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A B S T R A C T   

The substitution of chromate-containing structural coating systems in aviation with alternatives complying with 
nowadays strict environmental, health and safety regulations remains a formidable challenge. This complexity is 
partly due to the absence of a standardized from-test-to-market methodology, including a performance com
parison between chromate-containing and alternative coating systems. To address this gap, the present study 
delves into the identification of crucial degradation factors that merit inclusion in such a methodology. 
Concurrently, it investigates the protective mechanisms inherent in chromate-containing coating systems and 
proposes improvements that can be applied to alternative coating systems. This study entails a comprehensive 
post-service examination of the degradation of paint applied to an aircraft component with over 35 years of 
service, employing electrochemical, microscopic and spectroscopic techniques. The findings underscore the role 
of thermo-oxidation as a significant degradation factor in the aging process of such coatings. Furthermore, the 
investigation elucidates a notable phenomenon in which aluminium ions within the coating pores form an 
aluminium hydroxide gel onto which chromate adsorbs. This process contributes to an increase in pore resistance 
upon exposure to electrolyte, leading to a self-healing barrier effect within the coating. Remarkably, this self- 
healing mechanism continues to offer long-term protection even when the coating matrix is sub-optimally 
cured due to application errors. Furthermore, this study reveals that the significant changes in capacitance 
during immersion testing result primarily from inhibitor leaching, emphasizing the effectiveness of combining 
Electrochemical Impedance Spectroscopy (EIS) with Scanning Electron Microscopy (SEM) analysis for studying 
coating degradation.   

1. Introduction 

The aviation industry relies heavily on the use of aluminium alloy 
components due to their lightweight and high-strength properties [1]. 
However, relatively aggressive and varying atmospheric conditions, 
exposure to corrosive substances and the proximity of salt water envi
ronments may render these components susceptible to corrosion, which 
can compromise their structural integrity and overall performance [2]. 
To combat this issue, extensive research and development efforts have 
led to the implementation of extensive corrosion protective measures. 
One of the most effective methods employed to counter the effects of 
corrosion in the aviation industry is the application of a multilayered 
paint system [2,3]. The application of an organic coating typically 

involves a pretreatment, such as an anodized layer or a conversion 
coating, followed by the subsequent application of a primer layer for 
internal structural components. External surfaces usually require both a 
primer and a topcoat for optimal protection and durability [2,4,5]. 

To date, chromates have been used as the primary corrosion inhibitor 
type incorporated in these coating systems [6,7]. Despite its efficacy in 
active corrosion protection, chromates can be carcinogens, underscoring 
the need for safer alternatives [8]. Extensive scientific research has led 
to the development of alternative paint systems. These novel systems 
rely on sacrificial protection mechanisms, as seen in magnesium-rich 
primers [9], or on active corrosion protection technologies involving 
elements like lithium [10,11] or praseodymium [12]. Although these 
alternatives have found applications in external uses, the 
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implementation of chromate-free solutions to safeguard structural 
components, remains challenging. 

The complexity of structural components poses significant chal
lenges in the adoption of alternative systems. The challenges arise from 
the nature of structural components, which are usually engineered to 
last for the life of the aircraft, which, sometimes exceeds 40 years [13]. 
Consequently, the selected coating system must exhibit at least similar 
long-term stability and durability. Furthermore, the lack of accessibility 
of these components for maintenance or reapplication of coatings once 
the aircraft is operational, underscores the crucial significance of an 
effective initial coating system. 

Continuous scientific research and development of new paint sys
tems for structural applications persists to enhance the performance and 
applicability of such coatings. However, simulating real-world aviation 
environments for testing purposes presents considerable challenges in 
this ongoing scientific endeavour [14,15]. The detailed evaluation of the 
impact of the in-service environment on the degradation of structural 
coatings remains a challenging research domain [16]. 

In the pursuit of a comprehensive understanding of structural 
coating degradation under in-service conditions, this study meticulously 
examined aged aircraft components. The investigation delved into the 
extent of degradation incurred in visual intact coatings on these com
ponents after being in service for more than 35 years. To elucidate the 
degradation in these coating systems, a multi-faceted scientific approach 
was employed, combining Electrochemical Impedance Spectroscopy 
(EIS) with Scanning Electron Microscopy (SEM) analysis and Attenuated 
Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR). 

EIS measurements were conducted to observe differences in elec
trochemical behaviour during an immersion test among various struc
tural coatings on aircraft parts with different numbers of flight hours. 
These measurements were complemented with SEM analyses, where 
cross-sections of the coatings were analysed after varying immersion 
times in order to reveal the physical changes during immersion. This 
provided valuable background information about the obtained EIS 
measurement results. Energy Dispersive X-ray (EDX) analysis was uti
lized to clarify alterations in the elemental composition of the coating. 
Additionally, ATR-FTIR was employed to investigate whether the 
structural coatings had been affected by thermo-oxidation. 

2. Materials and methods 

2.1. Selection of aircraft component 

Four distinct aircraft components were selected, each with different 
accumulated flight hours across their operational lifespan. An overview 
of this selection can be found in Table 1 and an image of the selected 
component type is shown in Fig. 1. This selection aimed to correlate 
potential variations in degradation patterns to different flight-hour ac
cumulations. The details of these selection procedure, as well as the 
disassembly procedure and part configuration, have been documented 
in earlier work [17]. 

2.2. Sample description 

This study focused on the degradation of structural coatings 
throughout their operational service life. Special attention was paid to 
the degradation of visually intact coatings after more than 35 years of 

service. Therefore, samples were extracted from the aluminium struc
ture of the selected parts where the primer had remained visually intact. 
The study utilized a combination of SEM analysis and blueprint exam
ination to elucidate the coating composition and substrate material. The 
aluminium structure and the derived samples were composed of 
aluminium alloy AA2024-T62. The applied coating system featured a 
chromic acid anodized layer, functioning as a pretreatment, with a 
thickness of approximately 2 μm (as per MIL-A-8625, Cl I), topped with 
an organic coating, which is a strontium chromate primer (conforming 
to MIL-PRF-23377) with a thickness of approximately 25 μm. 

2.3. Coating composition 

The applied strontium chromate coating on aircraft components 
comprises various substances. Analysis of the Material Safety Data Sheet 
(MSDS) reveals that the coating contains strontium chromate, solvents 
and an epoxy resin combined with a curing agent. The epoxy resin is 
formulated using a diglycidyl ether of bisphenol-A (DGEBA), which, 
when combined with the curing agent triethylenetetramine (TETA), 
forms the binder matrix, as illustrated in Fig. 2. In this binder matrix, 
pigments such as strontium chromate are incorporated. 

2.4. Analytical techniques 

The first step in the analysis of coating degradation consisted of a 
detailed microscopic examination. Specifically, the SEM, Thermo Sci
entific™ Helios™ UXe DualBeam G4, equipped with an EDX detector 
and a Focus Ion Beam (FIB), was utilized. FIB-milling facilitated the 
creation of cross-sections of the coating. For imaging, an acceleration 
voltage of 5 kV was employed in both secondary electron (SE) mode and 
backscatter electron (BSE) mode. For EDX analysis, an acceleration 
voltage of 15 kV was used. Prior to the SEM analysis, all samples were 
coated with a carbon layer of approximately 20 nm to mitigate any 
potential charging effects. 

Following the initial microscopic assessments, the study proceeded 
with long-term exposure experiments, exposing the samples to a 0.1 M 
NaCl solution. A section with a surface area of 20 cm2 of each sample 
was intentionally exposed to the electrolyte, while the remainder of the 
sample was sealed off with sealant (PR-1440). Except for the new 
reference coating, these EIS measurements were performed on a 10 cm2 

surface area. At distinct intervals throughout the immersion period, 
electrochemical measurements were performed using EIS. Each EIS 
measurement was repeated six times to confirm reproducibility, using a 
Biologic VSP-300 potentiostat over a frequency range of 10− 2–105 Hz 
with 7 points per decade and a sinusoidal amplitude of 25 mV using a 2- 
electrode setup in a Faraday cage with the sample acting as working 
electrode and a carbon rod as the counter electrode. One selected EIS 
spectrum per coating type was fitted with equivalent circuits using 
ZView 4 from Scribner Associates Inc. 

In addition, cross-sectional samples, prepared through FIB-milling, 
underwent detailed examinations employing SEM. These measure
ments were systematically conducted after varying immersion times to 
observe the degradation occurring during the EIS analysis. During these 
examinations, the samples underwent EDX analyses, ensuring a thor
ough assessment of the coating's structural integrity and elemental 
constituent composition. 

For the acquisition of quantifiable data, the software ImageJ from 
FUJI was employed to analyse the SEM-EDX images. The initial step in 
this analysis involved the conversion of RGB-images into 32-bit binary 
images. Subsequently, the threshold function was applied to select a 
specific bandwidth in the grayscale image corresponding to the pigment 
under examination. Notably, in this investigative process, careful 
consideration was given to aligning the chosen bandwidth with the EDX 
results associated with the pigment of interest. This alignment ensured a 
meaningful interpretation of the changes observed in the coating during 
the immersion tests. This enabled the identification of a depletion front 

Table 1 
Overview of the selected aircraft parts.  

Part # Flight hours (FH) Year of manufacturing 

#2547 2547 1984 
#4215 4215 1983 
#5183 5183 1983 
#5903 5903 1985  
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in coatings and allowed for the quantification of pigment leaching. 
Further investigation was performed with ATR-FTIR analysis. This 

analytical technique, utilizing a Thermo Nicolet Nexus Fourier- 
Transform Infrared Spectrophotometer equipped with a mercu
ry‑cadmium-telluride (MCT) liquid‑nitrogen-cooled detector and a 
Golden Gate sample holder, allowed for a profound examination of the 
polymer degradation within the coating. The spectroscopic measure
ments were taken at 4 cm− 1 spectral resolution with 32 co-added scans. 

To assess the impact of thermo-oxidation on the aircraft samples 
after service, ATR-FTIR spectroscopy analyses were conducted on these 
samples, without any prior exposure or additional aging. The data 
analysis of ATR-FTIR spectra utilized Spectragryph V1.2.16.1 software. 
Standardized processing procedures were applied to all spectra, 
commencing with advanced baseline correction, followed by chemo
metric preprocessing through standard normal variate (SNV) trans
formation. Subsequently, spectra within the 4000–1250 cm− 1 range 
were normalized relative to the aromatic ring band of the epoxy matrix, 
specifically aligning with the ring stretching vibration at 1508 cm− 1 

[18]. In the 1350–650 cm− 1 range, normalization was conducted at 840 
cm− 1, corresponding to CH3-bonds (C–H rocking) exclusive to the 
DGEBA structure [19]. These processing steps were required for inter- 
spectrum comparison. 

2.5. Thermo-oxidation 

To investigate the impact of thermo-oxidation on aircraft coatings 
during service, tests were conducted to identify the increase in surface 

temperature due to sunlight exposure under ambient conditions. The 
surface test panels, composed of CFRP material and coated with a matte 
grey military coating (Aerodur 5001), were positioned at a 45-degree 
angle. In this test setup, the surface test panels were placed on top of 
an aluminium box measuring approximately 120 × 60 × 5 cm. Two 
thermocouples were attached to the surface of the coated panel in order 
to measure the surface temperature during sunlight exposure. Addi
tionally, two other thermocouples measured the temperature rise of the 
aluminium box, while ambient temperature was recorded using a fifth 
thermocouple. These tests were conducted in the Netherlands at the NLR 
facility in Marknesse from July to August 2021. 

To further unravel the effects of thermo-oxidation in the investigated 
primer of the aircraft components, additional tests were performed on 
different samples exposed to various temperatures. The samples were 
coated with the same primer that was applied to the original aircraft 
components (MIL-PRF-23377) and contained a pretreatment consisting 
of a chromic acid-anodized substrate (MIL-A-8625). The samples were 
made of aluminium alloy AA2024-T62. After a post-painting curing 
period of 6 months under ambient laboratory conditions, these samples 
were exposed to different temperatures (75, 100, and 125 ◦C) for 7 days. 
Subsequently, ATR-FTIR measurements were conducted on the coatings 
to analyse the scission-effect in the polymer matrix during the various 
simulated thermo-oxidative exposures. 

3. Results and discussion 

3.1. General observations 

The investigation of the coating commenced with a microscopic 
examination using SEM. Cross-sections of aircraft component samples, 
prepared through FIB milling as depicted in Fig. 3, unveiled the presence 
of diverse types of particles within the epoxy-polymer matrix. The 
subsequent EDX analysis, combined with data obtained from the primers 
MSDS, confirmed the presence of strontium chromate, talc, diatoma
ceous earth and titanium dioxide particles within the coating as iden
tified in previous work [17]. It is noteworthy that the intact coating 
samples displayed an absence of discernible pores at the microscale, 
indicating minimal exposure to moisture. Consequently, the leaching of 
strontium chromate was deemed negligible, as discussed in our previous 
work [17]. 

Fig. 1. Structural overview of selected aircraft part.  

Fig. 2. Schematic representation of the epoxy matrix constituted by DGEBA 
resin and TETA hardener in the coating under investigation. 
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3.2. Dissolution kinetics in epoxy coating 

3.2.1. EIS measurement 
Following the SEM analysis of the intact coating, samples of aircraft 

components underwent an immersion exposure in a 0.1 M NaCl solution. 
Subsequently, EIS measurements were performed, as illustrated in 
Fig. 4. The EIS Bode plots depict the recorded data after various im
mersion times (in hours) in 0.1 M NaCl solution for the aircraft coatings 
#2547, #4215, #5183, #5903 and a newly applied coating under lab
oratory conditions as a reference, in conjunction with SEM microscopy, 
conducted after various immersion times. 

The following observations can be derived from the EIS measure
ments. Firstly, this analysis demonstrates a gradual decrease in imped
ance modulus value |Z| over immersion time for all coatings at low 
frequency (10− 2 Hz). This behaviour indicates a decline in barrier 
properties [20]. Secondly, all coatings exhibited a decrease in |Z| over 
prolonged immersion time within the mid-frequency range (100–103 

Hz). This reduction signifies a concurrent increase in the coating's 
capacitance, as indicated by the phase angles ranging close to -90o, 
which suggests nearly a fully capacitive resistance [20–23]. This in
crease in capacitance is particularly pronounced for coating #2547, 
#4215 and #5903, and for the newly applied coating as well. By 
contrast, coating #5183 demonstrates distinctively different behaviour. 
It displays a 3 to 4 times smaller increase in capacitance than the other 
coatings. In addition to the increase in capacitance, another noteworthy 
observation can be made. When comparing the overall EIS spectra 

during immersion, it can be seen that the spectra of coatings #5903 and 
#4215 reach a stable final stage within 168 h, whereas coatings #2547, 
#5183 and the newly applied coating require longer immersion times 
and reach a stable stage only after 504 h. 

The evaluation of coating degradation upon completion of the im
mersion test is quantifiable through EIS. An analysis of EIS data after 
840 h of immersion reveals nuanced variations in coating performance 
on aircraft parts. This is specifically evident in the values of |Z| at both 
10− 2 Hz and 102 Hz. The low-frequency values indicate the barrier 
properties, whereas the mid-frequency values illustrate the coatings' 
capacitive behaviour [20–23]. This approach allows the establishment 
of a performance hierarchy among the coatings, as depicted in Fig. 5. 
Remarkably, #5183 stands out as the best performer, exhibiting the 
highest barrier properties and the lowest capacitive behaviour. Coating 
#5183 is followed by #2547, the newly applied coating and #4215, 
which exhibit nearly equal performance. Coating #5903 performs 
slightly lower, which can be ascribed primarily to its lower capacitive 
behaviour. 

Significantly, the sustained efficacy of all coatings, even after 840 h 
of immersion, is noteworthy. This is discernible through the consistent 
maintenance of effective protection, evidenced by the impedance 
modulus |Z|0,01Hz consistently exceeding 108 Ω⋅cm2. This underscores 
the enduring effectiveness in corrosion protection of each coating, 
providing valuable insights into their long-term performance and resil
ience under prolonged corrosive conditions [22,23]. 

Fig. 3. Cross-sectional view of an intact coating achieved through FIB milling: (a) sample location within the overall aircraft part studied; (b) FIB-milling preparation 
method; (c) cross-sectional EDX mapping image; (d) cross-sectional BSE microscopic image [17]. 
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3.2.2. Equivalent electrical circuit analysis 
The results of EIS spectra underwent fitting using an Equivalent 

Electrical Circuit (EEC), to precisely quantify the electrochemical 
characteristics of the coating and gain deeper insights into barrier 
properties, the capacitance behaviour and the diffusion processes at the 
interface. The selection of the EEC is performed with the use of the Bode 
plot diagrams presented in Fig. 4, which reveal the presence of two 
distinct time constants in the degrading coatings. These time constants 
manifest in both the low-frequency region (10− 2–10− 1 Hz) as well as the 
mid-frequency region (100–103 Hz) [24]. The specific EEC used for 
fitting is illustrated in Fig. 6e. It represents a circuit that contains two- 

time-constants, which is commonly employed to characterize a defec
tive coating [21,24–26]. 

In this circuit, RS refers to the electrolyte resistance [24–27]. The 
CPEc indicates the Constant Phase Element (CPE), representing the non- 
ideal capacitance behaviour of the coating, while the RC signifies the 
pore resistance of the organic coating [24–26]. The CPEdl represents the 
non-ideal double-layer capacitance [24–26]. Together with the charge 
transfer resistance Rct, these elements represent the electrochemical 
corrosion process at the coating-metal interface [24–26,28]. 

All fitting outcomes demonstrate an acceptable fit with a minimum 
chi-square of 2 × 10− 3, confirming the appropriateness of the chosen 
equivalent circuit for describing the electrochemical behaviour of the 
coatings [29,30]. 

In the fitting procedure, CPEs are used to accommodate the non-ideal 
capacitance behaviour of the coating and the electrochemical corrosion 
process at the coating-metal interface. To calculate the effective coating 
capacitance of a CPE at the corresponding time constant, the following 
Equation was used [31]: 

C =
(Q • R)

1
n

R
sin

(nπ
2

)
(1) 

The initial observation from the EEC fitting results reveals a note
worthy trend in the pore resistance of the coatings during immersion in 
0,1 M NaCl. Initially a significant decrease is observed, followed by a 
gradual increase, as illustrated in Fig. 6a. The initial decrease, noted 
after 2 h of immersion, can be attributed to the rapid water uptake by the 
aged coatings. However, the subsequent increase in pore resistance after 
48 h of immersion stands in contrast to what may have been expected - a 
decrease assumed to be solely due to the permeation of electrolyte in the 
coating and leaching of the strontium chromate inhibitor, resulting in an 
increased number of conductive pathways inside the coating [26,27]. 

Fig. 4. EIS Bode plots recorded after various immersion times (in hours) in 0.1 M NaCl for coatings #2547, #4215, #5183, #5903 and a newly applied coating as 
a reference. 

Fig. 5. |Z| at completion of the immersion test (840+ hours) in 0.1 M NaCl of 
the reference coating and coatings #2547, #4215, #5183 & #5903. 
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However, the contrary is observed. This unexpected behaviour is also 
evident in the phase diagrams of the bode plots illustrated in Fig. 4, 
where a dip exists in the mid-frequency range between 100 Hz and 102 

Hz until 48 h of immersion, after which the phase angle increases again. 
This behaviour is also reported in prior literature, where it is ascribed to 
the possible formation of corrosion product, which could increase the 
total resistance [32]. Notably, coating #5183 deviates from this pattern, 
exhibiting more expected behaviour including a rapid initial drop fol
lowed by stabilization of the resistance, which is indicative for electro
lyte permeation inside the coating [21–23]. 

The capacitive behaviour of the coatings yielded intriguing results. 
Firstly, it was observed that coatings #5903 and #4215 exhibited a 
rapid and substantial increase in capacitance, whereas this increase was 
notably slower for coating #2547 and for the newly applied coating. 
This phenomenon can be attributed to the leaching rate of strontium 
chromate, which, in turn, augments the pores in the coating and 
consequently increases the capacitance [33,34]. The slower increase in 
capacitance for coating #2547 and for the newly applied coating can 
probably be attributed to a more intact polymer matrix, which limits the 
leaching rate of strontium chromate as compared to coatings that have 
been in service for an extended period of time [35]. However, coating 
#5183 did not display a substantial increase in capacitance, suggesting 
that leaching likely did not occur to a significant extent. The slight in
crease in capacitance in coating #5183 may be ascribed to water uptake 
by the coating, a process typically occurring within the first 24 h 
[33,36–39]. 

The authors suggest that the behaviour of the double-layer capaci
tance would follow a pattern similar to that of the coating capacitance. 
As the coating capacitance increases, a larger quantity of electrolyte can 
access the coating-metal interface. The electrolyte at this interface, 
initially in small quantities that increase over prolonged immersion, 
facilitates the electrochemical (corrosion) processes locally, resulting in 
sites where corrosion products developed at the coating-metal interface 
[34]. This corrosion product, fully saturated with electrolyte, induces a 
double-layer capacitance and a charge transfer resistance [34]. The 
charge transfer resistance indicates that the kinetically controlled elec
trochemical reactions at the interface behave as expected, consistently 
decreasing over immersion time [27,40,41]. This is primarily due to the 
increase in electrochemically active locations at the interface, 

collectively diminishing the total charge transfer resistance [34]. 
Consequently, this process leads to a simultaneous increase in double- 
layer capacitance [36,37]. 

While the behaviour of the double layer capacitance of all coatings 
aligned with the anticipated pattern, coating #4215 exhibited different 
characteristics. Initially demonstrating an increase, the double layer 
capacitance gradually diminished after 48 h of immersion. The authors 
currently lack an explanation for this unexpected behaviour, especially 
when contrasting this with the trend as observed in the charge transfer 
resistance. It would be expected that the double-layer capacitance of 
coating #4215 should follow the trend as observed with the coating 
capacitance, mirroring the behaviour of the other coatings. 

Another observation that requires clarification is the significant in
crease in double layer capacitance observed for coating #2547 as well as 
for the new coating. This behaviour could be attributed to a more intact 
polymer matrix. In a more intact coating, the matrix protects strontium 
chromate particles within the coating from dissolving in the exposed 
electrolyte. Consequently, the electrolyte inside the coating contains less 
dissolved chromate, potentially leading to increased corrosion activity 
at the aluminium substrate. The authors suggest that this phenomenon is 
reflected in the increase in double layer capacitance as well as in the 
decrease in charge transfer resistance for coating #2547 and for the 
newly applied coating as reported in prior literature [42]. 

3.2.3. SEM analysis of FIB-milled cross sections 
To gain a more comprehensive understanding of the processes 

occurring within the coating, SEM microscopy was employed to monitor 
the physical changes in the coating after various immersion times, as 
illustrated in Fig. 7. The depletion front, representing the extent of 
strontium chromate leaching due to immersion in a 0.1 M NaCl solution, 
is delineated by a red line in Fig. 7. Confirmation of strontium chromate 
dissolution is provided by the accompanying EDX analysis, substanti
ating the observations from the EIS analysis. 

The extent to which the depletion front reaches the coating-metal 
interface varies among the different coatings and immersion times. 
For instance, coatings #4215 and #5903 exhibit the depletion front 
reaching the interface within 168 h. In contrast, for #2547 and #5183, 
the presented images in Fig. 7 indicate that the depletion front has not 
reached the interface even after 1008 h. It is essential to acknowledge 

Fig. 6. Temporal evolution of fitted parameters during immersion tests. (a) Pore resistance Rc, (b) effective coating capacitance CPEc, (c) charge transfer resistance 
Rct and (d) effective double-layer capacitance CPEdl and (e) corresponding equivalent electrical circuit. 
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that the provided images are momentary and local and do not defini
tively rule out the chances of the depletion front reaching the interface 
at other locations for #2547 and #5183. From that perspective, EIS 
measurements offer more insight into the extent to which the leaching 
front has reached the coating-metal interface as it provides a more 

global view. 
To quantitatively interpret the SEM-EDX findings, ImageJ was used 

to determine the percentage of strontium chromate. The leaching of 
strontium chromate was then plotted as a decrease in volume percentage 
of the coating and compared with the variation in coating capacitance 

Fig. 7. SEM images of FIB-milled coated samples at varying immersion times, with the red line indicating the depletion front of strontium chromate particles for 
coatings #2547, #4215, #5183 and #5903. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 8. Temporal evolution of coating capacitance (continuous lines) of aged aircraft components during immersion in 0.1 M NaCl, juxtaposed with the time- 
dependent release of strontium chromate (dashed lines). 
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over time, as illustrated in Fig. 8. This approach allows to utilize 
strontium chromate leaching during immersion to elucidate the fluctu
ations in coating capacitance. A striking observation is the consistent 
pattern: the leaching of strontium chromate corresponds well with the 
coating capacitance. This observation confirms that the increase in 
coating capacitance can be ascribed to strontium chromate leaching. 

3.2.4. Pore resistance and aluminium mobility 
It is remarkable that a coating with a significant number of pores 

shows |Z|0.01Hz values in the range of 108 Ω⋅cm2. This phenomenon 
cannot be solely ascribed to the presence of an intact anodized layer, 
which typically offers |Z|0.01Hz values in the range of 106–107 Ω⋅cm2 

[43–45]. The implication is that the coating, despite its numerous pores, 
continues to provide robust resistance, a seemingly unconventional 
observation [46]. Consequently, the investigation into the development 
of pore resistance has become a subject of particular interest, warranting 
a more in-depth exploration. 

Building upon the findings of Dong et al., where iron from the sub
strate is detected in the coating post-immersion in an electrolyte, the 
authors hypothesized that the diffusion of aluminium ions may poten
tially contribute to the increased pore resistance observed after 48 h of 
immersion in 0.1 M NaCl, as illustrated in Fig. 6 [47]. To test this hy
pothesis, SEM-EDX analysis was employed to scrutinize the presence of 
aluminium within FIB-milled cross-sections of the coating. This analysis 
was conducted on all coatings after various immersion times, with an 
illustrative example provided for coating #5903 in Fig. 9 after 48 h of 
immersion. Fig. 9 showcases a processed EDX map of the element 
aluminium superimposed on the SEM-BSE image. The contrast of the 
EDX map was adjusted using ImageJ in order to enhance the visibility of 
elemental aluminium within the coating. 

This analysis suggests mobility of aluminium ions within the coating 
matrix. A notable difference of aluminium presence is apparent within 
the coating when comparing this below and above the depletion front 
respectively, as illustrated in Fig. 9c. The presence of aluminium below 
the depletion front is particularly visible around particles inside the 
coating, most notably in the proximity of silicon oxide and strontium 
chromate particles. The presence of aluminium around silicon oxide 
particles can be explained by the presence of talc, which contains silicon 
oxide and aluminium impurities which can replace silicon in the silica 
tetrahedral layer of the talc structure. [48–51]. However, the presence of 
aluminium around the strontium chromate particles remains unclear. 

Further investigation of the aluminium distribution above the 
depletion front revealed the absence of aluminium within the pores 
resulting from the complete dissolution of strontium chromate. This 
phenomenon may be attributed to faster outward diffusion kinetics 
directed towards the electrolyte that is readily available in larger pores 
upon immersion. Conversely, slower diffusion is expected through 
smaller pores, potentially explaining the presence of aluminium below 
the depletion front within the coating. This intricate behaviour still 
necessitates further investigation for a comprehensive understanding. 

In addition to confirming the presence of elemental aluminium in the 

coating, visual observations of samples after immersion in electrolyte 
highlights the development of a gel-like substance on top of coating 
#5184, as illustrated in Fig. 10. EDX analysis in the SEM suggests that 
the gel-like substance is primarily composed of aluminium (hydr)oxide, 
with minor traces of chromium, likely originating from chromate, and 
traces of NaCl. The results are presented in Table 2. It is crucial to 
emphasize that the aluminium detected in this gel product originates 
exclusively from the substrate beneath the exposed coating, given that 
all other regions of the substrate are effectively sealed with a protective 
sealant. This finding indicates that aluminium transport takes place 
through the coating during immersion in an electrolyte. 

3.3. Proposed coating degradation mechanism 

Building upon the aforementioned findings, the authors propose the 
following mechanism for the evolution of the coating pore resistance, as 
illustrated in Fig. 11. This process initiates with the exposure of the 
coating to the electrolyte. Within 24 h, the electrolyte fully permeates 
the coating, achieving complete saturation and causing the pore resis
tance to rapidly decline [36–39,52–54]. Simultaneously, the gradual 
dissolution of strontium chromate, a constituent of the coating, com
mences [55–57]. Although this dissolution generates pores or vacant 
spaces formerly occupied by strontium chromate, for coating #5903, 
#4215, #2547 and the newly applied coating, the pore resistance is 
observed to increase again after 48 h of immersion. 

Concurrently with the leaching of strontium chromate, there appears 
to be a transport of aluminium through the coating. This aluminium 
might originate from the aluminium impurities present in the talc par
ticles or from the bare aluminium substrate due to electrochemical re
actions or from the anodized oxide layer, where Al2O3 can hydrolyse 
into aluminium (hydr)oxide gel upon interaction with water [58–61]. It 
is crucial to emphasize that no corrosion has been detected underneath 
the anodized layer at any location, and SEM examinations have not 
revealed any degradation of the anodized layer. This suggests that the 
scale at which aluminium dissolves may be beyond the resolution of the 
SEM. Nevertheless, it is established that aluminium undergoes dissolu
tion, resulting in the formation of an aluminium (hydr)oxide gel at the 
surface of and likely within the coating's pores and transport pathways, 
thereby impeding ion mobility. 

The authors suggest that the aluminium (hydr)oxide gel present in 
the coating undergoes chromate adsorption in the presence of chromate, 
forming Al3+-O-Cr6+ bonds [62–64]. The adsorption of chromate onto 
aluminium (hydr)oxide-gel creates a dipolar structure that hinders 
electron transfer [64,65]. Consequently, this results in an increase in the 
pore resistance of the coating, as evidenced by EIS measurements, 
indicating that transport pathways are blocked. As illustrated in 
Fig. 11c, this blockage of transport pathways can occur particularly in/ 
at: 1) the pores of the coating; 2) the pigment-particle epoxy-matrix 
interface of the coating; 3) the anodized oxide layer and/or 4) the 
interface between the metallic substrate and the coating-anodized oxide 
layer [57,66,67]. It is essential to consider that SEM analysis reveals the 

Fig. 9. SEM-BSE image of a cross section from coating #5903 following 48 h immersion in 0.1 M NaCl overlaying with a (a) 100 %, (b) 50 % or (c) 0 % transparent 
EDX image illustrating the distribution of aluminium within an epoxy coating. 
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presence of large pores resulting from dissolved strontium chromate 
particles, without corresponding evidence of aluminium hydroxide 
products at these locations. This suggests that after prolonged immer
sion, it appears improbable that transport pathways associated with the 
pores in the organic coating are blocked. The authors consider it more 
plausible that the transport pathways along the pores of the anodized 
oxide layer were blocked instead; these could be sealed by the formation 
of aluminium (hydr)oxide while in contact with water [45,58]. Never
theless, no supporting evidence exists for this claim, necessitating 
further investigations to elucidate this intricate interplay within the 
entire functional coating system. 

3.4. Effect of degraded epoxy matrix on chromate leaching kinetics 

3.4.1. Hypothesis for variations in leaching characteristics 
The explanation provided for the increased pore resistance after 48 h 

of immersion, as shown in Fig. 6a, applies to coating #2547, #4215, 
#5903 and the newly applied coating. However, coating #5183 does not 
show a similar increase. Studying the change in capacitance alongside 
the pore resistance during immersion reveals a consistent pattern: the 
capacitance of coating #5183 remains almost unchanged, as shown in 
Fig. 6b. This effect is noticeable even after 48 h of immersion, an 

exposure duration at which significant changes occur in coatings #5903, 
#4215, #2547 and the newly applied coating. 

SEM analysis in Fig. 7 indicates that coating #5183 shows a lower 
strontium chromate leaching, which could explain this phenomenon. To 
investigate the potential influence of the epoxy-polymer matrix on the 
leaching rate of strontium chromate, ATR-FTIR analyses were con
ducted. The hypothesis underlying these analyses is that differences in 
the polymer matrix may account for the observed variations in the 
leaching rate of strontium chromate [35,68]. 

3.4.2. ATR-FTIR measurements of aircraft coatings after service 
The ATR-FTIR spectra for the measured coatings are depicted in 

Figs. 12 and 13, illustrating aircraft coatings after service as well as 
pristine coatings. In Fig. 12, a noticeable difference is observed, 
particularly in the case of #4215 as compared to the other coatings. This 
distinction is evident, especially in the peak bandwidths at 1010 cm− 1 

and 1085 cm− 1 [69–73]. The peak at 1010 cm− 1 suggests that coating 
#4215 has a higher concentration of C–O bonds than the other coat
ings, whereas the peak at 1085 cm− 1 indicates a lower concentration of 
C–N bonds. 

The higher concentration of C–O bonds in coating #4215 may imply 
the presence of a significant number of intact epoxy rings of DGEBA. 
Conversely, the lower concentration of C–N bonds suggests a limited 
presence of TETA bonds with the epoxy rings of DGEBA. This leads to the 
conclusion that during the application of coating #4215, likely an 
insufficient amount or the wrong type of hardener was added, resulting 
in a polymer with fewer cross-linked epoxy-polymer bonds. This 
reduced cross-linking could explain the rapid absorption of electrolyte 
and the subsequent faster leaching of strontium chromate. However, 
considering the data presented in Fig. 8, the leaching rate of the coating 
with the most flight hours, coating #5903, is even higher. 

Due to the substantial deviation caused by the hardener, which in
fluences the absorption properties of the epoxy matrix, coating #4215 is 
excluded from further analysis and discussion in comparison to the other 
spectra. 

Fig. 10. Gel-like substance observed on top of coating #5184 after 1008 h of immersion testing. (a) Cross-sectional view of the coating obtained through FIB milling, 
with the location of the detected gel schematically highlighted in orange; (b) Top view of the coating, displaying the presence of the gel-layer; and (c) SEM image of 
the extracted (dried) gel-like substance, indicating the area where EDX analysis was conducted. (This gel layer was visually observed on top of coating #5184 and 
#2547. Since the gel layer was not observed on top of the other coatings, no further analysis was conducted for these samples.) 

Table 2 
EDX results revealing the composition of the gel-like substance situated on top of 
the coating, as illustrated in Fig. 10c.  

Element, 
Line 

Element 
Wt% 

Wt% 
Error 

Element 
At. % 

C K 3,21 ±0,02 5,37 
O K 49,88 ±0,26 62,67 
Na K 4,62 ±0,02 4,04 
Al K 26,10 ±0,09 19,45 
Cl K 12,37 ±0,04 7,01 
Cr K 2,85 ±0,02 1,10 
Other 0,96 – 0,36  
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In Fig. 12, variations in the adsorption at 1233 cm− 1 are evident. The 
peak at 1233 cm− 1 is indicative of an abundance of C-O-C-C bonds, 
highlighting a higher relative concentration of these bonds in the new 
coatings as compared to the coatings on the aircraft parts [73–75]. The 
difference in C-O-C-C bonds may be attributed to the extent of thermo- 
oxidation within each coating. Thermal exposure has the potential for 
breakdown of the C-O-C-C bonds in the crosslinked epoxy network, as 
illustrated in Fig. 14 [18,76–78]. Notably, this thermo-oxidation is most 
pronounced in coating #5903, followed by #2547. This observation 
implies that the epoxy matrix of #5183 remains nearly intact, resulting 
in a dense cross-linked polymer that hinders the easy transport of ions 
[41,79]. Consequently, the leaching of strontium chromate from the 
coating is less pronounced in coating #5183. 

Another interesting result is the O–H adsorption at 3400 cm− 1, 
displaying variations among different coatings prior to immersion 
testing, as illustrated in Fig. 13 [73,80,81]. Although this adsorption 
may imply the presence of water inside the coating or the influence of a 
partially thermally oxidized coating, as demonstrated in Fig. 14, it could 

also be attributed to metal-hydroxide groups [18,47,77,78]. The dif
ferences in water concentrations among the different coatings can be 
ruled out, considering that all samples were stored together in a dry 
laboratory environment for several months before measuring IR spectra. 
This storage duration allowed the coatings to fully release potentially 
entrapped water inside, resulting in nearly identical and low water 
concentrations across all different coatings [82]. When contemplating 
the effects of thermo-oxidation on the O–H absorption peaks in the 
epoxy matrix, as illustrated in Fig. 14, it becomes apparent that the O–H 
absorption peak, as assigned in the coatings, is more appropriately 
associated with the bandwidth at 3400 cm− 1 rather than the bandwidth 
at 3200–3300 cm− 1. According to literature, the bandwidth at 
3200–3300 cm− 1 is related to thermal oxidation, suggesting that other 
factors would influence the 3400 cm− 1 bandwidths [18]. To further 
ascertain that the differences cannot be solely ascribed to thermo- 
oxidation, tests were conducted where newly coated samples were 
subjected to elevated temperatures for 7 days, as illustrated in Fig. 15. 
These tests reveal enhanced O–H absorption peaks at 3400 cm− 1 when 

Fig. 11. Graphical representation of mechanisms influencing coating degradation during immersion in electrolyte. (a) SEM-BSE image indicating the region of 
interest, (b1) unexposed coating, (b2) water uptake in coating, (b3) subsequent dissolution of strontium chromate, (b4) dissolution of Al ions forming aluminium 
(hydr)oxide gel with the adsorption of chromate, (c) electrochemical representation corresponding to image (b4). 
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Fig. 12. ATR-FTIR spectra, spanning the range of 1350–650 cm− 1, depicting aircraft coatings after service as well as pristine coatings. All spectra are normalized at 
the peak at 840 cm− 1. 

Fig. 13. ATR-FTIR spectra (4000–1325 cm− 1) comparing aged aircraft coatings after service with a pristine coating, highlighting the impact of thermo-oxidation at 
1738 cm− 1 & 1645 cm− 1, indicating the growth of hydroxide within the coating. Spectra are normalized at the peak at 1508 cm− 1. 
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thermo-oxidation is linked to the bandwidths at 1738 cm− 1 and 1645 
cm− 1. However, the intensity observed is significantly lower as 
compared to that experienced in aircraft parts before immersion testing, 
as presented in Fig. 13. This indicates that the ascribed O–H absorption 
peak represents the presence of metal-hydroxide bonds as well. 
Furthermore, this finding aligns with earlier results, as exemplified in 
Figs. 9 and 10, where the presence of aluminium inside and on top of the 
organic coatings was identified during immersion testing. 

As a consequence, it can be assumed that before subjecting the 
coatings to an immersion test, varying concentrations of probably 
aluminium (hydr)oxide are already present inside the different coatings, 
as revealed by the ATR-FTIR analysis. The highest concentration was 
observed inside coating #5903, which has accumulated the highest 
number of flight hours, followed by #5183 and #2547, which were 
closely aligned, as shown in Fig. 13. While this trend offers only limited 
insights, it still suggests that #5903 has likely encountered the largest 

Fig. 14. Thermo-oxidation reaction at the DGEBA resin (a) and the TETA hardener (b), depicting the progression from an unaffected polymer chain to a fully 
oxidized chain, and elucidating the impact on the FTIR absorbance bandwidth. 

Fig. 15. ATR-FTIR spectra (4000–1325 cm− 1) comparing thermally-aged coatings with newly applied coatings, highlighting the impact of thermo-oxidation at 1738 
cm− 1 and 1645 cm− 1 and showcasing the growth of hydroxide within the coating. Spectra are normalized at 1508 cm− 1. 
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exposure to electrolyte during operational service. 
The assumption that the formation of hydroxides within the coatings 

implies the presence of internal pores or cracks is challenged by SEM 
analysis, which indicates an absence of such imperfections at the 
microscale, along with virtually no leachable strontium chromate. The 
degradation process in the coatings likely occurred exclusively at the 
nanoscale, with minimal exposure to electrolytes; otherwise, strontium 
chromate would have dissolved at the microscale [83]. Given the low 
solubility of strontium chromate, it can be assumed that these coatings 
have only experienced low levels of electrolyte exposure. This exposure 
could potentially result from a day/night cycle or a flight cycle, wherein 
a cold structure, upon contact with warmer air during landing or at the 
beginning of the day, induces condensation on the coated structure 
[84,85]. These minimal amounts of electrolyte may have contributed to 
the formation of aluminium (hydr)oxides inside the coating. 

Thermo-oxidation is further supported by the observed peaks at the 
bandwidths of 1738 cm− 1 and 1645 cm− 1, indicative of the presence of 
C––O bonds and amide groups, as depicted in Fig. 14b [18,73,76–78]. 
The peaks identified at the bandwidths of 1233 cm− 1 and 1645 cm− 1 

suggest that oxidation predominantly transpires at the terminal NH2 
groups of the TETA hardener, which have undergone polymerization 
with the DGEBA epoxy [18,74–77]. However, it is important to note that 
the peak at a bandwidth of 1738 cm− 1 is relatively weak, which com
plicates the formulation of any conclusions. The peak only remains clear 
for coating #5903, indicating that the largest amount of thermo- 
oxidation had taken place inside this coating. 

A closer examination of the 1645 cm− 1 bandwidth might suggest that 
thermo-oxidation has occurred inside the new coating after 6 months of 
aging. However, this is not supported when considering the 1233 cm− 1 

bandwidth. This distorted perspective may arise from the challenges 
encountered in normalizing FT-IR spectra of different pigmented coat
ings, as observed in this study, probably due to inevitable variations in 
pigment/epoxy matrix ratios. 

3.4.3. Thermo-oxidation test 
In order to scrutinize the ramifications of thermo-oxidation, a se

lection of tests was undertaken. Firstly, the influence of sunlight on the 
temperature variation of aircraft components was explored, of which the 
outcomes are delineated in Fig. 16. It is notable that the surface tem
perature of the matte-coated test samples markedly deviates from both 
the ambient temperature and the temperature within the box, where the 
ambient temperature closely aligns with the box temperature. The sur
face temperatures of the test panels can reach values up to 80 ◦C, when 
the ambient temperature hovers around 30 ◦C. This underscores that, in 

several regions around the globe, the aircraft skin temperatures can 
readily surpass 80 ◦C. Consequently, it is conceivable that coatings un
dergo degradation due to thermo-oxidation under operational 
conditions. 

In order to gain deeper insights into the degradation induced by 
thermo-oxidation in coatings, reconstructed samples underwent a 7-day 
exposure to various temperatures. Subsequent to this exposure, ATR- 
FTIR measurements were performed. The findings are illustrated in 
Figs. 15 and 17. Much like the aircraft coating, an initial decline in C-O- 
C-C bonds is evident, as depicted in Fig. 17, particularly in the peak at 
1233 cm− 1 [73–75]. This decline correlates with the coating tempera
ture during the aging process. Notably, no significant difference is noted 
between unheated coatings and those exposed to 75 ◦C for a duration of 
7 days. However, the decline does become discernible when the coating 
experiences temperatures of 100 ◦C or higher. 

A parallel trend is observed in Fig. 15 concerning amide formation at 
the 1645 cm− 1 peak [18,73,76–78]. The formation of amide is not 
identified in new coatings and in coatings aged at 75 ◦C, potentially due 
to insufficient oxidation duration. Furthermore, the peak formation at 
3400 cm− 1, indicative of OH formation, supports the assertion that 7 
days at 75 ◦C does not lead to thermo-oxidation. However, literature 
indicates that coatings subjected to lower temperatures, such as 75 ◦C, 
for an extended time exhibit pronounced thermo-oxidation in a DGEBA- 
TETA epoxy [18,76]. This supports the notion that thermo-oxidation 
during the service life of coatings is a degradation factor that warrants 
consideration. 

3.4.4. Graphical representation of coating degradation 
Based on the findings elucidated in this study, a graphical repre

sentation of coating degradation is depicted in Fig. 18. It is posited that 
thermo-oxidation phenomena within a coating (Fig. 18b), particularly 
under moist conditions, may intensify the ingress of electrolytes into the 
coating matrix, as illustrated in Fig. 18c. This enhanced absorption is 
postulated to occur, at least in part, through the nanopores generated by 
the scission effect inherent in thermo-oxidation processes. The increased 
moisture absorption may facilitate a more rapid leaching of inhibitors 
from the coatings as depicted in Fig. 18d, enhancing their immediate 
efficacy in actively countering corrosion. However, within the intact 
coating region, the consequential formation of substantial pores com
promises the coating barrier properties, thereby diminishing its capacity 
to furnish sustained protection against corrosion. It is hypothesized that 
these larger pores, coupled with nano defects in the epoxy matrix, reach 
an extent beyond repair through the subsequent formation of aluminium 
hydroxide and chromate adsorption, as illustrated in Fig. 18e. 

Fig. 16. Temperature evolution of the matte-coated surface in relation to ambient temperature and the temperature inside the box.  
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4. Conclusions 

This study has underscored the paramount role of thermo-oxidation 
as a pivotal degradation factor in aged aircraft coatings. The study 
revealed that operational temperatures exceeding 80 ◦C, which trigger 

thermo-oxidation, result in accelerated electrolyte absorption and sub
sequent leaching of active inhibitors upon exposure to electrolyte. This 
cascade of events compromises the enduring corrosion protection 
offered by coatings, compelling the acknowledgment that thermo- 
oxidation is a degradation factor not to be underestimated when 

Fig. 17. ATR-FTIR spectra, covering the range of 1350–650 cm− 1, showcasing thermally aged coatings in comparison to newly applied coatings. All spectra are 
normalized at the peak at 840 cm− 1. 

Fig. 18. The impact of thermal exposure on coating degradation: (a) intact epoxy matrix; (b) scission during exposure; (c) resulting enhanced ion mobility and water 
uptake; (d) accelerated dissolution of strontium chromate; (e) consequent formation of larger pores, irreparable by the formation of aluminium (hydr)oxides. 
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coatings are exposed to substantial amounts of electrolyte. 
An additional critical revelation pertains to the self-healing mecha

nism embedded within coatings, augmenting pore resistance during 
electrolyte exposure, an effect prominently demonstrated in the case of 
the coating with 5183 flight hours. This self-healing action is attributed 
to the dynamic mobility of aluminium emanating from the substrate, 
initiated after electrolyte absorption into the coating. These aluminium 
ions culminate in the formation of an aluminium hydroxide gel within 
the coating pores, onto which chromate from the coating adsorbs. This 
resulting product forms an efficacious barrier, amplifying coating 
resistance. 

Furthermore, this study illuminates the consequential impact of 
application errors, exemplified by insufficient hardener addition to the 
paint, on coating performance. This underscores the indispensability of 
versatile technologies integrated into coatings, such as self-healing 
processes orchestrated by active inhibitors or metal hydroxide gel for
mation in the pores. These incorporated technologies in chromate- 
containing coating systems provide long-term protection even in in
stances of suboptimal application. The imperative now lies in incorpo
rating these technologies into chromate-replacement coating systems, 
ensuring comparable or even improved corrosion protection for the 
intricate structures of aircraft. 

Finally, the combination of EIS testing, EEC analysis and SEM anal
ysis elucidates that the notable alterations in capacitance detected in 
coatings, as observed in EIS measurements, primarily stem from the 
leaching of inhibitors from the coating. This underscores the effective
ness of integrating EIS measurements with SEM analysis as a robust 
approach for investigating coating degradation. 
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