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Abstract: The aim of the present work was to study the effect of graphene oxide as an additive in
the anodization bath of the ZK60A magnesium alloy on the corrosion resistance, film morphology
and surface chemical composition. The anodizing process was conducted at a constant current
density of 30 mA.cm~2 in an electrolyte consisting of 3 M de KOH, 0.15 M de Na,SiO3 and 0.1 M
NayB40O7.10H,0. Graphene oxide was added to this bath at three different concentrations: 0.5 g.L_l,
1.0g.L~'and 3.0 g.L~!. The ability of the graphene oxide nanofiller to enhance the corrosion resistance
of the ZK60A alloy was evaluated by electrochemical impedance spectroscopy and potentiodynamic
polarization tests in 3.5 wt.% NaCl solution. The surface chemical composition was assessed by X-ray
photoelectron spectroscopy (XPS). Scanning electron microscopy (SEM) coupled with EDS analysis
was employed to examine the anodized layer morphology and thickness. The results pointed to a
beneficial effect of graphene oxide addition on the corrosion resistance of the anodized ZK60A which
was dependent on the concentration of the nanofiller in the anodizing electrolyte.

Keywords: ZK60A magnesium alloy; anodization; graphene oxide; corrosion

1. Introduction

Magnesium alloys are increasingly attracting attention as structural materials in the
transportation industry, especially for automotive and aircraft applications due to their
high strength-to-weight ratio [1-3]. The ZK60A alloy belongs to the ZK series for which
zinc and zirconium are the main alloying elements. It exhibits a good set of mechanical
properties, mainly due to the grain refinement effect of zirconium in conjunction with
solid solution strengthening and precipitation hardening due to the presence of zinc-rich
precipitates [4,5].

One major concern in consolidating and expanding the engineering applications of
magnesium alloys is their well-known high electrochemical activity, which makes them
prone to corrosion in chloride-containing environments [6,7]. The ZK60A alloy has been
shown to be susceptible to corrosion attack in sodium chloride solutions. For example, Li
et al. [8] studied the effect of microstructure on the corrosion resistance of a commercial
ZK60 alloy in 0.1 mol.L.~! NaCl solution at room temperature. A strong micro-galvanic
effect was observed between the Mg-a and MgZn, second-phase particles precipitated at
grain boundaries. Baek et al. [9] have also observed that intermetallic particles played a
major role in the corrosion behavior of the ZK60 alloy in sodium chloride solution due to
microgalvanic effects between the anodic Mg-« matrix and precipitates containing zinc
and zirconium.
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In light of the examples depicted in the previous paragraph, intense research activity
has been dedicated to improving the corrosion resistance of magnesium alloys. Several
different methods have been reported based on microstructural control by proper heat
treatments [10,11], deformation processes [12] and surface modification techniques, such as
ion implantation [13], plasma electrolytic oxidation (PEO) [14,15], electrodeposition [16]
and anodization [17]. Anodization is a common protective method for enhancing the
corrosion properties of magnesium alloys. The process is based on the electrolytic anodic
oxidation of the metallic surface, converting it into an oxide layer in an electrolyte with
controlled composition [18-20]. Species from the electrolyte are incorporated into the
anodized layer, providing it with functional properties [21,22]. Silicate-based electrolytes
have been extensively employed as environmentally friendly solutions to conduct the
anodizing of magnesium alloys, giving satisfactory corrosion protection to the underlying
substrate. As previously reported [23], silicate may enhance the compactness and increase
the thickness of the anodized film, thus improving its corrosion protection ability.

Due to the inherent porous structure of anodic films grown during anodization,
several researchers have developed electrolytic baths containing inorganic nanoparticles
as a strategy to enhance the barrier properties of the anodized layer [24-26]. For instance,
Zhang et al. [27] observed that the corrosion resistance of an anodized AZ31 magnesium
alloy was improved when Al,O3; nanoparticles were added to the anodizing electrolyte
due to the enhanced compactness of the anodic film. Similarly to oxide nanoparticles,
graphene and its derivatives may have a beneficial influence on the corrosion protection
ability of either organic or inorganic coatings [28]. Such a positive effect is mainly due to
an enhanced barrier effect as the presence of the graphene-based nanoparticles increases
the diffusion path of corrosive species in the electrolyte [29,30]. Graphene oxide (GO) plays
a central role in this scenario [31].

Among graphene derivatives, graphene oxide is often reported as having superior
corrosion resistance either when used directly as a coating layer or as an additive to improve
the barrier properties of organic and inorganic films [32-34]. Zhao et al. [35] employed GO
as an additive in the electrolyte of a PEO-treated AZ31 magnesium alloy. They observed
that, depending on the concentration of GO in the electrolyte, the corrosion resistance was
increased due to the pore-blocking effect of GO particles.

While some reports can be found with regard to the use of GO as an additive for
improving the corrosion protection ability of anodic oxide films obtained on magnesium
alloys, this information is scarce if one considers the anodization process of the ZK60 alloy.
Furthermore, the correlation between corrosion resistance and the surface chemistry of the
GO-doped anodized layer is not reported in the current literature. The aim of the present
work is to fill this gap by evaluating the effect of GO as an additive in the anodizing bath
of the ZK60A alloy on the corrosion resistance, surface chemistry and film morphology.
The anodizing bath consisted of an alkaline electrolyte containing sodium silicate. The
correlation between corrosion resistance in sodium chloride solution, the surface chemistry
of the anodized layer and its morphology is discussed.

2. Materials and Methods
2.1. Materials, Sample Preparation and Anodization

The substrate material used in the present work was an extruded bar (diameter of
90 mm) of the ZK60A alloy (nominal chemical composition in wt.%: Zn 4.8-6.2; Zr > 0.45;
Mg Balance), supplied by Xi’an Yuechen Metal Products Co. Ltd. (Xi’an, China). Initially,
circular disks with a thickness of 3 mm were cut from the original bar using a cut-off
instrument equipped with silicon carbide blades and water-refrigerated. Next, rectangular
specimens were cut from these disks with dimensions of 10 mm x 10 mm X 3 mm.

The graphene oxide was a commercial product (UFMG, Belo Horizonte, Brazil) in the
form of an aqueous suspension with a nominal concentration of 5 g.1.~!. All chemicals
used in the anodizing process were reagent-grade products. The specimens for anodizing
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were ground with silicon carbide waterproof papers up to grit 2000, followed by polishing
with 0.5 pm alumina suspension.

The composition of the anodizing electrolyte consisted of a mixture of 3 M KOH,
0.15 M Na,5iO3 and 0.1 M de Nap;B4O7.10H,O (pH = 13.5) with additions of three different
concentrations of graphene oxide: 0.5 g.L ™1, 1.0 g.L ™! and 3.0 g.L~!. The process was
conducted using a D.C. power supply (MP5003D, Shenzen, China) for 30 min at a constant
current density of 30 mA.cm~2, under magnetic stirring. A stainless steel vessel was used
as the cathode. After anodizing, the specimens were washed with deionized water and
dried in a warm air stream with a heat gun.

Samples designation throughout the text is as follows: 0-GO (anodized in the elec-
trolyte without GO addition); 0.5-GO, 1.0-GO and 3.0 GO (samples anodized in the elec-
trolytes with additions of 0.5 g.L ™!, 1.0 g.L ! and 3.0 g.L !, respectively).

2.2. Characterization
2.2.1. Microstructural and Topographic Aspects

Surface and cross-sectional examination of the anodized samples were carried out
by scanning electron microscopy (SEM, Leica, LEO 440i, Wetzlar, Germany). For surface
topography examination, the micrographs were acquired in the secondary electrons mode
(SEM-SE). For atomic number contrast, the images were obtained in the backscattered
electrons mode (SEM-BSE). In the latter case, EDS (energy dispersive X-ray spectroscopy)
analyses were carried out to map the elemental distribution on the surface of the samples.
Surface roughness was measured by confocal laser scanning microscopy (Olympus Lext,
OLS 4100, Waltham, MA, USA) in a non-contact mode. The roughness values are expressed
as Ra (average roughness) and were obtained from an average value of 10 measurements.

2.2.2. Raman Spectroscopy and X-ray Photoelectron Spectroscopy (XPS)

Raman spectroscopy analysis (Horiba Scientific, T64000 dispersive Raman, Kyoto,
Japan), equipped with a laser excitation source of a wavelength of 532 nm was employed to
characterize the main structural aspects of the graphene oxide particles. Sample preparation
consisted of dispersing a droplet of the as-received graphene oxide aqueous suspension on
a glass plate and letting it dry overnight. After complete drying, the remaining graphene
oxide particles were analyzed in the Raman spectrometer.

XPS analysis of the anodized layers was carried out to assess their surface chemical
states. A ThermoFisher Scientific spectrometer (K-alpha, Waltham, MA, USA) was used,
operating with an Al-ko radiation source (1486.6 eV) with a spot size of 400 pm and vacuum
pressure of 1077 Pa in the analysis chamber. Pass energies were 200 eV and 50 eV for the
wide and narrow scan spectra, respectively. Peak fitting was carried out using the Smart
algorithm for background subtraction in the Avantage 5.976© software, considering a
mixture of Lorentzian and Gaussian functions (70/30).

2.2.3. Electrochemical Tests

As-received and anodized (with and without graphene oxide addition) ZK60A samples
were subjected to electrochemical characterization using a conventional three-electrode cell
setup. Autolab M101 potentiostat/galvanostat was employed for all measurements. The
ZK60A samples were the working electrodes, a platinum wire was used as the auxiliary
electrode and Ag/AgCl (KCl, 3 M) was the reference electrode. The electrolyte consisted
of a 3.5 wt.% NaCl solution at room temperature. This electrolyte was chosen to assess
the general corrosion properties of the different samples with regard to their potential
engineering applications as structural materials, allowing their comparison with other
published reports in the literature.

Initially, the open circuit potential (OCP) was monitored for 1 h. Next, electrochemical
impedance spectroscopy (EIS) measurements were conducted at the OCP in the frequency
range of 100 kHz to 10 mHz with an amplitude of the sinusoidal potential signal of 10 mV
(rms), and acquisition rate of 10 points per frequency decade. Potentiodynamic polarization



Metals 2024, 14, 210

4 0f 20

tests were carried out right after the EIS measurements in the potential range of —300 mV
versus the OCP up to —1.0 Vag/agc1- The tests were conducted in triplicate.

3. Results and Discussion
3.1. Morphological and Topographic Aspects

SEM micrographs (secondary electrons mode) of the top surfaces of the anodized
ZK60A alloy with and without the addition of graphene oxide are shown in Figure 1.
The anodized layer without the incorporation of GO (Figure 1a) displays a flat surface,
permeated by microcracks and pores with small diameters that can be more easily ob-
served in the SEM-BSE micrographs (backscattered electrons mode) shown in Figure Sla
(Supplementary Files). By adding 0.5 g.L.~! of GO to the anodizing electrolyte, the number
of pores in the anodic film was greatly increased, as well as the pore diameter, as seen
in Figures 1b and S1b (0.5-GO). When the GO concentration was increased to 1.0 g.L ™!
(Figures 1c and Slc) and 3.0 g.L.~! (Figures 1d and S1d), the surface morphology was
remarkably affected, exhibiting a more compact character when compared to the sample
obtained in the anodizing bath with the lowest GO concentration.

Figure 1. SEM micrographs (secondary electrons mode) of the anodized ZK60A alloy: (a) 0-GO;
(b) 0.5-GO; (c) 1.0-GO; (d) 3.0-GO.

Elemental analysis for the 0-GO sample (anodized ZK60A without GO addition) was
conducted over the surface displayed in the SEM-BSE image in Figure 2a. The distribution
of the main constituents of the ZK60A substrate (Mg, Zn and Zr) and the anodized layer
(Mg and Si) was examined by EDS mapping. Magnesium is distributed over the whole
surface, as part of the anodized layer. The main alloying elements of the ZK60A alloy, Zn
and Zr, displayed weak signals, confirming the good coverage of the underlying surface by
the anodic film. The silicon signal is also detected. In fact, for sodium silicate-containing
electrolytes, silicon-based species may be part of the anodic film, such as Mg,SiOy, as
reported in the literature [36,37].
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Figure 2. SEM-BSE micrograph (a) and corresponding EDS maps of the 0-GO sample: (b) Mg, (c) Zn,
(d) Zr; (e) Si.

The EDS maps of the 3.0-GO sample are displayed in Figure 3. The SEM-BSE micro-
graphs (Figure 3a) reveal its more compact surface when compared to the sample obtained
in the electrolyte without GO addition (Figure 2a). EDS maps gave similar information with
respect to those found in Figure 2. Magnesium is spread over the whole surface, whereas
Zn and Zr (signals from the ZK60A substrate) can be barely seen. Additionally, the Si map
(Figure 3e) confirms the incorporation of silicon species from the anodizing electrolyte.
The maps obtained for the 0.5 GO and 1.0 GO present similar features and are available as
Supplementary Materials (Figures S2 and S3, respectively).

28462

e
300um SIBG0-300005

1 e 1
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Figure 3. SEM-BSE micrograph (a) and corresponding EDS maps of the 3.0-GO sample: (b) Mg,
(¢) Zn, (d) Zr; (e) Si.
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The morphological aspects of the anodized layers were further examined by SEM-BSE
micrographs of the cross-sections. Figure 4 exhibits the SEM-BSE micrograph of the 0-G0
sample and corresponding EDS maps for Mg, O, Zn, Zr and Si. The anodic film is indicated
by a white arrow in Figure 4a. It is permeated by pores and cracks, reaching a maximum
thickness of approximately 10 um. The presence of Mg, O and Si is clearly seen in the
anodic film.

30pm

————————

r 30pm

20um

Figure 4. Cross-sectional SEM-BSE micrograph (a) and corresponding EDS maps of the 0-GO sample:
(b) Mg, (c) O; (d) Zn, (e) Zr; (£) Si.

A representative EDS mapping of the cross-section of the anodized samples is given
in Figure 5 for the 3.0-GO sample. When compared to the 0-GO sample (Figure 4a), the
anodic film is much thinner, reaching only 5 pum. Additionally, it is more compact, being
permeated by fewer pores and cracks. A possible explanation for the decrease in the anodic
layer thickness with increasing GO concentration is related to the agglomeration of GO
particles that reduce the growth rate of the anodic film or blocks discharge channels during
the anodizing treatment, as suggested by Grigoriev et al. for a PEO/GO composite coating
formed on the Ti-6Al-4V alloy [38]. The main elements that constitute the anodic film are
also Mg, O and Si. Similar results were observed for the 0.5-GO and 1.0-GO samples with
respect to the chemical composition of the anodic film, as shown in the cross-sectional EDS
maps displayed in Figures 54 and S5, respectively (Supplementary Materials).

The roughness values (Ra) of the anodized ZK60A samples were determined using
confocal laser scanning microscopy (CLSM), as displayed in Table 1. The polished ZK60A
prior to anodizing is also included for comparison. As expected, after anodizing the values
of Ra increased with respect to the uncoated substrate. Interestingly, roughness exhibited a
remarkable increase for the 0.5-GO sample. As the GO concentration increased, the values
of Ra progressively decreased. This is in accordance with the surface aspect observed in
the top surface SEM micrographs (Figure 1). This finding may be due to the faster growth
rate of the anodic film with low GO concentration, which also makes it thicker, as observed
in the SEM micrographs, but more porous and cracked. As the GO concentration increased,
and the corresponding growth rate of the anodic film decreased, a thinner and less rough
oxide layer was formed.
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Figure 5. Cross-sectional SEM-BSE micrograph (a) and corresponding EDS maps of the 3.0-GO
sample: (b) O, (c) Mg; (d) Zn, (e) Zr; (f) Si.

Table 1. Roughness values (Ra) of the anodized ZK60A samples.

Sample Ra (um)
Uncoated ZK60A 0.58
0-GO 1.91
0.5-GO 6.10
1.0-GO 2.74
3.0-GO 0.67

3.2. Raman Spectroscopy

The structural characteristics of the graphene oxide particles employed in the present
work were obtained by Raman spectroscopy. Figure 6 shows the Raman spectrum of GO.
The spectrum is characterized by two distinct bands, D and G bands, that are centered at
1352 cm~! and 1606 cm ™!, respectively, in reasonable agreement with the literature [39].

The D band is due to vibrations of sp hybridized carbon atoms and the G band is
due to in-plane vibrations of sp? carbon atoms (graphitic carbons) [40]. The D band is
associated with defects in the hexagonal carbon lattice with graphitic structure [41]. The
ratio (Ip/Ig) between the intensities of the D (Ip) and G (Ig) bands is often used as a
criterion to evaluate the defective character of graphene and its derivatives [42]. The higher
the Ip /I ratio, the more defective the graphene structure. The Ip/Ig ratio obtained from
the spectrum shown in Figure 6 was 1.02, which is typical of GO structure with a low
degree of functionalization [43,44].
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Figure 6. Raman spectrum of the GO particles.

3.3. X-ray Photoelectron Spectroscopy (XPS)

The GO particles were further characterized by XPS. Figure 7a displays the C 1s narrow
scan spectrum of the GO particles. The spectrum was deconvoluted with four components
that were assigned to C-C/C=C (284.7 eV), C-O (285.3 eV), C=0 (286.4 eV) and O-C=0
(288.8 eV) [45,46]. Figure 7b exhibits the O 1s narrow scan spectrum of the GO particles.
The spectrum was deconvoluted with three components that were assigned to C-O, C=0
and O-H bonds at 530.7 Ev, 531.5 eV and 532.3 eV, respectively, in agreement with the
literature [47,48].

The anodized films were also characterized by XPS. The Mg 1s, Si 2p, B 1s and O 1s
narrow scan spectra of the 0-GO sample are shown in Figure 8. The Mg 1s spectrum was
deconvoluted with three components that were assigned to Mg(OH),, MgO and Mg,SiOy,
as reported by other authors [49,50]. The Si 2p spectrum (Figure 8b) displayed one single
component assigned to silicate bonds due to the Mg,SiO4 compound in the anodized layer.
The B 1s spectrum (Figure 8c) exhibited one single component assigned to B-O bonds,
confirming that borate species are part of the anodized layer, as also observed by Okamoto
et al. [49] and Ardelean et al. [51] for magnesium alloys anodized in borate-containing
electrolytes. Oxygen species were identified from the O 1s narrow scan spectrum displayed
in Figure 8d. The most intense peaks were assigned to 0%~ (oxide) and OH~ (hydroxide)
bonds. Adsorbed water (H,O,45) was also observed at higher binding energies, in good
agreement with the literature [52,53].
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Figure 7. XPS narrow scan spectrum of the GO particles: (a) C 1s; (b) O 1s.

The Mg 1s, Si 2p and B 1s narrow scan spectra were not affected by GO addition. The
same components were identified for 0.5-GO, 1.0-GO and 3.0-GO. The results are shown as
Supplementary Materials (Figures S6-S8 for the Mg 1s, Si 2p and B 1s spectra, respectively).

The C 1s and O 1s narrow scan spectra of the GO-containing anodized samples, in turn,
exhibited additional features when compared to the GO particles (Figure 7). Representative
spectra are shown in Figure 9 for the 3.0-GO sample. Similar C 1s and O 1s spectra were
obtained for the 0.5-GO and 1.0-GO samples (Supplementary Materials, Figures 59 and S10).
As seen in the C 1s spectrum (Figure 9a) a strong 7t-71* satellite was observed at the highest
binding energy. This interaction has also been reported by other authors, being associated
with the increase in the aromatic character of the GO structure that can originate from an
oxidation process [48,54], such as the anodizing treatment of the ZK60A alloy. The O 1s
spectrum (Figure 9b) was deconvoluted with four components, showing a mixture of bonds
typical of the anodized layer (oxide and hydroxide bonds) and those of the GO structure (C-
O, C=0, C-O-C). Both the C 1s and O 1s narrow scan spectra of the GO-containing samples
show that GO was effectively incorporated into the anodic film during the anodization of
the ZK60A alloy.
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Figure 8. XPS narrow scan spectra of the 0-GO sample: (a) Mg 1s; (b) Si 2p; (c) B 1s; (d) O 1s.
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Figure 9. XPS narrow scan spectra of the 3.0-GO sample: (a) C 1s; (b) O 1s.
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3.4. Corrosion Behavior
3.4.1. Electrochemical Impedance Spectroscopy (EIS)

Nyquist plots of the uncoated and anodized ZK60A alloy obtained in 3.5 wt.% NaCl
solution at room temperature are shown in Figure 10a. The diameter of the semicircle is
associated with the charge transfer resistance of the electrode surface [55,56]. The plot of
the uncoated ZK60A alloy can be barely seen in Figure 10a, as it exhibits a capacitive loop
whose diameter is much smaller than those of the anodized samples, thus indicating that
the anodizing treatment greatly enhanced the corrosion resistance of the alloy. Figure 10b
shows the Nyquist plots with expanded scales in order to allow one to visualize the result
obtained for the uncoated ZK60A alloy.

3000
_(a) + ZK60A ®m 0-GO ~ 0.5-G0 © 1.0-GO A 3.0-GO —fitted
2000
g 1000
<}
- 0
R
_1000 | 25mHz
_2000 I { I { I { I { I { I
0 1000 2000 3000 4000 5000 6000
() -
400 * ZK60A
m 0-GO
< L 0.5-G0
E 1.0-GO
é | 3.0-GO
— — fitted
'Nl I
W
T 250mHz
-100 ' ‘ '
0 500

Z' (©Q.cm?)

Figure 10. (a) Nyquist plots of the uncoated and anodized ZK60A alloy samples obtained in 3.5 wt.%
NaCl solution at room temperature; (b) The same plots shown in (a) with expanded scales.
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In addjition to the capacitive loop that appears in the high-to-middle frequency range
for all samples, another time constant is observed at low frequencies. It is characterized by
an inductive loop. This behavior is typically found in magnesium alloys, being associated
with the adsorption of ionized intermediate corrosion products such as Mg(OH)™" .45 [57,58].

The diameters of the capacitive loops were larger for the 0.5-GO and 1.0-GO samples
when compared to the 0-GO (without GO addition). By increasing the GO concentration in
the anodizing bath, the diameter of the capacitive loop decreased, as seen in Figure 10a
for the 3.0-GO sample, which is even smaller than that of the sample without GO addition
(0-GO). Electrical equivalent circuits (EECs) were used to fit the experimental EIS data, as
shown in Figure 11. The EEC shown in Figure 11a was used to simulate the EIS response
of the uncoated ZK60A substrate, whereas the one shown in Figure 11b simulated the
responses of the anodized samples (with and without GO addition).

o e

CPEdI

T i

Rs Rct

L

RL

®) &
Nve KT
Ve

AL

(&) OO"O
L

Figure 11. EECs used to fit the experimental EIS data: (a) uncoated ZK60A substrate; (b) anodized
samples (with and without GO addition).

Constant phase elements (CPEs) were used instead of ideal capacitors to account for
the heterogeneities of the electrode surface. The impedance of a CPE(Zcpg) is given by
Equation (1), where Q is associated with the CPE capacitance, j is the complex operator, w
is the angular frequency and n is the CPE exponent which varies from 0 for a pure resistor
to 1 for an ideal capacitor [59,60]. The physical meaning of the EEC parameters are given
as follows: Rs is the solution resistance; CPE is the capacitance of the oxide layer and Rox
its resistance; CPEq is the double layer capacitance and Rct is the charge transfer resistance.
The local corrosion processes at the substrate are modeled by the inductive element (L)
and its corresponding resistance (Rp) [61]. The fitted values of the circuit parameters are
displayed in Table 2.

1)

Zcpg =

Q(jw)"
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Table 2. EIS fitting results using the EECs shown in Figure 11 for the uncoated ZK60A substrate and
the anodized samples.

CPE,x (10-6 Rox CPEgq (10— Rt Rp L
Sample R; (Q.cm?) O lem2s")  (Q.cm?) Tlox Q*l.gmfz.s“) (Q.cm?) fdt (Q.m?  (H.m?)
Uncoated ZK60A 18 -—- -—- -—- 138.0 97 0.91 134 287
0-GO 22 13.8 3993 0.78 5.6 860 0.82 608 474
0.5-GO 16 52 4595 0.72 7.5 920 0.86 784 704
1.0-GO 15 6.8 5215 0.70 6.8 1032 0.85 459 74
3.0-GO 15 17.4 853 0.70 8.5 750 0.83 335 540

The uncoated ZK60A substrate exhibited one time constant (CPEg-Rct) in connection
with the inductive component (Ry -L), modeling the charge transfer reactions and adsorption
of corrosive species on the surface of the electrode. After anodizing, a second time constant
appeared due to the presence of the oxide layer (CPEox-Rox) in addition to the charge
transfer reactions and inductive components.

The higher impedance values of the 0.5-GO and 1.0-GO samples when compared to
the 0.G0 and 3.0-GO samples are also observed in the Bode magnitude plots(log | Z! vs. log
f) shown in Figure 12a. The value of the impedance magnitude at low frequencies can be
used to express the corrosion resistance of the electrode surface [62,63]. This trend confirms
the indication of the Nyquist plots, revealing the apparent higher corrosion resistance of
the 0.5-GO and 1.0-GO samples.

10,000
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= 0-GO
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1000 1.0-GO
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Figure 12. Bode plots of the uncoated and anodized ZK60A alloy samples obtained in 3.5 wt.% NaCl
solution at room temperature: (a) Impedance magnitude; (b) Phase angle.
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The Bode phase angle plots are displayed in Figure 12b. All anodized samples present
more capacitive phase angles than the uncoated ZK60A alloy over the whole frequency
range, indicating the increase in corrosion resistance after the anodizing treatment. The
samples lose their capacitive response at the lowest frequencies, as the phase angles drop off
at frequencies below 10 Hz, indicating that corrosion processes are taking place (inductive
response—positive phase angles). This feature corresponds to the inductive behavior also
observed in the low-frequency domain of the Nyquist plots (Figure 10). One can also notice
that the drop-off of the phase angles occurs at lower frequencies for the 0.5-GO and 1.0-GO
when compared to the 0-GO and 3.0-GO samples. Hence, the onset of corrosion processes
is shifted to lower frequencies for the 0.5-GO and 1.0-GO samples, suggesting their anodic
films display improved corrosion protection ability. Moreover, these samples exhibit two
well-separated time constants in the frequency range of 10° to 10! Hz. The time constant at
the highest frequency may be associated with the EIS response of the anodic film, whereas
that at the lowest one is due to the charge transfer resistance arising from the corrosion
processes at the base of the defects of the anodized layer [64,65]. In this regard, it is also
noticeable that the high-frequency time constant of the 0.5-GO sample exhibits a more
capacitive phase angle than that of the 1.0-GO. This may be due to two distinct effects,
either related to the resistance or the capacitance of the anodic film. The capacitance (C) of a
coating layer depends on the area exposed to the electrolyte (A) and also on its thickness (d),
as seen in Equation (2), where ¢ is the vacuum permittivity and ¢ is the coating dielectric
constant [66,67].

C= eeog ()

Thus, based on Equation (2), the more capacitive phase angle of the 0.5-GO sample
could be due to either an increase in the area exposed to the electrolyte or an increased
resistance due to a high thickness of the anodic film, or a combination of both. In fact, the
SEM cross-sectional micrographs (Supplementary Materials—Figure S4) confirmed that
the thickness of the anodic film was increased for the 0.5-GO sample with respect to all
other GO-containing anodized layers. Moreover, the porous nature of its top surface was
also clearly seen in Figure 1b. As shown in Table 1, this was accompanied by a significant
increase in surface roughness that was likely due to the faster growth rate of the anodic film
for the 0.5-GO sample. This would lead to a reduced capacitance of the oxide layer (CPEy).
Indeed, as shown in Table 2, this sample exhibited the lowest value of CPEx. As the GO
concentration in the electrolyte increased, the surface roughness decreased, as well as the
thickness of the anodic film, as shown in Section 2. On one hand, this led to an increase in
the oxide film capacitance with respect to 0.5-GO, as can be seen in Table 2. On the other
hand, the lower growth rate of the oxide film could also lead to the formation of a denser
layer, thus increasing the corrosion protection ability, as observed for 1.0-GO. However,
when GO concentration is excessive, in spite of the lower growth rate of the oxide film,
agglomeration of GO particles may be detrimental to its corrosion resistance. This would
explain the decreased value of the oxide film resistance (Rox) for 3.0-GO, as observed in
Table 2. In order to give further understanding of the corrosion behavior of the anodic
films formed on the ZK60A alloy, and the effect of GO addition to the anodizing bath,
potentiodynamic polarization tests were also conducted, as described in the next section.

3.4.2. Potentiodynamic Polarization Curves

Figure 13 shows the potentiodynamic polarization curves of the uncoated and an-
odized ZK60A alloy in 3.5 wt.% NaCl at room temperature. The electrochemical parameters
obtained from these curves are presented in Table 3. The corrosion current density (icorr)
values were obtained by the Tafel extrapolation method, using the cathodic branches.
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Figure 13. Potentiodynamic polarization curves of the uncoated and anodized ZK60A alloy samples
obtained in 3.5 wt.% NaCl solution at room temperature.

Table 3. Electrochemical parameters obtained from the potentiodynamic polarization curves shown
in Figure 13.

Sample Ecorr (mV vs. Ag/AgCl) icorr (UA.cm—2)
Uncoated ZK60A —1417 £ 20 245+ 7.10
0-GO —1390 + 22 3.16 £ 0.58
0.5-GO —1457 £7 2.40 + 0.32
1.0-GO —1435 £+ 28 1.66 = 0.23
3.0-GO —1424 + 10 2.75 +£043

The corrosion potential (Ecorr) was little affected by the anodization process, inde-
pendently of the GO concentration in the anodizing electrolyte. Conversely, the corrosion
current density (icorr) was reduced by one order of magnitude after anodizing when com-
pared to the uncoated ZK60A alloy. Interestingly, GO addition further decreased the values
of icorr. As shown in Table 2, the slowing down of the corrosion rate was dependent on
the GO concentration in the anodizing electrolyte. The lowest icorr was obtained for the
1.0-GO, which was reduced compared to 0.5-GO, suggesting that, by increasing the GO
concentration from 0.5 g.L =1 to 1.0 g.L ! in the anodizing electrolyte, the corrosion resis-
tance was enhanced. Notwithstanding this beneficial effect, when the GO concentration
was further increased to 3.0 g.L’1 (3.0-GO) the value of icory was no longer reduced. This
result is in agreement with the EIS results, showing that the GO concentration exhibits an
optimum value in order to enhance the corrosion resistance of the anodized layer formed
on the ZK60A alloy.

The explanation for such behavior can be derived from the following aspects. If one
considers the roughness values (Ra) displayed in Table 1, there was a trend of increasing
the roughness after anodization with respect to the uncoated ZK60A alloy. This trend was
observed up to a GO concentration of 0.5 g.L~! (0.5-GO). For higher GO concentrations, the
surface roughness decreased. Although the corrosion resistance displayed a similar trend,
being favored after anodization, it does not follow the same trend as the surface roughness.
This can be promptly seen if one notices that the sample with the lowest roughness (3.0-GO)
is not that with the lowest value of icorr (1.0-GO).
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The XPS results (Section 3.3) revealed that the composition of the anodized layer
was not significantly altered by GO addition with respect to the Mg 1s, Si 2p and B 1s
spectra. As Mg, Si and B are incorporated into the anodizing electrolyte into the anodic
film, it is reasonable to hypothesize that GO did not chemically interact with the main
components of the anodized layer. Nevertheless, XPS unequivocally showed that GO was
incorporated into the anodic film, as denoted by the C 1s and O 1s spectra of the anodized
samples (Figures 9, S9 and 510). The corrosion behavior could not, therefore, be explained
by differences between the surface chemical states of each sample.

As the compositional aspects and the surface topography were not the main factors
influencing the electrochemical response of the anodized samples, one further aspect must
be carefully examined. The morphology of the anodic films, as inferred from the SEM
results presented in Section 3.1, was dependent on the GO concentration in the anodizing
electrolyte. For example, when the GO was 0.5 g.L.~! (0.5-GO) the thickness of the anodic
film was increased, as well as defects, such as microcracks and pores (Figures 1b and 54)
when compared to 0-GO (Figures 1a and 4). The thick anodic film may be responsible
for the increase in the impedance values, as shown in the Nyquist and Bode magnitude
plots (Figures 10a and 12a). However, even though the thick anodized layer would imply
an impedance increase, it does not form a sufficiently compact film to slow down the
corrosion kinetics, as the defects in the anodic film would constitute a preferential pathway
to corrosive species. As reported in the literature, the main effect of GO particles is related
to the enhancement of the barrier properties of anodic films by increasing the diffusion
pathway of corrosive species [35]. There is, therefore, a critical GO concentration that
would give the necessary compactness and, hence, improve the corrosion resistance of the
anodic film. In this respect, the 1.0-G0 sample displayed a surface film that was thinner
than that formed on 0.5-GO (Figure S5) but exhibited fewer defects. Hence, on one hand, its
impedance values are lower due to the thinner oxide film, as observed in the Nyquist and
Bode impedance plots (Figures 10a and 11a). On the other hand, it also displayed the lowest
icorr (Table 3), indicating the thin and compact oxide film provided a better barrier property
than the thick and defective film formed on the 0.5-GO sample. By further increasing the
GO concentration (3.0-GO) the impedance values decreased (Figures 10a and 12a) and icorr
increased (Table 3). As shown in Figure 5, the anodic film of this sample is as thin as that of
1.0-GO. Figure 1d points to the formation of a surface film that is more compact than that of
the 0.5-GO as well. In spite of these apparently favorable morphological features, the loss
of corrosion resistance when compared to 1.0-GO is evident. It is likely that the increase
in GO concentration would cause an undesirable agglomeration effect, that hampers the
distribution of GO within the anodized layer, thus diminishing the pore-blocking effect of
GO, as reported by other authors for composite coatings containing GO [68-71].

4. Conclusions

Graphene oxide was effectively incorporated into the anodized layer when used as an
additive to the anodizing electrolyte of the ZK60A magnesium alloy. XPS results showed
that typical graphene oxide functional groups were observed in the anodized layers for all
concentrations tested in the present work.

In spite of the GO incorporation into the anodic films, the corrosion resistance of
GO-containing layers was dependent on the GO concentration in the anodizing bath. The
optimum concentration was 1.0 g.L ™!, as denoted by the increase in impedance magnitude
and decrease in corrosion current density obtained at this condition. Further increase in
GO concentration to 3.0 g.L ™! reduced the corrosion resistance of the anodized layer.

The morphology of the anodic film was affected by GO concentration and influenced
its corrosion properties. A thick and defective film was obtained for the anodizing bath
containing a GO concentration of 0.5 g.L.~!, whereas a thin and more compact layer was
formed when the GO concentration was raised to 1.0 g.L~1.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/met14020210/s1, Figure S1: SEM micrographs (secondary electrons
mode) of the anodized ZK60A alloy: (a) 0-GO; (b) 0.5-GO; (c) 1.0-GO; (d) 3.0-GO. Figure S2. SEM-BSE
micrograph (a) and corresponding EDS maps of the 0.5-GO sample: (b) Mg, (c) Zn, (d) Zr; (e) Si.
Figure S3. SEM-BSE micrograph (a) and corresponding EDS maps of the 1.0-GO sample: (b) Mg,
(c) Zn, (d) Zr; (e) Si. Figure S4. Cross-sectional SEM-BSE micrograph (a) and corresponding EDS
maps of the 0.5-GO sample: (b) O; (c) Mg, (d) Zn, (e) Zr; (f) Si. Figure S5. Cross-sectional SEM-BSE
micrograph (a) and corresponding EDS maps of the 1.0-GO sample: (b) Mg; (c) O; (d) Zn, (e) Zr; (f) Si.
Figure S6. XPS Mg 1s narrow scan spectra: (a) 0.5-GO; (b) 1.0-GO; (c) 3.0-GO. Figure S7. XPS Si 2p
narrow scan spectra: (a) 0.5-GO; (b) 1.0-GO; (c) 3.0-GO. Figure S8. XPS B 1s narrow scan spectra:
(a) 0.5-GO; (b) 1.0-GO; (c) 3.0-GO. Figure S9. XPS C 1s narrow scan spectra: (a) 0.5-GO; (b) 1.0-GO.
Figure 510. XPS O 1s narrow scan spectra: (a) 0.5-GO; (b) 1.0-GO.
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