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Abstract

In coastal hot and humid regions, the steel pin of AC porcelain insulators often suffers from
severe electrochemical corrosion due to surface contamination and moisture, leading to
insulator string breakage. Contrary to the common belief that AC corrosion is negligible,
this study reveals the significant role of the DC component in leakage currents and the
synergy of this DC component with localized high current densities in accelerating corro-
sion, based on field investigations and experiments. Using a simulation model based on
the Suwarno equivalent circuit, it is shown that non-linear contamination causes highly
non-sinusoidal leakage currents, with total harmonic distortion up to 40% and a DC com-
ponent of approximately 22%. To mitigate this, a conductive silicone rubber coating is
proposed to block moisture and distribute leakage current evenly, keeping surface cur-
rent density below the critical threshold of 100 A/m2. Simulations indicate that a 2 mm
thick coating with conductivity around 10−4 S/m effectively reduces current density to a
safe level. Accelerated corrosion tests confirm that this conductive coating significantly
suppresses pitting corrosion caused by high current densities, outperforming traditional
insulating coatings. This study presents a practical and effective approach for protecting
AC insulators in harsh environments, contributing to improved transmission line reliability
in high-temperature and high-humidity regions.

Keywords: AC insulators; steel pin corrosion; leakage current; DC component; conductive
coating; current density mitigation; Suwarno model; nonlinear conductivity

1. Introduction
In coastal hot–humid regions, the corrosion of steel pins in porcelain insulators used in

high-voltage AC transmission lines has emerged as a significant hidden risk that threatens
the safe and stable operation of power grids [1]. Particularly at the interface between the
steel pin and the cement grouting, factors such as structural gaps, differences in material
potentials, and localized moisture accumulation can easily lead to electrochemical cor-
rosion [2]. The mechanism of AC corrosion remains unclear. Main hypotheses include
asymmetric polarization, anodic depolarization, alkali generation, and autocatalysis, but
no unified model exists. Tests show that corrosion rates generally increase with rising AC
current density [3]. Furthermore, porcelain insulators accumulate soluble (ESDD) and non-
soluble (NSDD) deposits that, upon wetting, turn the surface into a nonlinear conduction
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path. This produces nonsinusoidal leakage current with elevated harmonic content and
a DC component, phenomena intensively studied in polluted-insulator diagnostics and
modeling since Suwarno’s equivalent-circuit formulation [4,5].

Leakage-current analytics are established indicators of insulator health and pollu-
tion severity; recent lab/field works and simulations quantify how humidity and con-
tamination shape waveforms and current paths [6]. RTV coatings and semiconducting
glazes reduce flashover by modifying surface conduction/field distribution; the latter
also equalizes voltage/current along the string [7]. Yet, localized current injection at the
steel pin–cement interface and its AC/DC corrosion implications remain underaddressed.
Cross-disciplinary AC-corrosion literature provides quantitative thresholds for risk as-
sessment (30/100 A·m−2) and highlights synergy between DC bias and AC transients [7].
Traditional perspectives in power engineering generally hold that, due to the periodic
polarity reversal characteristic of AC current, it is difficult to establish a stable corrosion
cell on the metal surface. Consequently, the corrosion rate induced by AC is significantly
lower than that caused by an equivalent DC current, typically only about 1% [8,9]. Based
on this understanding, the corrosion of insulator steel pins in AC systems has long been un-
derestimated, and protective designs have primarily relied on hot-dip galvanized coatings.
Cathodic protection offers some mitigation, as the cathodic protection potential becomes
more negative, corrosion can be prevented even at higher current densities. However,
overly negative potentials may either exacerbate corrosion under AC current, with effects
still debated [10]. Practical operational experience shows that in coastal regions with high
salt spray, high humidity, and high pollution levels, corrosion and fracture of AC insulator
steel pins frequently occur after about 10 years of service (far shorter than the conventional
design life of 20–30 years), particularly at the steel pin–cement grouting interface where
corrosion is especially severe. Moreover, when the insulator surface becomes contaminated
and moistened, the resulting contaminant layer often exhibits significant nonlinear resistive
characteristics. This causes the leakage current to contain not only AC components but
also potentially sustained DC components [11,12]. Such complex current characteristics,
combined with the injection of localized high current densities, significantly accelerate
the degradation of the protective layers on the steel pin. These findings reveal that AC
corrosion can exhibit destructive effects similar to those of DC corrosion under specific
conditions. Other protective measures, such as insulating-type protective layers, mainly
provide protection by physically isolating the steel pin from moisture and corrosive agents.
However, insulating coatings cannot effectively disperse the leakage current; instead, they
merely shift the current injection point to the edges of the coating near the steel pin, failing
to fundamentally eliminate high-current-density-induced corrosion [13–16].

Therefore, this study proposes an innovative solution using a conductive silicone
rubber coating to mitigate steel pin corrosion. The AC leakage current characteristics
are analyzed through simulations based on the Suwarno equivalent circuit model and
experiments with contaminated and moistened glass plates and validated against acceler-
ated corrosion tests. The regulation mechanism of the semiconducting coating on current
density is elucidated, providing theoretical support and an engineering solution for the
safe operation of AC insulators in highly corrosive environments.

2. Materials and Methods
2.1. Simulation of Leakage Current of Porcelain Insulator

Based on the Suwarno equivalent circuit model, the characteristics of leakage current
under contaminated and moist conditions were simulated and analyzed [17–19]. As shown
in Figure 1, the circuit consists of the insulator’s inherent capacitance C1 and resistance
R1, the dry-band capacitance C2 of the surface contaminant layer, a constant resistance R2,
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and a critical nonlinear resistance R(u). The insulator is subjected to a voltage U across
its terminals. In some cases, an arc model is additionally incorporated into the circuit to
simulate possible partial discharges or arcing phenomena on the insulator surface, although
this is beyond the scope of the present study.

 

Figure 1. Suwarno equivalent circuit model.

The conduction mechanism of the nonlinear resistor is described by the constitutive
relationship given in Equations (1) and (2):

G(u) = G0(1 + u/u0)
α (1)

R(u) = 1/G(u) (2)

where G(u) is the nonlinear conductance, G0 is the reference conductance (taken as 10−8 S),
u0 is the reference voltage (taken as 15 kV), u is the actual voltage across the nonlinear
resistor, α is the nonlinear coefficient, which characterizes the sensitivity of conductivity to
voltage variations. In the simulation, the applied voltage across the insulator terminals is
set to 40 kVrms, with the circuit parameters defined as: C1 = 0.5 pF, R1 = 1012 Ω, C2 = 300 pF,
and R2 = 109 Ω, based on measured data for polluted porcelain insulators under salt spray
conditions from the literature [17]. The moisture-laden contaminant layer serves as the
primary current-carrying path. Due to the Joule heating effect of the leakage current,
the moisture within the layer gradually evaporates, resulting in dynamic behavior of the
overall circuit. This includes the continuous absorption of moisture from the environment
and the simultaneous evaporation of water from the contaminant layer. Such dynamic
processes lead to temporal variations in both the dry-band zone of the contaminant and the
nonlinear coefficient α. In the simulation, the randomness of the nonlinear coefficient is
accordingly taken into account.

2.2. Measurement of Leakage Current

To validate the predicted nonsinusoidal characteristics of leakage current and the
existence of a DC component based on the Suwarno equivalent circuit model, this study de-
signed and conducted a series of laboratory simulation experiments aimed at reproducing
the electrical behavior of an insulator surface under conditions of contamination accumu-
lation and moisture exposure. As shown in Figure 2, the experimental setup primarily
consists of a 10 cm × 4 cm glass plate, on the surface of which a simulated contaminant
layer was uniformly applied. The contaminant layer, prepared by mixing kaolin and
NaCl, was used to replicate the contamination deposition typically observed on the surface
of real insulators in coastal, high-salt-fog environments. The contaminant layer had an
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NSDD of 2.0 mg/cm2 (corresponding to ash or dust density) and an ESDD of 0.1 mg/cm2

(corresponding to salt density). The sample was placed inside a humidity-controlled en-
vironmental test chamber, where the relative humidity was maintained stably within the
range of 73–78% relative humidity (RH) by placing a saturated NaCl solution, simulating
high-humidity conditions. After allowing 12 h for sufficient moisture absorption, two
copper foil electrodes were symmetrically attached to both sides of the glass plate to serve
as the voltage application and current signal acquisition interfaces, thereby constructing
a simple plate-type leakage current circuit. During the experiment, a NI USB6009 data
acquisition (DAQ) card, in conjunction with a LabVIEW-based data acquisition system, was
used to synchronously acquire the voltage and leakage current signals across the circuit at
a high sampling rate of 5000 Hz. This ensured the accurate capture of rapid transients and
spike-like distortions in the current waveform.

 

Figure 2. Leakage Current Generation and Acquisition Device for Contaminated and Moistened
Surfaces.

2.3. Accelerated Corrosion Test with Leakage Current

Heat-zinc-galvanized steel-silicate cement specimens (Figure 3) were prepared, and
accelerated corrosion tests were conducted in an environmental simulation chamber at
40 ◦C and 93% RH, in accordance with the standard IEC 60068-2-78:2012 [20]. A standard
L9(33) orthogonal array was employed to investigate the main effects and interactions
among three experimental factors: salt-spray deposition rate (0, 5, or 10 g·m−2·day−1),
acetic acid pollution level (0, 3, or 8 µg·m−3), and alternating leakage current (0, 3, or
10 mA). For each test condition, two identical specimens were prepared, resulting in a total
of 18 samples. The testing sequence was randomized to ensure statistical orthogonality
and minimize potential bias. An AC current was directly injected into the root of the
steel pin using a graphite electrode, where the cylindrical graphite electrode made point
contact with the cylindrical steel pin, as shown by the red circle in Figure 3. The test results
were subjected to correlation analysis involving confidence levels and response surfaces.
Detailed test procedures are provided in our previous work [21].
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Figure 3. Accelerated Corrosion Test Setup.

2.4. Simulation of Leakage Current Mitigation Using Semiconducting Coating

This study employs COMSOL Multiphysics v5.6, to perform numerical calculations on
a three-dimensional steel pin model. Based on the Electric Currents module, the influence
of a semiconducting coating on the leakage current distribution around the steel pin was
investigated. The electrical conductivity of carbon steel was set to 106 S/m, and that of
cement was set to 10−12 S/m. A total injection current of 125 µA was applied through a
cylindrical electrode with a radius of 0.2 mm.

3. Results and Discussion
3.1. Case Analysis of Broken Strings

During the routine line inspection conducted by China Southern Power Grid Hainan
Branch in 2023, a broken string incident involving the fourth porcelain insulator was
identified on a 220 kV transmission line, as shown in Figure 4a–c. The insulator string was
commissioned in 2010 and is located in Huifeng Town, Wenchang City, Hainan Province,
which features a typical marine climate characterized by high temperature, high humidity,
and high salt fog. On-site investigations revealed that multiple steel pins within the
insulator string exhibited varying degrees of corrosion, with the corrosion areas primarily
concentrated near the interface between the steel pin and the cement grouting material.
Notably, the corrosion severity showed relatively little variation among different insulator
units, and no clear correlation with the electric field gradient along the insulator string was
observed (The electric field strength along the length of an insulator typically exhibits a
U-shaped distribution, with relatively higher field intensities near the steel pins at both
ends). This observation suggests that the corrosion of the steel pins is not primarily
caused by non-uniform electric field distribution but is closely related to the structural
arrangement of the steel pins and their local surface environmental conditions. Compared
to the upper-mounted corona rings or steel caps, the steel pins are oriented downward,
making them more prone to the accumulation of contaminants and moisture (Figure 4d).
Consequently, the surface of the steel pins is more likely to develop a moist and highly
conductive contaminant layer. Under such conditions, the leakage current density on the
steel pin surface is significantly higher than that on the steel cap and other regions, which
serves as a key factor driving localized electrochemical corrosion.
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(a) 

     
(b)  (c)  (d) 

Figure 4. Failure incident of an insulator string due to steel pin corrosion. (a) Overall view of the
insulator string. (b,c) Corroded regions on the steel pins. (d) Cross-sectional view of the insulator
(XP-50 type).

3.2. Results of Leakage Current Simulation and Measurement

Extensive previous research has demonstrated that leakage current is one of the
primary contributing factors to electrochemical corrosion in power equipment, transmission
lines, and metal components. In coastal operating environments characterized by high
salt fog, high humidity, and high temperature, when the surface of a porcelain insulator
becomes contaminated and moist, the resulting surface contaminant layer often exhibits
significant nonlinear resistive behavior [22]. By varying the nonlinear coefficient α within
the Suwarno equivalent circuit model across different ranges (0, 1), (0, 2) and (0, 3), the
effects of varying degrees of contamination and moisture, as well as nonlinear electric field
responses, on leakage current characteristics were simulated.

The simulation results presented in Figure 5 indicate that under dry (non-moist) con-
ditions, the leakage current exhibits a standard sinusoidal waveform. However, as the
variation range of the nonlinear coefficient α increases from (0, 1) to (0, 2) and then to
(0, 3), the waveform of the leakage current progressively deviates from a pure sine wave.
Correspondingly, the total harmonic distortion (THD) rises significantly from 7.66% to
18.47% and then to 40.54%, while the peak leakage current increases from 2 mA to 4 mA
and further to 18 mA. These findings suggest that the nonlinear response of the contam-
inant layer on the insulator surface can substantially alter the waveform characteristics
of the leakage current, introducing higher-order harmonics and a DC offset component.
Such changes exacerbate the deterioration of the electrochemical environment in localized
regions, particularly at components such as the steel pin-thereby increasing the risk of
localized corrosion.
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(a)  (b) 

(c)  (d) 

Figure 5. Simulated leakage current waveforms based on the Suwarno equivalent circuit. (a) α = 0,
(b) α ∈ (0, 1), (c) α ∈ (0, 2), (d) α ∈ (0, 3).

To closely mimic the actual operating voltage levels of insulators in service, an AC
power-frequency voltage of 4.5 kV (rms) was applied across the two ends of a glass plate
in the experiment and maintained for a sufficiently long duration (approximately several
minutes to tens of minutes). This ensured the formation of distinct dry band regions within
the contaminant layer, along with corresponding localized arcing or nonlinear conduction
phenomena.

Through post-processing and analysis of the acquired leakage current signals, it can
be observed from the voltage-current phase difference shown in Figure 6a (the black
line is voltage and the blue line is current) that the leakage current is predominantly
resistive, with a minor capacitive component. As illustrated in Figure 6b, under prolonged
exposure to moisture and voltage stress, the measured leakage current waveforms display
significant non-sinusoidal distortion. This distortion is characterized by distinct spike-
like protrusions near the peaks and valleys of the otherwise sinusoidal waveform. These
transient distortions occur randomly in time and are marked by localized regions of high
amplitude. Further Fourier analysis of the current signals revealed that the major energy of
the leakage current was concentrated at frequencies of 100 Hz and below, and a noticeable
DC offset component was present, as shown in Figure 6c. Quantitative analysis showed that
the DC component accounted for approximately 22% of the fundamental current amplitude,
with an equivalent DC current magnitude of about 0.045 mA. Notably, these experimental
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findings are in close agreement with the simulated leakage current characteristics based on
the Suwarno model. When the nonlinear coefficient α was set to higher values (e.g., (0, 2)
and (0, 3)), the simulated currents also exhibited waveform distortion, increased THD, and
the emergence of a DC component. In particular, when α = (0, 3), the simulated leakage
current displayed pronounced spike-like transients and a significant DC offset, with the
peak current far exceeding the fundamental level (reaching up to 18 mA).

   
(a)  (b) 

 
(c) 

Figure 6. Leakage current measurements on contaminated and moist Surfaces. (a,b) the time-domain
waveforms of the current, (c) the frequency components.

3.3. Results of Accelerated Corrosion Test

Although the total leakage current in the circuit appears relatively low during the
experiment, the contact between the steel pin and the contaminant layer is often point-like
or limited to a small area. As a result, the local current density may far exceed the corrosion
threshold (e.g., 100 A/m2)—particularly under the combined influence of high temperature,
high humidity, and salt fog. These conditions can readily induce pitting corrosion, pit
corrosion, and even localized perforation, ultimately threatening the mechanical connection
reliability of the insulator. The surface morphologies after 40 days of accelerated corrosion
are shown in Figure 7. It can be observed that in the three experimental conditions below,
corrosion occurred specifically at the contact points between the graphite electrode and the
steel pin, while no significant corrosion was observed in the surrounding areas.
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(a)  (b)  (c) 

Figure 7. Surface morphology after 40 days of accelerated corrosion under different conditions.
(a) acetic acid = 3 µg/m3, salt fog = 10 g/m2·day, current = 0; (b) acetic acid = 0, salt fog = 10 g/m2·day,
current = 10 mA; (c) acetic acid = 0, salt fog = 3 g/m2·day, current = 5 mA.

Among these, Figure 7a corresponds to the case without the influence of AC leakage
current, whereas Figure 6b,c involves the presence of AC leakage current. It is evident that
the volume of corrosion products in the latter cases (with leakage current) is significantly
greater than that in the former (without leakage current). The corrosion in Figure 7a can
be primarily attributed to galvanic corrosion between the graphite and carbon steel, while
Figure 7b,c involves additional effects from AC leakage current. Although the total leakage
current in the circuit remains relatively low, the approximate point contact between the
graphite electrode and the cylindrical steel pin can result in a localized current density
amplified by tens or even hundreds of times—potentially far exceeding the threshold for
AC corrosion (100 A/m2). We speculate that when the metal is overprotected (with the zinc
potential at −1.10 V (CSE)), although a complete protective film forms, it may eventually
rupture due to the oscillating effects of the AC and fluctuations in the instantaneous
potential. When exposed to high temperature, high humidity, and salt spray environments,
this can lead to pitting corrosion. The resulting metal oxides generated from corrosion can
adhere to the cement surface, creating localized short-circuit paths and further increasing
the likelihood of leakage current concentration at these sites. Over time, this process can
lead to corrosion morphologies similar to those shown in Figure 4b,c. For leakage currents
containing both AC and DC components, the AC component first damages the protective
layer, after which the DC component induces Faradaic corrosion at the pitting sites.

3.4. Results of Current Density Distribution and Mitigation

Therefore, for the corrosion protection of metals under high electric fields, relying
solely on alloy-based coatings is insufficient. It is essential to avoid localized increases in
current density. To address this, we propose applying a semiconducting silicone rubber
coating at the root of the steel pin—leveraging its excellent weather resistance—to achieve
current equalization. The effects of coating parameters on current equalization performance
were quantitatively investigated through simulations. According to relevant domestic and
international studies, the distribution of contaminants on insulator surfaces is non-uniform.
Due to the effects of gravity, wind direction, and dielectrophoretic forces, the contamination
near the steel cap and pin is significantly heavier than that near the insulator edges, with
local surface conductivity reaching as high as ~10−4 S [23]. To ensure that the majority
of leakage current flows through the volume of the semiconductive coating, its volume
conductivity should exceed 10−4 S/m. Figure 8a presents the three-dimensional finite
element simulation model, in which a cylindrical electrode with a radius of 0.2 mm injects
a current of 25 µA into the steel pin from the cement grouting interface. The current flows
from the cement (high-voltage side) toward the steel frame (low-voltage side), simulating
the actual leakage current path during service. Figure 8b shows the normalized potential
distribution, while Figure 8c,d present the current density distributions on the surface of
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the coating and on the surface of the steel pin beneath the coating, respectively, for a coating
thickness of 2 mm and a conductivity of 10−2 S/m. The results show that both the steel
pin and the coating exhibit high current density concentrations near the injection point,
spreading out in a fan-shaped pattern.

(a)  (b) 

 
(c)  (d) 

Figure 8. Simulation results of the steel pin–cement structure. (a) Schematic of the simulation model,
(b) Voltage distribution, (c) Current density distribution on the surface of the semiconducting silicone
rubber coating, (d) Current density distribution on the surface of the internal steel pin. (Unit: A/m2).

To further reveal the current equalization effect of the coating, we extracted the line
distribution of current density near the current injection point. Without the coating, where
the electrode is in direct contact with the steel pin, the current density distributions along the
height and axial directions are shown in Figures 9a and 9b, respectively. The peak current
density at the injection point reaches approximately 500 A/m2 (due to mesh averaging, the
actual value may be even higher). Such a high localized current density far exceeds the
corrosion resistance capability of the steel substrate and can readily induce pitting corrosion
and localized perforation. With the coating applied, the maximum current density decreases
significantly with increasing coating thickness. Notably, when the coating thickness is
fixed and the conductivity is varied within the range of 10−4 to 102 S/m, the current
density distribution curves remain largely unchanged. This indicates that when there is a
large conductivity contrast between the coating and the steel pin substrate (approximately
106 S/m), the current equalization effect of the coating is primarily determined by its
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thickness, while the impact of conductivity is relatively minor. Moreover, the height of the
coating applied along the steel pin (5 mm, 10 mm, and 15 mm) has no significant effect on
the maximum current density at the steel pin. This can actually be observed from Figure 9a,
where the current density decreases rapidly within the first 2 mm above the steel pin.

(a)  (b) 

(c)  (d) 

Figure 9. Surface current density distributions. (a) Surface current density variation with height in the
absence of a coating, (b) Surface current density variation with circumferential angle in the absence
of a coating, (c) Surface current density variation with height on the steel pin surface under different
coating thicknesses and conductivities, (d) Surface current density variation with circumferential
angle on the steel pin surface under different coating thicknesses and conductivities.

When the coating thickness is 0.5 mm, the maximum current density on the steel pin
surface drops sharply from 500 A/m2 to 46 A/m2. When the thickness is increased to
2 mm, the maximum current density further decreases to approximately 5 A/m2. When the
thickness is further increased to 3 mm, the current density drops to around 2 A/m2, which
is within the safe range and shows a trend toward saturation. From the perspectives of
both current equalization performance and cost-effectiveness, it is recommended that the
thickness of the semiconducting protective coating should be at least 2 mm. We reviewed
the relevant specifications from power grid authorities regarding the thickness of RTV
coatings applied to the surface of porcelain insulators, which is typically in the range of
0.3~0.5 mm. Taking all factors into consideration, it is recommended applying a 2 mm-thick,
10 mm-high semi-conductive coating at the base of the steel pin.

Furthermore, considering that leakage current should preferably conduct volumetri-
cally rather than superficially, the conductivity of the coating should be controlled around
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10−4 S/m (which can be achieved by filling 15 phr of nano-acetylene black) [24]. This
conductivity level is sufficient to ensure volumetric current conduction, while avoiding
unnecessary cost increases associated with excessively high conductivity.

4. Conclusions
This study investigates the corrosion behavior of AC insulator steel pins under coastal,

hot and humid conditions, focusing on the role of leakage current and the effectiveness of
surface coatings. Accelerated tests were conducted to simulate nonlinear leakage currents
with corrosive DC and high-density AC components, which concentrate at the steel pin–
cement interface and form localized high-current zones driving corrosion.

Semiconducting silicone rubber coatings were found to effectively suppress corrosion
by blocking and redistributing the leakage current, keeping the steel pin current density
below the critical corrosion threshold. A coating thickness of ≥2 mm was identified as
crucial for uniform current distribution, significantly reducing peak current density, while
conductivity (10−6~1 S/m) had a minor impact. These findings highlight the importance
of proper coating design, particularly thickness control, in mitigating AC leakage current-
induced corrosion. Long-term field validation is needed, and semi-conductive RTV coatings
will be applied to selected in-service insulators during the Hainan Power Grid maintenance
period for evaluation under real operating conditions.
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