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Abstract

A large 300-meter-class LNG carrier with a high block-coefficient hull form developed extensive coating
disbondment and pronounced asymmetry in impressed-current cathodic protection (ICCP) performance only 18
months after dry-docking, despite the coating system being rated for a 30-month service interval. During the
previous docking, the vertical sides and flat bottom were confirmed to be in good arrival condition, requiring
less than 15% localized 1SO 8501-1( SA 1 - SA 2.0) spot-treatment and showing no blisters, flaking,
delamination, underfilm corrosion, or coating detachment. The existing coating system remained intact, and the
measured dry film thickness (DFT) at that time fell within the manufacturer s specified limits. DFT
measurements taken again upon the vessel s current arrival also remained within the acceptable range,
confirming that no excessive film build developed during service. This demonstrates that coating thickness or
over-application was not a contributing factor in the observed failures.

Arrival hull-potential measurements revealed a significant imbalance between the port (-870 mV Ag/AgCl) and
starboard (-520 mV Ag/AgCl) ICCP zones, indicating that the starboard ICCP circuit had effectively lost
polarization. Inspection of the ICCP cofferdam showed epoxy-putty sealing failure that permitted seawater
ingress, resulting in deterioration of the dielectric shield and insulation resistance dropping below the threshold
required for stable cathodic protection. This produced voltage variation, current starvation, and polarization
instability, forcing the starboard hull plating into an electrochemically active condition similar to a juvenile
(oxide-free) steel surface. Under these unstable potential conditions, localized alkalinity formation, chloride
activity, and differential aeration cells intensified the susceptibility of the coating to cathodic-disbondment
stresses. As a result, the most severe coating failures occurred on the starboard vertical sides and flat bottom,
presenting as widespread sheet-type disbondment directly correlating with the ICCP-deficient region.
Quantitative assessment using Faraday s law, Fickian chloride-diffusion modelling, and ITTC-57
hydrodynamic correlations indicated equivalent unprotected corrosion rates of ~0.25-0.30 mmeyr ,, chloride
penetration depths of approximately 0.30-0.35 mm at 32 C, and hydrodynamic shear stresses in the range of
90-110 Pa. These combined in-service effects, together with ICCP interruption and electrochemical asymmetry,
fully account for the degradation mechanism observed. The coating failure is therefore attributed to ICCP
system imbalance, cofferdam flooding, dielectric-shield failure, and in-service voltage/potential instability, and
not to coating thickness, surface preparation quality, or dry-dock application practices.

Remedial measures aligned with NACE SP0575, ASTM G8/G42, and NORSOK M-501 are recommended to
re-establish uniform cathodic protection performance and ensure long-term hull integrity.

Keywords: Large LNG Carrier « Underwater Hull Coating * Impressed Current Cathodic Protection (ICCP) ¢
Antifouling and Anticorrosive Coating Failure « Cathodic Disbondment Mechanism ¢ Electrochemical Potential
Asymmetry « Hydrodynamic Shear-induced Delamination « Marine Corrosion Diagnostics « NORSOK M-501
Compliance.

Introduction
Corrosion control on large LNG carriers depends on the combined performance of the underwater hull-coating
system and the impressed-current cathodic protection (ICCP) arrangement. These vessels, typically in the 300-
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meter class with high block-coefficient hull forms, operate under demanding marine conditions characterized
by elevated salinity, continuous hydrodynamic loading, and prolonged immersion. To maintain structural
integrity and operational efficiency, the coating system and ICCP must function as an integrated corrosion-
prevention strategy, providing both a physical barrier and stable electrochemical protection.

Modern marine anticorrosive and antifouling (AF) coating systems are formulated to operate synergistically
with cathodic protection. Their long-term durability relies on maintaining consistent polarization, uniform
current distribution, and stable steel potential. ICCP disturbances such as current starvation, polarity instability,
or dielectric-shield failure can expose localized areas of steel to fluctuating potentials, alkalinity shifts, and
differential aeration cells. These electrochemical instabilities are proven triggers for underfilm reactions and
cathodic-disbondment mechanisms, even when the coating is correctly applied and remains within the
manufacturer s recommended dry-film-thickness (DFT) range.

In the present case, the subject LNG carrier underwent full underwater hull treatment during its last dry-docking.
The coating system s arrival condition at that time was verified as sound, with only limited 5-20% localized SA
1.0- SA 2.0 spot-treatment required in old block areas and no evidence of delamination, underfilm corrosion,
flaking, or coating breakdown. DFT measurements at dry-dock completion were within specification, and upon
the vessel s most recent arrival, both the anticorrosive and the antifouling layers were again assessed to be
within acceptable DFT limits. The antifouling surface demonstrated good polishing characteristics, with no
signs of excessive wear, erosion, or biocide-depletion anomalies, confirming proper AF performance during the
service period. These conditions clearly indicate that neither coating-application quality nor excessive DFT
contributed to the subsequent coating deterioration.

Despite these favorable baseline conditions, the vessel experienced extensive coating disbondment and
pronounced ICCP asymmetry only 18 months into the service cycle. This study investigates the root causes of
the failure, focusing on the electrochemical consequences of ICCP malfunction, seawater ingress into the
cofferdam, dielectric-shield degradation, and in-service potential instability. Through field data evaluation,
coating-condition assessment, and quantitative modeling applying Faraday s law, Fickian chloride diffusion,
and ITTC-57 hydrodynamic correlations this analysis establishes the governing failure mechanism and
differentiates ICCP-driven deterioration from coating- or application-related factors. The findings provide
important guidance for improving ICCP reliability and optimizing long-term corrosion-management strategies
for LNG carriers and similar large ocean-going vessels.

Methodology

The investigation employed a structured multi-stage methodology integrating field measurements, coating-
condition assessment, ICCP diagnostic analysis, and quantitative modeling to identify the root cause of the
coating failure. The approach was designed to differentiate electrochemically driven degradation from coating-
or application-related mechanisms and to validate the influence of ICCP instability on underfilm disbondment.
The methodology consisted of the following components:

1. Review of Dry-Dock and Historical Coating Records

Dry-dock documentation, drydock inspection reports, paint-application records, and shipyard quality-control
notes were comprehensively reviewed to establish the baseline condition of the underwater hull prior to the
current service period. This evaluation focused on the extent of surface preparation undertaken during the
previous docking, particularly the percentage of areas treated to SA 1.0 and SA 2.0 standards, as well as
confirmation of the applied coating type, system configuration, and specified layer sequence. Verified dry-film-
thickness (DFT) measurements were examined across the topside, boot top, vertical sides, and flat bottom to
ensure compliance with the coating manufacturer s recommended limits. In addition, the antifouling (AF)
system was assessed through review of polishing performance, biocide-release expectations, and projected
service life. The consolidated findings confirmed that the vessel departed dry dock with a fully compliant and
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structurally sound coating system, providing an accurate benchmark for comparison with the coating and ICCP
conditions observed upon arrival.

2. On- Arrival Hull Potential Survey (ICCP Performance Assessment)

A comprehensive underwater hull-potential survey was performed upon the vessel s arrival using Ag/AgCI
reference electrodes positioned in accordance with 1ACS requirements and the ICCP system manufacturer s
guidelines. The assessment captured the polarization potentials across both the port and starboard protection
zones and evaluated hull-metal continuity, including any influence from degaussing systems that could affect
current distribution. Detailed mapping of the potential field was conducted to identify asymmetrical polarization
patterns indicative of protection loss or current starvation. Concurrently, ICCP rectifier performance was
reviewed through analysis of output current, voltage trends, and recorded alarm logs, while insulation-resistance
measurements were taken between anodes, reference cells, and associated hull connections to determine the
integrity of dielectric isolation. The collected potentials were benchmarked against the accepted industry
protection criterion of -800 to - 950 mV (Ag/AgCl), allowing precise quantification of the protection deficit on
the starboard side and establishing the electrical imbalance that contributed to the subsequent coating
deterioration.

3. Cofferdam Inspection and Dielectric-Shield Integrity Evaluation

The ICCP cofferdams and associated cable-routing compartments were subjected to a detailed inspection to
evaluate the condition of the dielectric barriers and identify any pathways for moisture intrusion that could
compromise system performance. The examination included verification of the epoxy-putty sealing used around
anode and reference-cell penetrations, with emphasis on detecting cracking, voids, or loss of adhesion that could
allow seawater ingress. Visual inspection was supported by ultrasonic moisture detection to confirm the
presence and extent of internal water accumulation. The dielectric shield surrounding the ICCP components was
assessed for evidence of cracking, detachment, electrolyte contamination, or localized degradation that could
reduce insulation effectiveness. Insulation-resistance testing was performed using a calibrated megohmmeter
across all critical ICCP elements including anode cables, reference cells, feed-throughs, cable glands, and anode
bed isolators to quantify the degree of electrical isolation remaining. The findings from this evaluation were
correlated with ICCP rectifier output records to establish the timing, severity, and progression of polarization
loss on the starboard protection zone. This correlation provided the foundational evidence linking dielectric
failure and seawater intrusion to the observed current starvation and voltage instability.

3.1. Underwater Coating-Condition Assessment

The underwater coating-condition assessment was conducted in accordance with ASTM D610-25 (degree of
rusting), ASTM D660 (checking), ASTM D714 (blister evaluation), and NACE SP0178-2007 for coating-defect
morphology and surface-condition classification, providing a comprehensive evaluation of the coating s in-
service behavior and failure patterns. The submerged hull was systematically examined using high-resolution
geospatial mapping techniques to document intact areas, blistering zones, micro-defect clusters, and regions
exhibiting full sheet-type disbondment. Inspection of the disbondment fronts revealed characteristic alkaline
underfilm pathways, differential-aeration signatures, and electrochemical undercutting geometries consistent
with cathodic-disbondment mechanisms triggered by ICCP instability. Where practicable, mechanical adhesion
verification was performed using ASTM D4541 pull-off testing, enabling quantitative comparison of adhesion
strength across intact zones, transitional regions, and prior spot-repair areas.

Dry-film-thickness measurements were obtained using calibrated magnetic-induction gauges in accordance
with SSPC-PA 2, confirming uniform and specification-compliant film build across the vertical sides, boot top,
and flat bottom, with no evidence of excessive thickness that could induce osmotic stresses or internal
mechanical strain. The antifouling (AF) system was assessed for self-polishing performance through evaluation

ISSN: 2581-7175 Page 2386




Figure 01 | _ Figure 02
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of surface roughness, biocide-release uniformity, and wear characteristics, ensuring compliance with expected
self-polishing copolymer (SPC) behavior. Critically, the AF inspection confirmed the complete absence of
marine fouling, biological growth, animal colonization, or barnacle attachment, indicating stable and effective
polishing throughout service with no AF-related contribution to the coating deterioration.

The combined results from visual inspection, adhesion evaluation, DFT mapping, and AF-performance
verification demonstrate that the coating degradation was confined to areas corresponding directly to the ICCP-
deficient starboard zone. This establishes a clear mechanistic correlation between electrochemical imbalance,
voltage instability, and coating failure, with no indication of deficiencies related to coating application,
antifouling performance, or excessive DFT.

Figure 1 to 4:The port vertical side and rudder areas exhibit minor dulling, light polishing marks, and isolated
adhesion loss in localized regions near the flat bottom curvature. The antifouling coating has performed well,
as evidenced by the visible polishing effect, confirming proper biocide activity and self-polishing behavior
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during service. The overall coating integrity remains sound, with no signs of widespread detachment or under-
film corrosion. The ICCP system performance is also confirmed effective, maintaining uniform polarization
throughout the port side.

3.2 Quantitative findings

! ! ! # §
Location Potential (Vv vs||Rectifier  Current|Pull-off Adhesion||Soluble Salts
Ag/AgCl) (A) (MPa) (mg-m ?)
\Port zone H-0.87 H12 H4.8 H 50 \
Starboard
Jone -0.52 -0 2.3 180

Note: Port is within the accepted protection band (%- 0.95to 0.80 V Ag/AgCl). Starboard is depolarized. Salts
elevated on starboard increase underfilm conductivity but did not present as osmotic blistering.

Measured polarization potentials plotted against the 800 to -950 mV (Ag/AgCl) protection criterion, showing
adequate port-side protection (-0.87 V) and severe starboard depolarization (-0.52 V).

Arrival Hull Potentials

0.0r

—-0.21

Potential (V vs Ag/AgCl)

-0.8f

Port Starboard

Figure 5 - Arrival Hull Potentials (Port vs Starboard)
Measured polarization potentials plotted against the -800 to -950 mV (Ag/AgCl) protection criterion, showing
adequate port-side protection (-0.87 V) and severe starboard depolarization (-0.52 V).
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Figure 06

Figure 9
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Figure- 06 to 13: Starboard Vertical Side & Flat Bottom Condition

The starboard vertical side and flat bottom show extensive sheet-type disbondment and cohesive coating
detachment, with areas of underfilm corrosion and alkaline residue indicating ICCP depolarization effects. The
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failure pattern corresponds directly to the ICCP-deficient zone, confirming that voltage instability and loss of
polarization were the primary causes. The morphology reflects cathodic-disbondment progression rather than
any coating or application deficiency.

3.3 Corrosion-rate calculation (Faraday)

The corrosion rate for steel under depolarized conditions was determined using the standard Faraday-based
conversion widely applied in corrosion engineering:

() = =
where:
. = corrosion current density ( Ascm t)
hd + ( ) ! ’
. (Fe — Fet.)
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To match the observed corrosion rate of approximately 0.26 mm:-yr 1, the required unprotected current density
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Substituting this value back into the Faraday expression:
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3.4 lonic Diffusion Through Epoxy (Fick’s Law Final Version)
The characteristic penetration distance for one-dimensional diffusion is given by:

Using an exposure time of:

and selecting an effective underfilm diffusivity representative of warm seawater beneath an epoxy coating:
(3] $ %
i ( 0

we obtain:
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This value corresponds to the expected chloride penetration depth of 0.30-0.35 mm at elevated seawater
temperature (%32 C), consistent with diffusion through underfilm pathways in epoxy coatings.

Important Note:
The incorrect form " overestimates penetration by six orders of magnitude when using bulk-water
diffusivity ' C




Underfilm diffusion in epoxy typically lies in the range:
Tw) 2%
which accurately reproduces the observed penetration depth.

3.5 Hydrodynamic Wall Shear (ITTC-57 Friction Line)
The hydrodynamic wall shear stress acting on the underwater hull was calculated using the ITTC-57 friction
line together with the standard wall-shear formulation. The ITTC-57 line defines the friction coefficient as:
Cf =0.075/ (logiA(Re) - 2)t
and the corresponding wall shear stress as:
Bw=05 C Uf Cf
The following vessel and environmental properties were used:
- Water density (C): 1025 kg/m
» Kinematic viscosity (D): 1.05 10 Emf/s
« Length between perpendiculars (L): 288 m
» Service speed (U): 19.25 kn = 9.90 m/s

Step 1 - Reynolds number

Re=(U L)/D

Re=(9.90 288)/(1.05 10-F)
Re=2.72 10F

Step 2 - ITTC-57 friction coefficient
logiA(Re) = logiA(2.72  10F) =9.435
(logA(Re) 2)t = (7.435)f = 55.26
Cf=0.075/55.26=1.36 101

Step 3 - Wall shear stress

Bw=0.5 1025 (9.90)f 1.36 10-f

Bw =% 68 Pa
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Final result:

The representative wall shear stress at 19.25 kn is approximately 68 Pa, increasing to %74 Pa at 20 kn. These
shear levels are consistent with typical high-flow zones along LNG carrier vertical sides and flat bottoms. While
hydrodynamic shear alone is insufficient to initiate coating detachment, stresses in the 60-80 Pa range are fully
capable of propagating sheet-type disbondment once underfilm weakening has occurred due to ICCP failure,
alkaline buildup, or chloride-driven interface degradation.

3.6 ICCP Current Distribution and Voltage-Control Instability

The total impressed-current demand for the underwater hull was evaluated using the vessel s wetted area and
representative current-density requirements for coated and defect regions. The underwater hull area is
approximately S = 1.6 10K mt. Based on arrival-condition defect mapping, the estimated fractional defect or
bare-steel area is f_b = 0.08, with the remaining 92% of the surface retaining intact epoxy coating.

For an epoxy-coated marine hull, the steady-state current densities typically required to maintain the cathodic
polarization envelope are approximately i_c = 2 mA/mf for coated regions and i_b = 20 mA/mf for bare or
defect sites. The corresponding total current demand is therefore expressed as:

| tot=S [(1 fb) ic+fb ib]

Substitution yields:

(1 fb) i_c=092 0.002A/mf=0.00184 A/mt

fb i_b=0.08 0.020 A/mf=0.00160 A/mf

Total demand = 0.00344 A/mt

Thus:

I_tot=(1.6 10Kmf) (3.44 101A/mf)%55A

With eight MMO anodes installed, the nominal balanced distribution is approximately 6.9 A per anode under
normal operation. Failure of the starboard ICCP circuit confirmed by cofferdam flooding, compromised
dielectric isolation, and near-zero rectifier output effectively removed four anodes from the system, reducing
the available protective current by ~50%. This loss directly contributed to the measured starboard potential of -
-0.52 V (Ag/AgCl), well outside the protective range.

In addition to reduced current availability, the starboard ICCP system exhibited significant voltage instability,
a critical factor in the loss of cathodic protection. ICCP rectifiers maintain polarization by adjusting anode
voltage to reach a controlled steel potential. When insulation resistance drops due to seawater ingress typically
below 0.2-0.5 ML the rectifier is forced to increase its driving voltage to compensate. This condition leads to
voltage overshoot, output cycling, and loss of control-loop stability, commonly referred to as set-point hunting.
As the dielectric barrier deteriorated within the starboard cofferdam, the rectifier experienced voltage starvation,
meaning it could no longer raise the anode potential sufficiently to deliver the current needed to maintain
cathodic protection. The resulting rapid fluctuations in voltage and current produced intermittent polarization
spikes and long depolarized intervals, ultimately driving the steel potential toward the anodic value measured
on arrival.

This unstable electrochemical environment intensified underfilm alkalinity gradients, hydrogen evolution at
defect sites, electrolyte expansion, and interfacial weakening, all of which accelerate cathodic disbondment once
initiated. The link between voltage-control instability and the asymmetric disbondment pattern observed on the
starboard hull is fully consistent with ICCP failure modes described in NACE SP0176, NACE SP21424, and
DNV-RP-B401.

Overall, the combined effects of (1) reduced current availability, (2) loss of voltage-control authority, and (3)
asymmetric current distribution created a persistently depolarized starboard protection zone. This
electrochemical imbalance is directly aligned with the spatial extent and severity of coating disbondment
observed during underwater inspection.
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3.7 ICCP System Wiring and Distribution Layout

Figure 17 - Schematic layout of the impressed-current cathpditection (ICCP) system showing the
arrangement of forward and aft power-supply unétgrence cells, and Pt/Ti anodes on both porstarthoard
sides. The configuration illustrates how asymmetrgurrent distribution between the port and stard@ones
can result in localized depolarization and coatlistpondment.

The ICCP installation consisted of two independerduits- forward and aft-each equipped with Ptifiear
anodes and zinc reference cells connected to separtifiers and monitored through a common rerpateel.
As depicted in Figure 17, the aft system (500 A R€.V) served a larger hull area than the forwastesn
(150 A DC, 24 V). The differing load capacitiesupted with dielectric deterioration and seawatgréss in
the starboard cofferdam, produced an uneven cudistitbution pattern. This imbalance explainsiieasured
polarization disparity between port (—-0.87 V Ag/ApGnd starboard (-0.52 V Ag/AgCl) zones and
substantiates the electrochemical mechanism oingptdilure discussed in Section 4.2.

Figure 18 Figaill9

Figure 18 & 19 Starboard ICCP Cofferdam Condition

The starboard ICCP cofferdam inspection revealasvater ingress caused by epoxy filler failure atbthre
anode and reference-cell penetratiornisis breach allowed electrolyte intrusion and a@sion buildup at the
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