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Abstract: Oxide films produced from plasma electrolytic oxidation are porous in structure. While
they have some passivating effect in Mg alloys, the pores still lead to corrosion over long periods of
exposure. In this study, spray pyrolysis was used to seal the porous oxide layer developed through
the plasma electrolytic oxidation method on Mg alloy AZ31. The PEO coating acted as a good base
for the application of spray pyrolysis due to its morphology. Three different kinds of coatings were
obtained using different precursors: zinc acetate for ZnO, phosphoric acid for phosphate (P), and a
mixture of zinc acetate and sodium phosphate for ZnO+P. The corrosion performance of all three
coatings was studied by performing electrochemical impedance and polarization tests on the samples.
Mass loss over a duration of 1 week was measured in 3% NaCl solution using immersion gravimetry.
The coating with only phosphate (P) was found to be most corrosion-resistant with 52 times lower
rate of corrosion and 50 times more polarization potential. The chemical composition of the corrosion
products was studied using XRD and SEM-EDS analysis. Mass loss in ZnO+P was the highest, at up
to 1.4 and 5.1 times higher than ZnO and P, respectively.

Keywords: magnesium alloy; ZnO-MgO; electrochemical impedance spectroscopy; spray pyrolysis;
potentiodynamic polarization

1. Introduction

Magnesium alloys have unique and highly desirable physical and mechanical proper-
ties such as high specific strength, specific stiffness, excellent dimensional stability, good
machinability, an excellent magnetic screen, superior damping, high fatigue resistance,
and high shock resistance ability [1]. Magnesium alloys are the lightest of all structural
metals and up to 75% lighter than steel and 25% lighter than aluminum alloys [2]. How-
ever, magnesium is prone to corrosion, and despite the exceptional properties exhibited
by magnesium alloys, their adoption as the primary choice for designing structures and
components has been slow, and manufacturers have historically been cautious about their
use [3]. Traditionally, the development and application of corrosion-resistant coatings on
bulk magnesium alloys have been employed to make them suitable for use in various
conditions. Chemical conversion methods [4-6] have been extensively used in industry but
are limited by electrolytes and their environmental impact.

Plasma electrolytic oxidation (PEO) is a method in which a stable, porous, and uniform
layer of oxide is formed on the surface of Mg alloy part using an electrolyte and an electrical
power source [7,8]. The process is similar to anodizing but employs comparatively higher
voltages and currents. It also has a shorter cycle time and can effectively coat a part in a
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fraction of the time needed to anodize. The process is very mature, and the coating can be
customized to enhance corrosion resistance by adding chemical modifiers such as Zr, P, 5i,
and Ce [9-11]. Research shows that various kinds of Mg alloys and compositions can be
coated with PEO, and the product exhibits superior corrosion resistance compared to bulk
materials [11,12].

While PEO oxide coating is stable and inhibits corrosion, it is porous in structure,
and corrosion can still take place although at a relatively slower rate. Harsh service envi-
ronments can further accelerate corrosion by exposing the base metal to the environment,
which can be aqueous or gaseous. It is desirable to close the pores with a top layer that
is inert and forms a strong adhesion with the porous oxide layer. The PEO oxide layer
acts as a suitable base for application of such a coat which can be a polymer paint [13], a
deposition of co-polymer [14], and an epoxy-based coating system [15]. These over-coating
systems show good results but are prone to peeling and debonding during service. Zinc
phosphate coatings from conversion methods have been shown to be effective in improving
corrosion resistance [16] by several orders of magnitude. ZnO nanoparticles have been
employed to develop pore sealing coating and nanoparticle reinforced PEO coating for
improved corrosion resistance [17-19] in Mg alloys using various electrochemical methods.
Phosphate seal coats have been applied on the PEO coating of Mg alloys using the solution
immersion method [20-22], but the process requires large amounts of solutions. However,
excellent results are produced with these methods.

A new method to close the porous PEO oxide layer is used in this study by employing
spray pyrolysis (SP). It is a method used to synthesize thin film coatings from chemical pre-
cursors. It can deposit homogenous layers of nanoparticles, composites, oxides, or metals
on any surface using a spray gun. Changing the composition of the aqueous precursor solu-
tion can easily control the properties of the film and the doping level. Temperatures needed
for SP operation are in the range of 200-500 °C, which is moderate enough for Mg alloys.
The seminal application of SP was performed by Chamberlain and Skarman [23], who used
it to coat solar cells with CdS, and since then SP has been used in various applications to
produce films and coats of different materials [24-31].

But there is a lack of studies aimed at using SP-obtained coatings to seal the pores
on the surface of PEO coatings. Modified PEO coatings were developed on AZ31 using
silicate, phosphate, and zirconium modifiers in a previous study [32]. It was found that
the pores in the coating were enabling corrosion, even though at a slower rate. ZnO and
phosphate pore sealing coatings have not been deposited with the spray pyrolysis method,
and no characterization is present. This study seeks to fill this gap and present an initial
investigation into the possibility of the SP method for sealing PEO coatings. Here, SP
is used to develop ZnO, phosphate only, and ZnO+P coatings on PEO-coated Mg alloy.
The base PEO coating is the same, but the coating over it is changed. The spray time is
varied to obtain different coatings, and its effect on the corrosion resistance is measured by
performing the saltwater corrosion test and electrochemical corrosion testing.

2. Materials and Methods

Magnesium alloy AZ31 plates (SMW Group, Riga, Levita) were used as substrate.
PEO coating was performed as described in an earlier study [32]. NaHPOy (Sigma Aldrich)
was used as the phosphorus source; zinc acetate (Sigma Aldrich, Wien, Austria) was used
as zinc source; H3POy (Sigma Aldrich) was used as source for phosphorus only coating;
deionized water (Adrona Crystal 7 Pure Water purification system) was used for washing
spray coated specimen. The precursors were produced by diluting concentrated chemicals
to achieve 0.1, 0.1, and 0.01 M solutions of NaHPQy, zinc acetate, and H3POy, respectively.

Three different types of coatings were obtained using the spray pyrolysis method
on the PEO coated specimen. The three types of coatings were labeled A, B, and C. For
series A, 100 mL of 0.1 M zinc acetate (ZnAc) stabilized with 5 mL of acetic acid was used
as raw material to obtain the ZnO coating. For series B, 100 mL of 0.1 M zinc acetate
stabilized with 5 mL of acetic acid and NaHPO4 was used as raw material to obtain the
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Zn0O and phosphorus coating. And, for series C, 0.01M H3POj, solution was used to create
the phosphorus only coating.

Holmarc Spray pyrolysis system HO-THO04BT was used to coat the porous oxide layer
produced with the PEO process and to prepare an extra protective coating for the Mg
alloy corrosion protection. The thickness of the coatings was controlled by adjusting the
spray time of the pyrolysis jet. The times selected were 1, 2, 5, 10, 20, and 30 min, and
the specimens were designated from numbers 1 to 6 for each series. The flow rate of the
solution was fixed at 1 mL/min, the lateral speed of the spray axle was 400 mm/min, and
the transverse speed at 4 mm/min. Samples were heated on a hot plate up to 200 °C to
prepare it for spraying to ensure proper adhesion. After the SP process, specimens were
washed with deionized water. They were then dried at 110 °C for 4 h and subsequently
calcinated at 200 °C for 12 h. The coating nomenclature and specifications are shown in
Table 1.

Table 1. Specimen nomenclature according to spray time and coating material on PEO-coated AZ31 samples.

Spray Time (Minutes)

Coating Material 1 ) 5 10 20 30
ZnO Al A2 A5 A10 A20 A30
ZnO+P Bl B2 B5 B10 B20 B30
P C1 C2 C5 C10 C20 C30

Corrosion resistance of the coating was tested using two methods, the immersion
gravimetric test and the electrochemical method. To calculate the mass loss in the coatings
due to corrosion, tests were conducted on the coated specimen along the same guidelines as
mentioned in a previous report [32]. A 3% NaCl solution was used, and the specimens were
completely immersed in the solution for 1 week (168 h). This is a widely used test used to
assess corrosion performance in the absence of dedicated salt spray testing equipment, and
similar methods are reported by several researchers [33-35]. The specimens were scratch-
marked in an X shape, and the Mg alloy substrate was exposed to assess the direction of
the corrosion and self-healing ability of the coating in the event of coating damage. One
decreased but untreated Mg AZ31 specimen was also tested for comparison. The mass of
specimens before and after the corrosion test was measured to calculate the mass loss by
corrosion. The post-corrosion specimens were dried before measuring the mass.

Electrochemical corrosion testing was performed on a Potentiostat/Galvanostat PG-
STAT302N Autolab (Metrohm AG, Riga, Latvia) according to method followed earlier [36].
A sealable measuring cell (RHD Instruments GmbH, Darmstadt, Germany) was used. A
coating was used as the working electrode, while the reference electrode was a platinum
(Pt) wire, and the auxiliary electrode was a glassy carbon electrode. A 3.5% NaCl solution
in water was used as the electrolyte. Tafel analysis was applied to each sample in accor-
dance with ASTM G102-89, and the corrosion rate was specified using the electrochemical
frequency modulation method. The electrical circuit modeling and fitting was performed
using MEISP v3.0 software (Kumho Chemical Laboratories, Seoul Korea).

Characterization of the morphology and chemical and phase content was carried out
using a scanning electron microscope Hitachi S-3000N, equipped with an energy-dispersive
X-ray spectroscopy (EDS) Bruker Quantax System XFlash 4010 detector and QUANTAX
ESPRIT 1.8.2 software to determine the chemical composition of the samples and X-ray
diffractometer Bruker AXS D8 Advance, respectively.

3. Results

The spray-coated PEO specimen is shown in Figure 1 along with a control specimen
with no PEO or spray coating on it. The X-shaped scratch mark is visible on the specimen
to assess the movement of corrosion and its interaction on the coating—substrate interface.
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Figure 1. PEO-coated AZ31 specimen treated with spray pyrolysis with a coating of ZnO in series A,
ZnO+Phosphorus in series B, and only phosphorus in series C.

3.1. SEM Imaging

Image of the PEO surface is shown in Figure 2a. The pores formed due to a micro arc
discharge typical of the PEO process are clearly visible at the surface. For the Mg alloys, the
Pilling-Bedford ratio is less than 1 [37], meaning that the density of the coating is less than
that of the substrate and is porous without any passivating effect. The surface is rough,
with the larger pores on the top and smaller ones lower in the coating. Figure 2b shows the
cross-section at an angle of the specimen with both PEO and SP treatments (specimen A6).
The pores are filled with the pyrolyzed compounds, and the surface looks sealed. The PEO
layer is clearly visible over the substrate and is between 1-3 pum thick. The SP layer was too
thin and was not properly resolved to be shown clearly on SEM micrographs.

Substrate

Figure 2. (a) PEO-processed surface of AZ31 and (b) cross-section of PEO sealed with spray pyrolysis.
3.2. XRD Analysis

Figure 3 shows peaks corresponding to Mg, and the 26 values are consistent with that
reported in the literature [33].
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Figure 3. XRD patterns for the SP coatings at 30 min.

In the XRD pattern of the coated specimen shown, the diffraction peaks at 32.32°,
34.56°, 36.78°, 48.04°, 57.65°, 63.38°, 67.66°, 68.98°, 70.36°, and 72.82° are attributed to (100),
(101), (102), (2-10), (103), (200), (2-12), (201), and (004) planes of Mg0.971Zn0.029 phase
(COD 00-152-3360), which comes from the substrate. The MgO in the PEO coating is also
detected at 67.66° and 72.80°. The substrate structure is typically seen in XRD when the
coating is too thin [38], which is applicable in this case as well. Additionally, this can also
mean that the SP coating is non-uniform with some porosity.

All three coatings have the Mg0.971Zn0.029 phase prominently present, with peaks
from phases in the coating overlapping them. In the C30 sample (and the entire C se-
ries), additional peaks for Mg,P>07 (22.39°), Mg,5i04 (31.91° and 35.26°), and Mg3(POsg),
(23.22°,32.46°, and 33.28°) are also detected, which are formed due to a reaction with the
Mg0.971Zn0.029 phase in the substrate. The absence of the «-Mg phase is the reason for
the phosphating in the coating at the spray temperatures used in this study. The presence
of phosphates is important in the corrosion resistance of the substrate [16].

The XRD patterns for A30 and B30 were very similar, with the same peaks with
different intensities. The ZnO phase at 35.35° attributed to (101) was detected, but no other
phase was detected due to the unidirectional growth of the crystals. Weak contributions
of peaks from Zn2SiO4 and ZnSiO3 were detected as well. The Si comes from the TEOS
used in the PEO electrolyte [32], which reacts with pyrolyzed but unsolidified products of
the ZnO. As the thickness grows, some of the ZnO converts to simple Zn due to electron
exchange with Mg. No phosphate phase is detected in the B30 specimen, which suggests
that no phosphating reaction occurred and that pyrolysis products deposited loosely on
the surface.

Since the coatings were not calcined at high temperatures, many phases may not have
crystallized and are not shown in the XRD spectrum. Calcination can create polycrystalline
dense coatings from SP deposited nanoparticles as shown by Freeman et al. [32]; however,
calcination at higher temperatures would also change the mechanical properties of substrate,
and this was deemed undesirable in this study.

3.3. Immersion Gravimetric Testing

The spray-coated specimens were tested in a 3% NaCl solution for 1 week using an
immersion technique. The corroded samples are shown in Figure 4 along with a control
specimen. Visual inspection reveals that the A1, C2, B10, B20, and B30 specimens are most
heavily corroded, exhibiting various forms of corrosion damage such as local damage,
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discoloration, and bulk corrosion. In series A, the outlier is Al, which experiences the
most corrosion. Subsequently, corrosion damage decreases drastically for A2 and increases
with processing time. SP produces nanoparticles that deposit on the surface of the PEO
coating. The presence of these nanoparticles alters the electrochemistry of the coating and
increases corrosion at low nanoparticle concentrations because the pores of the coating are
not adequately sealed. A similar effect of the ZnO nanoparticles on the corrosion resistance
of the PEO coating was observed by Seyfi et al. [39]. At a low concentration of ZnO, the
corrosion resistance was the lowest. As the concentration increased, the corrosion resistance
peaked and decreased subsequently.

Series A
“my 71/

: MI ‘)I 3 I X

Control

Series B

Figure 4. Post-corrosion test specimen of PEO+SP-coated AZ31. The three series A, B, and C are
shown, and six specimens with different spray times.

In series A (PEO/ZnO) coatings, the explanation for this behavior is that when the
spray time is low, the ZnO coating remains porous and cannot adequately seal the PEO
layer. This creates an electrical channel through the open pores between the Mg substrate
and ZnO, leading to significant corrosion. The proposed reactions, not in any preferred
sequence, are shown below:

o — Mg — Mg™? +2e”

H,0 — OH™ +H™"
ZnO +2e~ — Zn+ O*~
Mg+ 0*" — MgO

Mg "2 +20H~ — Mg(OH),

For series B (PEO/ZnO+P), an increasing trend in corrosion damage was seen with
spray time, although a sudden increase in corrosion was observed at 10 min spray time
and beyond. Corrosion damage increased with spray time, and specimens processed at
10 min or more turned black with extensive damage. For series C, a decreasing trend in
corrosion with spray time was seen, although C2 is an outlier. Longer spray time improved
corrosion resistance only in series C, which means that the pyrolyzed products are good at
reducing corrosion.

Results from the immersion gravimetric test (Figure 5) validate the visual observations.
The mass loss for the uncoated control AZ31 sample was calculated at 0.97%, which is
much more than for all coated samples. The series A does not exhibit a general trend in
mass loss, and the images of corroded samples, in Figure 5, also corroborate this result. In
specimen A1, the high mass loss compared to the other specimens can be attributed to the
formation of numerous ZnO-MgO electrodes at the ZnO nanoparticle deposition site on
the MgO coating. It has been shown by Das and Srivastava [40] that such electrode couples
have higher electrochemical activity than ZnO. Higher electrochemical activity means that
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a higher corrosion current density will be present in the electrode and will lead to higher
corrosion [41]. A larger number of electrodes around numerous small and disconnected
ZnO nanoparticles that are spread all over the surface causes more uniform corrosion in
Al. As the spray time increases (A2 and above), more ZnO is deposited in the pores and
surface of the PEO coating, reducing the mass loss due to fewer ZnO-MgO couples.

1.0 -

uZnO
0.8 - ZnO+P
= =P
X
Tn’ 0.6 - @ Control
[72]
o
§ 0.4 - X
= N h
0.2 - :; ;..
N N
a N7
0.0 T - T T T 1

5 10
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Figure 5. Mass loss for the spray pyrolysis coated AZ31 specimen for various spray times.

The mechanisms of corrosion in PEO-coated Mg alloys have been presented [17].
Therefore, we will focus on the specific case of the corrosion mechanism in the ZnO-
containing SP layer on the PEO coating. Figure 6 shows a schematic of the hypothesized
mechanism of the ZnO-MgO electrochemical cell formation on PEO/ZnO and PEO/ZnO+P
coatings. The schematic illustrates the condition at low spray times (1 or 2 min) where
these electrodes are formed at the interfacial area of ZnO-MgO couples. As the spray time
increases, this area decreases due to the growth of the ZnO deposition. If no MgO substrate
is present next to the ZnO by the corrosive species, the electrode will not have higher
activity. But since the SP coating is not able to close the pores of the PEO coating completely,
localized corrosion still takes place, as can be seen in Figure 4. Also, since the coating is
not calcinated, the coating will not be consolidated and may have intergranular pores. In
the case of PEO/ZnO+P, the phosphate groups occupy a large fraction of the available
area on the PEO surface, thus reducing the number of these electrodes. This schematic
is only intended for explaining the effect of the electrodes and not for explaining the
entire corrosion process. While the ZnO pore-sealing coating has been shown to improve
corrosion in PEO-coated AZ91 [18], it was possible because the coating thickness was
18.3 um, and it was able to seal the upper large pores in the PEO coating. In this study, the
SP coatings are less than 1 um thick. Corrosion of the substrate initiates with the diffusion
of electrolyte and corrosive ions in the coating. Due to the increased electrochemical activity
on the surface of PEO/ZnO and PEO/ZnO+D, especially at lower spray times where the
number of electrodes is higher, the diffusion is greater than the PEO/P counterparts. As
spray time increases, other factors and mechanisms of corrosion could become dominant for
the two ZnO-containing coatings, such as the presence of elemental zinc and the increase in
surface roughness induced by the variable deposition and growth of ZnO and phosphates.
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Figure 6. Schematic of corrosion processes in the presence of ZnO particles and formation of its
electrochemical couples with MgQO in the electrolyte in SP coating with (a) only ZnO and (b) ZnO+P.

The ZnO-pyrolyzed layer deposited using the zinc acetate precursor is more compact
and denser compared to other precursors because zinc acetate dissociates and crystallizes
before deposition, as described by Lehraki et al. [42]. For other precursors of ZnO, crystal-
lization occurs after deposition, and thermal contraction leads to more porous layers. Here,
the ZnO SP layer is more compact and coats the surface more effectively, but some of the
hard-to-get regions of the PEO layer are still exposed. These regions, although fewer in
number, form larger couples that lead to localized corrosion as opposed to bulk corrosion
in Al. Even then, electrode couples still exist, both in the pores and on the surface, and
they are larger in size due to the higher ZnO deposition. This leads to more localized
corrosion on the surface, and especially around the edges. Also, as more ZnO is deposited,
the surface roughness of the coating may increase [43]. Surface roughness and defects play
significant roles in the corrosion performance of ceramic coatings [43,44]. So, the increase
in mass loss in A2 onward can be explained by the combined effect of stronger localized
corrosion on the PEO surface and increasing ZnO corrosion due to surface roughness. As
for the A20 specimen, the mass loss is lower than the two adjacent samples and is even
corroborated by visual inspection. No conclusive reason could be found for this behavior,
and it was assumed to have happened due to a variation in the base PEO-coating properties,
or a variation in processing. Even though the SP coating process was kept the same, some
variations due to a change in the nozzle or cleaning or changes in the spray chamber after
prolonged usage may still occur.

The mass loss in series B specimens shows a clear increasing trend with spray time,
as shown in Figure 5. The precursor for this series is a mixture of phosphate- and zinc-
containing compounds. It was anticipated that the pyrolysis products would consist of
Zn3(POy);-4H,0, which is shown to improve the corrosion resistance of Mg alloys [16].
But no peaks of Zn3(POy);-4H,O were detected in the samples, either due to low content
or because it did not form. Even though it can be synthesized at 150 °C [45], a lower
temperature than what was used for pyrolysis in this study (200 °C), the spray pyrolysis
process does not allow enough time for the reaction to occur properly. Moreover, elemental
zinc was detected on the XRD spectrum, which will increase in content as the spray time
increases. This means that Zn, ZnO, and other phosphate groups are loosely deposited
on the surface and contribute to corrosion. At high spray times, the effect is even more
pronounced, and the surface of the SP coating looked so heavily corroded and discolored.

The C series specimens, with only the phosphate coating, have the lowest mass loss
for a spray time of 10 min or more, with C30 being the least. The outlier is C2, and in
absence of a more comprehensive explanation, the process-related defect formation in
the coating is attributed to the increase in mass loss due to corrosion. Two phosphate
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groups, Mg, P,O7 and Mg3(POg)y, are present in the coatings of this series that increase the
corrosion resistance of the samples.

3.4. Electrochemical Corrosion Testing

The potentiodynamic polarization curves for the samples are shown in Figure 7. The
tests were performed on the samples that displayed the least corrosion damage in each
series (A2, B2, C30). Tafel anodic and cathodic processes were used for interpolation at
—200 mV to +100 mV with respect to the open circuit potential (OCP). Polarization curves
provide a measure of the protective properties of any surface, which are characterized by
corrosion current density (Io;r) and corrosion potential (Ecorr). It is well known that high
corrosion resistance is denoted by increasing E..;, and decreasing I.o;r [16]. But the rate
of corrosion is given only by L. A higher E means that the activation of corrosion
will be more difficult but that the corrosion kinetic will be determined by the current
density. The intersection of the two slopes was used to obtain corrosion current density
and corrosion potential. Current density was multiplied by the area of exposure to obtain
the corrosion current. Tafel interpolation was performed, and the parameters are given in
Table 2. The current density for AZ31 blank sample is the highest at 1108.8 pA/cm?. This
is to be expected since there is no passivating coating on it and corrodes the most. The
current density and corrosion potential for C30 (PEO/P) is the least, showing the highest
corrosion resistance, followed by PEO/ZnO+P, PEO/ZnO, and AZ31. The current density
for the PEO/P coating in this study is less than the 1.66 pA/cm? produced in a 47 pm
thick PEO coating in [46]. This shows that the coating is effective compared to even a

thick PEO coating.
(@) (b)
5 LR 40 1000 AZ31
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Figure 7. (a) Potentiodynamic polarization (Tafel) curve and (b) electrochemical impedance (Nyquist)
curve for the coatings. Insets in (b) show data for different ranges.

From Table 2, the current density for the SP coating with ZnO (A2) and ZnO+P (B2)
was 52 and 9 times higher than that for P (C30), respectively, which is the same factor for
the corrosion rate since it is linearly related to current density. Low polarization resistance
for the A2 sample is indicative of the fact that it is least resistant to oxidation.

In Nyquist plots obtained from impedance measurement, higher corrosion resistance is
indicated by the curve with a large radius. The semi-circular capacitive shape is indicative
of corrosion under controlled kinetics in the presence of water. An impedance loop with a
smaller radius means higher corrosion and a smaller module of impedance. The corrosion
resistance of the coatings was corroborated by the Nyquist plots (Figure 7b), where the
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radius for the capacitive loop for the samples was in the decreasing order of P, ZnO+P, ZnO,
and AZ31.

Table 2. Fit parameters for Tafel analysis of PDP test.

Polarization Resistance Method

C%a}t;:g Sample ID Corrosion Rate Icorr Icorr I;{)el:f;tzailczn Ecorr
(mm/yr) (uA/cm?) (uA) kQ) (\%]

AZ31 Control 50.36 1108.8 1948.5 0.0272 —1.52

ZnO A2 58.00 x 10~2 12.7 22.4 1.2 —1.56

ZnO+P B2 9.71 x 1072 2.12 3.76 6.9 —1.55

P C30 1.11 x 1072 0.24 0.43 60.7 -1.52

The Bode plots for the samples along with the fitted curve and corresponding electrical
models are shown in Figure 8. The data shows that there is noise and error associated
with low frequency data. However, good fit was obtained for all samples. The PEO/ZnO
and PEO/ZnO+P coating’s EIS response was modeled with the same circuit as shown
Figure 8b,d, and a different circuit was used to fit the PEO/P coating. Rser is the un-
compensated solution resistance; Rout and CPEy; are the impedance and constant phase
element of the outer SP layer, respectively; CPE;, and Cj, are the constant phase element
and capacitance and of the PEO layer, respectively; Wi, is the Warburg element of the
lower dense part of the PEO coating; and R, is the impedance of the upper porous part
of the PEO coating. CPE is a capacitive element with a constant phase deviation from an
ideal capacitor. The impedance of CPE is given by Zcpg = ﬁ, where 0 < n < 1. The
Warburg element used in the fitting represents finite diffusion with a permeable boundary,
and its impedance is given by Zo(w) = L_ tanh(B./jw), where Wy (Ohm~! s71/2) is

0y/jw

the diffusion-related parameter, and B is givenby B = 6/, /D, where § (cm) is the thickness
of diffusion layer, and D (em? s71) is the diffusion constant [47].
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All three coatings are represented by two distinct electrical blocks. The equivalent
electrical circuits for PEO/ZnO and PEO/ZnO+P have the same configuration: solution
resistance, outer SP layer, and inner PEO layer. The block for the PEO has been used widely
in the literature to model a passivating layer on metal substrates [17,48,49]. The presence of
Warburg elements signifies the presence of a finite diffusion boundary layer between the
PEO layer and substrate [47]. There are wide humps at low frequencies in the impedance
curve of Bode plots (Figure 8a,c) for PEO/ZnO and PEO/ZnO+P, although the values of
impedance are an order of magnitude apart. There is a peak in the phase angle curve of the
Bode plots (Figure 8b,d) and a sharp decline after that. A higher peak and longer plateaus
in the phase angle generally mean higher impedance in the coating. Meanwhile, for the
PEO/P coating, the circuit consists of a stronger passivating outer layer and is similar in
structure to the PEO layer. The nested parallel configuration of the SP coating element in
PEO/P circuit suggests that it is a two-part coating with a porous and a compact part. Since
the coating time was 30 min, it can be conceived that as the coating grows in thickness, it
becomes more porous, showing that the layers are passivating for short exposures. The
R-C configuration of the SP layers in the other two coatings suggests active corrosion and
low impedance. The AZ31 alloy surface was modeled as an inductive element with a
low-resistance porous layer that is naturally formed as the surface of the alloy oxidizes.

The values of these parameters obtained from fitting the electrical models are listed
in Table 3. It can be seen that the resistance of the solution is close for all tests. The
resistance Roy; of the SP layers in PEO/ZnO, PEO/ZnO+P, and PEO/P are 85.9, 17.8, and
26.5, respectively. But the latter has another compact layer that inhibits corrosion even
further. The resistances of the porous parts of the PEO layer are several orders of magnitude
larger than the SP layers, meaning that corrosion processes are impeded in the porous PEO
more than in the SP layer. The former is 14.95, 671.35, and 1038 times larger than the latter
in PEO/ZnO, PEO/ZnO+P and PEO/P, respectively. However, it should be noted that the
thicknesses of these coatings are not in the same order, and this difference is to be expected.
A smaller value of Wy indicates lower diffusion across the dense layer of PEO. Its value for
the three coatings is different, showing that the diffusion characteristic of the dense part of
a PEO layer is dependent on the type of material deposited on top of it. This is in line with
the hypothesis that the corrosion in coatings containing ZnO is accelerated by driven by
the ZnO-MgO couples. Also, the value of parameter B for the Warburg element is highest
for PEO/P, which is related to the impedance of a Warburg element.

Table 3. Electrochemical parameters for AZ31- and PEO/SP-coated samples.

CPE CPE;, Warburg Element (W)
Coating QRser 2 (fout 2 Fcm—2 (uF cm—2 Ry 2 Wy (1
(2 cm?) (2 cm?) u F om n Hsnil) n (k) cm?) Cmg 5 12) B (x10°)
PEO/ZnO 4.85 85.9 58.6 0.51 0.73 0.89 1.28 125.66 0.86
PEO/ZnO+P 5.97 17.8 30.8 0.60 0.96 0.90 11.95 47.14 1.88
R R CPE ¢ c R c R Warburg Element (W)
Q Z;;Z) Q z¥£2) uF em—2 (uF c‘ﬁn’z) (Q cﬂnz) (uF c];n*Z) kQ gmz) Wo (O 3
sn—1 n cm? 51/2) B (x10°)
PEO/P 5.28 26.5 11.5 0.67 0.215 3.38 1.79 27.51 144 17.5
CPE
Reer Rp - R L
@) (@emt)  MFem? ] Qe (Hem)
s
AZ31 7.23 39.3 25.75 0.90 10.39 2.29

For the bare AZ31 sample, the pore resistance was much lower than that of any
SP-coated samples. The inductive branch of the circuit has a value of 10.39 H cm?.

3.5. EDS Element Analysis

SEM EDS images of specimens A2, B2, and C30 are shown in Figure 9. A segment of
the X-shaped scratch mark made on the specimen is visible, being most clearly visible for
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specimen A2, with only the ZnO spray coating, followed by C30 (P only) and B2 (ZnO+P).
Exposed elemental Mg (in the form of pure metal, MgO, Mg(OH),, and other Mg products)
is more abundant on the surface of specimen B2 compared to A2 and C30. Figure 9d shows
the presence of elemental O, P, and Zn more evenly spread on the surface of specimen B2,
showing that the surface is protected by phosphate groups and ZnO.
1% ck
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Figure 9. SEM and EDX element overlay map of specimens (a,b) A2, (c,d) B2, and (e,f) C30, respectively.

It also shows that the presence of Mg atoms, whether in alloy form, MgO, or Mg(OH)?2,
is lower in the case of C30. It means that both corrosion products and unreacted Mg are
not present in the same amount as the other two. The presence of P atoms is much higher
and covers even the exposed surface of AZ31. The migration of phosphate groups from the
coating moves towards the scratched part, showing signs of self-healing properties of the
coating. The effect is also enhanced by the fact that phosphate groups are also present in
the PEO coating.

4. Conclusions

Spray pyrolysis on Mg alloy with a PEO oxide layer was performed with three different
coating formulations. The pyrolyzed coating was deposited using different spray times,
and its effect on the corrosion resistance was studied.

A2, B2, and C30 were most resistant to corrosion in their respective series. The
corrosion rate from the PDP test for C30 was 52 and 9 times lower than A2 and B2,
respectively.

Spray time had a major impact on the corrosion performance of the SP-coated PEO
layer. For series B with ZnO and phosphate coating, longer spray times led to excessive
corrosion and discoloration of the surface due to low phosphating and deposition of loosely
packed particles.

Series C (only phosphate) showed improved corrosion resistance for spray times
longer than 5 min. Migration of phosphate groups to the exposed AZ31 alloy helped in
reducing the rate of corrosion. The Mg0.971Zn0.029 phase phosphates well produced high
corrosion resistance.

The corrosion is dominated by diffusion through a permeable barrier, indicating that
the ZnO and ZnO+P coatings do not provide sufficient protection.
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The lack of calcination and low pyrolysis temperature does not yield dense and
polycrystalline phases in the coating.

Future research will include the growth mechanism of the coatings and the effect of
calcination on the coating structure and chemistry. It can be inferred from the results that
the chemistry of the coating varies through thickness and leads to inhomogeneities, which
leads to corrosion.
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