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This study investigates corrosion mechanisms in high-voltage (HV) cable connectors used in eco-friendly
vehicles, focusing on galvanic and stray current corrosion under realistic operating conditions. Severe oxi-
dation and pitting were observed at the interface between aluminum connectors and copper ground ter-
minals, which are coated with tin (Sn). Mechanical fretting and electrical stress accelerated Sn layer
breakdown, exposing the aluminum substrate and forming a galvanic couple with copper. A series of com-
bined corrosion tests were carried out under vibration, DC bias, moisture ingress, and their simultaneous
action. SEM/EDS analyses confirmed significant fretting wear and Al-Os formation, especially when
mechanical and electrical loads acted together. Leakage current measurements showed that both AC and
DC systems produced current densities within critical stray current corrosion thresholds, particularly
during deceleration and braking. These results reveal a synergistic degradation mechanism involving vibra-
tion, electrolyte exposure, and electrical bias. To mitigate corrosion, structural enhancements such as vibra-
tion-resistant fastening and environmental sealing are proposed. Overall, the findings provide new insight
into HV connector failure mechanisms and present practical design recommendations to enhance durabil-
ity and reliability in electric mobility applications.
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1. Introduction

The global transition toward eco-friendly transportation
has accelerated the development and deployment of
electric vehicles (EVs), hybrid electric vehicles (HEVs),
and fuel cell electric vehicles (FCEVs) [1]. Driven by
increasingly stringent environmental regulations, carbon
neutrality targets, and advancements in battery and power
electronics technologies, the market share of electrified
vehicles continues to grow rapidly. These vehicles rely
heavily on high-voltage systems (typically operating
between 200-800 V) to efficiently transmit and control
electrical energy between the battery, inverter, and traction
motor. Among the various electrical components, high-
voltage (HV) cables play a critical role in ensuring safe
and stable energy transfer within the vehicle’s powertrain
and auxiliary systems [2]. HV cables must satisfy multiple
functional requirements, including electrical insulation,
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thermal resistance, electromagnetic shielding, and
mechanical durability under harsh automotive conditions
such as vibration, moisture, temperature fluctuations, and
chemical exposure. Depending on their function and
current path, HV cables are typically categorized into
single-phase direct current (DC) cables, which deliver
power from the battery to the inverter or motor, and three-
phase alternating current (AC) cables, which connect the
inverter to the electric motor [3].

Despite their technical robustness, HV cables are
susceptible to electrochemical degradation, especially at
connector terminals and ground bonding points [4,5].
These regions often involve complex contact interfaces
between dissimilar metals, and are subjected to cyclic
mechanical stress, electrolyte exposure, and electrical
bias, forming ideal conditions for corrosion initiation
[6,7]. This corrosion not only compromises electrical
performance and mechanical integrity but may also lead
signal
detachment, thereby threatening overall system reliability.

to thermal runaway, noise, or connector

In general, automotive corrosion is understood to
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proceed via well-established mechanisms such as galvanic
corrosion, pitting, and crevice corrosion, depending on
material combinations and environmental factors.
However, in the context of HV cable systems in electrified
vehicles, several field and lab-based studies have reported
non-conventional corrosion behaviors, including severe
localized erosion, accelerated fretting, and early-stage
failure unrelated to classic aluminum corrosion profiles
[8,9]. For example, unlike conventional aluminum body
corrosion, which typically proceeds via gradual oxide layer
breakdown, excessive material loss and undercutting at the
connector-ground interface have been observed in HV
cable assemblies under simulated road salt and electrical
loading conditions [10]. Such corrosion morphologies
suggest the presence of synergistic degradation factors,
including stray current corrosion, dissimilar metal contact
with tin-plated components, and mechanical wear from
vibration [11].

Galvanic corrosion is a form of electrochemical
degradation that occurs when two dissimilar metals are
electrically connected and simultaneously exposed to a
corrosive electrolyte [12]. This phenomenon is driven by
the potential difference between the two metals, causing
one metal (the anode) to corrode preferentially while the
other (the cathode) is protected. Especially, the severity
of galvanic corrosion is directly related to the magnitude
of the potential difference between metals, and it is
generally considered significant when the difference
exceeds approximately 0.25 V [13]. Furthermore, several
factors such as higher ionic conductivity in the electrolyte
and a low anode-to-cathode area ratio facilitate greater
current flow, which directly enhancing corrosion kinetics.
Stray current corrosion is an electrochemical phenomenon
that occurs when unintended electrical currents, typically
from external DC power sources, leak into conductive
pathways such as metal structures or cable components
[14]. These stray currents can enter a metallic conductor
at one location and exit at another through a conductive
electrolyte, leading to localized anodic dissolution and
material degradation. Unlike galvanic corrosion, which
depends on the potential difference between dissimilar
metals, stray current corrosion is primarily governed by
the presence of an external electrical field and the
availability of an electrolyte that facilitates current leakage
[15]. To evaluate the susceptibility of stray current
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corrosion, measurement of leakage current density is
essential since it serves as a diagnostic indicator to identify
potential corrosion risk zone.

Given these challenges, there is a clear need to
systematically investigate the corrosion mechanisms
specific to HV cable systems in eco-friendly vehicles.
This study focuses on reproducing and analyzing failure
scenarios observed in the field by combining material
analysis (EDS/SEM), environmental simulation, and
leakage current measurements under representative
operating conditions. Through this investigation, the study
aims to identify dominant degradation mechanisms and
propose design or material countermeasures to improve
the long-term durability of HV cable systems.

2. Experimental Methods

To investigate the corrosion mechanism of HV cables
used in eco-friendly vehicles, two representative cable
types were selected: a three-phase AC HV cable and a
single-phase DC HV cable. The single-phase DC cable
is responsible for delivering power from the HV battery
to the motor drive unit, whereas three-phase AC cable
transfers power from the vehicle’s electric power control
unit (EPCU) to the motor. As shown in Fig. 1, X-ray
imaging reveals that both cable types for (a) AC and (b)
DC, which share similar structural configurations and
materials for the connector assembly and grounding
interface. These components consist of the same housing
shape and connection geometry, providing a consistent
basis for comparative corrosion analysis. Preliminary
observations under accelerated corrosion conditions using
calcium chloride (CaCl,) have shown that both cable types
exhibit localized corrosion primarily at the lower section
of the connector bracket, especially near the grounding
junction area (highlighted in red dashed area in Fig. 1).
This recurring pattern of severe material degradation
across both cable types suggests a common corrosion
pathway associated with the connector-ground interface.

To investigate this corrosion mechanism, detailed
material characterization of the connector is essential
since the initiation of corrosion was predominantly
observed at the connector-ground interface. Note that the
ground connection of the HV cables used in this study
consists of a tinned copper (Sn-coated Cu) braided wire,
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Fig. 1. X-ray images of high-voltage cables: (a) AC cable, (b)
DC cable

which plays a critical role in maintaining electrical
continuity and shielding. Energy dispersive X-ray
spectroscopy (EDS) was conducted on both the surface
and cross-section of the connector region, and this analysis
enabled the identification of material interfaces, coating
integrity, and presence of corrosion products.

In parallel, to evaluate the susceptibility to stray current-
induced corrosion, leakage current measurements were
conducted using a high-sensitivity clamp-type meter
under various simulated operating conditions. To simulate
realistic conditions, the test environment was maintained
at 35 °C and 95 % relative humidity. Both AC and DC
high voltage of around 400 V were applied to the HV
cable specimens during leakage current measurements.
The measurement scenarios included 1) Idle condition, 2)
Forward and reverse rotation, 3) Forward braking, 4)
Reverse braking of vehicle. These operational modes
reflect typical drivetrain behaviors in eco-friendly
vehicles, and were used to quantify electrical leakage
across both AC and DC HV cable configurations.

Fig. 2 illustrates the experimental setups used for failure
mechanism reproduction and principle validation for (a)
a vibration endurance tester configured with the connector
mounted in its actual vehicle position, and (b) a corrosion
test chamber used for evaluating the effects of combined
environmental stressors. To assess mechanical degradation
due to vibration-induced damage during vehicle operation,
random vibration endurance testing was conducted
following ISO 16750-3 specifications [16]. This test
simulates mechanical fatigue and defect risk (e.g.,
component detachment, cracking, wear etc.) caused by
road-induced excitation. A total 24 hours of vibration
testing was performed, with 8 hours of excitation applied
along each axis (X, Y, and Z). To evaluate fretting wear
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Fig. 2. Failure-reproduction test setup: (a) vibration tester
mounted specimen, (b) corrosion test chamber

Table 1. Experimental conditions and test plan for
combined corrosion testing

No. 1 2 3 4
Power application X o X O
Salt spray exposure o o (¢ (0}

High temperature and
humidity

Connector mating
(Dissimilar metal contact)

Vibration test X X O (0]

at the connector interface resulting from vibration, both
surface and cross-sectional analyses were carried out
using Scanning Electron Microscopy (SEM) and EDS.

For comprehensive simulation of real-world degradation,
a combined corrosion test was designed based on four
test conditions, as detailed in Table 1. The objective was
to validate the impact of realistic structural assembly and
power supply configurations, and to determine potential
failure mechanisms. In all test cases, a constant DC power
of 10.0 mA (2.0 mA/cm?) was applied to simulate
operating conditions. Each corrosion test cycle consisted
of salt spray exposure (3 hours at 35 °C with 5% NaCl
solution), and high temperature and humidity aging (14
hours at 49°C and 95% relative humidity). Upon
completion of a total of 14 test cycles were conducted,
SEM and EDS were also performed on the connector
contact regions to investigate corrosion morphology and
material transformation.

3. Results

3.1 Identification of potential corrosion mechanisms
Table 2 summarizes the EDS analysis results for
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Table 2. EDS results of target HV cable

Elements Connector surface | Connector cross-section

(WI%) (Wt%)

o 33.10 -

Na 0.83 -

Al 0.52 92.31

Ni - 1.00

Cl 0.33 -

Sn 59.13 -

different regions of the HV cable connector. On the
connector surface, the detected elements included oxygen
(0), sodium (Na), aluminum (Al), chlorine (Cl), and tin
(Sn, about 59.13 wt%). These results confirm the presence
of a tin (Sn) plating layer on the connector surface, likely
applied for corrosion protection and contact conductivity.
In contrast, the connector cross-section revealed the
following elemental composition such as aluminum (Al,
about 92.31 wt%), and nickel (Ni). This indicates that the
bulk material of the connector is primarily composed of
aluminum, with possible Ni interlayer or diffusion barrier
coating. Since the ground terminal section of the HV cable
consists of copper (Cu) with a thin layer of tin coating,
therefore, the connector and ground contact points are not
dissimilar metals owing to Sn-coated under initial
conditions. However, it was noted that if the tin coating
on either surface wears off due to mechanical abrasion or
vibration-induced fretting, the underlying Cu-Al may
become exposed, forming a dissimilar metal junction and
promoting galvanic corrosion.

The leakage current values obtained under various
vehicle operating conditions are summarized in Table 3

for the AC HV cable, and in Table 4 for the DC HV cable.
According to established literature and electrochemical
corrosion models, stray current corrosion is likely to occur
when the leakage current density within the following
threshold ranges of about 3 ~ 80 mA/cm® for AC [17]
and about 0.01 ~ 10 mA/cm? for DC [18], respectively.
Notably, if the current density surpasses these ranges
significantly, corrosion tends to decrease sharply due to
the formation of protective oxide layers or passivation
films on the metal surface. However, when values remain
within the critical window, the system is highly vulnerable
to active corrosion processes, especially in the presence
of conductive electrolytes.

In this study, the measured current densities for both
AC and DC HV cables during forward braking and
reverse braking conditions fell within the critical range,
indicating a high risk of stray current-induced corrosion
under these operational states, as shown in both Table 3
and Table 4. Additionally, in the DC HV cable, minor
corrosion risk was also observed under forward and
reverse driving conditions as shown in Table 4, where the
current densities were measured at 3.25 mA/cm® (AC
measurement), and 0.09 mA/cm? (DC measurement).
Overall, the results indicate that both AC and DC HV
cables exhibit significant vulnerability to stray current
corrosion during braking operations, regardless of the
applied voltage type. This highlights the critical
importance of insulating integrity, connector design, and
current path control in HV systems for eco-friendly
vehicles.

Fig. 3 presents the results of the fretting wear
reproduction test conducted to simulate vibration-induced
mechanical damage at the connector interface. Fig. 3a

Table 3. Leakage current measurement in three-phase AC HV cable

Measurement condition Contact area Operating condition Measured value (mA/cm?) | Corrosion possibility
Idle 0.25 No
; Forward/Reverse rotation 2.70 No
AC current 5.90 cm”
Forward stop 12.14 Yes
Reverse stop 4.26 Yes
Idle 0.00005 No
Forward/Reverse rotation 0.01 No
DC current 5.90 cm?
Forward stop 0.06 Yes
Reverse stop 0.06 Yes
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Table 4. Leakage current measurement in single-phase DC HV cable

Measurement condition Contact area Operating condition Measured value (mA/cm?) | Corrosion possibility
Idle 1.73 No
Forward/Reverse rotation 3.25 Yes
AC current 2.67 cm?
Forward stop 40.93 Yes
Reverse stop 19.42 Yes
Idle 0.0009 No
Forward/Reverse rotation 0.09 Yes
DC current 2.67 cm®
Forward stop 1.17 Yes
Reverse stop 0.90 Yes

€)

()

Fig. 3. Wear test results: (a) surface, (b) cross-section

shows SEM and EDS analyses of the worn surface, and
Fig. 3b shows the corresponding cross-sectional SEM and
EDS results. The surface EDS analysis as shown in Fig.
3a reveals a clear exposure of Al in the fretted region,
indicating that the Sn plating layer has been worn off due
to repeated mechanical contact. Similarly, as shown in
Fig. 3b, cross-sectional EDS mapping within the red-line
highlighted area also confirms localized exposure of the
Al base material, verifying that the wear penetrated
beyond the protective Sn coating. From three repeated
test cycles, the average wear depth of the aluminum
substrate was measured to be approximately 11.8 pm,
indicating significant mechanical degradation of the
connector material under vibration loading. These
findings strongly suggest that vehicle-induced vibration
during operation can lead to mechanical failure of the Sn
coating, resulting in direct contact between the Al
connector and Cu ground terminal. Such a dissimilar
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metal interface creates an ideal condition for galvanic

particularly in moist or conductive

environments. As a result, progressive aluminum erosion

corrosion,

and pitting corrosion may occur over time.

3.2 Results of combined corrosion testing

Fig. 4 through Fig. 7 present SEM and accompanying
EDS results obtained from the connector surface after
combined corrosion test conditions from 1 to 4 as listed
in Table 1. For each specimen, three random sites were
examined on both the left- and right-hand sides of the
connector, such as Fig. 4a and Fig. 4b respectively, and
(Wt%) are
summarized in Table 5. Under condition 1 as shown in

the averaged elemental compositions
Fig. 4, the connector surfaces showed no evidence of
fretting or corrosion without electrical current and
vibration operation. The major detected element was Sn,
accounting for more than 75 wt%, with minor traces of
Ni, likely from the under-plating layer beneath the Sn
coating. It was indicated that the Sn layer remained fully
intact and corrosion did not initiate under these inert
conditions since Al and O were not detected on the
surface. Similarly, where a 10 mA DC current was applied
without vibration as shown in Fig. 5, the EDS results were
similar to the result of condition 1. The absence of Al and
O signals, along with the preservation of a high Sn content,
indicated that electrical bias alone did not compromise
the integrity of the protective coating or induce any
measurable corrosion activity.

In contrast, Fig. 6 resulted in significant surface changes
when vibration was operated to the HV cable. SEM
images revealed localized wear regions with fretting
damage, particularly in the red dashed zones as shown in
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both Fig. 6a and Fig. 6b. EDS spectra from these regions
revealed the emergence of more than about 3 wt% of Al
and increased O content, indicating that the Sn layer had
been mechanically disrupted, ultimately exposing the
underlying Al substrate. The presence of oxygen is
attributed to the formation of AlO;, a typical by-product

0 1 2 3
Full Scale 2355 cts Cursor: 0000 ke

Fig. 4. Combined corrosion test — condition 1: (a) left side,
(b) right side

(a) X1000,

0
Full Scale 2355 cts Cursor: 0.000 kev]

Fig. 5. Combined corrosion test — condition 2: (a) left side,
(b) right side

of galvanic corrosion when Al is exposed to a conductive
environment. Further degradation was observed under
condition 4 as shown in Fig. 7, which combined
mechanical vibration with DC electrical bias. In this case,
the Al content increased by approximately 2 wt% relative
to condition 3, while O content exhibited an increment

Fig. 6. Combined corrosion test — condition 3: (a) left side,
(b) right side

0 1 2 3 4
Full Scale 2355 cts Cursor: 0.000 ke

Fig. 7. Combined corrosion test — condition 4: (a) left side,
(b) right side

Table S. Elemental analysis from combined corrosion test (Unit: wt%)

Elements Condition 1 Condition 2 Condition 3 Condition 4
(0] 11.30 16.68 17.87 26.62
Na 0.79 1.72 0.97 291
Al - - 3.11 5.35
Ni 9.22 3.94 10.84 3.56
Cl 0.39 1.01 1.60 5.44
Sn 77.94 76.65 75.61 56.12
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exceeding about 10 wt%, suggesting that the presence of
current accelerated oxide formation and substrate
degradation. These findings point to a synergistic effect
between mechanical abrasion and electrochemical
activation, promoting both galvanic and stray current
corrosion mechanisms.

These findings demonstrate that mechanical fretting is
the primary initiator of coating failure, while concurrent
DC bias amplifies corrosion kinetics once the Al-Cu
dissimilar interface is exposed. Consequently, both
galvanic and stray-current mechanisms act synergistically
under realistic vehicle braking scenarios. Once exposed,
the presence of electrical bias significantly amplifies
corrosion kinetics, accelerating the deterioration process.
These results emphasize the critical role of maintaining
coating integrity and mitigating vibrational stress to
prevent premature failure of HV connectors under realistic
operating conditions.

4. Discussion

This study was initiated following repeated observations
of severe corrosion and surface degradation at the
connector—ground interface of high-voltage (HV) cables
in eco-friendly vehicles. Field-returned connectors
exhibited intensive oxidation and pitting, prompting a
detailed investigation of the underlying mechanisms.
Material analysis confirmed that the connector body is
primarily Al, while the ground braid is Cu, with both
surfaces plated with Sn for conductivity and corrosion
protection. Evidence of dissimilar metal coupling
suggested coating breakdown under service conditions.

Galvanic corrosion may arise when two dissimilar
metals with significantly different electrochemical
potentials are electrically connected and exposed to a
conductive electrolyte. When the potential difference
exceeds approximately 0.25 V, the less noble metal is
prone to possibly accelerated anodic dissolution under
typical service conditions such as measured in seawater [19].
In the present case, Al and Cu exhibit standard electrode
potentials of approximately -0.75 V and -0.36 V, respectively,
resulting in a potential difference of around 0.4 V. Although
the aluminum-copper couple exhibits a significant difference
in standard potential in this study, the actual galvanic behavior
should be validated against measured corrosion potentials in
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the intended operating environment.

Furthermore, exposure of the connector region to
electrolytic solutions such as road salt, rainwater, or
condensation accelerates corrosion. Higher electrolyte
conductivity and greater surface wetting increase the
reaction rate. Without adequate sealing and structural
countermeasures, HV cable systems become progressively
more susceptible to electrochemical failure. To evaluate the
corrosion mechanism under controlled yet representative
conditions, four combined corrosion test scenarios were
designed, varying vibration loading and electrical bias to
isolate and assess the effects of mechanical wear (fretting)
and stray current corrosion. Leakage current measurements
during braking confirmed that stray current-induced
electrochemical stress, combined with mechanical wear,
accelerates degradation. The results clearly indicated that
vibration-induced fretting is a key initiator of damage:
repeated micro-motions mechanically remove the Sn
coating, exposing the Al substrate. Once exposed, the Al
contacts Cu directly, forming a galvanic couple.
electrolyte
completing the corrosion circuit. Under these conditions,

Compromised sealing permits ingress,

galvanic and stray current corrosion act simultaneously,
producing high concentrations of Al, O3 , as confirmed
by EDS analysis.

Based on the elemental analysis in Table 5, the oxygen
(O) content on the connector surface varied significantly
depending on the test condition, ranging from 11.30 wt%
t0 26.62 wt%. Since elevated oxygen levels are indicative
of aluminum oxide (ALO,) formation, these results
suggest that higher O content correlates with increased
corrosion product accumulation. Comparing conditions 2
and 3, it is evident that vibration alone (condition 3) leads
to a greater increase in O content than bias alone
(condition 2), implying that mechanical fretting plays a
more dominant role in initiating coating failure and
subsequent corrosion. However, the highest O content was
observed under condition 4, where both vibration and bias
were applied simultaneously. This supports the hypothesis
of a synergistic effect, whereby vibration-induced coating
damage exposes the aluminum substrate, and the presence
of stray current accelerates the electrochemical corrosion
process once the dissimilar metal interface is exposed.
Taken together, these findings confirm that the interplay
between vibration, environmental exposure, and electrical
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current under realistic vehicle conditions creates a high-
risk environment for accelerated corrosion. The
degradation is not attributable to a single factor but rather
to the synergistic effect of structural, material, and
operational stressors.

Although noble metal coatings such as gold provide
conductivity, and
environmental stability, their high cost and minimal
thickness (typically 0.1-0.3 um) limit their practicality
[20]. Thin gold layers may also exhibit porosity and arc-

excellent corrosion resistance,

tracking issues in high-current applications, making them
unsuitable for cost-sensitive automotive systems.

Given these material limitations, structural reinforcement
of the connector is proposed as a more practical and
scalable solution. Specifically, mechanical designs that
employ bolted or clamped retention can minimize micro-
gaps at the contact interface and suppress relative
movement that leads to fretting [21]. Increasing the
contact normal force through latch redesign or spring
preload can further enhance mechanical stability. In
addition, sealing strategies such as precision-fitting
connector tubes, dual O-ring configurations, and over-
molded grommets can be employed to prevent moisture
or electrolyte ingress [22]. For example, both main power
and ground connection interfaces shall incorporate O-ring
seals made of fluorocarbon material, compressed to 20-
25% of their cross-sectional diameter within precision-
machined grooves. By eliminating environmental triggers
and maintaining mechanical tightness, the risks of
galvanic and stray current corrosion can be greatly reduced.
Additional measures, such as composite or duplex
coatings (e.g., Sn—Ag, Sn—Bi), nanocrystalline Sn layers
with enhanced wear resistance, and integrated leakage
current sensing (e.g., Hall sensors), may further improve
durability and enable early detection of insulation

degradation.
Ultimately, this study demonstrates that while tin-coated
connectors fulfill baseline performance and cost

requirements, their durability can be compromised under
real-world conditions involving vibration and electrical
loading. A combined approach, involving mechanical
design reinforcement, environmental sealing, and targeted
material enhancements, offers a promising path forward
for improving the long-term reliability of high-voltage
connectors in eco-friendly vehicle platforms.
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5. Conclusions

This study systematically elucidated the corrosion
mechanisms affecting high-voltage cable connectors in
eco-friendly vehicles, emphasizing the interplay between
galvanic coupling and stray current-induced degradation.
Material characterization and environmental testing
confirmed that vibration-induced fretting is the primary
trigger for protective layer failure, exposing the aluminum
substrate to corrosive environments. Under simulated
vehicle conditions, including thermal humidity, salt spray,
and electrical bias, aluminum oxide formation was
consistently observed, indicating active corrosion.
Leakage current measurements under representative
driving scenarios revealed that both AC and DC HV
cables operate within the critical range for stray current
corrosion, particularly during braking. The oxygen
content analysis further showed that vibration had a
greater impact on corrosion initiation than electrical bias
alone, while the combination of both factors resulted in
the highest corrosion product formation, demonstrating a
clear synergistic effect.

These findings highlight the necessity of mitigating
vibration-induced mechanical wear and controlling stray
current pathways. Structural improvements such as
vibration-resistant fastening, equivalent sealing of both
power and ground connections, and prevention of
electrolyte ingress are essential to enhance the long-term
reliability and operational safety of HV cable systems in
electric mobility applications.
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