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Abstract: Powder coatings are commonly used to protect metallic substrates because of their good
protection properties together with their aesthetical ones. In this work, the aesthetic and functional
properties of powder coatings admixed with pearlescent pigments were investigated. The main aim
of this work is represented by the evaluation of the coating properties and their change assessment
after accelerated ageing treatments, such as UV and salt spray exposure. Changes in gloss, color and
roughness were recorded before, during, and after UVA and UVB exposure. All the samples showed
good resistance to UVA irradiation, whereas UVB light caused a huge variation in surface properties.
Further insights on the degradation of the polymeric matrix were gained by exploiting FT-IR analyses,
which could be correlated to the change of color. The protection properties of the coating were
assessed by exploiting an acetic salt spray test. All the samples showed good resistance to aggressive
environments, and no pigment effect on the degradation of the coatings could be detected.
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1. Introduction

Nowadays, the main challenge of materials engineering is the modification of the surface
characteristics of a substrate in order to improve its functional properties for high duty technological
applications. In the last decades, the development of a coating has increasingly focused on
finding materials with surprising functional properties that also had good perceptive and aesthetical
characteristics [1]. In this context, organic coatings are employed to guarantee the good protection
of metal products, combining a high sustainability of the industrial deposition process [1] with the
possibility of obtaining a high variety of surface aesthetic effects. Thus, the evaluation of the aesthetical
properties is a key factor to take under consideration when studying the coating performances [2].
Among all the different types of protective layers, powder coatings are arousing increasing interest in
the building, automotive, and cosmetic industry, mainly due to the low environmental and economic
impact they entail and for the wide range of pigments available on the market [3]. Pigments consist of
insoluble powders dispersed in the coating matrix, and they can be either organic or inorganic, though
the latest type is the most used [4]. To understand the industrial importance of pigment production, it
is sufficient to report that in 2005 the world production of inorganic pigments was approximately equal
to 6 million tons, of which at least half was for the production of high-performance pigments [5]. The
industrial research on pigments has recently focused on three main roads: the economization of already
existing pigments, the discovery and development of inorganic pigments with better performance
features, and the replacement of some toxic and non-ecological chemical substances in order to be in
compliance with new national and international regulations [6,7].

Pigments can be classified in different ways, according, for example, to the way they interact with
light; among them, this work will focus on the special effects pigments, and in particular on pearlescent
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pigments [8]. Pearlescent pigments give the coating additional color effects, such as an angular color
dependence, which is mainly due to the interference of light on thin layers, flakes, or platelets [9]. The
industrial production of pearlescent pigments started during the 1920s using mercury and arsenic
salts. In 1963, the discovery of new TiO2-coated mica pigments was reported, and only in the 1990s
were effect pigments, based on aluminum platelets and coated with ferric oxide, introduced into the
market [10].

Effect pigments can be basically divided into two types: substrate-free pigments and layered
pigments. The first show a brittle behavior, and their use is limited by their chemical composition,
whereas the latter are produced by coating thin laminar platelets of mica or alumina with high refractive
optical layers, such as titanium dioxide, iron oxide, or a combination of both [11]. Most pearlescent
pigments have at least three layers of two different materials with different refractive indexes. The
pearlescent effect is produced by the specular reflection of light from the many surfaces of the platelets
at various depths within the coating film. Light striking the platelet is partially reflected and partially
transmitted through the platelet; the pearlescent effect is produced by the dependence of the reflection
on the viewing angle [12]. Alumina-based pigments have a strong pearlescent effect with respect to
mica-based pigments because they are easily produced, with a very narrow thickness distribution and
very smooth surfaces [11]. In the last decade, this type of pigments has found a broad application
range, both for decorative and functional purposes [13,14], also thanks to the ease of incorporation in
the coating matrix [11]. Alumina-based pigments exhibit the well-known advantages of mica pigments
together with the possibility of realizing unique optical effects thanks to their controlled thickness and
chemical purity [11].

This study is focused on the characterization of powder coatings with the addition of innovative
alumina-based pearlescent pigments. This type of pigments has got enhanced optical properties and
shows great pearlescent behavior with respect to mica-based pigments, but no studies about their effect
on the durability of the coatings can be found in the literature. The main aim of this work is represented
by the evaluation of coatings’ aesthetical and functional properties and their change assessment as a
consequence of accelerated ageing treatments, such as UV and salt spray exposure.

2. Materials and Methods

The superdurable powder coatings Interpon D2525, based on isophthalic acid (IPA) polyester
resin and TGIC-free, were supplied by Akzo Nobel Coatings S.p.A. (Como, Italy) and were applied on
150 × 60 × 0.75 mm3 5005 aluminum alloy panels. Regarding the coating formulation, five different
pigment types, supplied by Merck S.p.A (Darmstadt, Germany), were added to the polymeric matrix,
thus obtaining the five sample series reported in Table 1. In the premixing phase, a special treatment,
consisting in raising the temperature by a few degrees above the matrix glass transition temperature
(Tg), was exploited in order to obtain a very homogeneous powder, allowing the pigments to be
uniformly dispersed. Therefore, the layers were applied by an electrostatic spray deposition method
and cured at 200 ◦C for 15 min.

Table 1. Nomenclature of the samples with the component formulation.

Coating Name Pigment Type Pigment wt.% Powder Coating wt.%

GB-SW Xirallic T60-23 SW
Galaxy Blue 4.00 96.00

GB-WNT Xirallic T60-23 WNT
Galaxy Blue 4.00 96.00

LG Xirallic NXT M260-30 SW
Leonis Gold 4.00 96.00

PS Xirallic NXT M60-69 WNT
Panthera Silver 4.00 96.00

TB Xirallic NXT M260-23
Tigris Blue 4.00 96.00
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The pigments color and morphology were studied by optical and electron microscopy, by means
of Nikon SMZ25 stereomicroscope (Nikon Instruments, Amstelveen, Netherlands) and JEOL IT300
Scanning Electron Microscope (SEM, Jeol Ltd., Akishima, Tokyo, Japan) microscope, respectively.
Moreover, SEM observations were employed in the coatings and pigments thickness assessment. The
chemical composition of the pigments was analyzed by Energy Dispersive X-Ray Spectrometry (EDS),
carried out using a Bruker “Quantax Micro-XRF” analyzer (Billerica, MA, USA). The influence of the
environment on the aesthetical properties of the coatings was assessed by exposing the five sample
series to UV radiation (UVA and UVB radiation for times up to 1000 h). UV radiation is responsible for
the degradation processes of organic coatings, since the associated energy is sufficient to break the
C–H and C–C bonds of the polymer. UVA and UVB radiations are distinguished by the wavelength
range, which ranges from 400 to 320 nm for UVA light and from 320 to 280 nm for UVB light. UV light
accelerated tests were carried out using a UVA-340 lamp and a UVB-313EL lamp with emission peaks at
340 and 313 nm, respectively, as described by the ASTM G154 (2016) standard [15], in order to check how
different radiation types affected the degradation of the coating. The changes of aesthetical properties
were also evaluated by exploiting color measurements, using the spectrophotometer CM-2600d Konica
Minolta, with a D65/10◦ illuminant/observer, and also by exploiting gloss and roughness measurements,
according to the ASTM D523-14 (2018) [16] standard and ISO 4288 (1996) standard [17], respectively.
The gloss measurements were collected using an Erichsen NL3A glossmeter (Westlake, OH, USA),
acquiring the values for the residual gloss at 60◦. Every reported value represents the average of six
measurements. The roughness data were acquired by means of the MAHR Marsurf PS1 roughness
tester (Esslingen, Germany). A sampling length (lr) of 0.8 mm and an evaluation length (ln) of 5.6 mm
was used; the reported value is the average of five measurements. In order to check the deterioration
of the coating organic matrix, IR spectra were collected between 4000 and 600 cm–1 before and after
UVA and UVB exposure, using the spectrophotometer Varian 4100 FT-IR with a resolution of 4 cm–1

(Palo Alto, CA, USA). Regarding the protection properties of the coating, accelerated corrosion testing
was exploited in an acetic acid salt spray chamber on as-made samples and also on samples with the
presence of an artificial notch. The samples were exposed for times up to 1000 h to a salt spray solution
produced by a 5 wt.% NaCl solution at 35 ◦C and 100% RH, according to the ASTM B117-19 (2019)
standard [18], with the addition of acetic acid in order to vary the pH between 3.1 and 3.3, thus avoiding
the passivation of Al substrate at neutral pH, as described by the ASTM G85-19 (2019) standard [19].
As a first thing, the salt spray test was involved in the study of the blister evolution and detachment
grade of the coating, by making a cross-cut incision of 1 mm width down to the metal, as specified by
the UNI EN ISO 4628-8 (2013) [20]. In addition to that, Electrochemical Impedance Spectroscopy (EIS)
measurements were carried out on as-made samples after 0, 400, 750, and 1000 h of exposition in a salt
spray chamber, in order to evaluate the protection properties of the coatings. The measurements have
been exploited in 5 wt.% NaCl solution and using a three-electrode configuration: a platinum electrode
was used as a counter electrode, and an Ag/AgCl electrode was used as a reference. The tested area
was 4.9 cm2. A signal amplitude of 30 mV in the frequency range from 106 to 10−2 Hz was set up.

3. Results

3.1. Morphology and Chemical Characterization

Figure 1 shows the morphology of the pigment flakes. The pigments are free-flowing powders,
and their average diameter dimension is included between 10 and 30 µm. From a detailed SEM analysis
at high magnifications, it is also possible to assess the pigments’ thickness, which resulted as being
about 550, 590, 660, 250, and 460 nm for the GB-SW, GB-WNT, LG, PS, and TB pigments, respectively.
The difference in thickness among the pigments, which is lower than 1 µm in all cases, can also be
noticed from their different transparency to electrons, in particular regarding the PS and TB pigments
(Figure 1).
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Figure 1. SEM images of pigment flakes: (a) GB-SW; (b) GB-WNT; (c) LG; (d) PS; and (e) TB. 

The chemical composition of the pigments was investigated through a semiquantitative EDS 
analysis, whose results in atomic percentages are reported in Table 2. The results are extrapolated by 
a fitting operated by the Esprit Bruker software (2.0). 

Table 2. EDS analysis of the studied pigments. 

Pigment O % Si % Al % Ti % Sn % Zr % Fe% Cu % 
Xirallic T60-23 SW Galaxy Blue 51.0 1.4 28.1 18.1 1.4 – – – 

Figure 1. SEM images of pigment flakes: (a) GB-SW; (b) GB-WNT; (c) LG; (d) PS; and (e) TB.

The chemical composition of the pigments was investigated through a semiquantitative EDS
analysis, whose results in atomic percentages are reported in Table 2. The results are extrapolated by a
fitting operated by the Esprit Bruker software (2.0).
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Table 2. EDS analysis of the studied pigments.

Pigment O % Si % Al % Ti % Sn % Zr % Fe% Cu %

Xirallic T60-23 SW Galaxy Blue 51.0 1.4 28.1 18.1 1.4 – – –
Xirallic T60-23 WNT Galaxy Blue 48.4 1.3 31.4 18.1 0.3 0.3 0.1 0.1

Xirallic NXT M260-30 SW Leonis Gold 40.6 0.8 29.1 10.7 1.0 – 17.8 –
Xirallic NXT M60-69 WNT Phantera Silver 49.2 0.5 41.5 5.9 0.2 0.6 2.1 –

Xirallic NXT M260-23 Tigris Blue 52.1 1.4 28.4 17.8 0.3 – – –

Comparing the five different pigment types, it is possible to detect for all of them a high presence
of aluminum and titanium: aluminum, present as α-Al2O3, is the main component of the pigment
substrate, whereas titanium, deposited as TiO2 on the substrate, is used as an optical layer, together
with other oxides, present at lower concentrations [11]. All the samples show the presence of silicon
and tin, used to promote the nucleation of the rutile phase of TiO2. The presence of the rutile phase
is to be preferred to the anatase one, because the latter has a lower photocatalytic activity. Several
studies have reported on the investigation of the effect of different elements on the rutile-anatase phase
transformation in pearlescent pigments: the presence of tin oxide, in the crystalline form of casserite,
should promote the epitaxial growth of the rutile phase, thanks to the perfect match between their
cell parameters [21,22]. The Leonis Gold pigment contains a very high amount of Fe, also present
as an oxide, to which the intense yellow color of the pigment and the high light interference effect
are attributable. Only the Galaxy Blue WNT and Panthera Silver pigments show the presence of
zirconium oxide, which is a high-refractive material and which is in widespread use for the synthesis
of pearlescent pigments [23].

The SEM micrographs in Figure 2 show the as-deposited sample cross sections. All the sample
cross-sections highlight a good and homogeneous dispersion of the pigments inside the polymeric
matrix. The random orientation of the pigments, as shown in Figure 2, has a positive effect in harvesting
the coating pearlescent effect. The thickness of the samples can be also evaluated from the SEM
micrographs in Figure 2, and its value is between 75 and 150 µm. The high thickness dispersion of the
coating is typical of powder coatings obtained by spray deposition and does not affect the properties
under investigation.
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Figure 2. Scanning electron microscope cross sections of the sample: (a) GB-SW; (b) GB-WNT; (c) LG;
(d) PS; and (e) TB. In (e), a description of the components of the sample is made.

3.2. Gloss and Roughness Evaluation after UV Exposure

The changes of the coating aesthetical properties were assessed after 1000 h UV exposure.
Regarding the roughness change, the mean roughness parameter, Ra, was chosen in order to give the
average information about the sample surface.

Table 3 shows the roughness variation for all the samples before and after UVA and UVB exposure.
All the samples underwent an increase in roughness of about 0.1–0.2 µm after 1000 h of irradiation
with UVB light, whereas a different behaviour after 1000 h UVA irradiation was verifiable. All the
samples showed a decreased superficial roughness after UVA irradiation, apart from the LG sample,
which showed a small increase. Considering the error bars, it is possible to state that the roughness
values after UVA exposure could be comparable to the values of the pristine samples, and thus no
significant changes could be seen after 1000 h of UVA exposure.
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Table 3. Sample roughness before and after 1000 h irradiation with UVA and UVB light.

Coating Name Ra As-Made (µm) Ra 1000 h UVA (µm) Ra 1000 h UVB (µm)

GB-SW 0.66 ± 0.08 0.65 ± 0.05 0.77 ± 0.33
GB-WNT 0.86 ± 0.24 0.79 ± 0.12 0.97 ± 0.10

LG 0.65 ± 0.04 0.69 ± 0.08 0.87 ± 0.08
PS 0.74 ± 0.14 0.69 ± 0.08 0.82 ± 0.12
TB 0.66 ± 0.11 0.59 ± 0.08 0.75 ± 0.11

The surface roughness influences the gloss of a surface: on a smooth mirror-like surface, parallel
beams of light are reflected in the same certain direction, whereas on an irregular surface, beams of
light are diffusely scattered, and the surface appears to be matt. Determining the gloss change is
then important to have further insights on the modification of the sample surface properties. After
1000 h of UVA irradiation, the maximum gloss change was about 5%, and it was almost similar for
all the samples. It did not follow a linear decreasing trend, but it remained stable over time. Gloss
and roughness are closely interrelated, thus the small changes in roughness are connected and in
accordance with the little changes in gloss of the samples. In contrast, with respect to what happened
to the samples after irradiation with UVA light, it was possible to see a clear decreasing trend of gloss
with the increase of the UVB light exposure time, as shown in Figure 3. All the samples showed the
same behaviour, which is probably connected to the degradation of the polymeric matrix.
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Figure 3. Sample residual gloss after irradiation with UVB light.

Considering the GSB Quality Standard AL 631 [24], which classifies a coating as extremely durable
if it maintains at least 50% of the initial gloss after 1000 h UVB irradiation, it is possible to state that all
the samples also showed a very good behaviour after 1000 h UVB exposure and met the industrial
qualitative standards. The decrease of gloss is closely linked to the increase in roughness, as shown in
Table 3.

3.3. Color Evaluation after UV Exposure

Ultraviolet radiation exposure could influence the aesthetic properties of the coatings, changing
the colour or aspect of the coating surface. Figure 4a shows the as-prepared samples, and Figure 4b
reports their colorimetric coordinates (CIEL*a*b* [25]) in order to appreciate the colour differences
among the samples. The colorimetric coordinates values are the average of five measurements at
D65/10◦ in SCE mode; L* is the lightness (0 is black and 100 is white), a* is the red-green coordinate
(positive values are red, negative values are green), and b* is the yellow-blue coordinate (positive
values are yellow, negative values are blue, and 0 is neutral).
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Figure 4. (a) Photography of the as-prepared samples; (b) Samples’ colorimetric coordinates according
to CIEL*a*b*.

All the samples showed a high lightness. Regarding the a* value, it is possible to see that only
the PS and LG samples had positive values, whereas, considering the b* coordinate, all the samples
showed a negative value, apart from the LG sample, which had a high shift towards yellow.

The colour of the coating was evaluated at the same cycles respect to the gloss and roughness
measurements. The variation of ∆E, ∆L*, ∆a*, ∆b* are reported as a function of the exposure time. The
symbol ∆E represents the total colour change and it is calculated as follows:

∆E = [(∆L*)2 + (∆a*)2 + (∆b*)2]1/2, (1)

(ASTM E308(2018) [26]). First of all, it is necessary to point out that no significant changes of ∆E,
∆L*, ∆a*, ∆b* after UVA exposure were recorded. The ∆E variation was lower than 0.40 after 1000 h
irradiation, and it did not increase with the exposure time. The variation of the a* coordinate was
negligible, whereas the variation of the b* coordinate followed a blue shift trend for all the samples and
in particular for the PS sample, which had a ∆b* equal to 0.60. Thus, it is possible to state that after
irradiation with UVA light the ∆E variation was mainly due to the change of the b* coordinate and was
limited to low values (colour changes with ∆E < 1 are imperceptible to the human eye).

Figure 5 reports the variation of the sample colorimetric coordinates after irradiation with
UVB light.

The ∆E variation followed a sigmoidal trend for all the samples, with values after 1000 h irradiation
included between 1.4 and 1.9, much higher than the threshold value of ∆E = 1. Despite all the coatings
being made of the same polymetric matrix, it was possible to observe the GB-NWT and PS samples
having a ∆E change that was smaller with respect to the other three samples. These two pigments have
a similar chemical composition, as they both contain Zr. Zirconium oxide is used in a huge variety of
applications, such as in optical layers and pigments [27], because of its superior chemical and optical
properties. It has a high index of refraction, optimal, chemical, and thermal stability, in addition to
the fact that it has been demonstrated as increasing the photostability of the TiO2 layer [28,29]. The
presence of ZrO2 could increase the photostability of the pigments, thus limiting their degradation
and aesthetical property changes. The variation of ∆E is mainly due to a variation of brightness, L*,
which follows a sigmoidal trend as well. Making a comparison with the colour variation and the gloss
trend, shown in Figure 3, it is possible to observe that the degradation process started after 300 h of
UVB irradiation. The a* parameter was included between 0.1 and −0.35; the LG and GB-SW pigments
showed quite a negative variation. Regarding the b* parameter, it varied from 0.10 to −0.50; the only
sample which showed a positive increment of b* was the GB-SW sample, whereas the LG pigment
showed a major change of the b* coordinate.
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3.4. FT-IR Analysis after UVA and UVB Exposures

In order to investigate the degradation and durability of powder coatings, FT-IR analyses were
performed. Powder coatings based on polyesters, and in particular based on IPA, are used to withstand
weathering, and they show an increased weathering resistance with respect to other coatings [30,31].
Different degradation mechanisms can affect the durability of superdurable resins [32], though the
photo-induced oxidation mechanism is the most powerful and is mainly caused by resin absorbing
UV radiation. The wavelengths between 290 and 370 nm cause important damages to the coatings
because they lead to a change in the chemical structure of the polymeric matrix. Figure 6 shows the
FT-IR spectra of the GB-SW sample before and after 1000 h of UVA exposure. It is possible, as a first
thing, to assign the main peaks of the spectra.

A strong characteristic band associated with the carbonyl C=O stretching could be identified at
1715 cm–1 [31]. The peak at 1652 cm–1 can be associated to the C=O stretching of the curing agent
typically used in this type of coatings [32]. The peak at 1608 cm–1 is related to the –CH– isophthalic
bond stretching of the aromatic ring present in the isophthalic acid. The peaks at 1300 cm–1 and
1220 cm–1 are typical of C–O stretching. The peak at 1473 cm–1 could be both the bending of the –CH2–
aliphatic group and the C=O bending; the peak at 1373 cm–1 corresponds to the CH3 bending. The peak
at 1072 cm–1 is related to the bending of aromatic C–H. No differences between the sample before and
after UVA exposure could be detected. The same behaviour was followed by all the other samples, thus
indicating that UVA radiation did not have an appreciable effect on the powder coating degradation.
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Instead, regarding the results obtained for the samples after UVB exposure, some differences
could be noticed. Figure 7 shows the FT-IR spectra before and after 1000 h of UVB exposure.
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Most of the peaks are shifted to lower wave numbers and have a lower transmittance, mainly due
to the increase in mobility of the bonds with the absorption of UVB radiation. The two typical peaks of
polyester at 1715 and 1652 cm–1 were different after 1000 h of exposure. The first peak underwent a shift
towards 1711 cm–1 and a considerable broadening, whereas the latter almost disappeared. After UVB
irradiation, a large band at 3354 cm–1 appeared, which could be associated with the –OH stretching
vibration of hydroxyl groups, which may originate in the terminal phase of the degradation mechanism,
already explained by Maetens [32]. The same behaviour was followed by all the five-sample series. It
is then interesting to evaluate the FT-IR spectra of the samples at short exposure times, as shown in
Figure 8.

The peak at 3354 cm–1 appeared after 300 h irradiation, while at the same time the peak at
1652 cm–1 disappeared. This change is the evidence of the initiation of the degradation process. All
the samples followed the same trend shown for the GB-SW sample. A photo-induced oxidation
mechanism generated by a photo-inductor can explain these results [32]. The samples exposed to UVB
light underwent a degradation process starting from 300 h of irradiation, which can be correlated to
the sample colour change shown in Figure 5.
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3.5. Exposure to an Aggressive Environment: Acetic Salt Spray Exposure

In order to determine the protective properties of the coatings and assess the adhesion of the
coating with respect to the substrate, the samples were exposed to acetic salt spray fog for 1000 h in
the presence of an artificial defect. As it is possible to observe in Figure 9, all the samples showed the
presence of blisters of grade 4 (S5) [33], limited to the borders and the area close to the artificial defect.
In addition to that, all the samples showed no blistering until 650 h of exposure, underlining the good
protection properties of the coatings. In any case, it is important to point out that the evaluation of
the blistering grade should be done on as-made samples, without the presence of an artificial scratch:
considering the area far from the defect, no blisters could be observed.

Coatings 2020, 10, x FOR PEER REVIEW 11 of 14 

 

3.5. Exposure to an Aggressive Environment: Acetic Salt Spray Exposure 

In order to determine the protective properties of the coatings and assess the adhesion of the 
coating with respect to the substrate, the samples were exposed to acetic salt spray fog for 1000 h in 
the presence of an artificial defect. As it is possible to observe in Figure 9, all the samples showed the 
presence of blisters of grade 4 (S5) [33], limited to the borders and the area close to the artificial defect. 
In addition to that, all the samples showed no blistering until 650 h of exposure, underlining the good 
protection properties of the coatings. In any case, it is important to point out that the evaluation of 
the blistering grade should be done on as-made samples, without the presence of an artificial scratch: 
considering the area far from the defect, no blisters could be observed. 

 

Figure 9. Samples after 1000 h exposure in an acetic salt spray chamber in the presence of an artificial 
scratch. 

A delamination and corrosion assessment was carried out on the sample in presence of the 
artificial scratch, according to the UNI EN ISO 4628-8 standard [20]: the values obtained for 
delamination were included between 4.0 and 8.0 mm, the values obtained for corrosion were about 5 
mm for all the samples. 

Only small differences among the different samples could be observed. The slightly different 
thicknesses of the coatings does not represent an influencing factor since in this case the mechanism 
that could lead to a loss of adhesion between the coating and the substrate was represented by anodic 
undermining (typical of painted aluminium alloys), which is not influenced by the coating thickness, 
unlike what occurs in cathodic delamination [34]. The substrate pre-treatment could influence the 
adhesion of the coating on the substrate [35], then leading to the formation of blisters, but it is difficult 
to add this motivation to explain little differences between samples. On the contrary, these differences 
could be explained by little fluctuations of temperature or humidity in the deposition processes, 
which can have a negative influence on the adhesion with the substrate. It is necessary to underline 
that no relevant studies regarding the effect of aluminium-based pearlescent pigments on the 
degradation of powder coatings can be found in the literature, but it is reasonable to state that the 
different pigments have no influence on the degradation of the samples. 

In order to have further insights on the protection properties of the coatings, EIS measurements 
were carried out before and after 400 h, 750 h, and 1000 h of exposure in an acetic salt spray chamber 
on as-made samples. In Figure 10, the Bode diagram of the GB-SW sample is shown. It is possible to 
observe that the impedance modulus |Z| at 10–2 Hz remained stable in time with a value of around 
1011 Ω·cm2, typical of protective organic coatings. Thus, the coating can be considered highly 
protective also after exposure to an aggressive environment. 

Figure 9. Samples after 1000 h exposure in an acetic salt spray chamber in the presence of an
artificial scratch.

A delamination and corrosion assessment was carried out on the sample in presence of the artificial
scratch, according to the UNI EN ISO 4628-8 standard [20]: the values obtained for delamination
were included between 4.0 and 8.0 mm, the values obtained for corrosion were about 5 mm for all
the samples.

Only small differences among the different samples could be observed. The slightly different
thicknesses of the coatings does not represent an influencing factor since in this case the mechanism
that could lead to a loss of adhesion between the coating and the substrate was represented by anodic
undermining (typical of painted aluminium alloys), which is not influenced by the coating thickness,
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unlike what occurs in cathodic delamination [34]. The substrate pre-treatment could influence the
adhesion of the coating on the substrate [35], then leading to the formation of blisters, but it is difficult
to add this motivation to explain little differences between samples. On the contrary, these differences
could be explained by little fluctuations of temperature or humidity in the deposition processes, which
can have a negative influence on the adhesion with the substrate. It is necessary to underline that no
relevant studies regarding the effect of aluminium-based pearlescent pigments on the degradation of
powder coatings can be found in the literature, but it is reasonable to state that the different pigments
have no influence on the degradation of the samples.

In order to have further insights on the protection properties of the coatings, EIS measurements
were carried out before and after 400 h, 750 h, and 1000 h of exposure in an acetic salt spray chamber
on as-made samples. In Figure 10, the Bode diagram of the GB-SW sample is shown. It is possible to
observe that the impedance modulus |Z| at 10–2 Hz remained stable in time with a value of around
1011 Ω·cm2, typical of protective organic coatings. Thus, the coating can be considered highly protective
also after exposure to an aggressive environment.
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All the samples show a similar behaviour, and the impedance modulus |Z| versus applied
frequency follows the same trend. Table 4 reports the values of |Z| at 10–2 Hz after 0, 400, 750, and
1000 h of acetic salt spray exposure for all the samples under investigation.

Table 4. Impedance modulus |Z| (Ω*cm2) at 10–2 Hz after 0, 400 h, 750 h, and 1000 h.

Coating Name 0 h 400 h 750 h 1000 h

GB-SW 1.56 × 1011 1.43 × 1011 1.06 × 1011 8.66 × 1010

GB-WNT 1.57 × 1011 1.06 × 1011 8.66 × 1010 8.40 × 1010

LG 1.66 × 1011 1.38 × 1011 9.25 × 1010 8.67 × 1010

PS 1.23 × 1011 8.67 × 1010 6.70 × 1010 6.23 × 1010

TB 1.59 × 1011 1.38 × 1011 9.58 × 1010 8.69 × 1010

All the samples, as shown in Table 4, maintain a very high value of the impedance modulus,
also after 1000 h of acetic salt spray exposure. Thus, it is possible to confirm that all the samples,
without the presence of surface defects, can guarantee optimal protection properties, regardless of the
used pigment.
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4. Conclusions

This work examined the effect of five different pearlescent pigment types on standard powder
coatings. The coatings’ aesthetical and protective property changes were analysed as a consequence
of accelerated ageing testing. The colour, gloss, and roughness were evaluated after UVA and UVB
exposure. Regarding the samples subjected to UVA radiation, the surface colour did not register
important changes, or, in any case, they were imperceptible to the human eye. Even the variation in
gloss and roughness that was recorded was not significant. The results obtained after UVB exposure
showed a different trend: the surface roughness showed a general increase, closely related to the
decrease of gloss and the variation of colour. The decreasing gloss variation can be considered
acceptable from a commercial point of view, while the colour change is very huge and could be
attributable to the degradation of the polymeric matrix. The FT-IR analysis showed that UVB radiation
caused a photoinduced degradation of the polymeric matrix, whereas the UVA radiation had no
influence on the degradation of the coating. The degradation mechanism, due to UVB radiation,
started after 300 h of exposure, and this is closely related to the abrupt change of colour and gloss. The
analyses carried out after exposure to an acetic spray fog showed the good protection properties of the
coating. EIS measurements showed that all the samples remained highly protective, also after 1000 h of
acetic salt spray chamber exposure. In addition to that, all the samples showed no remarkable presence
of blisters and detachment of the coating. On the other hand, a different behaviour in the presence of
an artificial defect could be observed: a quite severe delamination and corrosion could be noticed. In
conclusion, it is possible to state that these samples are very sensitive to UVB radiation but show good
resistance to UVA light and to aggressive environments without the presence of coating defects. No
pigment effect on the degradation of the samples could be revealed, though some differences in colour
changes could be seen among the different sample types, which can be attributed to changes in the
chemical composition.
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