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Abstract: Magnesium alloys, because of their excellent strength-to-weight ratio, are increasingly
used in many industries. When used in external elements, the key factor is to provide adequate
anticorrosion protection. High-temperature, cured-powder coatings are widely used to protect most
metals, but their use on magnesium alloys is difficult as a result of the instability of the magnesium
substrate at elevated temperatures. Another problem is ensuring the proper adhesion of the organic
coating to the magnesium substrate. This paper presents the procedure for the synthesis of a duplex
coating on AZ91 magnesium alloy. The topcoat was a powder coating based on acrylic resin, the
main ingredient of which was glycidyl methacrylate. Because of the presence of epoxy groups, the
coating was cured using ultraviolet (UV) radiation (low-temperature technology). The conversion
subcoating was produced by plasma electrolytic oxidation (PEO) in an alkaline silicate electrolyte. The
synthesized coating system was tested, among others, for microscopic (SEM), adhesive (mesh of cuts),
and anticorrosion (EIS). The duplex PEO/UV-curable powder coating showed very good adhesion to
the metal and increased the anticorrosion properties of the magnesium substrate, compared to the
powder coating produced directly on the magnesium alloy and on an alternative conversion coating
(synthesized in the process of chemical zircon phosphating).

Keywords: magnesium alloy; corrosion protection; plasma electrolytic oxidation; powder coating;
UV-curable

1. Introduction

Interest in magnesium alloys increases every year [1]. This material was used, among
others, in the automotive, aerospace, and biomedical industries [2–4]. Popular magnesium
alloys of the AZ and AM series (containing mainly aluminum as alloying elements and zinc
or manganese, respectively) are characterized by a high strength-to-weight ratio, excellent
electromagnetic shielding, high damping properties, and good dimensional stability at am-
bient temperature. Calcium and strontium are introduced to improve the biocompatibility
of magnesium [5]. On the other hand, the addition of rare earth elements (Gd, Nd, and
Y) improves the mechanical properties at elevated temperatures. However, these alloys
(e.g., WE43, EV31) are expensive, and their use is limited to the specialized aerospace
industry. The main disadvantage of magnesium is its high reactivity (susceptibility to cor-
rosion) in aqueous solutions and humid air, especially in the presence of chloride ions [6–9].
A partial improvement of the anticorrosion properties is achieved by introducing alloy
additives. In addition, surface protection can also be used in the form of various types
of coatings [10–12]. These include conversion coatings (chemical and electrochemical),
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organic (polymer) coatings, gas-phase deposition layers (chemical and physical), and laser
surface processes.

Plasma electrolytic oxidation (PEO), also called micro arc oxidation (MAO), is a high-
voltage anodizing process that allows the synthesis of electrochemical conversion coatings,
including magnesium alloys, composed mainly of the oxide of the substrate material
and components derived from the electrolyte [13–18]. The observed development of the
PEO technique is related to, among others, introduced restrictions on the use of classic
conversion coatings based on harmful chromate electrolytes (e.g., Registration Evaluation
Authorisation and Restriction of Chemicals; REACH) [19,20]. A characteristic feature
of this process is the occurrence of electric discharges above the “breakdown potential”
and the incorporation of electrolyte components into the structure of the newly formed
conversion layer, which occurs mainly after exceeding the “critical potential”. Most often,
the PEO process is carried out under galvanostatic conditions using a pulsed current
(mono or bipolar) in alkaline baths based on silicates or phosphates with the addition
of fluoride ions [21–25]. The converted coating produced exhibits improved hardness,
excellent adhesion to the magnesium substrate, and increased anticorrosion properties.
However, the PEO ceramic coating is sensitive to the pitting corrosion that occurs in the
presence of chloride ions.

Organic coatings are typical top layers that provide an excellent protective bar-
rier against aggressive environmental conditions [26]. These coatings can be applied
(i.e., formed) by painting, powder coating, E-coating, or sol–gel coating. Currently, as a re-
sult of pro-ecological activities, there is a tendency to replace organic solvent coatings with
high-solid, waterborne, or powder products. Powder coatings consist of 100% solid sub-
stances, so they meet the directives of the European Parliament on the reduction of volatile
organic compound emissions (VOCs) [27]. In addition, powder coatings meet the criteria
of the so-called “5E” (efficiency, economy, energy savings, environmental compliance, and
excellence of finish). Depending on the selection of components for the powder coating
composition, we can design coatings that meet the criteria set by consumers—weather
durability, corrosion resistance, high mechanical properties such as hardness, scratch re-
sistance, impact resistance, and adhesion to the surface [28]. Acrylic powder coatings
with acrylic-resin-containing epoxy groups are applied to improve the adhesion of the
coating to the steel surface and provide anticorrosion protection [29,30]. Standard powder
coating systems are cured at high temperatures (180–200 ◦C) contributing to high energy
consumption, which generates high costs. The current trend in the powder coating industry
is low temperature, including UV-cured systems (cured at 160 ◦C and below) [31–35]. This
is an important aspect with respect to the reduction in production costs, environmental
impact, and the possibility of using powder coatings on highly sensitive materials, such as
wood [36] or the magnesium alloy of the AZ series, which lose their mechanical properties
at elevated temperatures [37–39].

An increasing number of studies are concerned with multilayer coating systems on
magnesium alloys in order to achieve a satisfactory corrosion protection effect with the
desired mechanical parameters [40]. In such solutions, the sublayer is often a conversion
coating created in the PEO process, and the top layer is a polymeric coating, often with
biocompatible, superhydrophobic, or self-healing properties [41–44]. So far, there have
been no reports in the literature on the use of UV-curable coatings on magnesium alloys.

In this work, the possibility of using a UV-cured powder coating on AZ91 magnesium
alloy was examined. The synthesis method and physicochemical properties of the acrylic resin
used were optimized and investigated in our previous work [35]. To ensure proper adhesion
of the organic coating to the magnesium substrate, a conversion coating was created on its
surface. For this purpose, the plasma electrolytic oxidation process was applied in an alkaline
silicate electrolyte using a monopolar pulse signal. The synthesized duplex PEO/UV-curable
powder coating on magnesium alloys was evaluated for physical and anticorrosion properties.
The obtained results were compared with those of an acrylic powder coating applied directly
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to the magnesium alloy and to a previously chemically produced conversion coating in a
commercially available electrolyte intended for zircon phosphating.

2. Materials and Methods
2.1. Substrate Material

The magnesium alloy AZ91 (according to ASTM B94) [45] of dimensions
5 cm × 5 cm × 1 cm was utilized as the substrate material. The chemical composition of
the alloy as identified by the ARL Advant XP Sequential X-ray Fluorescence Spectrom-
eter (Thermo Fisher Scientific Inc., Waltham, MA, USA) is 8.77 wt.% Al, 0.74 wt.% Zn,
0.18 wt.% Mn, and Mg balance. Before any coating treatment, the samples were mechani-
cally ground with water-cooled SiC emery paper up to p1200, then washed in deionized
water, ultrasonically degreased with acetone, and dried with an air stream.

2.2. Synthesis of Conversion Coatings

The conversion coating was produced by high-voltage electrochemical anodization
using the plasma electrolytic oxidation (PEO) process. The electrolyte used in the PEO
method consisted of 10 g/L Na2SiO3·5H2O, 4 g/L NaOH, and 3 g/L NaF. The PEO process
time was set at 15 min and the electrolyte temperature was controlled and kept below
15 ◦C. The magnesium samples were used as an anode, and stainless steel plate as a cathode.
After the PEO procedure, the samples were rinsed in deionized water and dried with an
air stream. PEO treatment was carried out with a homemade pulse power supply, using
a unipolar current impulse at a current density of 40 mA/cm2, frequency of 1 kHz, and
duty cycle of 30%. The power supply used generated a sawtooth signal with a frequency of
9 kHz. The shape of a single current pulse is presented in Figure 1a. Changes in the voltage
value and appearance of the magnesium alloy surface during the oxidation process are
shown in Figures 1b and 1c, respectively.

Figure 1. PEO process: (a) shape of a single current pulse; (b) voltage–time curve; (c) appearance of
the sample during the process.

The electrical parameters used created a current signal with a lifetime of 0.3 ms,
followed by a 0.7 ms break. As the process progressed, the voltage required to maintain
the set current value increased. The PEO process can be divided into 3 stages: (1st)
conventional oxidation (without electrical discharges), (2nd) sparking anodizing (with
small, white, and fast-moving discharges), and (3rd) arc oxidation (with large, orange,
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long-lasting discharges). In the metal–electrolyte–current conditions system used, the
breakdown voltage (starting stage 2) was 160 V, and the critical voltage (starting stage 3)
was 390 V. The final voltage was 425 V, and no destructive discharges were observed.

To compare the effectiveness of the conversion layer produced in the PEO process as
an intermediate coating between the organic layer and the magnesium substrate, an addi-
tional synthesis of the subcoating was carried out by chemical conversion using a 1% vol.
Eskaphor Z 2000 C solution (Haug Chemie GmbH, Sinsheim, Germany)—a commercially
available bath intended for zircon phosphating (concentrate solution composition: 1–3%
H2ZrF6, 0.5–5% H3PO4, and 0.5–1% C6H4NNaO5S [sodium 3-nitrobenzenesulfonate]). This
solution is used in a standard pretreatment, preferred before powder coating, suitable for
multimetals. The chemical conversion process was carried out by immersing a magnesium
sample in a solution at 40 ◦C for 4 min, according to the manufacturer’s recommendations.

2.3. Synthesis of Powder Composition

To synthesize the acrylic resin, a mixture of monomers glycidyl methacrylate (GMA),
methyl methacrylate (MMA), and n-butyl acrylate (BA) was used in a molar ratio of 3:6:1
with the addition of 1.7 wt.% initiator of free radical polymerization—azobisisobutyronitrile
(AIBN). The polymerization reaction was initially carried out in a three-neck flask equipped
with a reflux condenser with magnetic stirrer, without access to oxygen at a temperature of
80 ◦C for several minutes (to noticeable increase in viscosity). Then, the nonsolidified resin
mixture was poured into a PTFE (polytetrafluoroethylene) mold for solidification which
was heated in an oven to 80 ◦C (until completely solidified).

The prepared mixture was ground on an electric grinder. Then, to the acrylic resin
was added 2 wt.% triarylsulfonium hexafluorophosphate (photoinitiator), 1 wt.% benzoin
(degassing agent), and 2 wt.% Byk 368P (resinflow) and the whole was extruded in a
corotating twin-screw mini extruder EHP 2 × 12 Sline (Zamak Mercator, Skawina, Poland)
at an elevated temperature (95–125 ◦C), used the screw rotational speed equal 100 rpm.
After extrusion, the mixture was cooled, pulverized, and sieved in a 100 µm sieve.

2.4. Preparation of UV-Cured Powder Coating

The powder composition obtained was applied to magnesium alloy samples (without
and with conversion layer) using an electrostatic gun PEM X-1 controlled by EPG Sprint X
(CORONA) (Wagner, Altstäten, Switzerland). Then, the powder coating was melted at 150 ◦C
for 5 min and immediately cured for 42 s using a UVC-5 Compact Light-Curing Conveyor
System equipped (Dymax, Wiesbaden, Germany) with a mercury lamp with a power of
850 W. The stages of powder coating production are schematically illustrated in Figure 2.

Figure 2. Scheme of the stages of obtaining UV-cured powder coatings on magnesium substrates.

Depending on the coating methods used, the samples were named according to the
scheme presented in Table 1.
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Table 1. Code name of samples.

Code
Name Substrate Treatment

A AZ91 Uncoated
AP Electrochemical conversion (in PEO process)
AC Chemical conversion (in Eskaphor Z 2000 C solution)
AO Organic coating (in UV-curable powder coating)

APO Electrochemical conversion + organic coating
ACO Chemical conversion + organic coating

2.5. Coatings Characterization

The optical microscope LAB 40 (Opta-Tech, Warsaw, Poland) was used to initially
assess the surface morphology of the coatings produced on magnesium alloy. The mi-
crostructures, morphologies, and compositions of the obtained coatings were analyzed by
scanning electron microscopy (SEM) with a coupled energy-dispersive X-ray spectroscopy
(EDS) detector using Phenom XL (Thermo Fisher Scientific Inc., Waltham, MA, USA).

The thicknesses of the coatings were measured by the eddy current method (nonmag-
netic coating on ferromagnetic metal substrate mode) using a micro-Tri-gloss measurement
gauge (BYK-Gardner, Geretsried, Germany). The average values and standard derivation of
each sample were calculated from 20 measurements. Additionally, thickness measurements
were made on the basis of the SEM images of the cross-sections of the coatings (the average
of 10 measurements is presented).

The surface roughnesses of the substrate and coatings were measured using a MarSurf
PS1 (Mahr GmbH, Göttingen, Germany). The arithmetic mean of the absolute values of the
profile heights along the evaluation length (Ra), the mean of the absolute values of the heights
of the five peaks with the highest profile, and the depths of the five deepest alleys along the
evaluation length (Rz) were determined in five different places on the surface, and the average
values were taken as the result. Measurements were made at a length of 5.6 mm.

The UV-cured powder coatings were tested each time by a polymerization test [46].
The sample was rubbed with a cotton swab soaked in methyl ethyl ketone 30 times in each
direction, and then the changes (loss of gloss and possibility of scratching) were assessed.

The adhesion test to the magnesium substrate was carried out using the cross-cut method
using a multicut tool equipped with six cutters (cutter spacing of 3 mm) (BYK-Gardner,
Geretsried, Germany). The dust produced during the cutting was brushed off the surface
of the coating, by using a brush. The surface of the coatings was examined with the naked eye
and classified using a six-point scale (from 0 to 5) according to the PN-EN ISO 2409 standard [47]
(where zero represented no traces other than knife marks and five means that more than 65% of
the coating has been detached from the magnesium substrate).

Electrochemical measurements were carried out in a three-electrode cell, where the
working electrode (WE) was a separated area of the sample in the shape of a circle
with a diameter of 10 mm. The reference electrode (RE) was a silver chloride electrode
(Ag|AgCl|KClsat), and the counter electrode (CE) was a platinum plate with dimensions
of 2 cm × 2 cm. Measurements were performed in a 3.5 wt.% NaCl aqueous solution. Open
circuit potential (OCP) and electrochemical impedance spectroscopy (EIS) measurements
were performed for uncoated magnesium alloy and samples with conversion coatings for
1 day and powder coatings (without and with conversion subcoating) for 7 days. EIS mea-
surements were made in the frequency range of 200 kHz–20 mHz using an AC amplitude of
10 mV (rms). The impedance spectra were fitted with equivalent circuits in the ZSimpWin
3.21 software (EChem Software, Ann Arbor, MI, USA). All electrochemical corrosion tests
were carried out using a PARSTAT 2273 (Princeton Applied Research, Houston, TX, USA),
at room temperature, placing the test sample in a Faraday cage.
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3. Results and Discussion
3.1. Morphologies of Coatings

The appearance of the magnesium alloy and all synthesized coatings are shown in Figure 3.

Figure 3. Optical microscope images: (a) uncoated AZ91 magnesium alloy; coatings: (b) AP, (c) AC,
(d) AO, (e) APO, (f) ACO.

Analyzing the images obtained from an optical microscope of the uncoated AZ91 mag-
nesium alloy, one can notice clear scratches created during the grinding process (Figure 3a).
After the alloy surface is anodized in the PEO process, a ceramic coating with external
pores is visible. Additionally, darker longitudinal areas can be distinguished in the coating,
which are probably oxidized places in the more noble β-phase (Mg17Al12) of the AZ91
alloy (Figure 3b). The surface of the magnesium alloy after chemical conversion does not
show visible scratches on the untreated alloy. Furthermore, the appearance of dendritic
structures and local cavities can be observed, indicating that a surface modification process
has occurred (Figure 3c). In Figure 3d–f, which show the produced UV-cured organic
coatings, in all cases spherical areas (i.e., fish eyes) can be seen, indicating the surface
imperfection of the powder coatings produced. Because of the transparency of the organic
coating, the photos also partially show the structure of the magnesium substrate or the
conversion subcoatings.

More detailed images of the magnesium alloy surface and the conversion coatings
(without powder organic coating) obtained by the scanning electron microscope are shown
in Figure 4. SEM images of AZ91 alloy reveal β-phase regions (lighter areas). On the AP
coating, a characteristic of the crater-like structure of the coatings produced in the PEO
process can be observed. In the case of the AC coating, apart from clearly visible changes
compared to the uncoated alloy, surface cracks and small precipitations are visible.

Figure 4. SEM images: (a) uncoated AZ91 magnesium alloy; conversion coatings: (b) AP and (c) AC.
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In order to evaluate the structure, continuity, and adhesion of the coatings, cross-
sectional images were taken, which are presented in Figure 5.

Figure 5. SEM images showing cross-sections of the coatings: (a,d) AO; (b,e) APO; (c,f) ACO.

Regardless of the conversion coating employed (or its absence), the organic coating is
characterized by excellent adhesion to the magnesium substrate and exhibits a continuous
structure with no visible delamination, cracks, or gaps between layers. Because of the trans-
parency of the powder coating, small impurities are visible in the volume of the layer. The
conversion coating produced in the PEO process (Figure 5e) has a characteristic structure
consisting of an outer, thick, and porous layer and an inner, thin, and compact barrier layer.
The powder coating applied to this layer fills the open pores of the conversion layer. In the
case of a chemically produced conversion coating, the layer is thin and has cracks.

3.2. Thickness and Roughness of Coatings

The coatings were assessed for thickness and roughness. The measurement results are
presented in Table 2.

Table 2. Average layer thickness and surface roughness coefficients of samples.

Sample d1 [µm] d2 [µm] Ra [µm] Rz [µm]

A - - 0.19 ± 0.02 1.79 ± 0.22
AP 12.2 ± 0.3 13.12 ± 0.94 0.71 ± 0.02 5.24 ± 0.40
AC 0.2 ± 0.1 0.33 ± 0.03 0.24 ± 0.02 2.14 ± 0.23
AO 126.0 ± 5.0 120.40 ± 1.43 0.25 ± 0.04 1.54 ± 0.57

APO 138.0 ± 29.0 149.30 ± 2.83 0.25 ± 0.05 1.47 ± 0.34
ACO 178.0 ± 24.0 187.10 ± 1.10 0.27 ± 0.06 1.72 ± 0.42

d1—Result from thickness gauge (eddy current method); d2—result from SEM images of the cross-section.
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The polished AZ91 magnesium alloy is characterized by low roughness coefficients,
which result from the gradation of the SiC paper used. The introduction of chemical
treatment (sample AC) slightly increased the coating roughness (from 0.19 to 0.24 µm
and from 1.79 to 2.14 µm for Ra and Rz, respectively). On the other hand, PEO treatment
(AP) caused more significant changes (Ra = 0.71 µm, Rz = 5.24 µm), which is positive due
to the potential increase in the adhesion strength of the organic top layer. The organic
powder coating, regardless of the surface on which it was created, is characterized by
similar roughness coefficients, which shows that it is a smooth coating (Ra = 0.25–0.27 µm,
Rz = 1.47–1.72 µm).

The thickness of the coatings produced on AZ91 magnesium alloy was measured on a
macro (thickness gauge) and micro (SEM images) scale. Both techniques obtained similar
results, but measurements made with a thickness gauge have a larger standard deviation.
The chemical conversion coating (AC) is thin and has a thickness of 0.2–0.3 µm, while
the electrochemically produced coating (AP) is thicker (12–13 µm), which is confirmed
by SEM images of cross-sections (Figure 5). The thickness range of the organic coating
produced on a magnesium substrate is quite large (about 120–180 µm). The corona method
employs an electrostatic gun that imparts a negative charge to the powder particle, ensuring
that it adheres flawlessly to the grounded metallic substrate, regardless of its roughness.
Therefore, the differences in the thickness of the coating are likely due to the manual process
of spraying the powder composition. The organic coating produced on a magnesium
sample with a chemical conversion layer (ACO) is the thickest (~180 µm), although its
roughness is not much different from the coating applied to an untreated magnesium alloy
(~120 µm). The powder coating on AZ91 magnesium alloy with conversion produced
by the PEO process (APO) has a thickness of approximately 130 µm (not including the
conversion layer).

3.3. Chemical Compound of Coatings

The EDS elemental mapping of the coatings is shown in Figures 6–8. The element
content determined by the EDS for the conversion coatings is presented in Figure 9.

Version June 26, 2024 submitted to Journal Not Specified 3 of 7

(a) (b) (c) (d)

(e)

Figure 6

(a) (b) (c) (d)

(e) (f)

Figure 7

Figure 6. The elemental distribution in the cross-section of the AO coating: (a) SEM image;
EDS mappings of (b) Mg, (c) Al, (d) C, (e) O.
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Figure 7Figure 7. The elemental distribution in the cross-section of the APO coating: (a) SEM image;
EDS mappings of (b) Mg, (c) Al, (d) C, (e) O, (f) Si.
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Figure 8

Table 1. This is a table caption. Tables should be placed in the main text near to the first time they 
are cited.

Title 1 Title 2 Title 3

Entry 1 Data Data
Entry 2 Data Data 1

1 Tables may have a footer.

The text continues here (Figure 4 and Table 2). 64

Figure 8. The elemental distribution in the cross-section of the ACO coating: (a) SEM image;
EDS mappings of (b) Mg, (c) Al, (d) C, (e) O, (f) Zr, (g) P.
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Figure 9. EDS spectrum and chemical composition of the conversion coatings: (a) AP; (b) AC. The
values given in the tables were determined from the points marked 4 and 1, respectively.

Elemental analysis of the cross-section of the AO sample indicates that the substrate
is the alloy consisting of magnesium and aluminum. Aluminum enrichment is visible at
the left edge of the image (β-phase fragment) (Figure 6a,c). The powder coating consists
of carbon. Small amounts of oxygen (Figure 6e) are visible at the substrate–coating inter-
face, probably from local oxidation of the magnesium alloy in air, before the formation
of the organic coating. In the case of the APO coating (Figure 7), between the magne-
sium substrate and the organic coating, there is a visible conversion layer composed of
magnesium and aluminum (which comes from the alloy) and oxygen and silicon (which
comes from the electrolyte bath used in the PEO process). Based on reports in the literature,
it can be concluded that the resulting conversion coating consists mainly of MgO and
SiO2, which may partially combine due to the extreme high temperature in the discharge
channel in the plasma process to form Mg2SiO4 [18,48,49]. The cross-section of the ACO
coating (Figure 8) exhibits a thin conversion layer enriched with oxide, zirconium, and
phosphorus—constituents derived from the chemical conversion bath. In the case of the
zircon phosphating magnesium alloy, the presence of Mg3(PO4)2 or MgHPO4·3H2O and
ZrO2 can be expected [50–52]. Both conversion baths contained fluorine (in the form of
NaF or H2ZrF6), making it possible to include it in the structure of the conversion coating,
but due to the limitations of the analytical method used, its presence was not detected.

In the elemental distribution cross-sections, the powder coating represents the carbon-
containing area. The acrylic resin used to synthesize the UV-cured powder coating is a statisti-
cal copolymer composed of three types of mers: glycidyl methacrylate, methyl methacrylate,
and n-butyl acrylate (Figure 10). The structure and properties of the resin synthesized and
used to cover AZ91 magnesium alloy in this work have been previously examined (using,
among others, 1H-NMR and FT-IR spectroscopy) and presented in our work [35].
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Figure 10. Structure of acrylic resin (GMA—glycidyl methacrylate, MMA—methyl methacrylate, and
BA—n-butyl acrylate).

3.4. Polymerization Test of Organic Coating

Each time, a polymerization test was performed to examine the effectiveness of curing
powder coatings on a magnesium alloy substrate. None of the tested samples revealed any
evidence of coating surface matting or changes in hardness. This means that the UV-curing
time used was correctly selected.

In the UV-curing process used, the key issue is the presence of an epoxy group in the
acrylic resin, thanks to which the cationic polymerization (cross-linking) reaction of the
resin is possible. The polymerization reaction scheme is shown in Figure 11.

Figure 11. Scheme of photoinitiated reaction of UV-curing-powder coatings based on acrylic resin.



Metals 2024, 14, 733 12 of 19

3.5. Adhesive of Organic Coating

Images of the areas subjected to the cross-cut test are shown in Figure 12.

Figure 12. Photos of coating surfaces after the cross-cut test: (a) AO; (b) APO; (c) ACO.

The organic coating applied directly to the magnesium substrate (AO sample) showed
very poor adhesion to the substrate (classification 5, according to ISO 2409 [47]—more than
65% of the surface is detached) (Figure 12a). The introduction of a pretreatment in the form of a
chemically prepared conversion layer in a commercially available solution resulted in a slight
improvement in the adhesion of the top organic coating. The ACO coating (Figure 12c) is
flaked along the edges of the cuts in large ribbons and some squares are completely detached
(classification 4, according to ISO 2409 [47]—cut grid area damaged in the range of 35–65%).
However, the formation of a conversion coating using a plasma electrolytic oxidation method
significantly improved the adhesion of the top organic layer. For the APO sample (Figure 12b),
only the detachment of small coating flakes is reported at the intersections of the cuts, no
more than 5% of the damaged grid surface (classification 1, according to ISO 2409 [47]). The
obtained results indicate that the application of a duplex PEO/UV-curable powder coating
provided proper protection as a result of high adhesion to the magnesium alloy surface.

3.6. Corrosion Resistance of Coatings

The UV-cured organic coatings produced on conversion layers and directly on AZ91
magnesium alloy were subjected to impedance tests. Changes in the value of the open
circuit potential and the impedance modulus at low frequency (20 mHz) over 7 days
of conditioning in a 3.5 wt.% NaCl solution are shown in Figure 13. Figure 14 presents
the impedance spectra (Bode plots) of the tested coatings obtained after 3, 24, and 168 h.
Furthermore, EIS data were analyzed using an equivalent electrical circuit (EEC) technique
using the circuits shown in Figure 15. The good agreement between the experimental data
and the fitting results (dots and lines in Figure 14) and the chi-square values obtained
were in the range of 0.01–0.001. On the basis of the simulation results obtained, individual
resistance values were determined. The total resistance (Rtotal) of the samples calculated as
the sum of the resistance components (which results from the structures of the EECs used).
The parameters of the equivalent circuits obtained by fitting to the EIS experimental data
are presented in Table 3. Furthermore, the values of the determined resistances are shown
in Figure 16.
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Figure 13. Results of the electrochemical measurements of AO, APO, and ACO coatings: (a) open circuit
potential; (b) impedance modulus at 20 mHz.

Figure 14. Bode plots of AO, APO, and ACO coatings made after the following immersion times: (a) 3 h;
(b) 24 h; (c) 168 h.
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Figure 15. Equivalent electrical circuits used to fit the EIS data.

Figure 16. Resistance values obtained from the fitting of the EIS experimental data for AO, APO, and
ACO coatings: (a) Rtop, Rin, and Rct; (b) Rtotal.

Table 3. EIS fitting parameters for samples.

Sample Time,
h

Qtop,
Fn/cm2 ntop

Rtop,
Ω·cm2

Qin,
Fn/cm2 nin

Rin,
Ω·cm2

Qdl,
Fn/cm2 ndl

Rct,
Ω·cm2

AO
3 2.36 × 10−10 0.931 1.64 × 109

24 5.75 × 10−10 0.901 3.73 × 105 9.94 × 10−8 0.688 4.85 × 107

168 2.25 × 10−10 0.980 9.06 × 104 3.75 × 10−8 0.575 2.96 × 105 1.09 × 10−7 0.598 2.08 × 107

APO
3 1.22 × 10−10 0.955 4.10 × 1010

24 9.17 × 10−11 0.952 1.96 × 106 5.24 × 10−9 0.662 1.46 × 107 1.82 × 10−8 0.626 9.68 × 108

168 2.37 × 10−10 0.951 1.38 × 105 2.06 × 10−8 0.658 1.11 × 107 4.22 × 10−8 0.724 7.04 × 107

ACO
3 1.45 × 10−10 0.949 1.25 × 1010

24 3.25 × 10−10 0.919 1.40 × 106 1.10 × 10−7 0.634 5.25 × 107

168 1.74 × 10−10 0.982 6.26 × 104 1.20 × 10−7 0.484 1.15 × 106 1.01 × 10−7 0.855 1.30 × 107

In the initial immersion time (3 h), all samples showed high impedance values
(109–1010 Ω·cm2), which means that the organic coating acted as an insulating layer and
provided good protective properties. A simple circuit with one capacitive loop was used
to analyze the impedance data for an intact organic coating, which included the solution
resistance (Rs), the coating capacitance (Qtop), and the coating resistance (Rtop) (model
A). Because of the scattering effect caused by the heterogeneity of the coating surface, the
constant phase element (Q) was used to replace the capacitance element [53]. The solution
resistance, according to calculations, is equal to 12–18 Ω·cm2, but the impedance modulus
at high frequencies does not reach this value (Figure 14). The values of the phase angle
close to 90◦ at high and middle frequencies, as well as high values of the power n of the
constant phase elements (Table 3), indicate the capacitive character of the Q element. The
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APO sample had the highest total resistance (41.0 GΩ·cm2); then, the smaller ACO sample
(12.5 GΩ·cm2) and the lowest value were obtained for the AO sample (1.6 GΩ·cm2). The
same sequence can be observed for the |Z|20mHz value (APO > ACO > AO).

One day after immersion, the impedance spectra became more complicated. For the
AO and ACO samples, a second time constant appeared at low-frequency values related to
the initiation of substrate corrosion processes. The charge transfer resistance (Rct) and the
double-layer capacitance in the form of a constant phase element (Qdl) were included in model
B of EEC. In the case of the APO coating, the Bode plot showed an additional maximum of
the phase angle at medium-frequency values, proving the influence of the conversion layer
created in the PEO process on the measured impedance. The resistance and capacitance of the
conversion layer were included in model C as Rin and Qin, respectively. The C model of the
equivalent system was also used to fit the impedance spectra for the ACO and AO samples
obtained from 120 and 168 h of conditioning in 3.5 wt.% NaCl, respectively. However, in
this case, the Rin and Qin elements should be interpreted as related to the corrosion products
formed at the interface of the organic coating and the magnesium alloy. The open-circuit
potential of all coatings measured 24 h after immersion decreased significantly and stabilized at
a range of approximately −1.5 to −1.3 V, close to the free-corrosion potential of the magnesium
alloy. The impedances of all samples were also significantly reduced, but this effect was the
smallest for the APO sample. The total resistance for this sample was 984.5 MΩ·cm2, while
the values for the ACO and AO samples were similar at 53.9 and 48.9 MΩ·cm2, respectively.
It should be noted that after this time, the organic coating was saturated with electrolyte,
which reduced its resistances (Rtop) to 2.0, 1.4, and 0.4 MΩ·cm2 for the APO, ACO, and AO
samples. The total resistance values of the samples were mainly influenced by the charge
transfer resistance, which was similar for the ACO and AO samples (52.5 and 48.5 MΩ·cm2,
respectively). In the case of the APO sample, the Rct value was much greater (967.9 MΩ·cm2).
The resistance value of the conversion coating (Rin) at that time was 14.6 MΩ·cm2. The results
show that after 1 day, the APO coating still had much better anticorrosion properties than the
other two coatings.

After 48 h of immersion in the corrosive medium, the impedance of the samples
decreased further and then stabilized. The resistance of the organic coating for all samples
was approximately 0.1 MΩ·cm2. The total resistance of the APO coating was 208.6 MΩ·cm2

and was much higher than that of the AC (30.4 MΩ·cm2) and AO (29.1 MΩ·cm2) coatings.
In the impedance spectra obtained after 168 h for all tested coatings, three components

can be distinguished (model 3 of the EEC). The total resistance can be calculated as the
sum of Rtop, Rin, and Rct. The total resistance values were 81.6, 14.2, and 21.1 MΩ·cm2

for the APO, ACO, and AO coatings, respectively. It follows that the chemically prepared
conversion layer before applying the organic coating did not increase the anticorrosion
properties of the obtained ACO coating compared to the AO sample. The use of electro-
chemical conversion in the PEO process had a completely opposite effect. The APO coating
had the highest impedance from the beginning to the end of the corrosion test.

In order to assess the anticorrosion properties of the conversion coatings tested, elec-
trochemical measurements of the uncoated AZ91 magnesium alloy (A sample) and with the
conversion coatings produced electrochemically (AP sample) and chemically (AC sample)
were made. The results are presented in Figure 17.
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Figure 17. Results of the corrosion measurements of the AZ91 magnesium alloy uncoated and with a
conversion coating: (a) open circuit potential; (b) impedance modulus at 20 mHz.

On the basis of the results obtained, it can be seen that the OCP values of samples
A and AC were similar (approximately −1.55 V). In the case of the AC sample, slightly
smaller potential fluctuations were visible. This proves that the chemical conversion had little
impact on the alloy surface’s condition. In the case of the sample with an electrochemical
conversion layer (i.e., AP sample), a potential shift of about 100 mV to less negative values
was observed. However, large potential fluctuations were visible, which was probably the
result of local corrosion occurring in the pores of the conversion coating and their sealing
with the formed corrosion products. It is a common occurrence when conditioning PEO
coatings in aggressive media containing chloride ions. Despite this, during the study pe-
riod of 24 h, the AP sample exhibited three times higher impedance values (|Z|20mHz of
the order of MΩ·cm2) in comparison to samples A and AC. After 60 min of immersion, a
chemical conversion coating showed slightly better anticorrosion properties than an uncoated
AZ91 alloy. This was probably the result of the presence of a thin phosphate–zirconium layer,
which initially limited the corrosion rate of the magnesium substrate. With prolonged condi-
tioning in a corrosive medium, the impedance of the AC coating decreased and was marginally
lower than that of sample A.

The corrosion resistance results obtained for conversion coatings alone were propor-
tional to the measurements of the coating systems (conversion layer + organic layer). The
conversion coating produced in the PEO process allowed for an improvement in the anticor-
rosion properties of the duplex PEO/UV-curable powder coating compared to the organic
coating produced directly on the magnesium alloy. The presence of a conversion coating
produced by a chemical process had a positive effect on the initial corrosion resistance, but
in the long term it turned out to be ineffective in protecting the magnesium substrate.

4. Conclusions

In the presented study, the procedure for the synthesis of a duplex PEO/UV-curable
powder coating on AZ91 magnesium alloy has been described. The synthesized coating
system was evaluated in terms of morphology, adhesion (mesh of cuts), and anticorrosion
properties. The obtained results were compared with those of a powder coating synthesized
directly on a magnesium substrate and an alternative conversion coating created by a
chemical zircon phosphating process. The results can be summarized as follows:

1. Regardless of the presence or absence of a conversion coating on the magnesium alloy,
the powder coating was successfully cured by UV radiation. The organic coating
adhered well to all surfaces, its thickness was in the range of 120–180 µm, and its
roughnesses were similar in all cases.

2. The synthesis of conversion coatings was successful. The coating produced in the
PEO process had a thickness of approximately 12–13 µm, was continuous, and had a
characteristic crater-like surface morphology. It was composed mainly of Mg, O, and
Si. The conversion coating produced from the zircon phosphate bath had a thickness
of 0.2–0.3 µm and cracked in places. It was composed of Mg, O, P, and Zr.



Metals 2024, 14, 733 17 of 19

3. The formation of a conversion coating in the PEO process significantly increased the
adhesion of the powder coating to the magnesium substrate. The use of chemical
conversion had a negligible effect.

4. The duplex PEO/UV-curable powder coating showed significantly improved anticor-
rosion properties compared to other systems (chemical conversion + powder coating
and only powder coating). Chemical conversion from the zircon phosphate bath
initially increased the impedance of the sample (compared to the coating produced
directly on the magnesium alloy), but in the long term (168 h), it did not have a
positive effect on the anticorrosion properties.
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