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A B S T R A C T

In the present study, ex situ Fourier transform infrared (FTIR) chemical imaging and in situ electrochemical 
impedance spectroscopy (EIS) were combined to investigate the ageing process of a polyester/melamine coil- 
coated steel. The samples were first subjected to a QUV accelerated weathering test for 250 h up to 2000 h, 
followed by immersion in a 0.5 M NaCl solution to assess water uptake and polymer matrix plasticization. FTIR 
analyses revealed chemical degradation, including chain scission and the formation of polar groups, between 
500 h and 2000 h of QUV exposure. Degradation effects were observed throughout the whole topcoat, with more 
significant degradation occurring near the surface. EIS measurements indicated greater water uptake with 
increasing QUV exposure, highlighting two regions of water sorption: an initial rapid Fickian diffusion region and 
a slower non-Fickian region. The time constant (τ) analysis, which was extracted from the EIS data and related to 
the dielectric manifestation of the glass transition, confirmed polymer matrix plasticization due to water uptake. 
Despite UV-induced degradation, the polymer maintained effective protective properties, as evidenced by the 
high low-frequency impedance unaffected by UV exposure or immersion duration (1 week). This methodology 
successfully identified ageing markers, providing a framework for studying UV degradation mechanisms, water 
uptake, and polymer mobility in anticorrosion coatings.

1. Introduction

Coil-coatings are organic multilayered materials applied on pre-
treated steel or aluminum surfaces, designed to protect metallic surfaces 
from corrosion in outdoor environments. However, these materials can 
degrade, leading to blistering, corrosion, and deterioration, particularly 
in highly deformed areas [1,2]. The degradation of coil-coatings de-
pends on several factors, including surface contamination, the inherent 
properties of the polymer, and interactions at the metal/polymer 
interface [3–5]. Environmental conditions, such as humidity and UV 
radiation, significantly contribute to coating deterioration [6–8]. UV 
radiation causes photodegradation of the polymer matrix [9] and is 
frequently assessed via standardized tests, such as EN 13523-10. When 
polymers absorb photons, chemical bonds break, leading to the forma-
tion of radicals [10]. The latter can react with oxygen to form oxy- and 
peroxyradicals, as well as secondary polymer radicals, resulting in chain 
scission and increased brittleness [7]. Water uptake also plays a crucial 

role in coating degradation. In particular, water accumulation at the 
metal/polymer interface can lead to water clustering and blistering 
[11–15]. It has been shown that water uptake affects the chains’ 
mobility and induces plasticization of the polymer matrix, lowering the 
glass transition temperature [16–18]. The ingress of water molecules 
can also induce hydrolysis [19]. The combination of hydrolysis and 
photolysis can further accelerate coating degradation [19–21].

Due to the complexity of these systems, methods for the rapid eval-
uation of the performance and stability of coil-coatings are of significant 
academic and industrial interest. Coating degradation is often assessed 
by quantifying surface-level changes in color or gloss [20]. However, 
these methods typically do not provide detailed insights into the specific 
physical and chemical changes occurring during degradation. Therefore, 
complementary spectroscopic and microscopic methods are often 
employed to analyze the surface and bulk properties of coatings 
[22–27].

Infrared spectroscopy is commonly used to determine and quantify 
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chemical changes that occur during both curing and degradation pro-
cesses [7,27,28]. Additionally, depth-resolved infrared spectroscopy has 
been employed to assess the chemical state within the coating 
[9,27,29–31]. This is typically achieved by monitoring changes in the 
infrared spectra that correspond to the chemical degradation of the 
coating. For example, the formation of degradation products during 
oxidation in many polymer matrixes can be quantified by observing the 
growth of the band at approximately 3300 cm− 1, which is associated 
with the formation of –OH groups [20,32]. In polyester/melamine coil- 
coatings, the loss of crosslinker functionality can be quantified by the 
decrease in the intensity of the 1550 cm− 1 band, which is associated 
with the triazine group in melamine [22,23,26,29].

The water uptake within coil-coatings is typically assessed using 
gravimetry and electrochemical impedance spectroscopy (EIS). EIS of-
fers several advantages over gravimetry, such as continuous monitoring 
of water uptake, evaluation of water uptake over short immersion times 
(within minutes), and in situ measurements at temperatures up to 60 ◦C 
[33]. Additionally, impedance data allow for the simultaneous study of 
water uptake, the dielectric manifestation of the glass transition of 
polymer matrixes [33], and corrosion phenomena. In our recent work, 
an approach was proposed to study the degradation of polyester coil- 
coatings by combining the determination of water uptake and its ef-
fect on the physical structure of the coating from the dielectric analysis 
of EIS data. Experiments conducted at room temperature over several 
months of immersion in a 0.5 M NaCl solution revealed that water up-
take affected the physical structure of the organic coating without 
causing blistering [34]. However, increasing the temperature from 30 ◦C 
to 60 ◦C accelerated the plasticization phenomenon, leading to 
increased water uptake. At temperatures above 40 ◦C, the coil-coating 
exhibited blistering, which was correlated with corrosion at the 
metal/polymer interface [33]. These studies showed that relevant pa-
rameters extracted from impedance spectra can be used to monitor 
changes in the coating structure under simple ageing conditions such as 
time and temperature.

The aim of the present work was to combine ex situ Fourier transform 
infrared spectroscopy—attenuated total reflection (FTIR-ATR) and in 
situ EIS to investigate the chemical and physical structure of the same 
polyester/melamine coil-coated steel, as in our previous works [33,34], 
but for more complex and representative ageing conditions. Thus, 
samples were subjected to a QUV accelerated weathering test for dura-
tions from 250 h up to 2000 h. FTIR-ATR measurements of the surfaces 
and depth-resolved FTIR were employed to monitor chemical changes in 
the polymer matrix structure after different exposure times to the 
weathering test, considering several parameters such as the oxidative 
index (OI) and the melamine substitution functionality loss (MSFL). EIS 
measurements were performed at room temperature in a 0.5 M NaCl 
solution over one week of immersion. Relevant markers of the ageing 
process were identified and used to analyze water uptake and plastici-
zation of the coating as a function of the QUV exposure time.

2. Experimental

2.1. Materials

The commercial coil-coated material was composed of galvanized 
steel (hot-dipped galvanized steel with a zinc coating of 275 g m− 2) on 
which a chromium-free primer and a topcoat were deposited, once a 
titanium‑zirconium conversion layer was applied. Both polymer layers 
were based on polyester (PES) chemistry with thicknesses of 5 μm and 
20 μm for the primer and the topcoat, respectively. The used primer was 
a polyester/melamine/epoxy system with a total pigment volume con-
centration (PVC) of 18 %, containing phosphates as inhibitive pigments. 
The topcoat was a polyester/melamine system with a total PVC of 22 %. 
Before the electrochemical measurements, the samples were dried for 
16 h at 60 ◦C (dry state) to guarantee the same initial state [33,34]. The 
glass transition temperature (Tg) of the reference dried sample was 21 ±

1 ◦C [34].

2.2. Accelerated QUVA weathering test

The samples were subjected to an artificial weathering test in a QUV 
Chamber (from the Q-Panel). The cycle (dry UV irradiation followed by 
humid condensation) was performed according to a modified EN 13523- 
10 standard test at a peak irradiance of 1.36 W m− 2 at 340 nm and a 
temperature of 80 ◦C during exposure to UV radiation (4 h), followed by 
condensation at 40 ◦C (4 h). One sample was taken after 250 h, 500 h, 
1000 h, 1500 h and 2000 h of exposure for characterization via depth- 
resolved FTIR and EIS.

2.3. Gloss measurements

Gloss measurements were conducted using a Byk-Gardner 6834 
portable spectrometer at an incidence angle of 60◦. Nine measurements 
were evaluated for each sample.

2.4. Fourier transform infrared (FTIR) spectroscopy imaging and focal 
plane array (FPA)

A Bruker Vertex 70 spectrometer equipped with a Hyperion 3000 
microscope was used to perform the FTIR-ATR and FPA measurements. 
ATR measurements using a Specac Quest ATR accessory with a 
replaceable diamond internal reflection element were performed in the 
spectral region from 600 cm− 1 to 4000 cm− 1. Background and sample 
measurements were collected using 250 scans at a resolution of 4 cm− 1. 
Three FTIR-ATR measurements were performed on each sample. The 
depth of penetration is approximately 2 μm. Focal plane array (FPA) 
measurements of sample cross-sections were performed as described in 
[26]. A schematic view of these conical holes and locations of FTIR-FPA 
measurements are shown in Fig. 1. Briefly, a Säberg high angle coating 
drill with an angle of 5.7◦ was used to uncover a near-horizontal cross- 
section of each sample. Along each cross section seven subsequent ATR- 
FPA measurements, each with a field of view of approximately 34 μm ×
34 μm, were performed to cover a slightly larger area than the thickness 
of the coating. Data from the surface of the coating as well as areas 
further than 160 μm away from the top of the coating were excluded to 
ensure that the primer did not interfere with the analysis. Both back-
grounds and measurements were collected at a resolution of 8 cm− 1 

using 500 scans.
Three drilled-open near-horizontal cross-sections for each sample 

were photographed using a AXIO Zoon V16 light optical microscope at 
50× magnification to assess the coating thickness throughout the 
weathering process.

2.5. Electrochemical impedance spectroscopy (EIS)

The impedance measurements were performed using a Gamry 
REF600+ apparatus with a two-electrode configuration. The coil-coated 
sample (surface area of 14.6 cm2) constituted the working electrode, and 
a graphite rod was used as both the counter and pseudo reference 
electrode. This configuration enables impedance measurements at high 
frequencies while minimizing artifacts that can arise from the use of a 
reference electrode. The measurements were conducted in a 0.5 M NaCl 
electrolyte at room temperature.

To assess the water uptake of the samples as a function of exposure 
duration to the modified QUV weathering test, a measurement protocol 
was optimized for very short immersion times. Thus, the diagrams were 
obtained every 45 s in a frequency range [105 Hz; 104 Hz] during the 
first 10 min of immersion and then spaced out as follows: every 5 min in 
the frequency range [105 Hz; 1 Hz] for 10 h; every 2 h in the frequency 
range [105 Hz; 10− 2 Hz] from 10 h to 72 h of immersion; and finally, 
every 12 h in the frequency range [105 Hz; 10− 2 Hz] from 72 h to 1 week 
of immersion. A 200 mVrms sinusoidal voltage amplitude at a potential of 
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0 V vs OCP (open circuit potential), with 8 points/decade, was applied 
for all the measurements. For the EIS study of capacitive coatings in the 
absence of corrosion processes, increasing the applied voltage is not an 
issue as long as the impedance response remains linear with respect to 
the applied field (such linearity was checked up to 1000 mVrms).

3. Results and discussion

3.1. Gloss loss

Fig. 2 shows the gloss variation for the reference and polyester/ 
melamine samples subjected to the modified QUV test. After 250 h, no 
gloss variation was observed compared with the reference sample. 
However, from 500 h to 2000 h of exposure, a progressive decrease in 
gloss was noted, ranging from approximately − 35 % to − 85 %, with a 
nearly constant variation between 1500 h and 2000 h. Gloss is related to 
the surface morphology, which is dependent on factors such as matting 
agents, pigmentation, localized damages across the coating surface and 
photodegradation reactions [22]. The latter causes modifications in the 
chemical structure, which can result in an increase in surface roughness 
and a loss of gloss [20].

3.2. Chemical structure of the coil-coating as a function of the QUV 
exposure time

Fig. 3a shows the FTIR-ATR spectra of the reference sample and of 
the samples subjected to the modified QUV test. The most notable bands 
are indicated by arrows, and the intensity was normalized against the 
band at 1375 cm− 1, which is associated with –CH group chain defor-
mation (Fig. 3c). Bands associated with –CH2 and –CH3 groups 
stretching vibrations are located at approximately 2800 cm− 1 to 3000 
cm− 1 and are surrounded by multiple wide bands associated with –OH 

and –NH groups stretching vibrations from 2300 cm− 1 to 3700 cm− 1 

(Fig. 3b). The large band centered at approximately 1720 cm− 1 is 
assigned to the stretching mode of the carbonyl group (–C––O). Aro-
matic groups in the polymer backbone show bands with low intensities 
at 1608 cm− 1 and 1580 cm− 1, whereas broader bands at approximately 
1600 cm− 1 to 1650 cm− 1 can be attributed to the amide I group (–C––O 
stretching mode) and the amine group (–NH bending mode). The band at 
1550 cm− 1 has multiple components and has previously been assigned 
to a combination of quadrant stretching of the melamine-triazine group, 
as well as side chain –CN contraction and –CH group bending vibrations 
(Fig. 3c).

With increased exposure time to the modified QUV artificial 
weathering test, multiple changes can be observed across the spectral 
range. First, an increase in the intensity of the bands from 2300 cm− 1 to 
3700 cm− 1 with increasing QUV exposure time is noted and is related to 
the photooxidation of the polymer matrix. The appearance of a shoulder 
at approximately 1780 cm− 1 is subsequently observed with increasing 
QUV exposure time, which is attributed to the formation of multiple 
degradation products, including anhydrides, peracids, peresters, and 
lactones [23,28,35,36]. Finally, a decrease in intensity and broadening 
of the band at 1550 cm− 1 with increasing QUV exposure time can be 
observed. This is related to changes in the environment surrounding the 
central triazine group in the melamine crosslinker. A schematic of the 
crosslinked melamine is shown in Fig. 3c. Although multiple reactions 
occur simultaneously, some consider the breaking of certain ether 
linkages between melamine and polyester to be the most significant 
factor. However, other reactions such as abstraction of hydrogen atoms 
from the CH2 groups between the ether and the triazine ring, enabling 
further reactions could also have an effect [37,38].

Three parameters, as presented in Fig. 4, were considered to quantify 
the changes observed in the infrared spectra as a function of the expo-
sure time to the weathering test: the oxidative index (OI) (Fig. 4b), the 
intensity of the 1780 cm− 1 band, referred to as the peracid band 
(Fig. 4c), and the melamine substitution functionality loss (MSFL) 
(Fig. 4a). The OI index (Fig. 4b), which is correlated with the photo-
oxidation of the coating [22,32,39,40], describes the area growth un-
derneath the –OH band from 2400 cm− 1 to 3700 cm− 1 and is normalized 
against the –CH bands at approximately 2700 cm− 1 to 3000 cm− 1. The 
peracid band (Fig. 4c), related to the formation of degradation products, 
is reported as the absorbance of this band calculated using an extrapo-
lated linear baseline anchored between two points, 2000 cm− 1 and 
1830 cm− 1. Finally, the MSFL (Fig. 4a), related to the degradation re-
actions in polyester/melamine systems [22,23,26], is the percentage 
decrease in the band intensity at 1550 cm− 1 normalized against the band 
assigned to the –CH band at approximately 1375 cm− 1. Notably, since 
MSFL measures the decrease in band intensity, the theoretical maximum 
value that can be reached is 100 %, whereas OI measures the increase in 
–OH groups (and, to some degree, –NH groups) hence, its values regu-
larly exceed 100 % [22,32,41].

For the sample subjected to the modified QUV test for 250 h, the 
three indexes are comparable to those of the reference sample, sug-
gesting that no major degradation reaction due to UV radiation initially 
occurs. However, after 250 h of exposure, both the OI and MSFL indexes 
progressively increases, along with the formation of degradation 

Fig. 1. Schematic view of a conical drill hole showing the locations of subsequent FTIR-ATR FPA measurements. Not to scale.

Fig. 2. Gloss variation of the polyester/melamine system as a function of the 
modified QUV test exposure time.
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products, as indicated by the peracid band. Except for the OI index, the 
MSFL and peracid band absorbance values appeared relatively stable 
between 1500 h and 2000 h of exposure. The variation in the considered 
indexes is in agreement with the gloss variation (Fig. 2), indicating that 
gloss loss is correlated with the chemical changes occurring at the 
coating surface.

Finally, FTIR-ATR FPA measurements were conducted across the 
near-horizontal drilled open cross-sections for the reference and for the 
QUV-exposed samples. As previously reported the melamine band in-
tensity (1550 cm− 1) varies across the bulk of the coating, tending to be 
lower close to the surface [27,42,43]. Because of this, the reference 
value used to calculate the MSFL was determined via linear interpolation 
of the normalized 1550 cm− 1 band intensity across the cross-section of 
the reference sample. Heatmaps of the near-horizontal cross sections of 
the studied samples are presented in Fig. 5. The heatmaps show areas 
measuring approximately 160 μm × 32 μm in the near-horizontal cross- 
sections, corresponding to the outermost 16 μm of the coating. The re-
gion at the top of the maps represents degradation closest to the surface, 
whereas the values further down represent degradation into the bulk. 
The reference shows small variations in the MSFL, on the scale of ±10 
%. This is consistent with local points with higher melamine crosslinker 
contents, which are known to be present on the micrometric scale [5–8]. 
Small variations in band intensity could also be caused by changes in 
signal-to-noise ratio, caused by, for example, limited sample-IR contact. 
Similar to the FTIR-ATR data collected from the surface, no major 
chemical degradation occurred during the first 250 h of exposure. After 
this, chemical changes began to occur, with greater degradation 

observed closer to the coating surface and less degradation observed 
further into the bulk. To better visualize the changes occurring 
throughout the cross-section, the average MSFL across 1.8 μm sections, 
as well as the standard deviation within each section, are presented in 
Fig. 6. The chemical degradation of the coating increased with 
increasing exposure time to the QUV test on both the surface and the 
bulk of the sample, as indicated by the increase in the MSFL value, 
except for the sample exposed for 250 h. For the samples exposed from 
500 h to 2000 h, the chemical degradation was greater at the surface and 
gradually decreased to approximately 4 μm, remaining stable 
throughout the rest of the analyzed cross-section (16 μm). This is pre-
sumably due mainly to the limited oxygen diffusion and the limited 
penetration depth of UV radiation [9–11].

To summarize, the QUV accelerated weathering test induced chem-
ical degradation of the coil-coating from 500 h to 2000 h of exposure, 
leading to changes in the chemical structure, including changes in the 
melamine groups and formation of polar groups such as hydroxyl, per-
acid, amide and amine groups. Degradation was more pronounced 
closer to the coating surface, extending down to 4 μm into the bulk, 
which resulted in gloss loss in the samples. However, from 4 μm to 16 μm 
into the bulk of the coating, chemical degradation remained stable. In 
the next section, the influence of this chemical degradation on the water 
uptake and plasticization of the coating, investigated by EIS measure-
ments, is discussed.

Fig. 3. FTIR-ATR spectra of the reference coil-coating and of the samples exposed from 250 h to 2000 h to the modified QUV test.
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3.3. EIS spectra as a function of the QUV exposure time and immersion 
time in the electrolyte

The reference polyester/melamine coil-coated steel and the samples 
exposed for 250 h, 500 h, 1000 h, 1500 h, and 2000 h to the modified 
QUV test were characterized by EIS during 1 week of immersion (168 h) 
in a 0.5 M NaCl electrolyte at room temperature. As an example, Fig. 7a 
and b present the EIS spectra in Bode coordinates for the studied samples 
after 2 h and 24 h of immersion, respectively. The impedance modulus is 
characterized by a quasi-linear increase with decreasing frequency, 
indicating the capacitive behavior of the studied systems. For both im-
mersion times, the impedance moduli are superimposed at high fre-
quencies and slightly decrease at low frequencies as the QUV exposure 
time increases. Moreover, the impedance modulus values remain higher 
than 1010 Ω cm2 at low frequency, without the appearance of blistering 
and/or corrosion. The phase angle values also remain high, between 
− 88◦ and − 75◦, which is consistent with the capacitive behavior of the 
systems. This EIS response attests to the protective properties of the 
coating [33,34,44,45]. The phase angle diagrams change as the QUV 
exposure time and immersion time in the NaCl solution increase. For the 
reference coil-coating, a second time constant ([10− 2 Hz; 10− 1 Hz]) is 

Fig. 4. Crosslinker degradation index (MSFL), oxidative index (OI), and in-
tensity of the 1780 cm− 1 shoulder (peracid band) of the coil-coated samples as a 
function of the modified QUV test exposure time considering the standard de-
viation from three independent measurements.

Fig. 5. Spatially resolved crosslinker degradation index (MSFL) of the coating cross-section of the reference sample and the samples exposed from 250 h to 2000 h to 
the modified QUV test.

Fig. 6. MSFL index as a function of depth in coating cross-sections of the 
reference and of the samples exposed from 250 h to 2000 h to the modified 
QUV test.
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Fig. 7. EIS measurements (Bode plots) obtained for the reference coil-coating and the samples exposed from 250 h to 2000 h to the modified QUV test after a) 2 h and 
b) 24 h of immersion in the 0.5 M NaCl solution at room temperature.

Fig. 8. Complex permittivity spectra obtained for the reference coil-coating and the samples exposed from 250 h to 2000 h to the modified QUV test after a) 2 h and 
b) 24 h of immersion in the 0.5 M NaCl solution.
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observed after 24 h of immersion. For the QUV-exposed coil-coatings, 
the time constant ([10− 2 Hz; 1 Hz]) is observed from 2 h of immersion 
and shifts toward higher frequencies with increased QUV exposure times 
and immersion times in the NaCl solution. It has been previously shown 
that this time constant can be attributed to the dielectric manifestation 
of the polymer matrix glass transition (α-mode) [33,34,44].

To emphasize the dipolar phenomena, the impedance spectra were 
transformed to complex dielectric permittivity, according to Eq. 1. 

ε*(ω) = έ (ω) − i εʹ́ (ω)

=
− Zʹ́ (ω)

ωCV

[
(Zʹ(ω) )

2
+ (Zʹ́ (ω) )2

] − i
Zʹ(ω)

ωCV

[
(Zʹ(ω) )

2
+ (Zʹ́ (ω) )2

] (1) 

with Cv =
εvA

l where ω is the angular frequency, Zʹ(ω) and Zʹ́ (ω) are the 
real and imaginary parts of the impedance modulus, έ (ω) and εʹ́ (ω) are 
the real and imaginary parts of the complex permittivity and Cv the 
capacitance of the equivalent vacuum-filled (εv of a value of 8.85 ×
10− 12 F m− 1 is the vacuum permittivity) parallel plate capacitor formed 
by two electrodes of area A and separated by the distance l. A represents 
the area of the EIS cell (14.6 cm2), and l represents the coating thickness 
(25 μm). From the optical microscopy of the drill holes, it was verified 
that the coating thickness remained relatively constant throughout the 
weathering process. The average coating thickness varied by approxi-
mately 1 μm throughout the exposure to the modified QUV test. No clear 
trend toward a decrease in coating thickness was noted.

Fig. 8 shows the real έ (ω) and imaginary εʹ́ (ω) parts of the permit-
tivity spectra for the reference coil-coating and the systems exposed to 
the QUV modified test for 2 h (Fig. 8a) and 24 h (Fig. 8b) of immersion. 
The real part, έ (ω), is associated with the energy storage of the sample 
and exhibited a step-like decrease in permittivity with increasing fre-
quency for all the studied conditions [46]. An increase in the real 
permittivity values is observed for all the recorded frequencies with 
increasing QUV exposure time from 250 h to 2000 h, whether for 2 h or 
24 h of immersion in the NaCl solution. Furthermore, the permittivity 
values for 24 h of immersion are greater for all the studied systems than 
those observed for 2 h of immersion. The έ (ω) values at high frequency 
are used to calculate the water uptake of the samples as a function of 
both the immersion time in the NaCl solution and the QUV exposure 
time. The water uptake of the samples is discussed in Section 3.3.1.

The imaginary part, εʹ́ (ω), is related to the energy dissipation of the 
sample, resulting from electrical charge carrier transport or molecular 
mobility modes [46,47]. The peak in εʹ́ (ω), which corresponds to a 
relaxation time (τ), describes the second time constant observed in the 
phase angle spectra (Fig. 7) [46]. The time constant is visible after 24 h 
of immersion for the reference coating and after only 2 h of immersion 
for the QUV exposed samples. As observed from the Bode plots (Fig. 7), 
this time constant shifts to higher frequencies with increasing QUV 
exposure time and immersion time in the electrolyte solution and it is 
analyzed in Section 3.3.2.

3.3.1. Water uptake analysis
To assess the water uptake of the samples, first the real permittivity 

values were extracted at 104 Hz and 105 Hz as a function of the im-
mersion time 

(
έt
)
. Although the variations in έt were generally similar 

across the chosen frequencies (data not shown), the frequency of 105 Hz 
was selected to calculate the water uptake (Fig. 9a). For frequencies 
lower than 104 Hz, the time constant associated with the dielectric 
manifestation of the glass transition could influence the water uptake 
values. The increase in the έt values over immersion time for all tested 
samples indicated water absorption. Due to the significant difference in 
permittivity between a polymer in the dry state (εpolymer ~ 3–8) and 
water (εwater = 80), the permittivity value of the system increases with 
increasing water uptake. Their variations will be discussed in the context 
of the water uptake values.

Second, έt=0, corresponding to the polymer permittivity in the dry 

state, was determined by extrapolation of the permittivity for short 
immersion times from the έt graph (Fig. 9a) and is presented in Fig. 9b. 
An increase in έt=0 is noted, from 4.7 to 5.3, with increasing QUV 
exposure time up to 2000 h. The increase in έt=0 values suggests a 
modification of the polyester/melamine system in the dry state (before 
immersion) due to UV radiation and condensation cycles. The chemical 
changes observed from the FTIR analyses, such as the loss of cross- 
linker/polyester bonds and the formation of polar groups due to 
photooxidation (Section 3.2), could increase the polymer’s mobility, 
resulting in higher έt=0 values [48]. It is important to note that the 
permittivity values of each sample cannot be measured by EIS before 
QUV exposure. This would require immersion of the sample in the NaCl 
solution, which can modify the ageing processes. In previous works, a 
permittivity variation of ±0.15 in the reference sample was observed, 
depending on the measurement location on the same coil-coated panel, 
due to local variations in composition and/or morphology (data not 
shown). This may explain the higher permittivity value measured after 
250 h of ageing, indicating that further analysis of the impedance data is 
necessary.

Next, water uptake was calculated with a linear rule of mixtures 
[33,34,49–51], according to Eq. 2, which considers the coating and the 
absorbed water. 

Fig. 9. a) Variation in the real part of the permittivity έt vs immersion time for 
the studied samples. b) Values of έt=0 extrapolated from the first immersion 
times in figure a) for the coil-coated steel samples exposed to the modified 
QUV test.
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Фt (vol%) =
έt − έt=0

έH2O − έt=0
(2) 

where, Фt is the water uptake as a function of the immersion time (vol 
%), έt is the real part of the coating permittivity at a chosen frequency 
(here, 105 Hz) over immersion time, έt=0 is the coating permittivity in 
the dry state (before immersion) and έH2O is the water permittivity at 
20 ◦C (80) [52].

The water uptake values as a function of the square root of the im-
mersion time are reported in Fig. 10. The diffusion behavior does not 
follow a classic Fick’s law, as is commonly observed for many polymers, 
particularly when they are in a rubbery state, and the penetrant has less 
mobility than the chain segments do [18,53]. Two regions are observed 
for all the studied conditions, a first linear increase in water uptake 
values corresponding to a relatively quick water absorption (region I), 
indicative of Fickian behavior, and a subsequent much slower linear 
increase (region II), corresponding to non-Fickian behavior. A Fickian 
mechanism is associated with little or no interaction between the water 
and the polymer: diffusion would take place in random jumps, probably 
between vacant sites in the coating, such as porosities and/or low 
crosslinked density areas [45]. Region II would correspond to a slower 
diffusion of water at the molecular scale, in interaction with the polymer 
chains [34]. The total water uptake values and the corresponding im-
mersion times in regions I and II differ for each sample. For the reference 
sample and the one exposed to the QUV test for 250 h, the water uptake 
reached approximately 0.55 vol% during the first hour of immersion 
(region I). In region II, the water uptake values were approximately 0.73 
vol% and 0.94 vol%, respectively. The small differences in the water 
uptake values for these two samples are in agreement with the limited 
variation in the extracted infrared indexes (Fig. 5). For the 500 h 
exposed sample, water uptake values in region I (within the first hour) 
and region II were 0.93 vol% and 1.7 vol%, respectively. For the samples 
exposed for 1000 h and 1500 h, the water uptake in region I was 
approximately 1.4 vol% within the first 6 h of immersion, and in region 
II, it was 2.4 vol% and 2.5 vol%, respectively. Finally, for the 2000 h 
exposed sample, water uptake in regions I and II was approximately 1.4 
vol% and 1.9 vol%, respectively. Overall, an increase in water uptake 
values in regions I and II was observed with increasing QUV exposure 
time, except for the 2000 h exposed sample, where water uptake values 

in region II were lower than in the 1000 h and 1500 h exposed samples. 
None of the studied samples reached a steady-state within the duration 
of the experiment.

Finally, the water diffusion coefficients (Dw) were calculated for all 
the studied conditions according to Eq. 3 [53,54]. 

Dw =

(
PI × l
Φ∞

×
1
4

)2

π (3) 

where PI corresponds to the slope of the curve for a short immersion time 
(region I) (Fig. 10), l is the thickness of the coating (25 μm) and Φ∞ is the 
water uptake value at saturation (Fig. 10).

To assess the water uptake value at saturation (Φ∞), the Fickian part 
was dissociated from the total water uptake by subtracting the linear 
increase observed in region II, as described in our previous work [33]. 
The slope values in region II were considered for three immersion time 
intervals: from 4 h to 196 h, from 16 h to 196 h, and from 4 h to 100 h. 
The slope values of region I (PI) and II (PII) for the time interval from 16 
h to 196 h, the water uptake value at saturation (Φ∞) and the water 
diffusion coefficient (Dw) for each sample are given in Table 1.

The slope value of region I for the sample exposed for 250 h was 
comparable to that of the reference sample. For the other exposed 
samples, the PI were relatively similar. The value of the slope seemed to 
increase with increasing QUV exposure time, which indicated an ac-
celeration of short-time water uptake. At the same time, the values at 
saturation (Φ∞) increased with increasing QUV exposure time, with 
values remaining somewhat constant from 1000 h to 2000 h of exposure. 
The calculated Dw values varied between 0.15 × 10− 12 m2 s− 1 and 0.09 
× 10− 12 m2 s− 1, comparable to the values previously reported for other 
polyester coil-coatings [33,48]. Two behaviors can be distinguished 
from the Dw values. For the reference sample and the ones exposed for 
250 h and 500 h to the modified QUV test, the Dw values varied between 
0.12 × 10− 12 m2 s− 1 and 0.18 × 10− 12 m2 s− 1. For the three remaining 
samples, the Dw values varied between 0.06 × 10− 12 m2 s− 1 and 0.09 ×
10− 12 m2 s− 1. Schachinger et al. [48] reported the same decrease in the 
water diffusion coefficient for polyester coatings with increasing UV 
exposure time, which was suggested to be related to the photooxidation 
of the upper layer of the coating resulting in a decrease in the diffusion 
coefficient. Infrared analyses showed that the polymer matrix was 
affected by the accelerated QUV test, indicating changes in the poly-
ester/crosslinker bonds and the formation of polar groups such as hy-
droxyls, lactones, and peroxides. In addition, the possible leaching of 
pigments could create additional free sites, increasing water absorption. 
However, infrared analyses do not allow to conclude on the creation of 
additional porosities or pathways accessible to water, which could 
explain the faster penetration (PI) and greater quantity (Φ∞).

Regarding the slope values of region II, they progressively increased 
from the 250 h to the 1000 h exposed samples compared to the refer-
ence. The slope value of the sample exposed for 1500 h was similar to 
that of the sample exposed for 1000 h. Conversely, for the sample 
exposed for 2000 h, the PII is similar to that of the sample exposed for 
500 h. It is worth noting that this slope is sometimes attributed to the 
“swelling” of the polymer [48,55]. However, this concept is rather 
imprecise and, depending on the author, it may refer to macroscopic 
geometric swelling (increase in thickness) or an increase in free volume 
on a macromolecular scale (enhanced water/polymer interaction) 
[20,55]. The following section provides a more detailed analysis of this 
second region by analysing the time constant associated with the glass 
transition of the polymer.

3.3.2. Time constant analysis
The time constant in the εʹ́ (ω) spectra (Fig. 8) was not distinguish-

able enough to extract a relaxation time, usually adjusted with the 
Havriliak-Negami equation [56]. Therefore, the dielectric loss factor, 
tan(δ), was calculated according to Eq. 4 to exacerbate the time constant 
[46] and to follow its variation during immersion. 

Fig. 10. Water uptake as a function of immersion time in the 0.5 M NaCl so-
lution for the reference coil-coating and the coatings exposed to the modified 
QUV test for 250 h, 500 h, 1000 h, 1500 h and 2000 h. The dotted line is only 
illustrative of the separation of the two regions.
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tan(δ) =
εʹ́ (ω)
έ (ω) (4) 

As an example, the tan(δ) of the reference sample is shown in Fig. 11
for three immersion times. The time constant shifts toward higher fre-
quencies with increasing immersion time.

The relaxation times (τ), corresponding to the maximum of the peak 
(dotted line in Fig. 11), were extracted for the studied samples and are 
shown in Fig. 12. A decrease in the relaxation time values is observed 
with increasing immersion time in the 0.5 NaCl solution, regardless of 
the QUV exposure time. The simultaneous decrease in the τ values and 
increase in the water uptake values suggest plasticization of the polymer 
matrix [34]. The presence of water increases the free volume by per-
turbing the physical bonding of the inter- and intra-polymer chains and 
thus facilitating the molecular chain mobility involved in the α-mode. 
The latter manifests at higher frequencies and, therefore, smaller 
relaxation times. The relaxation times for the shortest immersion times 
were similar, regardless of the QUV exposure time, but lower than those 
for the reference sample (without ageing). The wet cycles at 40 ◦C 
during the accelerated ageing test can induce a strong change in the 
molecular mobility of the polymer, similar to what was demonstrated in 
a previous work for successive immersion and drying cycles [34]. This 
suggests that while UV-induced degradation affects the chemical struc-
ture and both the bulk and surface properties of the coating, the domi-
nant mechanism influencing molecular mobility appears to be water 
absorption during the modified QUV weathering test.

For immersion times greater than 24 h, a noticeable and progressive 
decrease in the relaxation time values is observed. The greater the QUV 
exposure time (from 250 h to 1500 h), the faster the decrease. Inter-
estingly, the relaxation time values are similar for the samples exposed 
for 1000 h and 1500 h, whereas for the sample exposed for 2000 h, they 
increase and are nearly identical to those of the sample exposed for 500 
h. This pattern suggests that the polymer chain scission, the formation of 

hydroxyl groups, and the smaller degradation products such as peracids 
may increase chain mobility in the polymer matrix. This is consistent 
with the observed increase in the έt=0 values and the decrease in τ for the 
initial immersion times. The increase in the τ values for the sample 
exposed for 2000 h indicates that the degradation reactions after long 
times of QUV exposure are different from those in the early stages. One 
possibility is that new degradation products or crosslinking reactions, 
which are not easily identified from the FTIR-spectra, could be formed 
for severe levels of degradation. This could lead to a decrease in the free 
volume within the polymer matrix, an increase in relaxation times 
(Fig. 12) and a decrease in water uptake values (Fig. 10). Another pos-
sibility could be that the difference between the degradation in the bulk 
and the surface of the coating, as quantified using the MSFL index, de-
creases with increasing exposure time and leads to a more homogeneous 
material. The variations in relaxation times with increasing QUV expo-
sure time are in correlation with the variations in the slope values in 
region II (Table 1) and the total water uptake at the end of the EIS 
measurement (1 week of immersion) (Fig. 10). The non-Fickian nature 
of the water uptake of this system seems to be linked to the effect of 
water on the mobility of the polymer chains (plasticization phenomena) 
[57].

4. Conclusions

In this study, ex situ FTIR-ATR chemical imaging and in situ EIS were 
combined to investigate the ageing process of polyester/melamine coil- 
coated steel. Infrared measurements indicated that chemical degrada-
tion of the polymer matrix began between 500 h and 2000 h of QUV 
exposure. This degradation resulted in chain scission from the breakage 
of polyester/melamine bonds, the formation of polar groups such as 
hydroxyl group, and the degradation products such as peracid and 
amine groups. Degradation was more pronounced near the coating 
surface, extending down to 4 μm, but significant degradation was 
observed through the whole topcoat, particularly after prolonged 
exposure. UV degradation and condensation cycles increased chain 
mobility in the polymer matrix, as revealed by in situ EIS measurements, 

Table 1 
Slope values in region I during the first hour of immersion (PI) and II (PII) considered for immersion times from 16 h to 196 h, the water uptake value at saturation (Φ∞) 
and the water diffusion coefficient (Dw). The standard deviation of Dw values was calculated from the considered time intervals.

Reference 250 h 500 h 1000 h 1500 h 2000 h

PI (h− 1/2) 0.78 0.70 1.29 0.93 1.04 1.13
Φ∞ (vol%) 0.63 0.64 0.93 1.17 1.14 1.17
Dw (10− 12 m2 s− 1) 0.15 ± 0.01 0.12 ± 0.02 0.18 ± 0.01 0.06 ± 0.01 0.08 ± 0.02 0.09 ± 0.01
PII (10− 4 h− 1/2) 1.0 2.5 5.6 9.5 10 5.7

Fig. 11. tan(δ) calculated from the EIS diagrams for the reference coil-coated 
steel after 2 h, 24 h and 1 week of immersion in the 0.5 M NaCl solution.

Fig. 12. Time constant (τ) vs immersion time in the 0.5 M NaCl solution for the 
reference coil-coated steel and the samples exposed to the modified QUV test.
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which showed significantly increased water uptake with increasing QUV 
exposure time. The water sorption curves revealed two regions: an 
initial rapid increase attributed to Fickian behavior and a slower linear 
increase describing non-Fickian behavior. The first region, associated 
with the diffusion of water into vacant sites within the coating, such as 
porosities, accelerated with increasing QUV exposure time. The second 
region was influenced by water/polymer interactions. The analysis of 
the time constant (τ), which is related to the dielectric manifestation of 
the glass transition, indicated the plasticization of the polymer matrix 
with water uptake, which was partly responsible for the non-Fickian 
behavior observed in the second region. Despite the UV degradation, 
the coating’s protective properties remained effective, as evidenced by 
the consistently high impedance modulus at low frequency, which was 
unaffected by increasing the UV exposure time or immersion duration in 
the NaCl solution. This methodology allows the identification of ageing 
markers and holds promise for studying other systems to establish links 
between UV degradation mechanisms, water uptake, and the molecular 
mobility of polymer anticorrosion coatings.
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