11. Friction and wear characteristics under different composite electroplating parameters: (a)
stirring speed, (b) graphene content, (c) electroplating current density, (d) plating time.

3.3. Study on Tribological Mechanism of Cu/Graphene Composite Coating

Collector ring materials must possess excellent electrical conductivity and superior
wear resistance. Figure 12 compares the current-carrying friction characteristics of a con-
ventional collector ring and the optimized Cu—GNS composite coating. The Cu-GNS coat-
ing exhibits a 32.58% reduction in contact resistance, a 37.59% decrease in friction coeffi-
cient, and an 18.16% lower wear rate compared to the conventional collector ring, signifi-
cantly enhancing its performance. The superior electrical conductivity of graphene
nanosheets (GNSs) ensures more uniform current distribution, reducing local overheating
and arc formation. As shown in Figure 13, the wear mechanism transitions from arc ero-
sion and mechanical wear (Figure 13a) in the carbon brush to predominantly mechanical
wear (Figure 13b) with the application of the Cu—~GNS composite coating.

(al M T aliootor ring—— Cu -GN composite coating (b)g:: %
) i
[ = 0
" 00 400 G0 B0 1000 : Collector ring Cu coating
Time(s)
©) ¥ —— Collector ring—— Cu-GNS composite coating () 024
%m_ a2
S 144\ h\NM‘W" i "'é (L]
3 Sox] %
3 m—Ll A % o667
08 " / %

400 600 800

Time(s)

260 1000
ollector ring  Cu-GNS composite coating

Figure 12. Comparison of current-carrying friction characteristics between the collector ring and the
best Cu-GNS composite coating: (a) dynamic contact resistance, (b) average contact resistance, (c)

friction coefficient, (d) wear rate.
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Figure 13. SEM morphology of carbon brush worn on different samples. (a) Collector ring original

sample, (b) Cu-GNS composite coating.

Analysis of Figures 5 and 9 shows that the GNS deposition rate aligns with Raman
spectra data, while Figure 14 highlights the corresponding friction and conductivity char-
acteristics. On the brush ring contact surface, microscopic protrusions (micro-bulges) form
the contact points, significantly affecting the contact area and frictional behavior. The
number, shape, and distribution of these protrusions influence the friction coefficient and
wear rate, with rougher surfaces typically exhibiting higher friction coefficients. The in-
corporation of GNS into the Cu layer improves the coating’s electrical conductivity due
to GNS'’s superior conductivity, which enhances electron transport between Cu grains,
increasing conductive pathways. However, excessive GNS deposition can lead to particle
agglomeration, compromising coating uniformity and creating gaps that reduce conduc-
tivity. Additionally, GNS’s two-dimensional structure, with weak van der Waals forces
between layers, allows GNS sheets to slide during friction, providing a lubricating effect
and reducing the friction coefficient. Excessive GNS content, however, causes agglomera-
tion, forming larger clusters that disrupt uniformity, increase internal defects, and weaken
the lubrication effect, raising the friction coefficient. Therefore, the GNS deposition rate
and distribution within the Cu—-GNS composite coating critically affect its friction and
wear properties, highlighting the importance of optimizing electroplating parameters for
balanced performance.

Cu-GNS
-._composite coating |

carbon brush q

conductive mechanism

V! 1
ooy | ii n‘i iiil R
/l \\ /’

/
The formation of more contact points ,’

Reducing the wear increases current conduction

Figure 14. Schematic diagram of current-carrying tribological mechanism of Cu/graphene compo-

site coating.

3.4. Research on the Corrosivity of the Collector Ring
3.4.1. Experiment on Erosive Electrochemistry

Electrochemical testing offers a direct approach to studying corrosion behavior. Fig-
ure 15 illustrates the corrosion performance of collector rings under different pressures
(0-1.5 N) in a 3.5 wt% NaCl solution. Figure 15a shows the open-circuit potential over
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time, reflecting the corrosion tendency of the collector ring; higher values generally indi-
cate lower corrosion susceptibility. The open-circuit potential stabilizes within 600 s, with
the stabilized values summarized in Table 1. In the 3.5 wt% NaCl solution, the open-circuit
potential follows the order: 1 N> 0.6 N> 1.5 N> 0.3 N >0 N, indicating the lowest corro-
sion tendency at 1 N. Within the 0 to 1 N range, corrosion tendency decreases but slightly
increases beyond 1 N. Since open-circuit potential alone does not directly correlate with
electrochemical corrosion resistance, further polarization studies are required for a com-
prehensive evaluation.

Figure 15b shows the potentiodynamic polarization curves of the collector ring in a
3.5 wt% NaCl solution under varying loads. In the absence of load, the self-corrosion po-
tential is notably positive, and the self-corrosion current density is low. The polarization
curves were fitted to determine the self-corrosion potential (Ecorr) and current density
(Icorr), with the parameters listed in Table 2. As the applied load increases, the self-corro-
sion potential shifts positively, reaching its most positive value of —0.7662 V at 1 N, where
the self-corrosion current density is lowest (2.47 x 105 A/cm?). At 1.5 N, the potential shifts
negatively to -0.9594 V, and the current density increases to 6.84 x 105 A/cm?2. As shown
in Table 2, corrosion resistance follows the trend: 1 N > 0.6 N > 1.5 N > 0.3 N > 0 N. This
suggests that an external load reduces the exposure of the matrix to the corrosive solution,
enhancing corrosion resistance. However, at 1.5 N, the excessive load disrupts the pas-
sivation film, decreasing corrosion resistance. In conclusion, 1 N results in the lowest cor-
rosion rate and highest resistance, consistent with open-circuit potential and polarization
curve data.

0.3 - . - 0.4
(a) Cu-GNS composite coating: Collector ring| (b) Cu coating Cu-GNS composite coating
Cu coating ——— Collector ring
0.0
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Figure 15. Research on electrochemical corrosion resistance of collector ring under different pres-

sures. (a) Open circuit potential, (b) polarization curve.

Table 1. Stability values of open circuit potential of collector ring under different loads.

Pressure/N Open Circuit Potential/v
0 -0.59772
0.3 -0.58631
0.6 -0.5233
1 -0.52057
1.5 -0.52629

Table 2. Polarization curve fitting data.

Pressure/N Ecorr (v) Icorr (A/cm?)
0 -1.0341 9.56 x 10~
0.3 -0.8871 6.17 x 105
0.6 -0.8115 5.05 x 10-°
1 -0.7662 2.47 x10°°

1.5 -0.9594 6.84 x 10
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Figure 16 illustrates the corrosion behavior of the collector ring and Cu—GNS compo-
site coating under 1 N pressure. The electrochemical impedance spectral data were fitted
by an equivalent circuit model containing a Constant Phase Element (CPE) (Figure 16d).
The CPE is used to characterize the non-ideal capacitive behavior caused by electrode

. oy . . . 1
surface roughness or heterogeneity, and its impedance is defined as Z;pg = PR where

Qs the pseudocapacitance parameter (in S-s"/cm?), and n (0 < n < 1) is the dispersion index.
When n = 1, the CPE degenerates to an ideal capacitance. In Figure 16a, the open-circuit
potential of the sample reaches a stable state within 600 s of testing. According to Table 3,
it is evident that the Cu—GNS composite coating exhibits the lowest corrosion tendency,
while the collector ring shows the highest. Figure 16¢ displays the impedance changes,
where the arc radius of capacitive reactance in the electrochemical AC impedance spec-
trum indicates the corrosion resistance of the specimen surface. A larger arc radius corre-
sponds to better corrosion resistance of the specimen’s surface film [37]. The figure shows
that the arc radius of the Cu-GNS composite coating in the low-frequency region is sig-
nificantly larger than that of the collector ring. Therefore, the Cu—~GNS composite coating
acts as a protective layer, enhancing the corrosion resistance of the collector ring and
providing optimal protection for the substrate, consistent with the open-circuit potential
test results. Figure 16b depicts the Tafel plot, illustrating the relationship between the self-
corrosion potential (Ecorr) and self-corrosion current density (Icorr) for the samples. As
shown in Table 4, the Cu—GNS composite coating has the highest self-corrosion potential
at -0.6195 V, and its self-corrosion current density is significantly reduced to 2.21 x 10-
A/cm?. This indicates that the Cu—GNS composite coating offers superior corrosion re-
sistance.
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Figure 16. Study on electrochemical corrosion resistance of collector ring and Cu-GNS composite
coating under 1 N pressure. (a) Open circuit potential, (b) polarization curve, (c) Nyquist plot, (d)

equivalent circuit diagram of EIS spectrum.

Table 3. Average open circuit potential.

Sample Open Circuit Potential/v
Collector ring -0.52057
Cu—GNS composite coating -0.3484
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The Cu—GNS composite coating consists of two parts: the substrate and the coating
[38]. Electrochemical experiments were conducted on the collector ring of composite elec-
troplating in a 3.5% NaCl solution. The double-layer capacitor (Cdl) and charge transfer
resistance (Rct) play major roles in the corrosion process. Based on the analysis, the elec-
trochemical process can be represented by the equivalent circuit of the collector ring, as
illustrated in Figure 17d. In this circuit, Rs represents the solution resistance, Rct is the
charge transfer resistance, Cdl is the double electric layer capacitor, Rbl is the barrier layer
resistance, and Cbl is the barrier layer capacitance. As shown in Table 5, the charge trans-
fer resistance (Rct) of the Cu—GNS composite coating has the highest value, measuring
244 .4 ()-cm?, which significantly enhances the corrosion resistance of the material.

Table 4. Polarization curve fitting data.

Sample Ecorr (v) Icorr (A/cm?)
Collector ring -0.7662 + 0.012 (2.47 £0.09) x 105
Cu-GNS composite coating -0.6195 + 0.008 (2.21 +0.007) x 10-

Table 5. EIS parameters after equivalent circuit fitting.

Sample

Rs (Q:cm?) Rct (Q-cm?) Qdl (S-s*/cm?) nl Qbl (S-s*/cm?) Rbl (Q-cm?) n2

Collector ring
Cu—GNS composite
coating

5669+0.12 1157435 (3.81+0.15)%x10°% 0.75 - - -
4.44 + 0.09 2244 +52 (498+022)x10° 0.72 (1.61+0.08) =107 6.101 0.94

3.4.2. Immersion Experiment

In high-power motors or generators, residual charges may persist after shutdown,
causing a brief current flow. If connected to an external power source, the current can
continue to pass through the collector ring and carbon brush even when the machine is
off. For example, some motors maintain field excitation during shutdown, allowing a
small current to preserve the magnetic field. Additionally, in environments with poor in-
sulation or high humidity, minor leakage currents may occur, which, although minimal,
can contribute to corrosion. To investigate the effect of current density on the formation
of the surface film on the collector ring, Figure 17 shows macroscopic images of corrosion
at varying current densities under 1 N pressure. The contact area between the carbon
brush and the collector ring is clearly visible, unaffected by the corrosive liquid. Without
current, no distinct boundary exists at the contact point. As current density increases, a
demarcation line appears, highlighting the effect of current density on the formation and
degradation of the surface film. At a current density of 12 A/cm?, this line becomes indis-
tinct, and the surface film uniformly covers the entire collector ring. Figure 18 shows the
corrosion rate of the collector ring at different current densities under 1 N pressure. In the
absence of current, the naturally formed passivation film provides some protection, re-
sulting in a slower corrosion rate. However, as current density increases, electrochemical
reactions intensify, disrupting the surface film and accelerating corrosion. When the cur-
rent density reaches 12 A/cm?, the corrosion rate starts to decline. Between 0 and 9 A/cm?,
low current densities lead to the formation of unstable or loose films, which are ineffective
in preventing corrosion.
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(a) (b)
(c) (d)

Figure 17. Macroscopic diagram after corrosion with different current densities under 1 N pressure.
(@) 0 A/em?, (b) 2 A/em?, (c) 6 A/em?, (d) 9 A/cm?, (e) 12 A/em?.
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Figure 18. Corrosion rate of collector ring under different current densities at 1 N pressure.

According to the corrosion rates shown in Figure 19 or samples under 1 N pressure
and a current density of 12 A/cm?, the Cu—-GNS composite coating exhibits the slowest
corrosion rate. This observation aligns with the electrochemical corrosion results, demon-
strating that the Cu—-GNS composite coating significantly enhances the corrosion re-
sistance of the collector ring.
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Figure 19. Corrosion rate of collector ring and Cu-GNS composite coating at 1 N pressure 12 A/cm?.
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3.4.3. Corrosion Mechanism Study

Figure 20a illustrates the mechanism by which pressure affects the corrosion re-
sistance of the collector ring. The contact between the carbon brush and the collector ring
involves numerous microscopic asperities. Under low pressure, the corrosive liquid can
easily penetrate the collector ring’s surface, leading to an increased corrosion rate. As pres-
sure increases, the actual contact area between the carbon brush and collector ring ex-
pands, reducing the likelihood of corrosive liquid infiltration and enhancing corrosion
resistance. However, excessive pressure may cause structural damage to the carbon brush,
with particles from the damaged brush entering the brush-ring interface, negatively af-
fecting the collector ring’s corrosion performance. Figure 20b shows the influence of cur-
rent density on the corrosion resistance of the collector ring. In the absence of current, the
passivation film on the collector ring’s surface is thin and relatively uniform. At low cur-
rent densities, the passivation film may lack sufficient density and stability to fully pre-
vent corrosion, resulting in a higher corrosion rate. As the current density increases, the
electrochemical response promotes the growth and thickening of the passivation film, im-
proving its density and stability, thus reducing the corrosion rate. At higher current den-
sities (e.g., 12 A/cm?), a more stable and dense passivation film forms, further inhibiting
corrosion.

e

Figure 20. Influence mechanism of corrosion resistance of collector ring. (a) Research on the corro-
sion resistance of collector rings by pressure. (b) Research on the corrosion resistance of collector

rings by current density.

4. Conclusions

In this study, it is found that the operating parameters of the turbine generator set
have a great influence on the corrosion resistance of the carbon brush/collector ring, and
finding the best parameters can significantly improve the corrosion resistance of the ring
surface. The influence of Cu-GNS composite coating on current-carrying friction charac-
teristics and corrosion resistance under electroplating was discussed by current-carrying
friction and wear tests. We can draw several key conclusions:

1. In Cu-GNS composite coatings, the deposition rate and uniformity of graphene
nanosheets (GNSs) play a crucial role in determining the current-carrying friction
characteristics. The optimal electroplating parameters are a stirring speed of 140
r/min, a GNS concentration of 0.6 g/L, a plating time of 10 min, and a current density
of 1.5 A/dm?2. Under these conditions, the Cu—GNS composite coating demonstrates



Lubricants 2025, 13, 162 19 of 21

a 32.59% reduction in contact resistance, a 37.6% decrease in friction coefficient, and
an 18.16% reduction in wear rate compared to conventional collector rings. Cu—GNS
composite coating can greatly improve the current-carrying friction characteristics.

2. The pressure and current density between the brush and the collector ring have a
significant impact on the corrosion resistance of the collector ring. When there is no
current or the current density is 12 A/cm? and the brush pressure on the ring is 1n,
the corrosion resistance of the collector ring surface can be effectively improved. Elec-
trochemical tests and immersion experiments confirmed that the addition of gra-
phene greatly improved the corrosion resistance of the material.
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