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Abstract Developing accelerated exposure tests that
accurately predict the in-service performance of struc-
tural aircraft coatings remains challenging, largely due
to the complexity of simulating real-world environ-
mental conditions without altering key degradation
mechanisms. This study evaluated four different coat-
ing systems under various accelerated exposure tests
and compared their degradation behavior to in-service
performance. Coating degradation was characterized
using electrochemical impedance spectroscopy, scan-
ning electron microscopy, and attenuated total reflec-
tance Fourier transform infrared spectroscopy. Under
in-service conditions, failure was primarily driven by
the leaching of corrosion inhibitors, while the polymer
matrix degraded predominantly through hydrolysis and
thermo-oxidation. In contrast, during outdoor- or
cyclic salt spray exposure, inhibitor leaching remained
a key contributor to coating degradation although
polymer degradation was mainly caused by ultraviolet
radiation or hydrolysis. These findings emphasize the
challenge of replicating real-world degradation in
laboratory settings. Additionally, anodized oxide layers
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containing polymers within their pores played a critical
role in maintaining protection during early coating
failure. Chromate-based systems restored barrier prop-
erties, likely through chromate adsorption on hydro-
lyzed products within the oxide pores. In comparison,
praseodymium-based systems failed to restore protec-
tion, while lithium-based systems sustained protection
through an intact polymer.

Keywords Coatings, Outdoor exposure, Cyclic salt
spray test, In-service ageing, Corrosion

Introduction

Aluminium alloy components used in the aerospace
industry require robust protection against corrosion
and environmental degradation. This is typically
achieved through a multilayered coating system.'™ A
coating system typically consists of a pretreatment
layer, such as an anodised oxide layer or a chemical
conversion coating, with on top a primer containing
active corrosion inhibitors.>” The organic coatings
applied for structural applications are an essential part
of the overall coating system. In certain cases, an
additional topcoat may be applied, although its use is
generally restricted to areas exposed to severe corro-
sive environments. The primary function of the coating
system is to act as a barrier against moisture and
electrolytes, while simultaneously providing active
corrosion protection by the release of embedded
inhibitors to protect the substrate at damaged areas.’

Currently, chromate-based inhibitors dominate the
aerospace industry due to their exceptional perfor-
mance in active corrosion protection.> ® 7 However,
chromates are highly toxic and carcinogenic, creating
an urgent need for safer, more environmentally
friendly alternatives.® ° Significant research has been
conducted to develop chromate-free coatings, includ-
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ing formulations that incorporate rare earth-based
compounds or lithium salts as alternative corrosion
inhibitors.® 11> Despite these advances, achieving the
protective performance of chromate-based coating
systems b}l alternative coating systems remains chal-
lenging.% 1

To assess the performance of novel coatings, accel-
erated testing methods such as salt spray and outdoor
exposure tests are widely used.'”?’ However, these
standardized tests often fail to replicate the complex
degradation mechanisms that occur under real-world
service conditions.'® '% 2! 2 One of the key challenges
is accelerating corrosion without introducing artificial
factors that do not accurately reflect actual operational
environments,'® 1% 22

Extensive research has been conducted to enhance
the reliability of corrosion testing.'” ' 2*- 2 This has
led to the improvement of the widely used neutral salt
spray test (ASTM B117, ISO 9227) into the more
advanced cyclic corrosion tests, such as ASTM G835,
SAE J2334, VDA 233-102, and VCS 1027, 149."> '*- 2%
23 Although these cyclic tests are intended to provide a
better correlation between laboratory results and real-
world performance, establishing a direct relationship
remains difficult. Notably, studies have shown that
variations in time of wetness lead to different corrosion
phenomena; extended wet phases tend to promote
blistering, whereas dry or humid cycles are more likely
to induce filiform corrosion.”*** As a result, defining
reliable qualification criteria for aerospace coatings
continues to be a challenge.'®"

Moreover, the aerospace industry encompasses a
broad range of coating applications, each exposed to
unique environmental conditions, while most cyclic
corrosion tests are designed to simulate natural weath-
ering making these suitable for evaluating exterior
coating systems.”* However, these tests do not ade-
quately replicate the degradation conditions experi-
enced by structural coating systems. Except for a
number of specific cases, corrosion protection in
structural applications often relies on primer-only
systems, which are not designed to withstand UV
radiation and prolonged electrolyte exposure. Instead,
structural primers face unique challenges, such as
crevice corrosion, exposure to aircraft fluids, and
application on complex geometries, which are not
effectively captured by standardized cyclic salt spray
tests (CSST) protocols. Although factors like humidity
and temperature fluctuations affect both exterior and
structural parts, the resulting corrosion and degrada-
tion mechanisms can differ significantly.

As structural primers are being reformulated to
eliminate chromate-based inhibitors, there is a pressing
need to develop test methods that accurately reflect
their specific exposure conditions. Without corrosion
tests tailored to structural aerospace applications, it
remains difficult to assess the long-term in-service

coating performance of newly formulated chromate-
free coating systems. Developing more accurate and
representative testing methods is therefore essential.
This will not only improve performance predictions,
but also accelerate the adoption of safer and more
sustainable coating solutions.

To enhance the reliability of these testing methods,
a deeper understanding of how environmental factors
affect the degradation of coatings and corrosion in
structural applications is needed. Therefore, this study
investigates the degradation mechanisms of structural
aerospace coating systems under (i) accelerated con-
ditions, such as cyclic salt spray testing, (ii) natural
weathering through outdoor exposure, and (iii) real-
world conditions during flight testing, where coatings
are exposed in structural environments. The research
focuses on two primary aspects of coating degradation:
the degradation of the polymer matrix and the leaching
behavior of corrosion inhibitors.

To characterize these processes, a multidisciplinary
approach was employed. Electrochemical impedance
spectroscopy (EIS) was used to monitor changes in the
electrochemical properties of the coating systems
during electrolyte immersion, providing insights into
their protective behavior over time. Scanning electron
microscopy (SEM) was applied to examine morpho-
logical changes in the coating structure after exposure
to various environmental conditions. Additionally,
attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR) was used to investigate
chemical changes in the polymer matrix induced by
environmental stressors.

By integrating these analytical techniques, this study
provides a comprehensive understanding of the funda-
mental degradation mechanisms affecting the perfor-
mance of structural aerospace coatings. The findings
contribute to the development of more reliable testing
methodologies and offer valuable insights for designing
durable, effective chromate-free protective coatings for
structural aerospace applications.

Materials and methods
Test samples

In earlier work, the focus was on corrosion-induced
degradation of the metal substrate and the protective
effects of inhibitors at specific defect sites under
various exposure conditions. Full details of the exper-
imental methods are available in the accompanying
publication.”? The present study shifts attention to the
degradation of the same samples specifically evaluating
the four visually intact coating systems: two chromate-
containing systems and two alternatives based on
praseodymium and lithium inhibitors. The chromate-
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containing coatings were selected to assess whether
accelerated test methods can reliably predict long-term
in-service performance. Notably, the performance of
the chromate—1 system has already been evaluated on
aircraft components after more than 35 years of
service.”> ?° Meanwhile, the chromate—2 system is
accredited for the same application, making it a strong
benchmark for determining whether other coating
systems can achieve comparable long-term perfor-
mance based on accelerated testing. To identify key
degradation factors, the coatings were exposed to
various environmental conditions, including:

i. Immersion testing (as a reference)

ii. Two-year outdoor exposure

iii. 1000-h CSST

iv. 2.5 years of in-service exposure (flight testing)

All coatings were applied to anodized aluminium
alloy (AA)2024-T62 substrates, featuring anodized
oxide layers of approximately 2 pm thick. The dry-
film thickness of each coating was approximately
25 pm. The nominal chemical composition of the
AA2024-T62 alloy is as follows: Cu 4 wt%; Mg
1.5 wt%; Mn 0.6 wt%; Si 0.5 wt%; Fe 0.5 wt%; Zn
0.25 wt%; Ti 0.15 wt%; and Cr 0.10 wt%; with the
balance Al. Table 1 provides an overview of the
coating systems evaluated in this study.

As noted in Table 1, the chromate—1, chromate—2,
and praseodymium coating systems are based on a
polyamide epoxy resin, in compliance with MIL-PRF-
23377, the military standard that defines performance
requirements for primer coatings. By contrast, the
manufacturer of the lithium-based coating selected a
polyurethane resin, which offers greater resistance to
moisture ingress and polymer chain scission. This
formulation was intended to address the challenge of
developing a robust alternative to chromate-containing
systems. However, while reduced moisture permeabil-
ity improves barrier performance, it can also hinder the
timely release of corrosion inhibitors, which rely on
moisture to dissolve and activate. The lithium-based
system was therefore in this study specifically selected
to assess the effectiveness of active corrosion inhibition
in a low-permeability coating matrix.

Table 1: Coating systems under evaluation

Exposure environments

Environmental conditions during these tests have been
described in detail in a separate study*; a summarized
overview is provided in Table 2.

Immersion testing

The immersion test served as a reference to support
interpretation of the results from other exposure
conditions, particularly by correlating EIS data with
physical degradation features observed in SEM
cross sections, as demonstrated in a previous study.?
In this test, 10 cm? of a coated, anodized aluminium
substrate was exposed to a 0.1 M NaCl solution within
an EIS cell. This salinity was intentionally selected to
provide stable and reliable EIS measurements, allow-
ing for the gradual monitoring of coating degradation
over time. Further details on EIS and SEM analysis are
provided in ““Electrochemical impedance spectroscopy
(EIS)” and  “Scanning electron  microscopy
(SEM)” sections, respectively.

Outdoor exposure

Outdoor exposure testing was conducted because it is
widely recognized as a benchmark for evaluatin% the
in-service performance of protective coatings.'” 1% %
Although structural coatings on aircraft are typically
shielded from direct UV radiation and rainfall during
service, exposing these to such conditions provides
valuable insights; outdoor exposure can reveal severe
degradation mechanisms and failure modes that may
not emerge during shorter in-service exposure periods
or through accelerated laboratory testing such as
CSST. This helps in identifying potential long-term
degradation pathways.

Furthermore, the test panels included regions, such
as the back sides, that were naturally shielded from
direct UV and rain. These areas can serve as references
for in-service degradation. At the same time, side-by-
side comparisons between indirectly and fully exposed

Coating Substrate Pre-treatment Primer

system material

Chromate—1 AA2024-T62 Chromic acid anodized MIL-A-8625, Type | SrCrO,4 epoxy-polyamide primer,
manufacturer 1

Chromate—2 AA2024-T62 Chromic acid anodized MIL-A-8625, Type | SrCrO, epoxy-polyamide primer,
manufacturer 2

Praseodymium AA2024-T62 Thin film sulfuric acid anodized MIL-A-8625, Praseodymium epoxy-polyamide primer

Type 11B
Lithium AA2024-T62 Thin film sulfuric acid anodized MIL-A-8625, Lithium polyurethane primer

Type 1IB
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Table 2: Summary of corrosion-related environmental conditions during different exposure tests

Outdoor exposure (2 y)

Cyclic salt spray test (1000 h) Flight test (2.5 y)

Avg. temperature during TOW (°C) 10 + 14
Total TOW (h) 9651
RH-cycles 813

40+ 3 10+ 9
500 3904
500 319

surfaces are still possible, offering a more nuanced
understanding of how different environmental stres-
sors affect coating degradation and how these findings
relate to in-service conditions. In addition, the perfor-
mance of fully exposed surfaces under outdoor condi-
tions correlates more closely with samples tested in
CSST (except for the UV exposure), further justifying
the inclusion of outdoor exposure testing as a comple-
mentary reference for evaluating coating durability.

Outdoor exposure tests were conducted at Naval
Air Station De Kooy in Den Helder, the Netherlands.
The panels were mounted on an outdoor exposure rack
from 18 March 2022 to 18 March 2024. The rack was
attached to the air traffic control tower, facing south
southwest, at an elevation of 14 m as shown in Fig. 1.
The panels were mounted vertically (90° relative to the
horizon).

The panels were visually inspected every three
months. EIS measurements were performed on-site
during these inspections. The methodology for EIS
measurements is further detailed in ““Electrochemical
impedance spectroscopy (EIS)” section.

Cyclic salt spray test (CSST)

To better replicate in-service atmospheric corrosion
behavior, a customized cyclic corrosion protocol based
on the methodology as proposed by Dante et al.>’” was
used in this study. This protocol was developed
through detailed investigations of environmental
parameters such as relative humidity cycling, salt
chemistry, and time of wetness. Relative to the
standard CSST, this protocol has been reported to
produce corrosion mechanisms that more closely
reflect those observed under actual service conditions.

The CSST was conducted using an Ascott CC450iP
salt spray chamber. The test panels were positioned at
a 7° vertical angle within the chamber and subjected to
500 cycles under the following conditions:

L. 1-h high humidity period:

a. 15 min of salt spray using ASTM-D1193 Type IV
artificial seawater solution, acidified to pH 3 with
HCI;

b. 45 min of high humidity exposure (> 80% relative
humidity, RH).

II. 1-hour dry-off period:

a. Ramp rate: RH reduced from 80 to 30% within
25 min;
b. RH reduced to below 30% for at least 35 min.

The cabinet conditions during the test were main-
tained as follows:

Atomized nozzle pressure: 10-25 PSI;

Bubble tower temperature: 47°C;

Salt spray chamber temperature: 40 + 3°C;

Fog collection rate: 1.0-2.0 mL/h of continuous
spray per 80 cm® (measured over at least 16 h with
a minimum of two collectors).

Flight testing

Flight testing was conducted on three identical aircraft,
all operating from the same airbase under comparable
service conditions over a period of 2.5 years. During
this time, each aircraft accumulated an average of
approximately 275 flight hours. This test included the
evaluation of the chromate—2, praseodymium, and
lithium coating systems. Chromate—1 was excluded
from the evaluation as it was unavailable at the time of
the preparation of the flight test panels.

Test panels were installed on the aircraft in stan-
dardized configurations and inspected every 3 months,
with on-site EIS measurements conducted during each
inspection. All panels were identical in design and
construction, however mounted at different angles: the
praseodymium and lithium panels were installed ver-
tically (approximately 90° relative to the horizon),
whereas the chromate—2 panel was mounted at a 30°
angle (relative to the horizon).

A schematic example of an in-service test panel
configuration is shown in Fig. 2.

Evaluation methods
Electrochemical impedance spectroscopy (EIS)

EIS measurements were performed at regular intervals
throughout the exposure period using a Biologic VSP-
300 potentiostat. The measurements were conducted
over a frequency range of 1072 to 10° Hz, with seven
points per decade utilizing a two-electrode setup. A
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Fig. 1: Exposure panel mounted on the air traffic control tower at Naval Air Station De Kooy in Den Helder, The Netherlands,

during outdoor exposure testing

sinusoidal amplitude of 150 mV was selected to min-
imize interference effects during field measurements.®

For laboratory measurements, experiments were
carried out inside a Faraday cage to minimize external
electromagnetic interference. The coated sample
served as the working electrode, while a carbon rod
functioned as the counter electrode. To ensure precise
electrolyte exposure, custom designed cells were used
to expose exactly 10 cm? of the coated anodized
aluminium substrate to 35 mL of 0.1 M sodium chlo-
ride (NaCl) solution. These cells were securely
mounted onto the samples using Dowsil 3145 RTV
sealant to create a watertight seal.

For field measurements, coatings were pre-wetted
with saturated pads containing 0.1 M NaCl solution for
exactly 2 h before testing, ensuring consistent electro-
chemical conditions. Circular pre- wettlng pads (36 mm
in diameter, approximately 10 cm”) were made from
3 M Scotch-Brite 98 material. Axion sticker electrodes

(40 mm x 40 mm) were used for the EIS measure-
ments, with one electrode serving as the working
electrode and the other functioning as both the counter
and reference electrode. To mitigate external interfer-
ence during in-field aircraft measurements, a tempo-
rary Faraday cage was constructed using aluminium
foil.

Scanning electron microscopy (SEM)

Cross-sectional analysis of the coatin ings was performed
using a Thermo Scientific'™ Helios™ UXe DualBeam
G4 SEM, equipped with an EDX detector and a
Plasma Focused Ion Beam (PFIB). The PFIB was used
to create precise cross sections of the coatings for
detailed analysis. Prior to FIB milling, a platinum layer
was sputter-coated onto the surface of the coatings to
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Fig. 2:

protect the top layer from ion beam damage and to
facilitate smoother cross-sectional polishing.

To prevent charging effects during SEM imaging,
the samples were coated with a carbon layer of
approximately 20 nm thick. High-resolution images
were acquired at an acceleration voltage of 5 kV with a
working distance of 4 mm. For EDX analysis, a higher
acceleration voltage of 10-15 kV was used to obtain
elemental information.

Attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR)

ATR-FTIR measurements were conducted using a
Thermo Nicolet Nexus Fourier Transform Infrared
Spectrophotometer, equipped with a mercury-cad-
mium-telluride (MCT) liquid-nitrogen-cooled detector
and a Golden Gate sample holder. Measurements were
performed at a spectral resolution of 4 cm™" with 32
co-added scans.

For data analysis, ATR-FTIR spectra were pro-
cessed using SpectraGryph V1.2 software. The follow-
ing steps were applied:

I. Advanced baseline correction;

II. Chemometric preprocessing using standard nor-
mal variate (SNV) transformation;

ITII.  Spectrum normalization for the chromium- and
praseodymium-based epoxy-polyamide coatings
relative to the stable aromatic peak at
1606 cm ' 3% Spectrum normalization for the
lithium-based polyurethane coatings relative to
the CH, bending vibrations at 1445 cm™', as this
bangl1 remains relatively stable during weather-
ing.

Schematic example of a flight test panel configuration (dimensions in inches)

Results and discussion

This section presents the findings from various tests,
including the immersion-, outdoor exposure-, CSST-,
and flight test. Additionally, the interrelation between
these tests is analysed to provide a comprehensive
understanding of the degradation and protection
mechanisms of the tested chromate-based coating
systems and their proposed alternatives.

Immersion test

The immersion test was conducted using an EIS test
setup, serving as a baseline reference for interpreting
results from more complex exposure environments.
Additionally it enabled direct correlation with findings
from previous studies.”®

EIS measurements

During the immersion test, the electrochemical behav-
ior of the four different coatings was evaluated through
EIS measurements at various times of exposure. The
impedance modulus |Z| plots for these measurements
are shown in Fig. 3.

Figure 3 demonstrates that the impedance modulus
Z decreases for all coatings with increasing exposure
duration whereby two different degradation trends can
be observed.

For the chromate—2 system, the impedance modulus
IZI plot showed a drop in impedance in the mid-
frequency range (10°-10° Hz) over immersion time.
This decline is likely attributed to changes within the
coating, indicating rapid coating degradation, rather
than variations in charge transfer resistance at the
interface.*> Consistent with an earlier study, the
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Fig. 3: Impedance modulus IZI plots for: (a) chromate—1; (b) chromate—2; (c) praseodymium, and (d) lithium coating

system during immersion in 0.1 M NaCl aqueous electrolyte

rapid increase in the coating’s capacitive behavior is
associated with fast electrolyte uptake, which facili-
tates the dissolution and leaching of embedded corro-
sion inhibitors.”® The loss of these inhibitors further
increases the coating’s capacitance during prolonged
immersion, thereby diminishing its barrier properties
over time. Interestingly, despite this coating degrada-
tion, the impedance modulus 1Z| at 0.01 Hz remained
relatively high, exceeding 10’ Q cm? Additionally,
after prolonged immersion (> 168 h), the response at
|Zlp.01 1, indicates capacitive behavior. This suggests
that while electrolyte penetration compromised the
coating’s resistive properties, the underlying charge
transfer resistance remained relatively high.*® ¥/ Since
the chromate—2 primer is applied over an anodized
oxide layer, it is likely that the electrolyte penetration
weakened the coating resistive properties, leading to
electrolyte accumulation at the interface of the
anodized oxide layer, between the coating and the
anodizing oxide layer. The anodized oxide layer still
provides high resistance, explaining the capacitive
behavior at low frequencies. This indicates that the
anodized oxide layer still provides effective corrosion
protection. This is further supported by the impedance
modulus 1ZI| value at 0.01 Hz, which remains in the
range typically reported at 1Zlyg; g, for anodized
aluminium substrates (10°-10” Q cm?).”%*°

For the chromate—1, praseodymium and lithium
systems, the initial degradation is characterized by a
notable decline of the impedance modulus 1Zlyo; g, in
the low-frequency region. This decrease indicates a
gradual reduction in barrier properties. This degrada-

tion is likely caused by electrolyte infiltration which
fully permeates the coating during immersion test-
ing.*"™* As the electrolyte penetrates through the
pores of the polymer matrix and along the interfaces of
the coating pigments, corrosion inhibitors start to
dissolve and leach out. This leaching process leads to
the formation of voids and interconnected pathways
that further compromise the coating’s pore resistance
over prolonged immersion.”> ** Despite this degrada-
tion, the residual coating resistance, along with the
charge transfer resistance at the coating-oxide inter-
face attributed to the protective anodized layer,
sustained relatively high impedance values. Even after
1000 h of immersion in 0.1 M NaCl, |Zlj ¢; 11, remained
above 5 x 10" Q cm??® ** % These results underscore
that, despite partial degradation, these systems con-
tinue to provide effective corrosion protection over
extended exposure periods as seen in the impedance
modulus 1Zly o gy response.32’ 33, 46

In addition to the decrease of the modulus IZI at low
frequencies, a decline is also observed in the mid-to-
high frequency region (10°-10* Hz) over prolonged
immersion time in the chromate—1, praseodymium,
and lithium systems. The authors suggest that the
observed changes are primarily due to an increase in
coatin caspacitance over extended immersion peri-
ods.?% ** #=47 Thjs effect has already been documented
in chromate—1 coating systems, where it is mainly
attributed to the leaching of inhibitors, leading to a rise
in coating capacitance.”® A similar mechanism may
explain the changes observed in the other coatings. To
validate this hypothesis, cross-sectional analyses of the
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coatings were conducted using SEM after different
immersion times.

SEM-EDX analysis

To investigate pigment dissolution during exposure to
the electrolyte, SEM-EDX measurements were con-
ducted on the different coating systems. Figure 4
presents an EDX overlay on the PFIB-milled cross-
sectional SEM images, highlighting the elemental
composition and spatial distribution of pigments within
each coating.

In the chromate—1 system, four distinct elemental
combinations were identified, each corresponding to a
specific pigment. The presence of Sr, Cr, and O
confirms the inclusion of strontium chromate (SrCrOy)
as the active corrosion inhibitor. The detection of Si,
Al, and O, along with their morphological character-
istics, incorporates the use of diatomaceous earth as a
filler. Additionally, the combination of Si, Mg, and O
indicates the presence of talc (MgsSiyO19(OH),),
whereas Ti and O confirm the incorporation of
titanium dioxide (TiO,).>> %°

= Sr-Cr-0
B Si-Al-O
B Si-Mg-O

Similarly, the chromate—2 system also contains talc,
strontium chromate, and titanium dioxide. However,
unlike the chromate—1 system, diatomaceous earth
was not detected. Instead, the presence of Si and O
suggests that silicon dioxide (SiO;) was used as a filler,
highlighting a key formulation difference between the
two chromate-based coating systems.*® Additionally,
the detection of Mg and O indicates that magnesium
oxide was also incorporated into the chromate—2
coating formulation.*’

In the praseodymium-based coating system, five
pigment compositions were identified. The detection of
Pr and O suggests the presence of Pr,Os; or PrgOqy,
which likely serves as the primary corrosion inhibi-
tor.” 3! The presence of Ca and S indicates the
inclusion of calcium sulphate (hydrated, CaSO,),
while Si and O indicates the presence of silicon dioxide
(Si0,). The detection of Mg and O suggests the use of
magnesium oxide (MgO),* and Ti and O confirm the
inclusion of titanium dioxide (TiO,).”

The lithium coating system exhibited the most
diverse pigment composition, with six distinct pigment
types identified. The detection of S, Al, Mg, and O
suggests the presence of a layered double hydroxide
(LDH) pigment based on aluminium and magnesium

9 S-AMg-O
= Al-Mg-Si-O
= Mg-0

= PO

Fig. 4: SEM-EDX analysis of PFIB-milled cross sections of (a) chromate—1, (b) chromate—2, (c) praseodymium, and (d)
lithium coating system after 24 h of immersion in 0.1 M NaCl aqueous electrolyte
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with sulphate as the intercalating anion ([Mg;_ Al-
xon]x (SO4)x/2 mH,0).”* 3 Additionally, the pres-
ence of Al, Mg, Si, and O suggests the use of ground
mica as filler pigments. The detection of Mg and O
confirms the presence of magnesium oxide (MgO).
Although Li cannot be directly detected using a
standard EDX detector, the simultaneous detection
of P and O suggests the inclusion of tri-lithium
phosphate (Li;POy,) as the primary corrosion inhibitor.
Similarly, the presence of zinc (Zn), P, and O supports
the identification of tri-zinc phosphate (Zn3(POy),), an
additional corrosion inhibitor.”*® Lastly, the presence
of Ti and O confirms that titanium dioxide (TiO,) is
incorporated as well.

The performance of the different coating systems
during immersion in a 0.1 M NaCl aqueous electrolyte
reveals distinct pigment dissolution behaviors as shown
in Fig. 5.

In the chromate—1 coating, significant pore forma-
tion is observed in the upper region of the coating
already after only 24 h of immersion. These pores arise
from the dissolution of strontium chromate particles,
leaving voids within the coating matrix. As immersion
time increases, continuous exposure to the electrolyte
accelerates the dissolution of strontium chromate.
After 1008 h, this depletion process extends through-
out the coating, reaching the substrate interface. The
extent of pigment depletion is highlighted by a red line,
referred to as the depletion front.

A similar phenomenon is observed in the chro-
mate—2 system, where the dissolution of strontium
chromate also results in void formation that extends to
the substrate after 1008 h. However, unlike the chro-
mate—1 system, certain regions within the chromate—2
coating remain intact, indicating localized areas where
strontium chromate has not dissolved. Since both
systems share an identical diglycidyl ether of bisphenol
A—triethylenetetramine (DGEBA-TETA) epoxy ma-
trix, the difference in depletion behavior is likely due
to variations in pigment composition. The chromate—1
coating system contains talc as filler pigments, whereas
the chromate—2 coating system incorporates silicon
dioxide (SiO,). This variation may influence water
uptake, as water diffusion is likely slower at the
polymer-particle interfaces in the chromate—2 system
as compared to the chromate—1 system.’® Conse-
quently, the reduced water ingress in the chromate—2
system delays strontium chromate dissolution, leading
to a more gradual depletion process.

In the praseodymium coating system, rapid leaching
of inhibitors is observed within the first 24 h of
immersion, primarily involving calcium sulphate parti-
cles. Due to its high solubility, depletion that extends
to the substrate interface becomes apparent within
168-h immersion. By 1008 h, calcium sulphate is
completely dissolved throughout the coating, leading
to the formation of a porous coating structure. By
contrast, praseodymium oxide exhibits lower solubility
and undissolved praseodymium-rich particles remain
distributed throughout the coating even after pro-

longed immersion. It appears that calcium sulphate is
incorporated primarily to facilitate coating permeabil-
ity when exposed to moisture, thereby enhancing the
release of praseodymium oxide to provide active
corrosion protection.’

In the lithium-based coating system, only minimal
leaching of inhibitors is detected. Even after 1008 h of
immersion, depletion is observed only in the upper-
most part of the coating. During this process, magne-
sium oxide particles primarily leach out, while partial
dissolution of tri-lithium phosphate and tri-zinc phos-
phate particles is also observed. The slow dissolution
rate of these particles suggests prolonged inhibitor
availability under extreme exposure conditions, indi-
cating that this coating could provide sustained active
corrosion protection over extended periods.

The SEM analysis confirms that inhibitor leaching
during immersion is consistent with the observed
decrease in impedance modulus |Z| values in the mid-
to-high frequency range (10°~10* Hz).?® The variations
in leaching of inhibitors among the various coating
systems correspond with the observed differences in
the reduction in impedance modulus |Z| value as shown
in Fig. 3.

Outdoor exposure
EIS measurements

During the outdoor exposure tests, quarterly EIS
measurements were performed alongside visual inspec-
tions. However, many measurements failed due to
experimental issues on site, which affected the data
usability. The primary challenges encountered during
field measurements included: (i) setting up an effective
Faraday cage; (ii) selecting suitable electrodes; and (iii)
finding a reliable method for pre-wetting the coating
prior to the measurements. The successful measure-
ments are presented in Fig. 6.

Despite these challenges, the EIS measurements
provide valuable insights. For the chromate coating
systems, only a modest decrease of approximately one
order of magnitude is observed in the low-frequency
range over the 2-year exposure period. Specifically, the
imgedance modulus 1Zloo; 11, decreases from 10'° to
10° Q cm?, which still indicates a well-performing
protective coating.”> Notably, after the coated panels
were removed from the exposure rack for the 24-
month inspection, the coatings exhibited a full recovery
of their barrier properties, with impedance modulus
|Zlp.01 p, values returning to 10 Q cm?. Such a recov-
ery effect has also been observed in previous studies
and is likely attributed to the formation of corrosion
products, either from the substrate or from the
anodization layer, which accumulate within the coatin%
pores, that effectively restores pore resistance.”® - ©
Furthermore, only minimal degradation is detected in
the mid-to-high frequency range (10°-10* Hz), sug-
gesting that the capacitance of the chromate coatings
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Fig. 5: SEM analysis of PFIB-milled cross sections of organic coatings after various immersion times in 0.1 M NaCl
aqueous electrolyte. The red line marks the depletion front within the coating in each image. Magnifications vary slightly to
ensure full coating thickness is visible for each coating system

remains largely unaffected by inhibitor leaching. This
stability indicates that the inhibitor release mechanism
does not significantly compromise the coating’s per-
formance, supporting its long-term protective perfor-
mance.

The praseodymium system exhibits greater degra-
dation during the outdoor exposure test. This is
particularly evident when examining the decline in
impedance modulus 1Z| at low frequencies over time.
Specifically, 1Zlgo; g, decreases from 10" Q cm? to
5 x 107 Q cm?, indicating that despite degradation, the
coating system still provides effective corrosion pro-
tection.”® Additionally, a significant drop in impedance
modulus |ZI is observed in the mid-to-high frequency
range (10°-10* Hz), decreasing by approximately one
decade. As seen in the immersion test, this reduction
suggests inhibitor leaching, which leads to an increase
in the coating’s capacitance. A slight recovery of the
praseodymium coating system is noted in the 24-month
measurement, although the extent of recovery was less
pronounced as compared to chromate-containing coat-
ings.

During the outdoor exposure test, the lithium
coating exhibits a two-order of magnitude decrease in

impedance modulus 1Zlg ¢, g, With values dropping to
4 x 108 Q cm?, which is lower than those observed
during the immersion test. A significant reduction in
impedance modulus |Z| is also observed in the mid-to-
high frequency range (10°-10* Hz), where values
declined to approximately 2 x 10° Q cm?® compared
to immersion testing. This suggests that the degrada-
tion mechanisms during outdoor exposure are more
severe, likely driven by factors beyond electrolyte
interaction alone. The increased capacitance, inferred
from the decrease in impedance modulus |ZI| at mid-to-
high frequencies, points to an accelerated leaching of
inhibitors. Since outdoor exposure involves less direct
electrolyte contact than immersion testing, this accel-
erated leaching is likely a consequence of polymer
degradation, which results in an increased water
uptake within the coating.”> Given that UV radiation
is a key environmental factor in outdoor exposure that
is absent in immersion testing, it is plausible that UV-
induced photo-oxidation leads to polymer scissioning,
thereby compromising the coating’s integrity. UV-
induced degradation has been shown to cause bond
scission in polyurethane polymers, particularly at —O—
[C=O]-NH- groups, resulting in the formation of -O—
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Fig. 6: Impedance modulus IZI| plots for: (a) chromate—1; (b) chromate—2; (c) praseodymium; and (d) lithium coating

system during outdoor exposure

[C=0]- and -NH- fragments.®>** This scissioning
compromises the integrity of the polymer matrix,
facilitating moisture ingress and thereby accelerating
the depletion of active corrosion inhibitors.

SEM analysis

To understand the electrochemical behavior of the
coatings after outdoor exposure, cross sections of the
coatings were examined using SEM. The results are
shown in Fig. 7.

SEM analysis, as shown in Fig. 7, reveals two distinct
degradation mechanisms in the coatings following
outdoor exposure: (i) crack formation and (ii) the
leaching of corrosion inhibitors, indicated by the
depletion front.

Crack formation was particularly destructive in the
chromate—1 and praseodymium systems, where cracks
extended through the entire coating thickness, reach-
ing the anodized aluminium substrate. The crack
formation is likely a result of the combined effects of
UV-radiation and moisture exposure.”~*’ UV-radia-
tion induces photo-oxidation within the polymer,
leading to polymer chain scissioning. Simultaneously,
crosslinking reactions can occur, resulting in a more
rigid and densified polymer network with reduced
chain mobility.®” As internal stress within the coating
increases due to these UV-induced changes, subse-
quent moisture exposure exacerbates the problem.

Water uptake causes plasticization within the polymer
matrix, leading to slight swelling of the coating.
However, the limited permeability of water within
the polymer network restricts this expansion. In
coatings that have undergone extensive UV-induced
degradation, the polymer structure loses both its
flexibility and its ability to retain the stresses caused
by moisture ingress. As a result, the coating can no
longer accommodate swelling, which ultimately leads
to crack formation.®”> ©®

In addition to crack formation, leaching of corrosion
inhibitors was also observed. The leaching process
during outdoor exposure is likely influenced by mois-
ture exposure from rainfall and fluctuations in humid-
ity, which affect the time of wetness throughout the
testing period.

In the chromate coating system, strontium chromate
leaching was clearly visible. However, the extent of
leaching was significantly lower than that observed
after 1008 h of immersion in electrolyte, leaving a
substantial amount of strontium chromate still present
within the coating. This indicates that coatings sub-
jected to outdoor exposure experience less continuous
electrolyte contact as compared to immersion testing,
resulting in a slower inhibitor depletion rate.

Similarly, in the praseodymium system, calcium
sulphate leaching was less pronounced after outdoor
exposure than after 1008 h of immersion. The leaching
front had not yet reached the substrate across the
entire coating thickness, suggesting that inhibitor
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Fig. 7: SEM images of PFIB-milled cross sections of (a) chromate—1, (b) chromate—2, (¢) praseodymium, and (d) lithium
coating system after unsheltered outdoor exposure, the red lines indicate the depletion front of the leached inhibitors

within each coating. Magnifications vary slightly to ensure full coating thickness is visible for each coating system

depletion occurred more gradually. However, among
all tested coating systems, the praseodymium coating
exhibited the most extensive pigment leaching follow-
ing outdoor exposure.

In contrast, the lithium system displayed more
pronounced leaching after outdoor exposure than after
immersion testing. The depletion front extended half-
way through the coating thickness, with cracks reach-
ing a similar depth. This correlation suggests that UV-
induced cracking facilitated the increased leaching in
the lithium system.

Finally, an unexpected observation was made in the
chromate—1 coating system, where fewer pigments
appeared to be incorporated into the coating after
outdoor exposure as compared to the chromate—1
coating system tested during immersion. This variation
in pigment concentration could be a result of insuffi-
cient stirring of the base component before mixing with
the curing agent during paint preparation, potentially
leading to inconsistencies in pigment distribution.
Uneven pigment dispersion may reduce the local
availability of corrosion inhibitors and could also
influence the coating’s moisture absorption propertles
thereby affecting its overall protective performance.*’

ATR-FTIR analysis

To assess polymer matrix degradation following out-
door exposure, ATR-FTIR analysis was conducted on
both the front and back sides of each panel. This
approach was chosen to differentiate between UV-
induced degradation on the exposed front surface and
the comparatively lower UV impact on the back side,
which more closely simulates in-service conditions for
structural applications. The results were compared
with a pristine coating, as shown in Fig. 8. It is
important to note that ATR-FTIR analysis-depth is
approximately 3 pm, meaning that it focuses only on
the degradation at the coating surface.®”

CHROMATE-1 COATING SYSTEM: In the chromate—1
system, distinct changes in the ATR-FTIR spectra
after outdoor exposure are observed at peak positions
3500 cm !, 1738 cm™', 1645 cm ™' and 1233 cm ™', as
well as 1n the ranges of 3000-2800 cm™', 1100-
1000 cm ™", and 960-860 cm ™!, as shown in Fig. 8a.
The increase at the peak at bandwidth 3500 cm ' is
attributed to the formation of metal hydroxides, while
variations in water adsorption or thermo-oxidation can
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be ruled out. Water uptake is unlikely, as all coatings
were stored in a dry laboratory environment for several
months before IR spectroscopy measurements, ensur-
ing consistent moisture conditions within the coat-
ings.”® Additionally, thermo-oxidation effects are
typically detected within a different ranges (3300~
3200 cm1).”" The hydroxides are most likely chro-
mium and/or aluminium hydroxides, which may have
formed due to moisture ingress and subsequent reac-
tions involving the metallic substrate, its anodized
oxide layer or the strontium chromate particles
embedded within the coating matrix. This interpreta-
tion aligns with previous studies that identified similar
metal hydroxides at the coating surface.”* ”!

The decrease in absorption within the 3000-
2800 cm ™' and 1100-1000 cm ' ranges can be attrib-
uted to a reduction in C-H and Si-O-Si functional
groups at the coating surface.”> ’* This may result from
changes in the coating composition due to the forma-
tion of metal hydroxides which alter the surface
chemistry.”® The reduction in C-H groups suggests a
decrease in polymer bonds, while the lower intensity of
Si—O-Si groups indicates a decline in the surface
concentration of diatomaceous earth. Another possible
contributing factor is chalking due to weathering,
where UV-radiation degrades the polymer matrix,
thereby reducing the number of detectable C-H

groups.”* This phenomenon is corroborated by the
chromate—1 exposure panel as shown in Fig. 9, which
reveal significant discoloration and the presence of
easily removable, chalk-like coating particles on the
surface after outdoor exposure.

The increase in the peaks at 1738 cm™ ', 1645 em™ !,
and the decrease at 1233 cm™' signifies chemical
changes within the polymer matrix. Specifically, the
1738 cm ! peak corresponds to an increase in C=0O
bonds, the 1645 cm™' peak reflects the formation of
amide groups and the 1233 cm™! 7Igeak suggests a
reduction in C-O-C-C bonds.”” >~ These changes
are likely caused by UV-induced degradation,®%*
where prolonged UV exposure promotes oxidation of
polymer chains resulting in scissioning of C-O-C-C
bonds and in the formation of carbonyl and amide
compounds.”® 7® This also explains the differences in
peak intensities observed between the front and back
sides of the exposed panels. The front side, which was
directly exposed to sunlight, underwent greater degra-
dation, whereas the back side which was in shadow,
received only indirect UV exposure resulting in less
severe polymer damage.

Finally, the spectral range 960-860 cm = can be
associated to strontium chromate particles in the
coating.”" ™ The decrease in intensity in this region
suggests that strontium chromate leaches out of the
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Fig. 9: Chromate—1 panel after two years of outdoor
exposure at Naval Air Station De Kooy, showing the
chalking effect after environmental weathering

coating during weathering. Since strontium chromate is
soluble in moisture, its depletion can be attributed to
polymer degradation due to weathering and chalking,
as well as moisture ingress caused by rainfall and
condensation from day-night cycles. The differences
between the front and back sides of the exposed panels
further support this hypothesis. The front side, which
was directly exposed to rain and UV-radiation, shows
near-complete depletion of strontium chromate,
whereas the back side, which was not directly exposed
to rainfall and UV-radiation, still retains some stron-
tium chromate at the coating surface.

CHROMATE-2 COATING SYSTEM: As shown in Fig. 8b,
the chromate—2 system also exhibits an increase in
intensity at 3500 cm ', although to a lesser extent than
in the chromate—1 system This intensity increase
suggests the formation of metal hydroxides, most likely
aluminium and chromium hydroxides, at the coating
surface following outdoor exposure, similar to the
chromate—1 coating system.”

Furthermore, a reduction in intensity is observed at
1233 cm™!, while increases occur at 1645 cm™' and
1738 cm ™. Similar to the chromate—1 system, these
changes indicate that polymer matrix oxidation and
chain scission occur in the chromate—2 coating system
during outdoor exposure. The intensity variations of
these peaks confirm that, as with the chromate—1
system, the front side of the chromate—2 panels has
undergone more degradation than the back side.

Additionally, a decrease in intensity is observed in
the 960-860 cm ™' spectral range, indicating a reduc-
tion in strontium chromate due to leaching caused by
moisture exposure. However, this reduction is less

pronounced than in the chromate—1 system, which is
consistent with SEM analysis results after immersion
testing. These results demonstrate that the chro-
mate—1 system is more susceptible to complete stron-
tium chromate depletion, as nearly no strontium
chromate remained in chromate—1 coating after
1008 h of immersion, whereas the chromate—2 coating
retained undepleted areas. The chromate—2 system
exhibits less polymer degradation, as indicated by less
formation of amide and carbonyl compounds. This
suggests that a more intact polymer matrix helps
mitigate the complete depletion of inhibitors. As a
result, more chromate remains within the chromate—2
system after outdoor exposure.26

Finally, after outdoor exposure, the chromate—2
system eXhlbltS an additional peak increase at
3676 cm ™. This peak is likely associated with magne-
sium hydrox1de suggesting its formation at the coating
surface.®* ® The increase in magnesium hydroxide can
potentially be explained by the presence of magnesium
oxide particles in the chromate—2 coating. As magne-
sium-oxide particles deplete, these may react with
moisture, forming magnesium hydroxide, which plays a
role in corrosion inhibition by 11m1t1n% further degra-
dation of the underlying substrate.*

PRASEODYMIUM COATING SYSTEM: As illustrated in
Fig. 8c, the praseodymium coatlng system exhlblts a
decrease in intensity at 3394 cm ™! and 3528 cm ! after
outdoor exposure. These peaks are associated with
calcium sulphate Additionally, the 9]8eak at
1105 cm ™! is also linked to calcium sulphate”™ ' The
observed intensity reduction indicates that calcium
sulphate leaches out of the coating when exposed to
moisture, a finding further supported by SEM and
EDX results obtained during immersion testing.

A decrease in intensity is also observed at
1233 cm ™!, while increases occur at 1645 cm™! and
1738 cm”.70 757 Similar to the chromate systems,
these spectral changes confirm the occurrence of
oxidation and polymer chain scissioning within the
matrix. The 1ncreased intensity of carbonyl compounds
at 1738 cm ™! on the front side of the panels indicates a
higher degree of polymer matrix oxidation as com-
pared to the back side. This difference is likely
attributed to greater exposure to moisture and UV
radiation on the front side.

Furthermore, after outdoor exposure, a decrease in
intensity is observed at 933 cm !, a spectral region
associated with praseodymium oxide compounds,
which may be present as Pr,Oj; or PrgOy; within the
primer.”> ”* Simultaneously, an increase in intensity is
noted at 3604 cm ™! x peak corresponding to praseo-
dymium hydrox1de These findings suggest that
moisture penetration into the praseodymium coating
facilitates the leaching of praseodymium oxide, which
then transforms into praseodymium hydroxide, pra-
seodymium carbonate, or praseodymlum ghydroxyl)
carbonate at the coating surface.’ The
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deposition of praseodymium hydroxide at 3604 cm ™'

was more pronounced at the front side of the panels,
likely due to longer wetted periods, which enhanced
the leaching of praseodymium oxide pigments.

In addition to praseodymium oxide leaching, cal-
cium sulphate also dissolves from the coating. Litera-
ture indicates that dissolved calcium sulphate can react
with an aluminium substrate, forming aluminium
sulphate.>> Furthermore, calcium sulphate is known
to have a synergistic effect on praseodymium gelation,
enhancing corrosion inhibition.”” This suggests that in
a damaged praseodymium coating system exposed to
moisture, both praseodymium oxide and calcium sul-
phate dissolve and leach from the coating. At the
cathodic areas of the damaged site, the oxygen reduc-
tion reaction (ORR) is suppressed by the formation of
praseodymium hydroxide, praseodymium carbonate,
or praseodymium (hydroxyl) carbonate, with calcium
sulphate promoting this protective gelation process.”""
529597 Meanwhile, at the anodic sites, aluminium
sulphate hydroxide contributes to the formation of a
protective oxide layer, resulting from the reaction
between calcium sulphate and the aluminium sub-
strate.””> This mechanism suggests that active corrosion
inhibition in the praseodymium system is driven by the
combined action of praseodymium species and calcium
sulphate, which together protect the substrate.

LitHiuM COATING sysTem: In the lithium coating
system, as shown in Fig. 8d, an increase in intensity is
observed at 3500 cm™'. Similar to the chromium-
containing coatings, this peak is attributed to the
formation of metal hydroxides. Additionally, a sharp
peak at 3676 cm ' is present, which may be associated
with the formation of lithium-aluminium LDH'""* or
magnesium hydroxides, potentially formed from
leached magnesium oxide or tri-lithium phosphate
particles.'” 57 8% 85 These possibilities make it
challenging to distinguish the specific protective
contributions of lithium-aluminium LDH and
magnesium hydroxide at the coating surface. Further
research is required to confirm the origin of this peak
and to elucidate the role of lithium and/or magnesium
in the coating’s protective properties.

Additionally, an increase in intensity is observed at
1645 cm ™! and 1738 cm ™!, along with a decrease at
1233 cm~'. As seen in other coatings, this behavior is
attributed to polymer oxidation and scissioning.”” 7>7%
However, in the lithium coating, these intensity
changes are less pronounced, indicating that the
coating has undergone less degradation. This may be
due to the polyurethane-based polymer matrix of the
lithium coating, rather than to the epoxy-polyamide-
based matrix used in the other coatings tested.

In epoxy-polyamide coatings, hardeners rich in —
CN- bonds are commonly used, as seen in the
chromate-based coating systems, where triethylenete-
tramine containing six —CN- groups is used as a
hardener. These —-CN- bonds have lower bond strength

energy, making epoxy-polyamide coatings cured with
such hardeners susceptible to UV-induced oxidation
and scissioning.”® Additionally, in polyurethane sys-
tems, aliphatic compounds are incorporated to reduce
polarity, thereby increasing hydrophobicity within the
coating. As a result, polyurethane coatings absorb less
moisture than epoxy-polyamide coatings.””'°! Fur-
thermore, —CN- oxidation under UV radiation is
drastically accelerated by moisture.”® Consequently,
epoxy-polyamide coatings exhibit greater oxidation
and degradation after outdoor exposure than polyur-
ethane coatings.

Although it was initially assumed that the polyur-
ethane binder might limit the timely release of tri-
lithium and tri-zinc phosphate due to its low moisture
permeability, ATR-FTIR and SEM analyses revealed
that inhibitor leaching was not significantly restricted
during outdoor exposure. Sufficient release occurred to
provide effective corrosion protection. This observa-
tion, supported by previous findings,”> confirms that
polyurethane-based coatings can offer both strong UV-
resistance and effective active corrosion inhibition.

Additionally, degradation at 2250 cm ™" is associated
with the breakdown of polyurethane (-NH-[O=C]-O-
).192 This degradation was observed at both the front
and back sides of the panels and was likely caused by
moisture ingress.'’> The degradation process initiated
the formation of amides (1645 cm™') and a reduction
in carbonyl (C=0) bonds (1738 cm™ "), consistent with
the degradation mechanism proposed by Liu et al.'**
193 Interestingly, the back side exhibited slightly more
amide formation than the front, possibly due to
pigment leaching, which reduced the pigment-to-poly-
mer ratio more significantly at the front side.

Finally, an increase in intensity is observed at
1015 cm !, which can be attributed to the presence
of phosphate.”” 1% This phosphate accumulation likely
resulted from the leaching of tri-lithium and tri-zinc
phosphate pigments from the coating. Additionally, it
is possible that the leached phosphate reacted with
leached magnesium oxide pigments, forming a magne-
sium phosphate passivation layer at the coating sur-
face. However, further research is required to confirm
this phenomenon.** 195 106

Cyclic salt spray test (CSST)
EIS measurement

EIS measurements were conducted at various intervals
during the CSST, with the results shown in Fig. 10.
For the chromate—1 system, a minimal decrease in
Impedance modulus |ZI is observed in the mid-to-high-
frequency range (10°-10* Hz) during the CSST, as
shown in Fig. 10a. Similar to the behavior observed
during immersion testing and outdoor exposure, this
decrease is likely due to leaching of strontium chro-
mate which increases the coating’s capacitance, there-
by affecting the impedance modulus IZI. The minimal
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impedance modulus 1ZI drop in this frequency range
suggests that strontium chromate leaching was limited
during CSST exposure.

By contrast, a significant reduction from 10' to
2 x 10°Qcm? in the impedance modulus value
|Zlo.o1 g, indicates a notable decline in the coating
barrier properties due to CSST exposure. This
decrease in impedance is comparable in magnitude to
the reduction observed after 1008 hours of immersion
in the electrolyte. However, unlike the immersion test,
this decline cannot be attributed to inhibitor leaching,
as indicated by the distinct behavior of impedance
modulus |Z| in the mid-to-high frequency range (10°-
10* Hz). These findings suggest that the failure mech-
anism during CSST is fundamentally different from the
degradation processes occurring during immersion
testing.

The chromate—2 system exhibited a similar trend as
observed in the chromate—1 system, as illustrated in
Fig. 10b. A minimal decrease in impedance modulus
IZI in the mid-to-high frequency range (10°-10* Hz)
indicates only minor changes in coating capacitance,
suggesting minimal leaching of strontium chromate.
However, the decrease in impedance modulus 1Zl o g,
follows a different pattern as compared to the chro-
mate—1 system. This pattern resembles the mid-
frequency behavior observed during immersion testing,
which may indicate that while the coating begins to
degrade, the anodized oxide layer still provides effec-
tive protection.
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The praseodymium system exhibits a small decline
of approximately 10° Q cm? in impedance modulus |Z|
in the mid-to-high frequency range (10°-10* Hz) dur-
ing CSST exposure. This suggests that fewer inhibitors
leached out, leading to a smaller capacitance increase.
The limited leaching likely contributed to the coating’s
improved performance during the CSST as compared
to the immersion and outdoor exposure tests. A
particularly noteworthy observation was made after
504 h of exposure: despite initial degradation and
inhibitor leaching, the praseodymium coating exhibited
a full recovery of its barrier properties in the low-
frequency range (1072 Hz). However, this recovery
effect was no longer observed after 1008 h of exposure,
indicating that the recovery mechanism is a transient
phenomenon and insufficient to provide long-term
protection.

For the lithium system, changes in the impedance
modulus 1ZI in the mid-to-high frequency range (10°-
10* Hz) follow a similar degradation pattern to those
observed during outdoor exposure and immersion
testing. However, degradation in the low-frequency
range (1072 Hz) is less pronounced, with impedance
modulus 1Zlyg g, remaining above 10° Q cm? after
1008 h of CSST. This impedance modulus Zlyg; u,
value is higher than that observed after outdoor
exposure and immersion testing, suggesting enhanced
barrier properties during CSST. Additionally, impe-
dance modulus fluctuations were observed during
CSST, possibly due to the formation of precipitation
products at the surface and within its pores.
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Fig. 10: Impedance modulus IZ| plots for a: (a) chromate—1; (b) chromate—2; (c) praseodymium, and (d) lithium coating

system during CSST
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Overall, all coatings demonstrated good barrier
properties after CSST, as the impedance modulus
|Zlo.01 g values in the low-frequency range remained
above 10® Q cm?3% %6

SEM-EDX analysis

Figure 11 presents the SEM cross-sectional analysis of
the different coating systems after exposure to the
CSST.

The primary observation from this analysis is the
leaching of corrosion inhibitors from the coatings after
CSST, as indicated by the depletion front in Fig. 11.
The chromate-based coatings and the lithium coating
exhibit similar leaching rates, whereas the praseody-
mium coating demonstrates a notably faster leaching
rate. Importantly, in all coatings, the depletion front
has not reached the substrate, indicating that less
inhibitors have leached during the CSST as compared
to the immersion and outdoor exposure tests.

This difference in leaching behavior can be attrib-
uted to the reduced exposure of the coatings to

electrolyte during the CSST, which likely slows down
the leaching process. Additionally, a more intact
polymer matrix may also limit electrolyte penetration,
further inhibiting the leaching process. These results
explain the superior performance observed in all
coating systems during CSST, as evidenced by the
EIS measurement, compared to the immersion and
outdoor exposure tests.

A particularly noteworthy observation in the lithium
system is the formation of a precipitation product on
the coating surface after CSST. This finding supports
the suggestion that such precipitation product con-
tributes to the fluctuating impedance modulus values
observed in Fig. 10d. To better understand the mech-
anism behind this phenomenon, additional EDX anal-
ysis was performed. The EDX analysis, as shown in
Fig. 12, overlays the magnesium and oxide mapping
results onto the SEM image, revealing that the
precipitation product primarily consists of magnesium
and oxide compounds. This confirms that the leaching
of magnesium oxide particles from the coating leads to
the precipitation of magnesium hydroxide, which may

Fig. 11: SEM images of PFIB-milled cross sections of (a) chromate—1, (b) chromate—2, (c) praseodymium, and (d) lithium
coating system after CSST, the red lines indicate the depletion front of the leached inhibitors within each coating.
Magnifications vary slightly to ensure full coating thickness is visible for each coating system
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positively influence the protective performance of the
coating during exposure.*” %

Li ZO*

Fig. 12: SEM image of a PFIB-milled cross section of the
lithium coating system after CSST, with overlaid EDX maps
highlighting the distribution of oxide and magnesium,
revealing regions of high and low magnesium intensity

ATR-FTIR analysis

Figure 13 provides the ATR-FTIR analysis results for
the coatings after exposure to the CSST.

CHROMATE-1 COATING SYSTEM: After exposure to the
CSST, the chromate—1 system exhibits an increase in
intensity at 3500 cm~'. As observed in the ATR-FTIR
analysis after CSST, as shown in Fig. 13a. This peak is
associated with the formation of metal hydroxides,
suggesting the precipitation of chromium and
aluminium hydroxides on the coating surface after
CSST.>* 7!

The increase in peaks at 1738 cm ™' and 1645 cm ™!,
along with the decrease at 1233 cm ™', indicates that
polymer matrix oxidation and scissioning also occur
during CSST exposure.”” 777 Unlike outdoor expo-
sure, UV-radiation can be ruled out as a contributing
factor to polymer oxidation, as the CSST does not
include UV exposure. Additionally, thermo-oxidative
degradation is unlikely given that the CSST tempera-
ture is maintained at 40° &+ 3°C. Instead, it is plausible
that the combination of electrolyte exposure, acidity,
and the slight temperature increase contributed to
polymer scissioning.'”’'% Under these conditions,
ether groups in the polymer may undergo hydrolysis
in either acidic or alkaline environments, leading to
polymer breakdown.'” "% This confirms that pro-
longed exposure to moisture alone can induce polymer
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degradation through oxidation and scissioning in
organic coatings.

Finally, the ATR-FTIR analysis of the chromate—1
system reveals a significant decrease in the spectral
range between 960 and 860 cm ' after CSST exposure.
As seen earlier, this reduction is attributed to the
leaching of strontium chromate, a finding further
supported by SEM analysis.”" %0~

CHROMATE-2 COATING SYSTEM: The chromate—2
system exhibits degradation behavior similar to that
of the chromate—1 system, as shown in Fig. 13b.
Polymer scissioning in the epoxy matrix, leaching of
strontium chromate and metal hydroxide formation, is
all clearly observed. The primary distinction between
the chromate—2 and chromate—1 systems is the
presence of a peak at 3676 cm !. This peak is
attributed to the formation of magnesium hydroxides,
likely resulting from the leaching of magnesium oxide
particles embedded in the chromate—2 coating.**%

PRASEODYMIUM COATING SYSTEM: As illustrated in
Fig. 13c, the praseodymium coating system exhibits a
clear reduction in the peaks at 3394 em %, 3528 em Y,
and 1105 cm™'. These peaks are associated with
calcium sulphate, indicating its leaching during CSST
exposure.®”~! In contrast, no significant changes are
observed for the praseodymium oxide peak (933 cm ™)
or the praseodymium hydroxide peak (3604 cm™').”*~
%% This absence suggests that the dissolution of
praseodymium oxide (Pr,O; or PrgOq) is limited,

likely due to its inherently low solubility and the
restricted exposure of the coating to electrolytes during
CSST."'! As a result, the leaching of praseodymium-
based inhibitors and the associated passivation
processes appear to be less pronounced under these
conditions.

Furthermore, the praseodymium system shows min-
imal polymer degradation after CSST exposure. The
absence of a significant reduction in the peak at
1233 cm ™!, combined with only slight increases at
1645 cm~! and 1738 cm ™', indicates that oxidation and
scissioning of the polymer matrix are limited.”™ 757°
This implies that the epoxy-polyamide matrix in the
praseodymium system is more resistant to hydrolytic
degradation compared to the epoxy-polyamide poly-
mers used in the chromate-based systems.

LITHIUM COATING SYSTEM: As shown in Fig. 13d, the
lithium coating system exhibits negligible changes in
the peaks at 1233 cm ™!, 1645 cm ', and 1738 cm ™!,
indicating that polymer oxidation and scissioning due
to hydrolysis are minimal.”> 7>~ However,
degradation of urethane bonds (2250 cm™') is
observed, although this does not result in significant
amide formation (1645 cm™1).”% 7779 102

A particularly notable observation is the change in
the peak at 1015 cm™', which suggests the leaching of
tri-lithium or tri-zinc phosphate pigments from the
coating.”” 1% Interestingly, instead of an expected
increase, a decrease in this peak is observed. This may
be due to the absence of magnesium phosphate
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formation on the panels after CSST exposure. Addi-
tionally, lithium and/or magnesium hydroxides
(3676 cm ') are not detected on the coating surface.”®
One possible explanation is that the formation of a salt
crust during CSST may have interfered with these
processes, preventing the precipitation of Li-Al LDH,
magnesium hydroxide, and magnesium phosphate at
the coating surface.

Flight test analysis
EIS measurements

The EIS measurements conducted during and after the
flight tests are shown in Fig. 14 as impedance modulus
IZI plots.

The results indicate that the chromate—2 and
lithium coating systems exhibited negligible changes
in impedance modulus |Zlyo; g, throughout the entire
flight test period. This stability suggests that these
coatings maintained their protective properties, pro-
viding excellent corrosion resistance. In contrast, the
praseodymium system displayed a one-order-of-mag-
nitude decline in impedance modulus |Zly g g, over
time, indicating minor degradation. Nevertheless, the

Depletion front

im;)edance modulus value |Zlyg; g, remained above
10° Q cm?, demonstrating that the praseodymium
coating still provided effective protection during the
flight test period.> *°

For all coating systems, the impedance modulus IZ|
in the mid-to-high frequency range (10°-10* Hz)
remained largely unchanged, suggesting that no sub-
stantial inhibitor leaching occurred over the 2.5-year
test period. The stable values further indicate that
inhibitor leaching did not significantly alter the coat-
ing’s capacitance or influence the impedance modulus
|ZI response in this frequency range. These findings
suggest that the coatings experienced minimal expo-
sure to electrolytes during flight testing, preserving
their active protective performance.

SEM analysis

Cross-sectional images of the coatings, prepared using
PFIB milling after 2.5-year of flight testing, are
presented in Fig. 15.

The SEM analysis results, as depicted in Fig. 15,
reveal that the chromate—2 and lithium coating
systems remained nearly intact after flight testing, with
only minor depletion of inhibitors. By contrast, the

Fig. 15: SEM images of PFIB-milled cross sections of (a) chromate—2, (b) praseodymium, and (c) lithium coating system
after flight testing, the red lines indicate the depletion front of the (partially) leached inhibitors within each coating
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Fig. 16: ATR-FTIR spectra of (a) chromate—2, (b) praseodymium, and (c) lithium coating systems, illustrating the chemical
composition changes by comparing newly applied coatings with those exposed to flight testing

praseodymium coating exhibited more pronounced
inhibitor depletion, suggesting a higher degree of
electrolyte exposure, leading to partial leaching of
calcium sulphate particles. However, this leaching did
not result in significant changes in the impedance
response, as confirmed by the EIS measurements. It is
likely that the degradation becomes apparent only as
electrolyte pathways penetrate deeper into the coating
and reach the metal substrate. Over time, these
pathways may expand, potentially accelerating degra-
dation as observed in EIS measurements during
outdoor exposure or CSST.

ATR-FTIR analysis

The ATR-FTIR spectra comparing coatings after 2.5-
year of flight testing with newly applied coatings are
shown in Fig. 16.

After flight testing, the chromate—2 system exhib-
ited a significant decrease at the 1233 cm ™' peak, along
with increased signals at 1645 cm ™' and 1738 cm ™!, as
shown in the ATR-FTIR measurement in Fig. 16a.
These spectral changes indicate oxidation and scission-
ing of the Pogymer matrix, consistent with previous
findings.”” "> Additionally, the reduction in 860-
960 cm ™' region indicates the leaching of strontium
chromate, while the increase at 3500 cm ™! is linked to

the formation of chromium and aluminium hydroxide
on the coating surface.’® 7% 7! 8083 These observations
align with SEM analysis, which confirmed chromate
leaching at the coating surface due to electrolyte
exposure. The combination of electrolyte exposure and
the thermal stress during flight testing likely con-
trib1216ted to the oxidation-induced polymer scission-
ing.

Conversely, in the praseodymium system, the peaks
at 1233 cm™!, 1645 cm™', and 1738 cm™! remained
stable after flight testing, as shown in Fig. 16b. This
stability indicates that the praseodymium coating
exhibited minimal polymer degradation via scissioning
or oxidation.”” 7>~"° However, significant leaching of
calcium sulphate is observed at 3528 em ', 3394 cm !,
and 1105 cm %> °! Notably, this leaching was con-
fined to the upper 3 um of the coating layer, consistent
with the limited penetration depth of ATR-FTIR.* By
contrast, the leaching of praseodymium oxide
(933 cm™') was negligible, and no formation of
praseodymium hydroxide (3604 cm™') was ob-
served.”” " These findings suggest that the coating
experienced limited electrolyte exposure during flight
testing, restricting the dissolution of praseodymium
oxide due to its low solubility. Despite this limited
exposure, the rapid leaching of calcium sulphate had a
notable impact on electrochemical performance, con-



J. Coat. Technol. Res.

Inhibitor leaching with a partially
intact coating
coating surface

5. Dissolution of SrCrQO,
6. Adsorption of CrO, to Al(OH);
forming AP*-—0—-Cr® bonds

1. Water uptake
2. Al,O3 + 3 H,0 -> 2AI(OH);
3. APP* + 3 H,0 -> Al(OH); + 3 H*

Inhibitor leaching accompanied
by precipitate formation at the

UV-radiation

7. Increased pore resistance

Fig. 17: Proposed degradation and protection mechanisms: (1a) Inhibitor leaching from a partially intact polymer matrix;
(1b) Inhibitor leaching accompanied by precipitate formation at the coating surface; (2) Cracked coating with intact polymer
embedded in the anodized oxide pores; and (3) Enhanced pore resistance in the anodized oxide layer due to chromate

activity

tributing to a reduction in impedance modulus
|Zlo.01 1, of approximately one decade.

As shown in Fig. 16c, the lithium system exhibited a
decrease in the 1233 cm™' peak after ﬂig7ht testing,
indicating scission in the polymer matrix.”” 77 A
reduction at 2250 cm ™' was also observed, suggesting
degradation of the polyurethane polymer.'** Interest-
ingly, the peak at 1645 cm ™' remained stable, indicat-
ing that polymer degradation did not significantly
affect the formation of amide groups in the lithium
coating. Additionally, the leaching of tri-lithium and/or

tri-zinc phosphate was identified at 1015 cm™', con-

firming moisture &)enetration into the coating during
flight testing.’”> ' This moisture uptake, combined
with thermal stress, likely contributed to surface-level
degradation of the polyurethane matrix.>® 6% 112
Unlike in outdoor exposure tests, the lithium coat-
ing system did not exhibit the formation of magnesium
phosphate, magnesium hydroxide, or Li-Al LDH
protection layers at the coating surface after flight
testing. This difference may be attributed to a reduced
leaching of inhibitors during flight testing, which could
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have limited the availability of reactants necessary for
the formation and deposition of these protective layers.

ATR-FTIR analysis after flight testing highlights the
role of thermo-oxidation and hydrolysis in polymer
degradation. These two processes are critical during
flight testing and have a more pronounced impact on
the lithium polyurethane-based coating as compared to
the praseodymium epoxy-polyamide-based coating
evaluated in this study. Further research is recom-
mended to investigate the effects of hydrolysis and
thermo-oxidation on polymer scissioning in aerospace
coatings. Enhancing the resistance of organic coatings
to these degradation mechanisms could improve their
long-term barrier performance and durability in flight
environments.

Changing testing protocols for reliable
performance prediction

The 2.5-year flight test results show that the coatings
remain largely intact, with minimal inhibitor leaching
and no significant barrier degradation. This aligns with
expectations for coatings under typical operational
conditions, where exposure to harsh environmental
stressors, such as prolonged UV radiation, frequent
wetting, and aggressive chemical contact, is relatively
limited. These results therefore provide a valuable and
realistic baseline for evaluating early-stage coating
performance of structural aircraft coatings.

When compared to previously published data on the
chromate—1 coating system after more than 35 years
of in-service exposure,” 2° a notable similarity is
observed: both the short- and long-term samples
exhibit high impedance values and minimal capacitive
degradation. SEM cross-sectional analysis of both
sample sets confirms that inhibitor leaching is not the
primary degradation mechanism in intact coatings.
Instead, ATR-FTIR reveals polymer chain scissioning,
driven by thermal oxidation and hydrolysis, as the
primary mechanism. Importantly, this process is
already detectable after just 2.5 years, underscoring
the sensitivity and diagnostic value of ATR-FTIR in
detecting early-stage chemical changes in the polymer
matrix.

The long-term durability of the chromate—1 coating
system appears to be closely linked to its ability to
restore pore resistance. Research, including the out-
door exposure results, suggested that the formation of
aluminium corrosion products, combined with chro-
mate adsorption, creates a dipolar structure within the
coating pores that impedes electron transfer.”> 7! 113
This barrier restoration mechanism can partially offset
the effects of polymer degradation in chromate-con-
taining coating systems. By contrast, chromate-free
coating systems may lack such restorative mechanisms,
increasing their susceptibility to long-term failure and
emphasizing the need for further investigation into
their long-term performance.

Furthermore, in-service coating failures are typically
driven by localized degradation rather than by uniform
deterioration. Studies have shown that moisture accu-
mulation, especially around fasteners and in geomet-
rically complex areas such as lap joints and crevices,
can lead to localized inhibitor leaching and corrosion
initiation, even in chromate-containing systems.> >

To improve predictive accuracy, revised testing
protocols should incorporate stressors such as thermal
oxidation, to replicate polymer degradation mecha-
nisms observed during in-service exposure. Further-
more, these protocols should address localized
degradation phenomena by incorporating targeted
laboratory experiments. This includes cyclic salt spray
testing using purpose-designed samples that mimic
real-world structural features, such as fasteners, dis-
similar material joints, and crevices, as proposed in a
previous study.?” That study also recommends specific
CSST parameters that should be adjusted to better
simulate service conditions and enhance the reliability
of performance predictions.

However, several key aspects remain insufficiently
explored to support the development of a robust
testing protocol that reliably predicts long-term service
performance. Future research should focus on clarify-
ing the relationship between polymer degradation,
particularly chain scissioning, and the long-term pro-
tective capabilities of coating systems. In chromate-
containing coatings, this form of degradation has not
proven critical, largely due to their inherent barrier
restoration mechanisms. By contrast, chromate-free
systems may lack such barrier restoration properties,
making these more susceptible to long-term perfor-
mance loss. While advanced polymer chemistries offer
the potential to mitigate these challenges through
enhanced resistance to thermal oxidation and hydrol-
ysis, their long-term effectiveness and contribution to
overall coating durability are still not fully understood.

Proposed degradation and protection mechanisms

The results of the EIS, SEM, and ATR-FTIR analyses
provide valuable insights into the degradation mecha-
nisms of various coating systems. Observations from
the different exposure tests have led to the identifica-
tion of several mechanisms explaining how these
systems degrade over time, the factors influencing this
process and how these continue to provide corrosion
protection. These mechanisms are summarized in
Fig. 17.

Mechanism 1: Inhibitor leaching with a partially intact
organic coating

The first mechanism describes the degradation of
structural coatings driven by the leaching of corrosion
inhibitors when exposed to moisture (Fig. 17, 1a). As
these inhibitors dissolve and leach out from the coating
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matrix, voids and pores are created, significantly
reducing the coating barrier properties by increasing
its permeability to water and electrolytes. The rate of
inhibitor leaching is primarily determined by the
solubility of the inhibitors and the diffusivity of water
and electrolytes through the polymer matrix. The
diffusion properties of the polymer are closely linked
to the integrity of its chemical structure.

UV-radiation plays a major role in degrading these
chemical bonds, inducing chain scissioning in the
polymer and creating pathways that facilitate water
ingress. Furthermore, hydrolysis and thermo-oxidative
processes, also able to degrade the chemical bonds by
scissioning, enable increased water diffusion and
inhibitor leaching. Over time, this cumulative loss of
inhibitors and rising porosity compromise the coating’s
ability to act as a barrier, ultimately reducing its
effectiveness in protecting against corrosion.

Despite these degradation processes, certain areas
of the organic coating remain intact and continue to
deliver corrosion protection. The degradation does not
fully penetrate through the organic coating to reach the
metal substrate. This observation is supported by the
study’s findings, which demonstrate that outdoor
exposure caused significant damage to the polymer
matrix, primarily due to UV-radiation. UV exposure
led to extensive degradation of the polymer bonds.
However, the lithium and chromate—2 coating systems
exhibit strong resistance to UV-induced degradation.
SEM analysis revealed that cracks formed in these
coatings do not propagate towards the substrate,
preserving the integrity of the coating system. This is
further supported by EIS measurements, which showed
impedance modulus values 1Zlyo y, exceeding 108 Q
cm”. These high impedance modulus values confirm
that the coatings maintained robust barrier properties
and continued to provide excellent corrosion protec-
tion, even under harsh conditions.

During the CSST, polymer degradation occurs
mainly through hydrolysis, resulting in significantly
reduced leaching of inhibitors as compared to outdoor
exposed coating systems. No cracks were observed in
any of the tested coating systems. Instead, degradation
was predominantly attributed to the inhibitor leaching
itself, consistent with the proposed mechanism. EIS
measurements showed impedance modulus values
|Zlo.o1 g, exceeding 10° Q cm?, indicating that the
polymer matrix embedded within the anodized oxide
pores remained intact. Furthermore, the sections of the
coating unaffected by leaching likely contributed to the
strong barrier properties observed.

In the lithium system, SEM analysis following CSST
revealed the formation of corrosion product on the
coating surface (Fig. 17, 1b). These surface deposits
may have further enhanced the impedance modulus
values |Zlyo; g, observed during EIS measurements.
However, prolonged exposure could compromise the
integrity of this corrosion product layer, potentially
causing fluctuations in impedance over time.

Flight testing exhibited the lowest levels of inhibitor
leaching among all tested conditions. However, ATR-
FTIR analysis did indicate more extensive polymer
matrix damage as compared to CSST. This discrepancy
may result from reduced electrolyte exposure during
flight testing, which minimized inhibitor leaching while
thermo-oxidation further degraded the polymer struc-
ture. The reduced inhibitor leaching during flight
testing contributed to the high im}g)edance modulus
values 1Zloo1 11, Which exceeded 10° Q cm? after the
test.

All coatings exposed to CSST and flight testing, as
well as the lithium and chromate—2 systems subjected
to outdoor environments, align with this first mecha-
nism. In these cases, although the leaching of inhibitors
caused some damage to the coatings, it did not
compromise their barrier properties. Instead, the intact
polymer regions within the organic coating and the
anodized oxide layer with polymer embedded inside its
pores, effectively prevented corrosion of the alu-
minium substrate to occur.

Mechanism 2: Cracked coatings with intact polymer
in anodized oxide pores

In this second proposed mechanism, the polymer
matrix within the organic coating is completely
degraded due to UV radiation, hydrolysis, and/or
thermo-oxidation processes. Despite this extensive
degradation, the anodized oxide layer, with the poly-
mer embedded inside its pores, continues to provide
sufficient corrosion protection. Evidence of this is
observed during the outdoor exposure tests, particu-
larly for the praseodymium and chromate—1 coating
systems. SEM cross-sectional analysis revealed that the
polymer matrix in these coatings had fully degraded,
with cracks extending through the coating and reaching
towards the substrate. However, EIS measurements
demonstrated that the praseodymium system still
maintained impedance modulus values |Zly oy g, Within
the range of 10’-10° Q cm?.

These results suggest that the anodized oxide layer,
combined with the polymer embedded inside its pores,
remained intact and continued to contribute to the
corrosion protection. For reference, a fully intact
anodized oxide layer without embedded polymer
typically exhibits impedance modulus values 1Zly g g,
in the range of 10°-10’ Q cm?*® * The higher
impedance modulus values observed for the praseody-
mium system indicate that the polymer within the
anodized oxide pores enhanced the overall corrosion
resistance.

Mechanism 3: Enhanced pore resistance in the anodized
oxide layer

The third proposed mechanism is based on observa-
tions from the chromate—1 system following outdoor
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exposure. Despite complete failure of the polymer
matrix inside the organic coating, the anodized oxide
layer with its embedded polymer continued to provide
effective corrosion protection, performing comparably
to fully intact coating systems. EIS measurements
consistently showed impedance modulus values
|Zlp.o1 g, €xceeding 10° Q ecm?, even though SEM
analysis revealed cracks in the organic coating extend-
ing towards the anodized aluminium substrate. These
findings suggest that nanoscale cracks were effectively
sealed by the formation of aluminium hydroxide,
followed by the adsorption of chromate ions. This
sealing likely restored pore resistance within the
anodized oxide layer, accounting for the sustained
electrochemical performance despite visible coating
failure. Although similar processes have been pro-
posed in earlier studies, the current findings provide
further clarification that this self-healing mechanism
occurs specifically within the anodized oxide layer.®

These insights highlight the complex interplay
between inhibitor leaching, polymer degradation, and
the integrity of the anodized oxide layer in maintaining
long-term coating performance. These also underscore
the risk of overlooking such long-term protective
mechanisms in overly aggressive accelerated testing
protocols.

Conclusions

This study demonstrates that immersion testing, out-
door exposure testing, and CSST do not adequately
replicate the degradation mechanisms observed under
actual in-service conditions. None of these test meth-
ods, as evaluated in this work, can be reliably used to
predict the long-term in-service performance of struc-
tural aircraft coatings. The primary discrepancies arise
from differences in degradation pathways, particularly
those related to polymer breakdown and electrolyte
exposure, which significantly influence the leaching
behavior of corrosion inhibitors.

The findings highlight significant differences in how
polymer matrices within coatings degrade across vary-
ing exposure environments. During outdoor exposure,
polymer degradation is predominantly driven by UV-
radiation, leading to oxidation and chain scissioning.
By contrast, structural coatings in service are rarely, if
ever, exposed to UV-radiation. CSST, on the other
hand, predominantly induces polymer degradation
through hydrolysis, whereas in-service conditions
involve a combination of hydrolysis and thermo-
oxidation.

In addition to polymer degradation, the solubility
and release behavior of corrosion inhibitors play a
critical role in the degradation of active protective
coatings in the aerospace industry. The rate and extent
of inhibitor leaching and the resulting degree of
coating degradation are influenced by both the amount
of electrolyte present as well as the exposure duration.

Different exposure environments produce distinctly
different impacts on coating degradation. For instance,
under in-service conditions, inhibitors in chromate and
lithium-based coatings exhibit only minimal leaching.
However, the praseodymium system demonstrates
relatively high inhibitor leaching, likely driven by the
rapid dissolution of calcium sulphate in the primer.
Under different exposure conditions, such as immer-
sion, outdoor exposure or CSST, chromate-containing
coatings experience significantly increased inhibitor
leaching. This suggests that these testing methods
subject coatings to more prolonged or intense elec-
trolyte exposure as compared to in-service conditions.
The structural coatings evaluated in this study are not
designed to withstand such prolonged and unrealistic
electrolyte contact. Instead, they are formulated in
such way that these activate corrosion inhibition upon
short-term wetting, accepting a reduction in barrier
properties in order to provide localized corrosion
protection at damaged sites. Therefore, extended
exposure to electrolyte may not accurately reflect in-
service performance. This highlights the importance of
interpreting accelerated test results with caution, par-
ticularly for coating systems that rely on active inhibi-
tion mechanisms.

While both CSST and in-service testing reveal that
coating degradation is primarily driven by the leaching
of inhibitors, which is influenced by polymer degrada-
tion, they also reveal that inhibitor leaching does not
typically extend to the substrate. Instead, coatings
retain their barrier properties through intact polymer
regions inside the coating in conjunction with an
anodized oxide layer containing polymer embedded
within its pores.

By contrast, outdoor exposure testing presents a
unique case. Here, UV radiation severely damages the
polymer matrix to the extent that cracks may propa-
gate towards the substrate. Despite this, the polymer
embedded inside the pores of the anodized oxide layer
remains effective, providing a continued protection
against corrosion. Notably, the chromate—1 system
demonstrates exceptional performance under outdoor
exposure conditions. Even in its damaged state, the
coating retains protective properties comparable to
those of an undamaged system. This extraordinary
behavior is likely due to the formation of aluminium
hydroxide, which, together with chromate adsorption,
seals nanoscale cracks and transport pathways in the
anodized oxide layer. This mechanism restores barrier
properties and significantly enhances corrosion resis-
tance.

Finally, this study underscores the value of ATR-
FTIR analysis for detecting early stages of coating
degradation, such as those observed during in-service
conditions. ATR-FTIR proved particularly effective in
identifying inhibitor leaching and initial polymer
matrix degradation, demonstrating its potential as a
powerful tool for understanding and monitoring coat-
ing degradation mechanisms. These findings highlight
the utility of ATR-FTIR in providing detailed insights
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into the early chemical changes within coatings, mak-
ing it a critical tool for evaluating the chemical and
functional integrity of coatings.
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