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Abstract: In this work, colloidal silver has been added into an acrylic clear cataphoretic bath, eval-
uating the effect of two different filler amounts on the durability of the composite coatings. The
three series of samples were characterized by electron microscopy to assess the possible change
in morphology introduced by the silver-based additive. The protective properties of the coatings
were evaluated by a salt spray chamber exposure and electrochemical impedance spectroscopy
measurements, evidencing the negative effect provided by high amount of silver, which introduced
discontinuities in the acrylic matrix. Finally, the durability of composite coatings was studied by
exposing them to UV-B radiation, observing a strong phenomenon of silver degradation. Although
the coating containing high concentrations of silver demonstrated poor durability, this study revealed
that small amounts of silver can be used to provide particular aesthetic features, but also to improve
the protective performance of cataphoretic coatings.

Keywords: colloidal silver; cataphoretic deposition process; salt spray chamber; electrochemical
impedance spectroscopy; UV-B exposure test

1. Introduction

Among the various deposition processes of organic coatings, cataphoresis represents
an innovative method of particular industrial interest. The typical spray process, in fact,
can be applied to different substrates, in addition to metal alloy [1–3], such as glass, paper,
and cotton fabric [4], but it has always exhibited technical limitations. For example, the
control of the thickness of the layer, as well as the geometry of the component to be coated,
are critical aspects during spraying. Differently, cataphoresis has shown several interesting
features over the years. The electrodeposition process enables the creation of organic layers
with high adhesion and corrosion protection properties [5,6], which are also applicable on
products with complex geometry [7]. Thanks to the polarization of the sample that occurs
during the electrodeposition, the electric field allows one to achieve a uniform coverage
on the surface to be coated. Furthermore, from an industrial point of view, cataphoresis
is highly appreciated, as it represents a simple, fast, and cost-effective method to produce
large-scale industrial coatings, with a low-environmental impact [8].

Thanks to these aspects, cataphoresis is often successfully employed in the automotive
industry [9–11], but in recent years it has also aroused particular interest in the research-
academic field. In fact, several works have turned to the optimization of the process
equipment [12,13] and parameters, such as the curing temperature [14] and the deposi-
tion voltage [15], in order to further improve the behavior of the cataphoretic layers. The
electrodeposition process has exhibited high versatility, as it has been applied to different
metal substrates, such as Zn-Mg alloys [16,17], Ti-Mo alloy [18], aluminum alloys [19–21],
and steel alloys [22]. Furthermore, this method has also been evaluated in synergy with
different types of pre-treatments [23,24] to improve the adhesion and durability of the
coating. Recently, several scientists have focused on the study of the implementation of the
cataphoretic organic matrix with different types of fillers, in order to obtain multifunctional
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composite coatings. The protective performances, for example, have been further improved
by adding cerium-based nanoparticles [25,26], or thanks to functionalized graphene oxide
flakes [27–30]. Furthermore, the aesthetic features obtainable from cataphoresis by incorpo-
rating particular thermochromic pigments were also evaluated [31], which compared the
results with the behavior of the typical spray process [32].

A current trend topic in the world of organic coatings is represented by the addition
of silver-based fillers [33–35]. This phenomenon is mainly due to the escalation of the
SARS-CoV-2 pandemic, which has led scientific research to seek a solution to the spread
and transmission of pathogenic microorganisms through surface contamination. The
pandemic has in fact highlighted how the continuous surface disinfection is not sustainable,
in terms of temporal and economic efforts [36]. The simplest and most effective alternative
approach lies precisely in functionalizing the surfaces by adding silver, whose successful
biocidal effect has been amply demonstrated over the last 25 years [37–40]. Silver ions,
adhering to the cell wall and modifying its permeability, are able to deactivate respiratory
enzymes and hinder DNA replication [41,42]. Thus, silver is commonly employed in
sensitive health application that requires extreme hygiene, such as artificial implants,
surgical instruments, and dental implants [43], or in food and textile industries [40]. Thus,
in order to realize multifunctional surfaces with antibacterial features, silver has recently
been subjected to much research on its antimicrobial [44], bioactive activities [45], and
cytotoxicity features [46].

Silver has been applied to different types of surfaces. Anodized aluminum layers
have shown good compatibility with different types of silver-based fillers, confirming
excellent antibacterial performance [47–49]. Furthermore, antimicrobial silver has been
encapsulated in TiO2 coatings [50] and TiO2 nanotubes [51], deposited on cotton fabric [52],
and implemented in a Mg-Al layered double hydroxide coating [53].

Consequently, the world of paints has also been recently affected by these stud-
ies [54–58]. For example, Lateef et al. [59] investigated the efficiency of silver nanopar-
ticles (AgNPs) as an antibacterial additive for enamel paint, while Deyà et al. [60] and
Barberia-Roque et al. [61] studied the bactericidal effect of silver in acrylic water-based
paint. Similarly, Liu et al. [62] explored the in situ synthesis of AgNPs in transparent
PVA films for antibacterial purpose. The biocidal activity of AgNPs in polyurethane
coating was assessed by Bechtold et al. [63], who confirmed the good efficiency of silver
against bacteria but, at the same time, the non-satisfactory resistance against fungi. On the
other side, Asafa et al. [64] reported the influence of AgNPs on physical and mechanical
properties of emulsion paint, comparing the results with the behavior of ZnO and Fe2O3 ad-
ditives. Finally, the antibacterial properties of silver in emulsion paint was also assessed by
Ohashi et al. [65], who evidenced a better paintability and transparency of silver–cytokinin
complex filler for emulsion paint compared to a commercialized paint filler.

However, despite the great interest of the paint industry in silver-based additives,
the literature does not offer any study on the synergy between cataphoresis and silver.
The high process yields of cataphoresis, combined with the excellent covering power of
the electrodeposited layers and their compactness, makes this method one of the most
promising for the production of organic matrix composite coatings incorporated with
silver-based filler. Thus, the purpose of this work is to evaluate the effect of colloidal silver
on the durability of acrylic cataphoretic coatings. Two different amounts of colloidal silver
were added into the cataphoretic bath, to assess how the silver concentration influences
the coatings’ performance. The study employed an acrylic top-coat cataphoretic bath, as
it did not contain pigments and additives that could influence the effect and behavior of
colloidal silver.

The samples were characterized by means of the scanning electron microscope (SEM),
to observe the morphology of the deposited composite coatings by studying the influ-
ence of the silver additive. The effect of the amount of silver on both corrosion resistance
performance and behavior in the aggressive environment of the acrylic-based coatings
were assessed by subjecting the samples to electrochemical impedance spectroscopy mea-
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surements (EIS) and exposing them in the salt spray chamber, respectively. Finally, the
durability of the samples and consequent aesthetic performance were evaluated with the
UV-B exposure.

2. Materials and Methods
2.1. Materials

The colloidal silver (65–75 wt.% Ag) and acetone were supplied from Sigma-Aldrich
(St. Louis, MO, USA) and used as received. The 40 × 70 × 2 mm3 carbon steel substrate
(Q-panel type R (0.15 wt.% C-Fe bal.) was supplied by Q-lab (Westlake, OH, USA). The
cataphoretic bath Arsonkote 202 Acy Cata W202 × 30 was provided by Arsonsisi (Milan,
Italy). This industrial product is based on modified acrylic resin, with glycols employed as
the solvent. It possesses a dry residue (after 2 h at 120 ◦C) equal to 28–30%, and a specific
weight of 1.00–1.20 g/cm3.

2.2. Deposition of Acrylic–Ag Coatings

The carbon steel substrates were subjected to a degreasing process in acetone, sup-
ported by ultrasonic agitation, followed by a sandblasting step with corundum powder
(0.2 mm diameter, 70 mesh). The sandblasting process introduced a roughness [Ra] equal
to 3.05 ± 0.22 µm in the steel substrates. Finally, the steel plates were further degreased in
acetone, in order to remove possible traces of contamination.

The deposition setup was set in a 200 mL acrylic cataphoretic bath. A 300 × 50 mm2

flat stainless steel plate, used as the anode, was placed in front of the sample, at a distance
of 80 mm. As colloidal silver granules are soluble in water, they were added directly to the
cataphoretic bath, because it is water-based. Two different amounts of colloidal silver were
added into the bath, which was stirred for 30 min with an ultrasound probe, to facilitate
the complete dissolution of the colloidal silver granules. Both the two sets of samples
were deposited, keeping constant all the process parameters, to better compare the coating
behavior. The electrodeposition was carried out at a voltage of 75 V for 120 s, followed by a
curing step in an oven at 140 ◦C for 45 min, as suggested by previous studies [29,30]. The
sample production process is outlined in Figure 1.
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Figure 1. Scheme of the sample production process.

The performances of the two series of acrylic–Ag samples were compared with the
behavior of a pure acrylic layer, free of filler. The three samples series are summarized in
Table 1 with the sample nomenclature.

Table 1. Labeling of samples with different colloidal silver concentration.

Bath Colloidal Silver Concentration (wt.%) Sample Nomenclature

Clear coat
0.00 A
0.05 A1
0.10 A2
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The two silver concentrations, shown in Table 1, were chosen because they achieved
enough silver quantity in the coating in order to guarantee good antibacterial performances,
as highlighted in the literature [48]. The real amount of silver detected inside the two
coatings A1 and A2 are introduced later, in paragraph 3.1.

2.3. Characterization

The optical stereomicroscope Nikon SMZ25 (Nikon Instruments, Amstelveen, the
Netherlands) and low vacuum scanning electron microscope SEM JEOL IT 300 (JEOL,
Akishima, Tokyo, Japan) were employed to analyze the surface morphology of the coatings,
with the aim of verifying whether the introduction of colloidal silver has influenced the
electrodeposition process, modifying its yield and introducing defects in the acrylic matrix.
An energy-dispersive X-ray spectroscopy (EDXS, Bruker, Billerica, MA, USA) analysis has
also been carried out in order to map the silver distribution in the coatings. Finally, the
thickness of the three series of composite coatings was measured by means of the Phynix
Surfix digital thickness gauge (Phynix, Neuss, Germany).

The samples were exposed in a salt spray chamber (Ascott Analytical Equipment
Limited, Tamworth, UK) for 500 h, following a ASTM B117-11 standard [66] (5 wt.%
sodium chloride solution), to assess the corrosion protection behavior of the coatings in a
particular aggressive environment. The adhesion of the coatings was evaluated by means
of a mechanical cut made on the surface of the samples, analyzing the possible detachment
and water uptake phenomena.

The protective features of the composite coatings were studied by means of Electro-
chemical Impedance Spectroscopy (EIS) measurements, carried out with a potentiostat
Parstat 2273 (Princeton Applied Research by AMETEK, Oak Ridge, TN, USA) with the
software PowerSuit ZSimpWin (version 2.40) and applying a signal of about 15 mV (peak-
to-peak) amplitude in the 105–10−2 Hz frequency range. The cell setup mas composed of an
Ag/AgCl reference electrode (+207 mV SHE) and a platinum counter electrode, immersed
in the 3.5 wt.% sodium chloride solution. The samples were kept immersed in the test
solution for a total of 500 h, with a testing area equal to 6.15 cm2.

Finally, UV-B exposure tests were carried out at 313 nm for 500 h, using an UV173 Box
Co.Fo.Me.Gra (Co.Fo.Me.Gra, Milan, Italy) and following the ASTM G154-16 standard [67].
The chemical–physical degradation of the coatings was analyzed with a Konica Minolta
CM2600d, spectrophotometer (Konica Minolta, Chiyoda, Tokyo, Japan) using a D65/10◦

illuminant/observer configuration in SCI mode, evaluating visual-aesthetical variations.

3. Results
3.1. Coating Morphology

The deposition of the acrylic–Ag composite coatings took place by adding the clear
cataphoretic bath with colloidal silver. The silver-based additive is in the form of a greyish
powder, with a very variable size, as shown in Figure 2. In fact, the size of the granules
varies from a few µm, up to over 200 µm.

However, this aspect seems not to be relevant for the electrodeposition process, as
colloidal silver powders are completely soluble in water. Consequently, once added to
the cataphoretic bath, composed of 60 wt.% of water, the powders did not reveal macro-
scopic aggregation phenomena. Previous works have highlighted the strong criticalities in
adding fillers in cataphoretic baths: the reaction with the polymeric matrix often results
in aggregation phenomena of the fillers with consequent defects in the coatings [29,30].
Otherwise, colloidal silver apparently represents an ideal candidate as an additive in
cataphoretic depositions.

Dissolving in water, the colloidal silver powders create a yellow-orange color solution.
Consequently, the color of the cataphoretic bath also varies according to the quantity of the
introduced colloidal silver. The hue of the electrodeposition bath, from transparent, varies
towards an orange tone, becoming darker and darker with the increase in the colloidal
silver amount. Figure 3 faithfully represents this phenomenon: the three types of samples
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studied in this work exhibit different aesthetic features due to the presence of colloidal
silver. Sample A has a clear coating of pure acrylic matrix, free of additives. On the other
hand, samples A1 and A2 reveal a yellow and orange coating, respectively, the tones of
which strongly depend on the concentration of the silver-based filler. The coloring of the
composite layers appears homogeneous and constant over the entire surface, proof of the
high aesthetic efficiency and covering power of cataphoresis [32].
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Although the three series of samples exhibit different appearance from each other, the
thickness of the coatings is comparable. Table 2 shows the coatings thickness measured
with the digital thickness gauge: the values constitute the average of 50 measurements
performed on 5 samples (10 measurements per sample) for each series.

Table 2. Coatings thickness of the three series of samples.

Sample Thickness [µm] St. Dev. [µm]

A 22.2 0.8
A1 23.4 1.0
A2 21.7 1.3

The obtained thickness values are in accordance with the usual outcome achieved
with cataphoretic process, as confirmed by the literature [9]. The results suggest that
the addition of colloidal silver to the cataphoretic bath did not affect the process yield
of the electrodeposition. The samples show a compact and homogeneous coating, free
from macroscopic defects. This outcome reinforces the previous assumptions relating to
the efficient use of colloidal silver as an additive in cataphoretic baths. Furthermore, the
introduction of colloidal silver in the acrylic bath did not affect the leveling power of the
cataphoretic process, as all the three series of coatings exhibit a particularly smooth coating,
whose roughness [Ra] is comparable and equal to 0.25 ± 0.03 µm.

Thus, the three series of coatings were observed by SEM, in order to better analyze their
morphology and highlight possible microscopic defects. Figure 4 shows the micrographs
of the surfaces of the three samples, acquired by SEM.
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Coating A (Figure 4a) appears completely homogeneous. Morphological defects, such
as bubbles in the acrylic matrix, cannot be appreciated. In contrast, the coatings of samples
A1 and A2 (Figure 4b,c, respectively) reveal different light-colored traces homogeneously
distributed on their surface. The amount of these traces increases from sample A1 to
sample A2, suggesting that they are closely related to the addition of colloidal silver to the
acrylic bath. Despite the presence of this phenomenon, no appreciable defects are observed
even in coatings A1 and A2. Therefore, although silver is conductive, once introduced
into the cataphoretic bath it does not influence the electrodeposition process through the
development of eddy currents, as observed, for example, with graphene-based filler [29].

In order to confirm the nature of the clear traces, the samples were examined by EDXS
investigation. The EDXS analysis revealed a concentration equal to 1.4 wt.% and about
3 wt.% of silver on the surface of the samples A1 and A2, respectively. Figure 5 shows, as
an example, a micrograph of the surface of the sample A1, with the respective EDXS map of
the Ag element. Indeed, the clear traces observed by SEM are representative of the presence
of silver. Although silver is effectively distributed over the entire surface of the coatings
in a homogeneous way, in some cases it is possible to notice a thickening of silver whose
dimensions exceed 20 µm. The morphology of these clusters differs from the powders
shown in Figure 2. Consequently, it is likely that the colloidal silver actually dissolved in
water, but was subsequently subjected to thickening phenomena in the acrylic matrix. In
fact, colloidal silver itself is not compatible with polymeric matrices, if not first effectively
dissolved in water. It is therefore probable that the interaction between the silver–water
solution and the acrylic resin in the cataphoretic bath has caused the undesired phenomena
of silver re-accumulation. This, in fact, represents the only real noteworthy defect due to
the addition of colloidal silver.
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Thus, the effect of this phenomenon on the protective performances of the acrylic
matrix was subsequently evaluated by exposing the coatings in aggressive environments
and by means of suitable electrochemical techniques.

3.2. Salt Spray Chamber

The three series of samples were exposed in the salt spray chamber for a total of 500 h.
During the first 100 h of exposure the coatings were observed every 24 h, after which they
were monitored every 100 h, until the end of the analysis. An artificial cut of 1 mm width
was realized on the surface of the coatings, to create a mechanical defect in the cataphoretic
layer, forcing the development of corrosive phenomena at the substrate-coating interface.
Thus, the evolution of blisters, due to water uptake from to the artificial notch, and the
coatings’ adhesion level were visually evaluated [68].
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Figure 6 shows the evolution of the coatings’ degradation during the exposure in the
salt spray chamber. All three series of coatings exhibit a halo around the central notch
after 100 h of exposure. This phenomenon, together with the development of blisters, is
symptomatic of water absorption in correspondence of the artificially introduced defect.
The samples exhibit a comparable behavior, except for the greater blister evolution observed
in coating A2. At the end of the test (500 h), the entire surfaces of the three coatings are
covered with blisters. However, it must be considered that cataphoresis is normally used
as a primer or as a finishing layer in non-aggressive environments, while the exposure
test in salt spray chamber exhibits a high degree of aggressiveness. The absorption of the
aggressive solution within the cataphoretic layers is associated to their adhesion levels:
the greater the distance of the blister from the central notch, the lower the adhesion of the
coatings. Again, it is difficult to differentiate between the behavior of the three samples,
as the penetration of the test solution caused the development of blisters over the entire
surface of the coatings.

Coatings 2022, 12, x FOR PEER REVIEW 9 of 23 
 

 

 

Figure 6. Coating degradation during sample exposure in salt spray chamber. 

To better observe the phenomena that took place close to the artificial notch, the cor-

rosion products developed on the coatings were removed by stirring the samples in citric 

acid solution (pH = 3) for 2 h. Thus, the samples were analyzed by stereomicroscope ob-

servations, as shown in Figure 7. According to the standard [66], an organic coating with 

good adhesion to the substrate should show maximum detachment from the notch area 

of about 1000 µm. Following this definition, all three series of coatings possess excellent 

adhesion, typical of a cataphoretic layer, as they did not exhibit clear detachment of the 

coating caused by water absorption or development of corrosion products. However, in 

some spots it is possible to appreciate the detachment of the layers from the metal sub-

strate in proximity of the notch: this phenomenon is represented by lighter blisters (clearly 

evident above all in Figure 7a,b). This occurrence sometimes exceeds the limit of 1000 µm, 

but it is a detachment of the layer strictly linked to the evolution of the blister, therefore 

not fully considered by the standard [66]. 

Figure 6. Coating degradation during sample exposure in salt spray chamber.

To better observe the phenomena that took place close to the artificial notch, the
corrosion products developed on the coatings were removed by stirring the samples in
citric acid solution (pH = 3) for 2 h. Thus, the samples were analyzed by stereomicroscope
observations, as shown in Figure 7. According to the standard [66], an organic coating with
good adhesion to the substrate should show maximum detachment from the notch area
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of about 1000 µm. Following this definition, all three series of coatings possess excellent
adhesion, typical of a cataphoretic layer, as they did not exhibit clear detachment of the
coating caused by water absorption or development of corrosion products. However, in
some spots it is possible to appreciate the detachment of the layers from the metal substrate
in proximity of the notch: this phenomenon is represented by lighter blisters (clearly
evident above all in Figure 7a,b). This occurrence sometimes exceeds the limit of 1000 µm,
but it is a detachment of the layer strictly linked to the evolution of the blister, therefore not
fully considered by the standard [66].
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Figure 7. Samples A (a), A1 (b), and A2 (c) appearance after 500 h of exposure in the salt
spray chamber.

The density of blisters, rather than their average size, represents the aspect that most
differentiates the three series of samples. As can be observed from the three images in
Figure 7, the presence of colloidal silver seems to cause an increase in the density of blisters
that develop following the exposure of the coatings to the aggressive environment of the salt
spray chamber. Furthermore, this phenomenon is even more marked after increasing the
amount of silver present in the coatings. Referring to the standard [68], the three series of
samples have blisters of size 1–3. However, the density of the blisters increases from grade
3 of sample A, to grades 4 and 5 of samples A1 and A2, respectively. Consequently, silver
seems to favor the adsorption of water into the cataphoretic coating, as it represents a point
of discontinuity in the acrylic matrix. Figure 8, acquired with the optical stereomicroscope,
is exemplar of the high blister density exhibited by sample A2 at the end of the test. The
polarizing filter of the microscope made it possible to highlight the morphology of the
blisters, which in some cases exceed 2000 µm in size.
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the test.

Therefore, although silver does not introduce apparent defects in the cataphoretic layer,
it influences the behavior of the coating for long exposures in aggressive environments. The
difference between the results expressed by sample A and sample A1 is almost negligible,
while the greater quantity of silver present in the coating A2 seems to play a key role in
the durability of the acrylic matrix. To better study the protective characteristics of the
three types of coatings evaluating the contribution of silver, the samples were subjected to
Electrochemical Impedance Spectroscopy (EIS) measurements.

3.3. Electrochemical Impedance Spectroscopy Measurements

The EIS measurements are widely employed for the estimation of the protective feature
of organic coatings, as this technique is able to provide useful details about the corrosion
resistance properties of the layer, such as its defectiveness or degree of adhesion [69].

For example, the evolution of the Bode impedance module measured at low frequen-
cies (10−2 Hz), defined as |Z|(0.01), can be monitored to get a preliminary quantitative
estimation of the degree of protection provided by the coating. The literature defines a
minimum value of |Z|(0.01), equal to 106 Ω·cm2, below which the coating does not ensure
certain protective performances [70,71]. Thus, the protective behavior of the three series of
coatings was characterized monitoring the evolution over time of their impedance module
|Z|(0.01) over time. Figure 9 shows the variation of the parameter |Z|(0.01) during the
exposure of 500 h of the samples to the EIS test solution.

The three coatings exhibit different behaviors during the experiment. Sample A reveals
a relatively high initial value of |Z|(0.01), which drops, however, by an order of magnitude
during the first 4 h of exposure to the test solution. Subsequently, a continuous decrease
is observed, with slower speed, until reaching a plateau towards the 340 h of testing. The
value of this plateau is very close to the limit of 106 Ω·cm2, suggesting that the acrylic
matrix no longer provides the right protective guarantees.



Coatings 2022, 12, 486 11 of 21

Coatings 2022, 12, x FOR PEER REVIEW 12 of 23 
 

 

limited quantities of silver. By acting as a very low permeability filler, silver is able to 

reduce the overall porosity of the composite coating. Consequently, the reduced permea-

bility of the coating translates into greater protective performances, expressed by higher 

values of the impedance module |Z|(0.01). 

However, as already observed during exposure in salt spray chamber, too high quan-

tities of silver introduce structural changes in the matrix, increasing its permeability [74]. 

This phenomenon affects the result of the impedance measurements of sample A2: the 

trend of |Z|(0.01) immediately starts from lower values than the other two samples, A and 

A1. In this case, by increasing the permeability of the acrylic matrix, silver reduces its 

protective properties right away. Throughout the test, sample A2 always shows lower 

performance than coating A, of the pure acrylic matrix. Having reached 500 h of exposure, 

|Z|(0.01) comes dangerously close to values of 105 Ω·cm2, evidencing poor protective per-

formance. These results are in agreement with the salt spray test, confirming the criticali-

ties found in the composite coating A2 containing high amount of silver. 

 

Figure 9. Bode impedance modulus |Z|(0.01) evolution with time. 

The three series of samples showed a strong decrease in |Z|(0.01) mainly during the 

first 48 h of exposure to the test solution. Indeed, the first hours of immersion are the most 

significant, as typically the organic coatings undergo solution absorption phenomena. To bet-

ter analyze the behavior of the three samples and explain the results exhibited in Figure 9, the 

evolution of the Nyquist diagrams during the first 48 h of the test is displayed in Figure 10. 

The three images present a box with a focus on low values of Z’ and -Z’’, to highlight the 

details of the diagrams acquired after 4 h and 48 h of immersion in the test solution. 

Figure 9. Bode impedance modulus |Z|(0.01) evolution with time.

Similarly, sample A1 also shows a sudden decrease in the value of |Z|(0.01) during
the first hours of testing. However, the curve quickly settles on high values, equal to
about 108 Ω·cm2, keeping this plateau almost unchanged until the end of the test. The
improvement of the protective performance of organic coatings by adding silver has already
been observed in the literature, under certain conditions [72,73]. This phenomenon can be
associated with a decrease in the intrinsic porosity of the acrylic matrix in the presence of
limited quantities of silver. By acting as a very low permeability filler, silver is able to reduce
the overall porosity of the composite coating. Consequently, the reduced permeability of
the coating translates into greater protective performances, expressed by higher values of
the impedance module |Z|(0.01).

However, as already observed during exposure in salt spray chamber, too high quan-
tities of silver introduce structural changes in the matrix, increasing its permeability [74].
This phenomenon affects the result of the impedance measurements of sample A2: the trend
of |Z|(0.01) immediately starts from lower values than the other two samples, A and A1. In
this case, by increasing the permeability of the acrylic matrix, silver reduces its protective
properties right away. Throughout the test, sample A2 always shows lower performance
than coating A, of the pure acrylic matrix. Having reached 500 h of exposure, |Z|(0.01)
comes dangerously close to values of 105 Ω·cm2, evidencing poor protective performance.
These results are in agreement with the salt spray test, confirming the criticalities found in
the composite coating A2 containing high amount of silver.

The three series of samples showed a strong decrease in |Z|(0.01) mainly during the
first 48 h of exposure to the test solution. Indeed, the first hours of immersion are the
most significant, as typically the organic coatings undergo solution absorption phenomena.
To better analyze the behavior of the three samples and explain the results exhibited in
Figure 9, the evolution of the Nyquist diagrams during the first 48 h of the test is displayed
in Figure 10. The three images present a box with a focus on low values of Z′ and -Z′ ′,
to highlight the details of the diagrams acquired after 4 h and 48 h of immersion in the
test solution.
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Figure 10. Nyquist diagram evolution during the first 48 h of test of the samples A (a), A1 (b), and
A2 (c), respectively.

The Nyquist diagrams of sample A (Figure 10a) reveal a rapid decrease in the protec-
tive performance of the coating, as both the resistive and capacitive contributions of the
acrylic layer are reduced over time. The diagrams represent two-time constants, which
are more and more evident as the exposure to the test solution proceeds. The presence of
two-time constants indicates the occurrence of corrosion phenomena: the time constant at
low frequencies represents, in fact, the dissipative phenomena that occur at the coating-
substrate interface, as a consequence of the rapid absorption of the solution. Thus, the
acrylic matrix is confirmed to possess intrinsic poor protective features.

The diagrams in Figure 10b (sample A1) exhibit a similar trend, even if the two-time
constants can only be appreciated after 48 h of measurements. The dissipation phenomena
below the coating seem to be postponed over time, suggesting the barrier effect introduced
by silver, which acts as a filler for the porosity of the acrylic matrix. This phenomenon
translates into a better protective performance of sample A1 throughout the test.

Finally, the Nyquist diagrams of sample A2 (Figure 10c) provide the most significant
information. The two-time constants are already evident in the diagram acquired at the
start of the test, which shows two distinct semicircles. However, the second semicircle,
representative of the dissipative phenomena due to the composite coating, tends to close in
on itself, with the curve returning to lower Z’ values. This is a typical behavior of systems
in continuous evolution during the measurement itself: it represents the tendency of the
composite coating to absorb a considerable amount of solution, so as to make the data
acquisition pretty unstable. Consequently, the impedance values, already low at the start of
the measurements, tend to decrease quickly until they reach and exceed the safety threshold
of 106 Ω·cm2, as shown in Figure 9.

The behavior of the three series of samples is well represented by the images in
Figure 11, representative of the surfaces subjected to the EIS measurements after 500 h
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of immersion in the test solution. The surfaces of the three samples exhibit some small
dark corrosion products, but still differ in the density of blisters developed during the
experiment. More than half of the surface of the coating A reveals the presence of blisters
of different sizes. The addition of 0.05 wt.% of colloidal silver results in an improvement
in the durability of the acrylic matrix, as the development of blisters is limited. Finally,
the poor results of the EIS measurements relating to sample A2 can be appreciated from
the appearance of the coating, whose surface at the end of the test is completely covered
with blisters.

Coatings 2022, 12, x FOR PEER REVIEW 15 of 23 
 

 

corrosion products, but still differ in the density of blisters developed during the experi-

ment. More than half of the surface of the coating A reveals the presence of blisters of 

different sizes. The addition of 0.05 wt.% of colloidal silver results in an improvement in 

the durability of the acrylic matrix, as the development of blisters is limited. Finally, the 

poor results of the EIS measurements relating to sample A2 can be appreciated from the 

appearance of the coating, whose surface at the end of the test is completely covered with 

blisters. 

Therefore, the simple observation of the surfaces of the three coatings provides real-

istic information on their protective performance, in agreement with the results of specific 

techniques such as the electrochemical impedance spectroscopy measurements. 

  
(a) (b) 

 
(c) 

Figure 11. Surface of sample A (a), A1 (b) and A2 (c), after 500 h of immersion in test solution. 

As both the test of exposure in salt spray chamber and the EIS measurements exhibit 

comparable results, the positive contribution introduced by small quantities of colloidal 

silver has been confirmed. However, the addition of Ag can take on negative connotations 

if a limit concentration is exceeded, reducing the protective performance of the acrylic 

matrix. 

3.4. Exposure to UV-B Radiation 

Ultraviolet radiation can affect the aesthetic features of organic coatings, causing 

their chemical degradation. Thus, UV-B exposure is a procedure widely employed for the 

assessment of the durability of organic coatings, which must ensure a long outdoor service 

life [75,76]. 

Figure 11. Surface of sample A (a), A1 (b) and A2 (c), after 500 h of immersion in test solution.

Therefore, the simple observation of the surfaces of the three coatings provides realistic
information on their protective performance, in agreement with the results of specific
techniques such as the electrochemical impedance spectroscopy measurements.

As both the test of exposure in salt spray chamber and the EIS measurements exhibit
comparable results, the positive contribution introduced by small quantities of colloidal
silver has been confirmed. However, the addition of Ag can take on negative connotations if
a limit concentration is exceeded, reducing the protective performance of the acrylic matrix.

3.4. Exposure to UV-B Radiation

Ultraviolet radiation can affect the aesthetic features of organic coatings, causing
their chemical degradation. Thus, UV-B exposure is a procedure widely employed for the
assessment of the durability of organic coatings, which must ensure a long outdoor service
life [75,76].
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While the limited effect of solar radiation on acrylic resins is well known [77,78], recent
studies highlighted the degradation phenomena that silver can undergo when exposed to
UV light, in terms of retention, dissolution, and oxidative aging [79,80]. The extent of these
phenomena can also be exacerbated due to the combination with high temperatures [81].
Therefore, the samples were exposed for 500 h to UV-B radiation at 50 ◦C, evaluating the
change in aesthetic features of the cataphoretic coatings.

Figure 12 shows the total color variation, ∆E, every 100 h of UV-B light exposure.
According to the ASTM E308 (2018) standard [82], ∆E is calculated as follows:

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

where the colorimetric coordinates L*, a* and b* represents the lightness (0 for black and
100 for white objects), the red–green coordinate (positive values are red, negative values
are green), and the yellow–blue coordinate (yellow for positive values, blue for negative
values and 0 as neutral parameter), respectively.
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Figure 12. Total color variation during UV-B exposure.

∆E = 1 is considered the threshold value for which the color difference is impercep-
tible to the human eye [83]. Consequently, the coating A exhibited a limited change in
appearance. The color of the acrylic matrix varied constantly during the test; however, it
always remained very close to the initial coordinates. Indeed, after 500 h of exposure to the
UV-B light, coating A revealed a value of ∆E approximately equal to three, confirming the
good durability of the acrylic matrix against solar radiation.

Otherwise, the two silver-containing coatings underwent a noticeable color change.
Silver proves to suffer particularly from exposure to UV-B rays, as sample A1 and sample
A2 exhibited a sudden and not negligible change in color. After only 100 h of exposure, the
color change reaches values over half of the total ∆E observed during the entire test. The
greater the quantity of silver contained in the acrylic matrix, the greater the variation in
the aesthetic features of the coating, but also the more intense the degradation due to the
exposure to UV-B radiation.

Figure 13 compares the evolution of the appearance of the three coatings during the
UV-B exposure test. While the degradation of coating A cannot be appreciated, the human
eye easily recognizes the tendency of the coatings containing silver to become darker.
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However, this phenomenon is due to the variation of the values of the coordinates a*
and b*, as shown in the Table 3, rather than linked to a decrease in the brightness (L*) of
the coating.

Table 3. Evolution of the colorimetric coordinates of the samples during the exposure to
UV-B radiation.

A A1 A2

Time [h] L* a* b* L* a* b* L* a* b*

0 48.26 0.11 2.26 43.61 0.77 17.96 38.01 6.3 19.32
100 47.43 −0.18 2.64 42.48 2.95 14.88 34.97 10.23 14.65
200 47.18 −0.44 3.47 41.36 2.76 13.21 34.65 9.2 13.71
300 47.02 −0.47 3.89 41.06 2.68 12.71 33.41 9.83 11.68
400 47.37 −0.47 4.44 41.06 2.31 11.86 34.4 7.59 9.36
500 46.79 −0.4 4.85 40.95 2.2 11.12 35.89 6.13 8.45

Before exposure to UV-B radiation, the addition of silver in the acrylic matrix caused a
decrease in the brightness of the coating (lower L* values) and an increase in the coordinates
a* and b*, representative of shades tending to red and yellow, respectively. Subsequently,
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the parameter b*, even more than the coordinate a*, varies towards lower values, decreasing
the yellow shade of the composite coating. During the whole test, sample A1 and sample
A2 showed total ∆b* of approximately 7 points and 11 points, respectively. Definitively,
this variation in the values of the color coordinates, with consequent darkening of the
appearance of the coating, is mainly due to the oxidation phenomena [84] that silver
undergoes during UV-B exposure.

The aesthetic variation of the silver-containing coatings is also closely linked to a
morphological degradation of the composite layers. Figure 14 reveals the surface of sample
A1 and sample A2 observed with the optical microscope at the end of the experiment, after
500 h of exposure to UV-B radiation. Both coatings show the development of some blisters
within the acrylic matrix. This phenomenon is intensified in sample A2, suggesting that
it has been caused by the presence of silver. Dissolution of silver, due to UV exposure, is
supposed to have created these voids and blisters in the acrylic matrix. In addition to a
purely aesthetic aspect, this phenomenon represents a critical defect in the coating, as the
permeability of the acrylic matrix is further exasperated, compromising its durability. It
must be considered that the exposure to UV-B radiation represents a particularly aggressive
test, not fully simulating the exposure to sunlight, in terms of frequency and intensity of
the radiation. However, the degradation of silver inevitably also leads to a decrease in the
protective performance of the cataphoretic coating, suggesting the application of this type
of coating only on products designed for indoor applications.
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The silver concentration detected by EDXS analyses in sample A1 and sample A2, equal
to 1.4 wt.% and about 3 wt.%, respectively, provides high guarantees on the antibacterial
performance of both types of coatings. In fact, other works have confirmed the high
antibacterial functionality of silver in low concentrations, even lower than those evidenced
by the two composite coatings [42,48]. While coating A2 possesses high defects, with
consequent poor durability performance, the quantity of silver present in coating A1 allows
both to offer guarantees from the point of view of antibacterial properties, and to increase
the protective performance of the acrylic matrix. Consequently, coating A1 can be used in
various application fields where good durability is required, in combination with effective
antibacterial features.

4. Conclusions

The effect of the addition of colloidal silver on the durability of the cataphoretic coating
has been evaluated in this work. The introduction of colloidal silver in the cataphoretic
bath caused a significant change in the aesthetic features of the coating, whose color tended
towards yellow and orange, the tones of which strongly depended on the concentration



Coatings 2022, 12, 486 18 of 21

of the silver-based filler. Colloidal silver, completely soluble in water, did not introduce
defects in the coating and did not influence the electrodeposition process. However, the
reaction with the acrylic resin caused limited agglomerations of the silver ions to form
discontinuities in the acrylic matrix.

These discontinuities can favor an increase in the permeability of the acrylic matrix,
reducing its protective performance. The exposure of the samples in the salt spray chamber
highlighted the high absorption of the test solution by the coating containing a high amount
of silver. The presence of silver did not directly influence the adhesion of the coating, but
favored the water uptake in the acrylic matrix, with consequent development of the high
blister density and corrosion products at the interface with the metal substrate.

This phenomenon was confirmed by the electrochemical impedance spectroscopy
measurements, which demonstrated a sudden absorption of the test solution by the coating
A2, which, in turn, exhibited a decrease in the protective performance of the acrylic matrix.
However, the limited amount of silver present in sample A1 resulted in an improvement in
the protective behavior of the cataphoretic coating, as the colloidal silver acted as a filler
for the porosity of the acrylic matrix. As a matter of fact, after 500 h of exposure to the
test solution, sample A1 exhibited a |Z|(0.01) value equal to 108 Ω·cm2, two orders of
magnitude higher than the pure acrylic matrix of coating A.

Finally, the exposure of the samples to UV-B radiation confirmed the high reactivity
of silver-based fillers when subjected to sunlight. The rapid oxidation of silver caused a
darkening of the appearance of the coating, as evidenced by the colorimetric measurements,
but is also visually appreciable. At the same time, the dissolution of silver led to the
development of blisters in the acrylic matrix, especially in sample A2, which was produced
with a high amount of silver.

Ultimately, this work highlights the merits and criticalities in the use of colloidal silver
as a filler in acrylic cataphoretic baths. High concentrations of colloidal silver can introduce
discontinuities in the acrylic matrix, reducing its durability, but in certain quantities the
silver is also able to improve the protective performance of the composite coating. From an
aesthetic point of view, colloidal silver also acts as a particular pigment, the effect of which,
however, is significantly influenced by the oxidative and dissolutive phenomena that occur
due to exposure to solar radiation.

Thus, colloidal silver represents a suitable filler in cataphoretic processes, but needs a
targeted control on the adequate amount, in order to avoid being negative for the durability
of the coating itself.
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