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ABSTRACT

In this work, the electrochemical behavior and morphological characterization of a system consisting of a cerium
conversion layer, a hybrid sol-gel coating, and the two coatings applied sequentially (duplex) have been evalu-
ated for the corrosion protection of WE43 Mg alloy. The different characterization techniques showed that the
surface coverage by the hybrid coating was improved by the previous application of the conversion coating. The
fitting of the impedance diagrams with electrical equivalent circuits allowed to propose a physical model for the
coating, evidencing its interaction with the porous Mg oxide/hydroxide layer. Self-healing properties of the du-

plex coating were also disclosed.

1. Introduction

Mg-based alloys are increasingly being considered for structural ap-
plications. Their low density coupled with their high specific mechani-
cal strength render these materials ideal for automotive and aerospace
structural applications, where weight reduction is constantly pursued.
However, the large-scale application of these alloys is limited by their
high corrosion susceptibility in different aggressive environments, es-
pecially in the presence of chlorides [1,2]. Recent studies have shown
that the addition of rare-earth (RE) elements can improve the mechani-
cal properties and the corrosion resistance of Mg alloys [3-11]. Among
the RE-based Mg alloys, the non-flammable Mg WE43 (Mg-Y-Nd-Zr) has
drawn the attention of several researchers [4,8,12-19]. Unfortunately,
their corrosion resistance is much lower than that found in aluminum
alloys currently chosen for light structural projects [8].

The corrosion resistance of Mg alloys can be improved by employing
surface coatings, preventing their contact with the environment, and
through the presence of some chemicals aiming for corrosion inhibition
[20,21]. The benchmark for corrosion protection of most metals is
based on carcinogenic chromate ions [2,22-25], which, besides provid-
ing good corrosion resistance properties also presents self-healing abili-
ties. Nevertheless, environmental and health concerns have urged the
replacement of such chemicals in the surface treatment industry.
Among the proposed alternative methods, Ce-based conversion coat-
ings seem to be particularly suited for reactive metals. The protective
layer precipitates at sites of increased pH due to cathodic activity, thus
blocking further electrochemical reactions [26,27]; therefore, intrinsic
electrochemical activity is the driving force for the conversion layer
precipitation.

Ce conversion coatings have been investigated for corrosion protec-
tion of different surface-active metals and alloys [28-32], including Mg
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alloys [21,33]; however seldom they have been used to protect Mg-RE
alloys [34,35]. Several works show that the top-view of the conversion
layer completely covering the substrate is cracked, exhibiting a so-
called dry mud appearance, which some authors claim to be composed
of a bi-layered structure [36,37]. Besides microstructural characteriza-
tion, several works are devoted to investigating corrosion resistance.
Rudd et al. [34] reported that the conversion coating produced by im-
mersion in Ce solution was beneficial in decreasing pure Mg and WE43
alloy dissolution in a pH 8.5 buffer solution; however, the coatings de-
teriorated after 10 h exposure to the test solution. Takenata et al. used
weight loss measurements to evaluate the corrosion behavior of Mg
with different amounts of added RE elements and further protected
with RE conversion layers. They reported increased corrosion resis-
tance irrespectively to the RE element (La, Nd, Ce) used in the conver-
sion bath [35]. Montemor et al. [38] applied Ce conversion coatings
based on different Ce salts to an AZ31 Mg substrate. The corrosion resis-
tance evaluated using polarization curves revealed improved behavior
for all coatings, at various degrees, depending on the anion associated
with the Ce cation. However, as shown in many works [36,39,40], the
increase in the corrosion resistance evaluated by EIS seldom exceeds
one order of magnitude, indicating that further improvement is neces-
sary. Nevertheless, as RE conversion coatings exhibit rough surface
morphology, they can be used as a base support for top coatings, like
paints and organic coatings [1].

Another alternative investigated to improve the corrosion resistance
of Mg alloys are organosilanes and hybrid (organic-inorganic) coatings
produced by the sol-gel technology. These coating systems offer signifi-
cant advantages such as good adhesion to the substrate surface via
chemical bonding, providing good adhesion between the substrate and
organic paints, cost-effectiveness, low life-cycle environmental impact,
and simple application procedures, which may be easily adapted by in-
dustry [1,21,22]. Many works are available in the literature, and, over-
all, promising results are reported. For example, Zhang et al. [41] re-
ported that the corrosion resistance of AZ91D alloy in 0.6 M NaCl solu-
tion was improved by the surface treatment with a sol-gel-based CeO,.
In the work of Dalmoro et al. [42], a hybrid organophosphonic-silane
coating was applied for corrosion protection of AZ91 Mg alloy submit-
ted to different surface treatments. The authors reported improved per-
formance of hybrid coating attributed to the multiple bonds formed
among the constituents of the coating themselves and with the Mg-
oxide/hydroxide inner layer. Lamaka et al. [43] observed that the tris
(trimethylsilyl) phosphate-containing sol-gel coating conferred good
corrosion protection to the AZ31B alloy in 0.005 M NaCl solution due
to its chemical interaction with the magnesium substrate. Differently
from the Ce-conversion coatings that precipitate on the substrate sur-
face, chemical bonding between the hydrolyzed molecules and the sub-
strate and between the hydrolyzed molecules themselves (crosslinking)
within the coating structure are important for a good performance of
the sol-gel layer. Therefore, as largely documented in the literature, the
properties of organosilanes and hybrid coatings are highly dependent
on the hydrolysis solution composition (amounts of precursors, pH, wa-
ter content, hydrolysis time), as well as on the curing temperature and
time and substrate pre-treatment; thus, coatings produced using the
same precursors may present different anticorrosion performances ac-
cording to their production protocols.

Concerning the interactions of the sol-gel layer with the substrate
surface, several groups consider that they occur through hydrogen
bonds (OH-OH interaction) and by the formation of metallosiloxane
bonds (Me-O-Si) [22,44-48], which reaction is similar to condensation
during polymer cross-linking. In this latter case, the coating becomes
covalently bound to the surface, increasing its stability. Recently, Mrad
et al. [48], using FTIR, evidenced the existence of Al-O-Si bonds for the
Al substrate protected with a sol-gel coating, strongly supporting the
formation of an intermediate layer between the substrate and the
organosilane network, characterized by these covalent bonds.
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Multi-step coating systems, combining conversion, anodization or
either other surface modification techniques with sol-gel coatings could
afford the best properties of each step, providing barrier protection as
well as possible self-healing properties [1,49-53]. Bestetti et al. [49]
observed that a sol-gel coatings on bare AM60B alloy in 0.6 M NaCl so-
lution does not increase the corrosion resistance of the substrate; how-
ever, an anodic oxidation pretreatment enhanced the adhesion of the
sol-gel layers and improved the corrosion protection. Tan et al. [50] re-
ported that the addition of an intermediate porous anodized layer in a
AZ91D alloy improved the adhesion of the subsequently applied sol-gel
layer, reduced the porosity levels, and improved the corrosion resis-
tance in 0.5 M NaCl solution. Gutiérrez et al. [1] found that the hybrid
sol-gel film confers good corrosion protection to a Elektron21 alloy in
0.05 M NaCl solution; however, when an intermediate phosphate con-
version layer was added, the corrosion resistance increased compared
to the single sol-gel coating. An intermediate phosphate layer also en-
hanced the corrosion resistance of the AZ31B alloy. According to
Khramov et al. [51], the improvement can be explained by the chemical
binding of phosphonate groups to the metal surface resulting in en-
hanced hydrolytic stability of the formed P-O-Mg bonds. Pinto et al.
[52] observed that the formation of a passive film and of an anodic
layer, by themselves, have little protective performance on a WE54 al-
loy in 0.005 M NaCl solution. Still, when combined with a silane layer,
a synergistic effect was evidenced. Nezamdoust et al. [53] observed
that a cerium—vanadium conversion coating provided minimal protec-
tion against corrosion while the subsequently applied sol-gel signifi-
cantly improved the corrosion resistance of the AM60B alloy. Accord-
ing to the authors, the sol-gel film improves the corrosion resistance by
sealing cracks in the cerium-vanadium conversion coating and acting as
a barrier film. Indeed, it is intuitive that increasing the interlocking of
the sol-gel film with a porous and rough intermediate layer could im-
prove the adhesion of the organic layer to the substrate. Although, as
shown in this paragraph, multilayer approaches have been adopted to
protect Mg alloys, to the best of the authors knowledge, no multilayer
coating with characteristic similar to that used in the present investiga-
tion applied to Mg-RE alloys has been reported in the literature.

In this work, the morphology, composition, and anticorrosion prop-
erties of separately and combined systems, involving a Ce-based con-
version film and a hybrid sol-gel coating, were studied to prevent the
corrosion of a WE43 alloy in saline environments. The hybrid sol-gel
composition was chosen aiming for future interaction with an epoxy
coating applied in a complete protection system. Furthermore, the elec-
trochemical tests and characterization procedures were designed to
highlight both the general corrosion protection afforded by the pro-
posed systems to the Mg substrate and their self-healing abilities, this
latter by means of local electrochemical measurements.

2. Experimental procedure
2.1. Material

WE43C-T5 Mg alloy (referred to as WE43 hereafter), acquired from
Magnesium Elektron N.A. Inc, was considered in this study. Its chemical
composition is detailed in Table 1. The hot-rolled WE43 alloy is precipi-
tation hardened without a prior solution treatment, according to the T5
condition [54].

Table 1
Chemical composition of the WE43 alloy from energy-dispersive X-ray spec-
troscopy (EDS) measurements.

Elements (wt%) Mg Y Nd Zr Others

WE43 Bal. 2.7 1.6 0.2 0.13
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2.2. Coatings preparation

The metallic samples were initially grounded using SiC sandpaper
up to # 1200, rinsed with ethanol, and dried with a hot air stream. Then
they were etched in HNO; 20 g L'! for 2 min at room temperature,
rinsed with deionized water, ethanol and dried with hot air stream.

The Ce conversion layer (CeP coating) was obtained by immersion
of the surface-treated magnesium substrates for 2 min in a 50 mM
Ce(NO3)3.6 H,O + 10% v/v H,0, aqueous solution at (50 * 2) °C,
similar to post-treatments previously used for corrosion protection of
aluminum alloys [55-57].

The sol-gel solution was prepared as follow: the inorganic
tetraethoxysilane (TEOS) (10%v/v) and organic (3-glycidoxypropyl)
trimethoxysilane (GPTMS) (20%v/v) precursors were added together to
a mixture of ethanol (10%v/v) and distilled water (60%v/v) under stir-
ring and then the pH was adjusted with acetic acid in the range of
3.5-4. The solution was then stirred at room temperature for 2 h for hy-
drolysis to take place. For the hybrid (organic-inorganic) coating (Hyb)
application, the magnesium substrate was immersed in the hydrolyzed
solution and maintained for 2 min by a dip-coating process. The with-
drawal rate was fixed at 10 cm minl. The samples were then cured at
150 °C for 1 h. In the hybrid coating structure, the full hydrolysis of the
inorganic precursor (TEOS) results in a Si atom linked to four OH
groups (silanol), whereas the full hydrolysis of the organic precursor
(GPTMS) results in the central Si atom bound to three hydroxyl (silanol
groups) and to the glycidoxypropyl group (not hydrolyzed), thus intro-
ducing an organic molecule in the coating structure. The hydrolyzed
TEOS provides adhesion to the metallic substrate and high corrosion re-
sistance [58], this latter due to the crosslinking of the silanol groups.
However, its intrinsic inorganic nature introduces defects in the coating
structure (it is brittle) and the curing temperature for cross-linking is
too high to be used with Mg alloys [59]. These drawbacks are circum-
vented by the introduction of the organo-modified silane (GPTMS),
which, besides enhanced flexibility, thus diminishing crack susceptibil-
ity [60], reduces the curing temperature, setting it below 150 °C [61],
allowing obtaining a crack-free and dense coating.

The duplex coating (CeP-Hyb) was prepared by sequentially dipping
the Mg samples in the conversion and in the hydrolyzed hybrid sol-gel
solution, following the protocols previously described. A washing step
was introduced between each step.

The three coatings systems are schematically represented in Fig. 1.

[a] b

C
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2.3. Characterization of Ce and sol-gel films on WE43 alloy

Analysis of the microstructure was undertaken by optical mi-
croscopy (OM), using a Zeiss ™ model Stemi 2000-C, and by scanning
electron microscopy (SEM), using a FEI® model FE-50 in secondary
(SE) and backscattered electron (BSE) modes, as well as energy disper-
sive X-ray analysis (EDS).

The surface morphology and roughness of the bare and coated sam-
ples were investigated using a Nanosurf Flex Atomic Force Microscope
in tapping mode on an area of (30 X 30) pm?2.

The wettability of bare WE43-T5 alloy and coated specimens was
evaluated using the sessile drop method by static contact angle (0) mea-
surements with distilled water. For the experiments, a Dataphysics Con-
tact angle System OCA was employed, using digital analysis software
(Data physics SCA 20).

2.4. Electrochemical characterization

Electrochemical measurements were conducted in a conventional
three-cell set-up, using a Gamry 600 + potentiostat. The working elec-
trodes were the WE43 alloy with and without coatings. A Pt wire and
Ag/AgCl were used as counter and reference electrode, respectively.
The electrolyte was a 0.1 M NaCl solution. Electrochemical impedance
spectroscopy (EIS) was performed up to 24 h of immersion, considering
a perturbation amplitude of 10 mV,; around the open circuit potential
(OCP), with a frequency range between 105 to 10-2 Hz. Diagrams were
acquired regularly along the test period. The data treatment was per-
formed with equivalent electric circuit (EEC) using the ZView software.
Potentiodynamic polarization measurements were carried out as com-
plement after 1 h and 24 h of immersion, from —200 mV against the
OCP up to 103 A/cm?, using 1 mV/s as scan rate in the anodic direc-
tion.

Local electrochemical impedance spectroscopy experiments in the
mapping mode (LEIM) were carried out to investigate self-healing abil-
ity of the coatings. The experiments were performed using a commer-
cial Ametek® VS-LEIS system, controlled by the VersaScan® software.
The admittance (Q!.cm?) maps were obtained at a single frequency of
50 Hz with a perturbation amplitude of 100 mV (rms) and step size of
200 pum. An artificial defect (3 mm long scratch) was performed at the
surface of the Hyb and CeP-Hyb coated samples. The scanned area was
0.25 cm? and the experiments were performed in NaCl 5 mM solution

d]

Fig. 1. Schematic representation of the WE43-T5 samples: (a) bare substrate, (b) cerium conversion coating (CeP), (c) hybrid sol-gel coating (Hyb), and (d) duplex

CeP-Hyb coating.
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using an Ag/AgCl (KCl satd) reference electrode and a Pt ring as counter
electrode. The use of low concentrated solution increases the Ohmic
drop, thus improving the acquired electrical signs, and also helps to
preserve the coating, enhancing the response at the defective sites. The
parameters used in these experiments were chosen according to the lit-
erature and the frequency used to acquire the admittance maps was set
at a value that can provide information about the self-healing effect of
the Ce inhibitor [62], without extending the duration of the experi-
ment.

3. Results and discussion
3.1. Morphological and compositional characterization of coatings

OM images of the samples after preparation showed that the CeP
coating (Fig. S1(a)-Supplementary material) presented a yellow hue,
typical of Ce conversion coatings [63]. Concerning the samples pro-
tected with the hybrid coating: Hyb and CeP-Hyb, the former exhibited
several defects along the surface, characterized as whitish stains (Fig.
S1(b)-Supplementary material), whereas the latter was more homoge-
neous with no visible signs of defects at the selected magnification (Fig.
S1(c)-Supplementary material). Fig. 2 shows the SEM micrographs and
EDS characterization of the bare WE43 sample and with the different
coatings. The surface morphology of the WE43 alloy, shown in Fig. 2a,
is uniform, but some fine nicks resulting from the grinding process are
still visible, the EDS analysis, Fig. 2b, shows the chemical composition
of the WE43 alloy. The Ce conversion coating, shown in Fig. 2c, uni-
formly covers the alloy surface with a featureless deposit which can be
encountered in Ce conversion coatings formed for short periods [33];
however, at higher magnification (Fig. 2d), it is possible to observe the
dry mud morphology characteristic of this type of coating [36,37,
63-65]. The EDS analysis in Fig. 2e, besides the main alloying ele-
ments, Mg, Y, Zr, and Nd, shows a high concentration of Ce, confirming
its deposition in the alloy surface. As shown in Fig. 2f, the sol-gel
process obtains an almost homogeneous, integrated, uniform, and
crack-free coating. However, it is possible to observe circular defects,
possibly arising from hydrogen gas production during the sample im-
mersion in the acidic hydrolysis solution (Fig. S2a - Supplementary
material). Gutierrez et al. [1] have found that hydrogen gas production
during Mg alloy immersion in the sol solution leads to the formation of
defects in the sol-gel film. Nezamdoust et al. [66] attributed the defects
observed in sol-gel coatings to the reactivity of the Mg alloy substrate
concerning the sol solution, this feature is evidenced in the high magni-
fication SEM image (Fig. 2g) at which a rough surface of the base alloy
is observed. The EDS analysis in Fig. 2h shows the presence of Si, con-
firming the hybrid deposition on the WE43 alloy surface. Fig. 2i and j
show the surface of the sample with the CeP-Hyb coating. The lower
magnification micrograph (Fig. 2i) indicates that the surface is more
uniform (less rough) than the CeP sample. However, the enlarged im-
age (Fig. 2j) demonstrates that the aspect of dry mud associated with
the Ce conversion layers persists, which was an expected outcome as
the conversion layer was formed previously; this result also indicates
that this typical feature is not resultant from the vacuum in the SEM
chamber. Finally, no bubbles were observed on the Ce-coated sample
during its immersion in the hybrid solution (Fig. S2b in Supplementary
material), thus, defects associated with this phenomenon were not ob-
served in the CeP-Hyb coating. The EDS results present C, O, Mg, Y, Nd,
Zr, Si, and Ce (Fig. 2k), confirming the integration of the coating ele-
ments on the sample surface. However, the weight percentages of Si
and Ce are nearly equivalent to the individual coatings (Fig. 2e and h),
indicating that the combined coating completely and homogeneously
covers the WE43 alloy substrate; moreover, an important reduction in
the Mg content was verified (compare Fig. 2e, h and k), indicating the
presence of a thicker duplex top layer on the sample surface.
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Cross-sectional SEM images of the different coatings are depicted in
Fig. 3. The CeP coating (Fig. 3a), which EDS analysis (not presented)
showed to be composed of Ce oxides, presented some defects, in accor-
dance with its surface image (Fig. 2b and c). For the Hyb sample (Fig.
3b), a Si-rich homogeneous layer was identified. Finally, the CeP-Hyb
coating (Fig. 3c) presented Si and Ce along its whole thickness (verified
by EDS), indicating percolation of the hybrid solution through the
cerium conversion coating cracks. As indicated in the Figures, the thick-
nesses of the coatings were estimated as: 0.18 * 0.01 um (CeP),
1.65 = 0.09 um (Hyb) and 2.06 + 0.05 pm (CeP-Hyb). For the sample
CeP-Hyb (Fig. 3c) is possible to see the cracked Ce conversion coating
(white layer) underneath the hybrid sol-gel coating.

3.2. Contact angle measurements

The hydrophobicity of the coatings was investigated using contact

angle measurements. Yao et al. [67] reported that for all aqueous solu-
tions, independently of pH, Mg alloys are hydrophilic, with a contact
angle lower than 90°, i.e., aggressive aqueous solutions can easily
spread over the Mg surface corroding the substrate.
Fig. 4 displays the contact angles for the bare sample and for those
protected with the three coatings. The uncoated substrate exhibits a
contact angle of ~60° (Fig. 4a), close to those reported in the litera-
ture for WE43 alloy [68,69]. The CeP sample (Fig. 4b) showed the
smallest contact angle (about 27°), which is similar to other findings
in the literature for Ce conversion coatings in Mg alloys [63,70] and
must be related to the cracks evident in the dry-mud morphology of
the Ce-conversion coating observed in the SEM images of Fig. 2b,c. In
addition, Ce oxides and hydroxides provide increased hydrophilicity
and wettability of the substrate, similar to what has been reported for
AZ31 alloy protected with Ce-based conversion coatings [70]. The
Hyb and CeP-Hyb samples (Fig. 4c and d) presented higher contact
angle values, close to 85° and 89°, respectively, suggesting a more hy-
drophobic surface arising from the presence of organic chains in these
coatings’ compositions. Overall, the results indicate that, no matter
the coating procedure, the surface remains hydrophilic; nevertheless,
the presence of the hybrid coating substantially decreases the interac-
tions of the surface with the water droplet compared to the CeP coat-
ing. It must also be considered that the high wettability of the CeP
sample may contribute to adhesion improvement between the conver-
sion coating and the hybrid sol-gel coating [71].

3.3. AFM

Fig. 5 displays the AFM surface maps obtained using the tapping mode.
The bare WE43-T5 alloy (Fig. 5a) shows only marks from the grinding
process. In contrast, the CeP sample (Fig. 5b) exhibits a very rough sur-
face with morphological features that must result from the cracks ob-
served in the SEM analysis (See Fig. 2b). The Hyb sample (Fig. 5c), on
the other hand, shows a regular and smooth surface, indicating com-
plete coverage of the substrate; however, the AFM image evidences the
presence of some round-shaped defects, which, as aforementioned,
may result from the hydrogen bubbles evolved during the coating ap-
plication procedure, as observed in Fig. S2a in Supplementary
material. Finally, the CeP-Hyb coating (Fig. 5d) presents no surface de-
fects and the hybrid coating seems to completely cover the substrate.
Nevertheless, it shows wavy patterns, which must arise from the cover-
age of the rough underlying Ce conversion coating.

Evaluation of the surface roughness of the different samples by
means of arithmetic roughness (Ra) and root mean square roughness
(Rrms): WE43-T5,Ra = 154 nm and Rrms = 189 nm;
CeP,Ra = 241nm and Rrms = 366nm; Hyb,Ra =25nm and
Rrms = 63 nm; and CeP-Hyb,Ra = 81 nm and Rrms = 115 nm, con-
firmed the overall analysis of the AFM images. Similar to previous
works with Ce conversion coatings [72], it is evident that there is an in-
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Fig. 2. SEM micrographs of: (a) bare substrate, (c-d) cerium conversion coating (CeP), (f-g) hybrid sol-gel coating (Hyb) and (i-j) duplex CeP-Hyb coating on WE43-
T5 substrates and EDS analyses of (b) bare substrate, (e) CeP, (h) Hyb and (k) CeP-Hyb coating.

crease in the roughness with the deposition of the CeP coating when
compared to the WE43-T5 substrate; moreover, the Hyb coating pre-
sents the lowest roughness condition. Conversely, the application of the
CeP-Hyb treatment showed an intermediary condition between the
other two coatings, which is coherent with the coverage of the rough
CeP conversion layer by the smooth hybrid layer.

3.4. Corrosion resistance evaluation

3.4.1. Potentiodynamic polarization

Fig. 6 presents the potentiodynamic polarization curves acquired after
1h (a) and 24 h (b) of immersion in the test electrolyte. For both im-
mersion times and for all samples, the cathodic branches show an acti-
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Fig. 3. Cross-sectional SEM micrographs of the different coatings: (a) CeP, (b) Hyb and (c) CeP-Hyb.
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Fig. 4. Water contact angle measurements for (a) bare substrate, (b) cerium conversion coating (CeP), (c) hybrid sol-gel coating (Hyb), and (d) duplex CeP-Hyb coat-

ing on WE43-T5 substrates.
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Fig. 5. AFM maps of the bare WE43-T5 (a); CeP (b); Hyb (c); and CeP-Hyb (d) sample.

vation-controlled process due to the reduction of H* ions [73]. Regard-
ing the anodic behavior, except for the bare sample, that displays an
activation-controlled process for short immersion times, all samples
show passive responses, which, nevertheless, are not characterized by a
well-defined passive current.

To perform a more accurate analysis of the polarization behavior of
the different samples, parameters extracted from these experiments are
summarized in Table 2. In this table, i.,, was determined from the ex-
trapolation of the cathodic branch, whereas, the current densities under
polarized conditions (E,+ 50 mV and E_,,-50 mV) were determined
as an effective way to compare the response of the different samples
when displaced from the stationary condition characterizing the corro-
sion potential [74]. The analysis of the results for the coated samples
shows that E,; is similar at each immersion time and increases with in-
creased exposure to the electrolyte. On the other hand, E,, for the bare
sample decreases with immersion time: it is more positive than the

coated samples after 1 h and more negative after 24 h immersion. The
different behavior for this latter sample can be explained based on both
the i, value and the polarization behavior. As shown in Table 2, after
24 h exposure, i, increases. Similarly, both the anodic and cathodic
branches of the polarization curves undergo depolarization ("i" at
Ecorr +50 mV and E,,-50 mV increase in modulus), indicating in-
creased corrosion activity for the bare sample. Interestingly, the current
density at E..;, + 50 mV is higher for the sample exposed during 24 h,
even though a passivating range could be observed in this curve, indi-
cating that the magnesium hydroxide layer formed when Mg alloys are
exposed to different electrolytes is not very protective, as reported by
several authors [75-78].

For the coated samples, i, and both the anodic and cathodic cur-
rent densities away 50 mV from E,, slightly decrease with immersion
time, indicating enhanced corrosion resistance. This behavior can be as-
cribed to the precipitation of corrosion products at the defective sites of
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Fig. 6. Potentiodynamic polarization curves for the bare substrate, cerium conversion (CeP), hybrid sol-gel (Hyb) and duplex cerium-hybrid (CeP-Hyb) coating in

NaCl 0.1 M after (a) 1 h and (b) 24 h. Scan rate 1 mV S'1.

Table 2

Electrochemical parameters extracted from the potentiodynamic polarization
curves with and without the different coatings after 1 h and 24 h of immer-
sion in NaCl 0.1 M.

1h
Sample  Eior [V VS i i qmv i emv Epic Prot.
Ag/AgCl] [uA.cm2] [uA.cm2] [uA.cm™2] I\ range [V]
WE43- -1.59 2.8 17.8 -17.6 - -
TS
CeP -1.66 3.4 22.3 -27.0 -1.24  0.42
Hyb -1.64 1.1 12.6 -15.8 -1.35 0.29
CeP- -1.65 0.7 5.3 -9.4 -1.33  0.32
Hyb
24h
Sample Eor [V VS gor iucpm mv im,, omV Epit Prot.
Ag/AgCl] [uA.cm2] [pA.cm2] [nA.cm2] Y range
[Vl
WE43- -1.66 10.9 26.8 - 36.7 -1.23 043
TS
CeP -1.57 3.0 16.3 -20.9 -1.14 0.43
Hyb -1.57 0.8 4.7 -5.1 -1.41 0.16
CeP- -1.59 0.6 4.2 -49 -1.35 0.24
Hyb

the different coating systems, which may result from the precipitation
of both Ce oxy-hydroxides (CeP coatings) and Mg(OH),. Based on these
criteria: i, and current densities under polarized conditions, the pro-
tective ranking can be established as CeP-Hyb > Hyb > CeP at both
immersion times. These results point to more effective protection af-
forded by the duplex system, indicating a synergistic effect between the
two treatments.

Except for the bare alloy after 1 h immersion, all polarization curves
exhibit a passive range and a breakdown potential (Epit). This latter is
reported in Table 2 together with the corresponding passive range (Epit
— E¢or) for each condition. It can be verified that, even though present-
ing lower i, and more polarized response under anodic polarization,
the passive ranges for the samples Hyb and CeP-Hyb are smaller than
for the CeP sample (after 1 h and 24 h immersion) and for the bare alloy
(24 h); in addition, they decrease with immersion time. It is well known
that under anodic polarization conditions, Mg alloys exhibit an unusual
evolution of hydrogen gas denominated negative difference effect
(NDE) [73,75,79,80], and according to experimental findings, the
amount of evolved hydrogen increases for increased anodic polariza-
tion of the samples [80]. Even though no accordance exists about the
mechanism behind the H, evolution process [73,79], it is clear that it
involves H,O either by means of a chemical [75,80] or electrochemical
[73] reaction. The protective efficiency of polymeric coatings dramati-

cally relies on their adhesion to the metallic surface; it has been re-
ported that if the rate of hydrogen generation at the coating-metal in-
terface is faster than its removal by diffusion through the coating, a blis-
ter will form [81]; therefore, the increased amount of hydrogen gas
generated upon anodic polarization of the samples (NDE effect) during
the potentiodynamic experiments may develop blisters underneath the
hybrid coating leading to their early failure when compared, for in-
stance, with the CeP coating. On the other hand, considering the effect
of immersion time on the breakdown potential, it is likely that with in-
creased immersion time, the coatings will be more soaked with water
molecules which will be more readily available for the NDE mecha-
nism, thus decreasing the breakdown potential.

3.4.2. EIS tests

The evolution of the EIS responses during 24 h exposure to the test
electrolyte for the whole set of samples is displayed in Fig. 7. For all of
them, the Nyquist plots (Fig. 7(a, c, e, g)) are composed of two capaci-
tive loops followed by a low frequency (LF) inductive loop. This EIS dia-
grams shape is often reported for Mg alloys in different electrolytes [75,
82-85], and the origin of the different time constants will be discussed
later. Even though similar, a closer examination of the phase angle plots
(Fig. 7(b, d, £, h)) for short immersion times (1 h) shows a displacement
of the HF phase angle to higher frequencies for the Hyb and CeP-Hyb
coated samples, that might reflect the presence of the hybrid layer.

The Nyquist plots displayed in Fig. 7 show similar evolution of the
impedance moduli, characterized by an initial increase, up to 12-18 h,
followed by an almost stable behavior and a slight decrease for the most
prolonged immersion periods; however, the magnitudes were variable
according to the analyzed sample (see Fig. 10). The characteristic fre-
quencies of the inductive loops decrease with immersion time; there-
fore, they become less defined for more extended test periods indicating
slower kinetics. For the bare sample, as reported by different authors,
the initial increase of the impedance modulus might be ascribed to the
thickening of the oxide layer [85,86], whereas the onset of localized
corrosion may explain the deterioration of the corrosion resistance
[85]. The diagrams also show that during the whole test period, there
was no change in the shapes of the Nyquist diagrams (Fig. 7(a, c, e, g)),
indicating that there is no variation in the corrosion mechanism; how-
ever, a close look in the phase angle diagrams (Fig. 7(f, h)) shows that,
for the samples coated with the hybrid coatings (Hyb and CeP-Hyb),
there is a shift of the high-frequency phase angle to lower frequencies
with immersion time, which is not verified for the other two samples.
This feature indicates a progressive water uptake by the hybrid coating
layer, and will be further explored in the proposition of the physical
model for the electric equivalent circuit (EEC) fitting procedure.
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Fig. 7. Nyquist (a, c, e, g) and Bode (b, d, f, h) plots during 24 h immersion in NaCl 0.1 M of (a,b) WE43-T5, (c,d) CeP, (e,f) Hyb, (g,h) Cep-Hyb sample.
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The diagrams in Fig. 7 show that, for the tested period, the samples
submitted to any protection treatment display higher impedance modu-
lus than the bare one, indicating increased corrosion resistance. After
24 h of immersion, when the inductive loop is no longer detected for
any of the samples, the LF impedance modulus for the WE43-T5, CeP,
Hyb, CeP-Hyb were, respectively: 4.82 x 10% Ohm.cm?, 7.74 x 103
Ohm.cm?, 2.38 X 10* Ohm.cm?2, 3.01 X 10* Ohm.cm?2. These values
show the same corrosion resistance order as that identified in the polar-
ization curves by means of i, determination.

For further comprehension of the corrosion behavior of the different
samples, the impedance data were fitted using EEC. As mentioned and
documented by Wang et al. [84], different EEC has been proposed in
the literature to interpret the EIS responses of Mg and its alloys in sev-
eral media. Besides differences in the arrangement of the EEC passive
elements (parallel or series), different physical processes have been as-
sociated with each time constant (TC) of the EIS diagrams, even though
most of them present similar shapes to those found in the present inves-
tigation. In the circuits, quite often, the capacitances are replaced by
constant phase elements (CPE) to take into account the distributed be-
havior of the time constants.

Fig. 8 displays the EEC used to fit the whole set of experimental data,
together with the physical model for the bare substrate. It is similar to
the model employed by Baril et al. for the corrosion of pure Mg in
sodium sulfate solution [75], with the difference that the capacitances
were replaced by CPE. Baril et al. [75] proposed that the high fre-
quency (HF) TC corresponds to a parallel association of two capaci-
tances: one associated with the double layer (Cdl) and the other to a
thin film capacitance (Cf) and two resistances: a film resistance (Rf), as-
cribed to a thin protective film, and the charge transfer resistance
(Rct), ascribed to electrochemical reactions occurring at defective sites
of the oxide film. According to their reasoning [75], Rf is too high

Solution

-
LTI
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when compared to Rct and, therefore, no current leaks through this
pathway, leading to its representation with dotted lines in the proposed
EEC; in addition, as corrosion occurs through small defectives sites in
the thin protective oxide film, this results in small capacitance values
for the double layer due to reduced exposed area effect. The shape of
the diagrams and the number of TC do not change with the application
of the different protection systems, showing that the EIS measurements
could not separate the response of the Mg oxide layer from that of the
different coatings. This feature will be further explored in the analysis
of the fitting results and in proposing a physical model for the coated
samples.

The second capacitive loop of the EIS diagrams is ascribed to the dif-
fusion of Mg ions within a bulk phase [82,83,871, and was fitted with a
Warburg component associated with a diffusion process of finite thick-
ness (Ws). The low frequency (LF) inductive loop was not fitted with
the EEC of Fig. 8; initially, due to the small number of experimental
points for its definition in most of the experimental diagrams, and sec-
ondly, due to the difficulties in associating the values extracted from
the EEC fitting procedure to the physical-chemical phenomenon it rep-
resents. Following EIS diagrams interpretation for other metals [88,89],
this LF inductive loop has been more frequently associated with relax-
ation of reaction intermediates [84], even though phenomena related
to the breakdown of protective films have also been claimed to produce
this inductive response [84,90,91]. Fig. 9 shows the experimental and
fitted results for selected diagrams, at which the LF points associated
with the inductive loops were deleted. The adequacy of the proposed
model can be ascertained not only by the close similarity between the
experimental and fitted data, but also by the low values of the errors as-
sociated with the fitted parameters (< 8 %) and with the chi-squared
values (< 0.002).

(a)

(b)

Ret Ws
Zf= A

Fig. 8. (a) Electrical equivalent circuit (EEC) used to fit the EIS diagrams in NaCl 0.1 M of WE43-T5 alloy adapted from the model proposed by Baril et al. [75]; (b) Zf
as used to fit the experimental data. In the EEC model the pathway through Rf is represented by a dotted line to indicate that no current leaks through this circuit ele-

ment (Rf > > Rct).
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same color pattern was maintained for experimental and fitted data for each surface condition. The LF inductive loop was not considered for the fitting procedure.
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Fig. 10. Evolution of the sum of the resistive elements with immersion time ob-
tained by the fitting procedure of the EIS diagrams.

Table 3 displays the variation of the passive elements of the EEC with
immersion time. Initially, the high frequency (HF) resistance practi-
cally doubled for the Hyb and CeP-Hyb samples compared to WE43-T5
and CeP. For these two latter samples, as usual, this HF resistive ele-
ment corresponds to the electrolyte resistance (Ry), as indicated in the
EEC of Figs. 8a and 12a. On the other hand, for the Hyb and CeP-Hyb
samples, before reaching the reactive regions of the electrode surface
the electrolyte must penetrate through the defective sites (pores) of the
hybrid coatings (Ry), which is in series with R, (see physical models in
Fig. 12 (b) and (c)); therefore, in these cases, the HF resistive element
corresponds to the sum of two resistive elements in series; considering
that Ry must be similar to the values obtained for the WE43-T5 and CeP
samples, the low value of Ry indicates that conductive pathways with
low resistance are established through the hybrid layer. The resistance
associated with the HF capacitive loop, Rct, for all samples, initially in-
creases (up to 18 h), which might reflect the precipitation of protective
corrosion products. However, comparing the samples without (WE43-
T5 and CeP) and with the hybrid coating (Hyb and CeP-Hyb), Rct for
these two latter samples are roughly four times higher, indicating the
precipitation of corrosion products with better barrier properties, as
suggested by Hernandez-Barrios et al. [92], and/or the reduction of the
exposed area of unprotected Mg due to the presence of the hybrid coat-
ing.
The values of CPE-F for the WE43-T5 and CeP samples were about
one order of magnitude higher than those associated with the Hyb and
CeP-Hyb samples, indicating that the protective layer is thinner and/or
more permeable to water molecules ingress. Regarding the variation of
this parameter, it remains practically constant for the bare WE43-T5
sample and is slightly higher and with an increasing tendency for the
CeP sample. This is likely due to the hydrophilic nature of the Ce pre-
cipitate [63,70,92], contributing to increased interaction with water
molecules (see also results of the contact angle measurements Fig. 4b).
For the hybrid coated samples, a steady increase of the capacitance is
verified, indicating progressive water ingress, which agrees with the
displacement of the HF phase angle to lower frequencies with immer-
sion time (Fig. 7). Interestingly, even though thicker (Fig. 3c) and pre-
senting the highest values associated with Rct, the CPE of the CeP-Hyb
coating increases at a faster rate than in the Hyb coating, indicating eas-
ier water ingress, which might be a consequence of the presence of hy-
drophilic Ce precipitates in this protection system. The fitting results for
the HF capacitive loop also show that, as the structure of the protective
system becomes more complex, the CPE exponent (n) moves away from
the ideal unit value. Hence, a normal distribution of time constants
within the coating thickness can be associated, as suggested by
Hirschorn et al. [93], an argument that has been recently used by
Prada-Ramirez et al. [55-57] to explain the impedance response of an-
odized Al as sealing occurs within the pores. It is important to empha-
size that, as extensively discussed in the literature, the oxide layer on
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top of the Mg surface exposed to different electrolytes is composed of a
porous, non-protective layer, mainly Mg(OH),, on top of a thin MgO
compact and protective layer [75,83,84]. The percolation of the hybrid
solution within the structure of the porous layer followed by its drying
during the curing step must explain the relatively low "n" values for the
Hyb sample; moreover, as shown in Table 3," n" becomes even lower for
the CeP-Hyb sample, in this case, the hybrid layer must also percolate
through the dry mud structure of the Ce conversion layer, leading to an
even more complex behavior.

Finally, the passive elements associated with the diffusion of Mg
within the bulk porous layer and/or the different coating systems are
represented by the diffusion resistance (R-W) and the exponent associ-
ated with the Warburg impedance (n-W). The values for "n" lie within
the 0.4-0.6 limit, indicating a fair agreement with a diffusion-
controlled process. On the other hand, the resistance associated with
the diffusion process (R-W) increases up to 12 h, related to the precipi-
tation of protective corrosion products. Then, as the different systems
deteriorate with immersion time, it starts to decrease.

Fig. 10 depicts the variation of the sum of the resistive elements of
Table 3 (Rs + (Ry) + Rect + Rw), that can be directly associated with
the resistance against the corrosion process, with immersion time. The
patterns displayed in the plot are the same for all samples: an initial in-
crease, followed by a stabilization plateau and finally a slight decrease.
It shows that the overall resistance increases up to approximately 12 h,
followed by a plateau, indicating stabilization of the corrosion process,
and a final decline for 24 h of immersion; further, all coated samples
present higher values in comparison with the bare substrate, although
at different degrees. Particularly, the CeP-Hyb sample exhibits higher
resistance values all along the test duration, which is in full agreement
with the potentiodynamic polarization curves, which were acquired at
the limits of the displayed time spam. Moreover, at the end of the expo-
sure period the resistance associated with this sample is almost one or-
der of magnitude higher than the bare sample, showing its effective-
ness as a corrosion protection system.

3.5. Morphological and compositional characterization of the samples after
the EIS experiments

After the completion of the EIS experiments, SEM micrographs of
the corroded surfaces of the bare and coated substrates were taken, as
shown in Fig. 11. Fig. 11a and b depict the bare substrate; from the
lower magnification image, one observes a relatively uniform corrosion
attack (Fig. 11a), whereas the higher magnification image (Fig. 11b)
shows a cracked structure, that can be associated with Mg(OH),, that
might indicate preferential sites for the onset of local attack. A large
amount of oxygen was detected in the EDS analysis performed at this
latter region (Fig. 11c), indicating the formation of a thick corrosion
product layer. The EDS analysis shown in Fig. 11c also suggests incor-
poration of RE elements in the oxide layer composition, which might
explain the superior corrosion resistance of this alloy compared to oth-
ers submitted to even less aggressive solutions [43,87,94]. Previous
studies have also attributed the more uniform corrosion of the WE43 al-
loy to the reduction of internal microgalvanic corrosion. This behavior
can be explained by the similar electrode potentials between the Mg
matrix (Mg, —2.37 V) and the alloying elements (Y: —2.37 V, Nd:
—2.44 V), and more homogeneous microstructure and fine anodic pre-
cipitates well distributed in the matrix [95].

Fig. 11d depicts the surface morphology of the CeP sample after the
EIS tests. The corroded surface exhibits a cracked structure very similar
to that presented by the Hyb sample (Fig. 11g), indicating that, in this
latter sample, it might have been originated from the corrosion of the
alloy substrate, as no Ce is present in it. The morphology in Fig. 11d is
also similar to the schematic representation of Leleu et al. [83] for the
Mg(OH), porous layer formed on an Mg-RE alloy and has also been re-
ported for other RE-modified Mg alloys in different media [68,96]. On
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Fig. 11. SEM micrographs and EDS analyses obtained after the EIS test of (a-c) bare substrate, (d-f) cerium conversion coating (CEP), (g-i) hybrid sol-gel coating

(Hyb), and (j-1) duplex CeP-Hyb coating on WE43-T5 substrate.

the other hand, the micrograph with higher definition (Fig. 11e) depicts
aregion with narrower cracks similar to that showed in Fig. 2c; some of
them are filled with a white corrosion product, indicating oxide precipi-
tation within these microstructural features. The Figures also display
tiny white nodules regularly distributed all over the sample surface,
which bright contrast indicates oxide precipitation (Fig. 11f). The com-
parison between the Mg/Ce ratios for the CeP sample prior (3.6) (Fig.

11

2d) and after (1.6) (Fig. 11f) the EIS tests show an important increase of
the Ce amount in the corrosion product layer, indicating an important
enrichment of Ce-rich species. However, the crack network must consti-
tute conductive pathways for aggressive electrolyte penetration; there-
fore, the corrosion behavior of this sample was only slightly superior to
the bare WE43 sample.
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Table 3
Results of the fitting procedure of the EIS diagrams with the EEC of Fig. 8 for
the WE43-T5 without coating and with the different coatings.

WE43-T5
Time (h) Rs (Q.cm?) CPE-F (F.cm?s n-F Ret R-W n-W
(@-1)) (Q.cm?) (Q.cm?)
1 67.2 1.73E-05 0.92 1820 1248 0.47
4 63.4 1.61E-05 0.93 2550 1652 0.44
6 61.7 1.59E-05 0.93 2915 1871 0.41
12 63.5 1.53E-05 0.93 4858 1926 0.42
18 65.7 1.56E-05 0.92 4926 1668 0.45
24 64.5 1.61E-05 0.92 3177 1645 0.42
CeP
Time Rs (Q.cm?) CPE-F (F.cm2s n-F Rect R-W n-W
h) 1) (Q.cm?) (Q.cm?)
1 71.3 1.63E-05 0.91 2060 1542 0.45
4 69.3 1.73E-05 0.92 4449 3277 0.41
6 69.8 1.77E-05 0.92 4989 3784 0.41
12 71.1 1.82E-05 0.91 5715 4270 0.39
18 71.3 1.88E-05 0.91 5768 4252 0.38
24 69.2 1.94E-05 0.91 4363 3574 0.40
Hyb
Time Rs + Ry CPE-F (F.cm2s n-F Rct R-W n-W
(h) (Q.cm?) (-1) (Q.cm?) (Q.cm?)
1 101.9 1.16E-06 0.89 9370 6586 0.39
149.1 1.36E-06 0.88 14,209 8460 0.47
6 148.2 1.46E-06 0.88 15,124 9103 0.48
12 148.5 1.66E-06 0.87 15,331 9086 0.50
18 147.5 1.91E-06 0.86 16,202 8755 0.52
24 141.9 2.07E-06 0.87 15,220 9009 0.48
CeP-Hyb
Time Rs + Ry CPE-F (F.cm?2s n-F Ret R-W n-w
(h) (Q.cm?) (n-1)) (Q.cm?) (Q.cm?)
1 121.6 1.47E-06 0.79 12,780 10486 0.42
4 109.2 4.18E-06 0.75 16,600 8338 0.52
6 110.6 5.14E-06 0.74 20,968 8906 0.54
12 116.8 6.52E-06 0.75 26,501 8592 0.59
18 120.0 7.17E-06 0.77 26,911 8141 0.60
24 116.5 7.69E-06 0.79 22,485 7141 0.59

Fig. 11g and h show the surface morphology of the Hyb sample af-
ter the EIS tests. The corroded surface (Fig. 11g) shows a network of
cracks, which origin has already been commented in the previous
paragraph; however, no whitish spots were identified, and the micro-
graph at higher magnification (Fig. 11h) is smoother, differentiating
the morphology of this corroded surface from the previously com-
mented CeP sample. Comparing to the uncorroded sample (Fig. 2g),
the chemical composition of the corroded surface (Fig. 11i) indicates
incorporation of Y and Nd in the corrosion product layer and an im-
portant decrease in the Si content, thus showing that the hybrid layer
is being damaged and leached by the test electrolyte. However, as in-
dicated in the results of the electrochemical corrosion characteriza-
tion, the coating is still effective for corrosion protection, contributing
to better anticorrosive performance compared with the WE43-T5 and
CeP samples. Finally, a qualitative comparison between the micro-
graphs of Fig. 11g and d clearly show that the crack network is less
dense when the hybrid layer is present, reducing the pathways for
electrolyte penetration. This is in accordance with Nezamdoust et al.
[53] findings, indicating that cracks may be sealed by the hybrid coat-
ing, contributing for the improved corrosion resistance.

The corroded surface of the CeP-Hyb sample after the EIS test is de-
picted in Fig. 11j and k. This sample displays a surface that can be bet-
ter correlated with the as-prepared one (Fig. 2h), corroborating the in-
creased anticorrosion performance demonstrated in the electrochemi-
cal corrosion tests. However, increasing in the density of cracked re-
gions indicates electrolyte penetration, justifying the descending EIS
modulus after 24 h (Fig. 10). The EDS characterization, displayed in
Fig. 111, shows smaller quantities of RE elements incorporated in the
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corrosion product layer when compared with Fig. 11i, which is coher-
ent with the higher thickness of the protective layer and minor degree
of corrosion compared to the other samples. On the other hand, a
higher quantity of Si was identified than for the corroded Hyb system,
indicating that the hybrid coating is better preserved. Even though not
explored in the present work, this particular result points to a positive
interaction between the Ce conversion coating and the hybrid layer.
This issue is being better studied with another protective system and
will be subjected to publication shortly.

3.6. Physical model for the coated samples

The results of the fitting procedures showed that the whole set of EIS
diagrams were fitted using a single EEC; therefore, the experimental im-
pedance diagrams were not able to separate the contributions of the dif-
ferent coatings from that of the bare substrate. However, based on the
results presented in Table 3 and in the cross-section analysis of the dif-
ferent coatings (Fig. 3), a physical model for the samples coated with
the different systems could be proposed (Fig. 12), at which, as in Fig. 8,
dotted lines were used to indicate possible existing current pathways
not detected in the impedance experiments.

The results displayed in Table 3 showed an increase of HF resistance
for the samples protected with the hybrid coating (Hyb and CeP-Hyb),
indicating an increase in the resistive pathway. This response was asso-
ciated with the resistance to penetration of the electrolyte through de-
fective sites (pores) of the hybrid coating in series with Rg. As shown in
several EIS fitting procedures of coated samples, the pore resistance (Ry
in the present study) is frequently represented in parallel with the coat-
ing capacity [43,97,98]. However, in the present investigation, the
meager pore resistance (tenths of Ohm.cm?) precludes the EIS experi-
ments to detect the hybrid coating [99], which, according to the cross-
section micrographs displayed in Fig. 3b and c (thicknesses higher than
1 um), must display a capacity value in the order of few nF.cm2. There-
fore, in the high frequency limit (corresponding to the flat domain in
the HF region of the impedance modulus plot, Fig. 7f and h), two series
resistances were detected, and the current pathway corresponding to
the hybrid layer capacity is represented by dotted lines (see Fig. 12b
and c¢). On the other hand, the values of the CPE associated with the HF
capacitive loop were about one order of magnitude lower for the hybrid
coated samples. Taking into account the physical model presented in
Fig. 8a, this response could be associated both to a thicker protective
film leading to a lower (CPE-f) value and to the reduction of the bare
Mg substrate exposed to the electrolyte through the defective sites of
the protective film, resulting in a reduction of the double layer capacity
(CPE-dl), this latter hypothesis is corroborated by the increase of Rect
when the sample is protected with the hybrid coating.

Regarding the structure of the protective film, as previously dis-
cussed, the Mg oxide layer is composed of a thin protective film on top
of which there is a porous non-protective layer [75,83]. For the Hyb
and CeP-Hyb samples, it is proposed that percolation of the hybrid sol-
gel coating through this porous layer (in the case of the CeP-Hyb sample
also topped by a cracked Ce-conversion layer-see Fig. 3c) would take
place, thus, increasing the total thickness of the protective layer and
leading to a decrease of CPE-f. Therefore, the two phenomena (protec-
tive layer thickening and reduction of the bare substrate area exposed
to the electrolyte) would result in a more protective system, as verified
in the overall results of the present investigation. It is important to em-
phasize that the order of magnitude of the CPE determined for the HF
capacitive loop for the Hyb and CeP-Hyb coatings (10° F.cm2.s®D) is
not compatible with a thick protective layer, usually in the order of few
micrometers, determined for sol-gel coatings (Fig. 3) [43,92], support-
ing the proposed physical model, at which the hybrid coating capacity
(Cy) is represented as dotted lines, indicating that, even though pre-
sented at the metal surface, as proved by EDS analyses, it cannot be de-
tected by the EIS measurements. On the other hand, for the sample pro-



G.S. Pereira et al.

Solution
CeP

Mg{OH)s

Solution

AL LCCECEEC R T

-

&
K]

Corrosion Science xxx (xxxx) 110527

(a)

{c)

Solution

Fig. 12. Physical model for the different coating systems: (a) CeP, (b) Hyb, and (c) CeP-Hyb. Dotted lines were used to represent existing pathways through which
current does not leak considering the corrosion resistance of the different systems and our experimental conditions. The thicknesses of the different layers are not

in scale.

tected only with the Ce conversion coating, the cracked nature of this
layer, associated with its low hydrophobicity [63,70,92] (Fig. 4b),
would lead only to a slight increase in the corrosion resistance, as veri-
fied in the experimental results.

3.7. Local electrochemical impedance spectroscopy in the mapping mode
(LEIM)

The active protection (self-healing) afforded by chromate-based in-
hibitors is a desirable feature to be exhibited by any corrosion protec-
tion system. In the literature, several authors reported self-healing
properties for Ce-based protection systems [100,101], including for Mg
alloys [102]. Fig. 13 displays the admittance LEIM diagrams of the Hyb
(Fig. 13a, c, e, g) and CeP-Hyb (Fig. 13b, d, f, h) samples with an artifi-
cial defect immersed in NaCl 5 mM solution up to 24 h. For the Hyb
sample, the anodic activity at the defective region, characterized by its
high admittance modulus, is maintained and slightly grows until the
end of the test, indicating increasing corrosion activity. Contrary, the
corrosion activity on the CeP-Hyb sample is rapidly (Fig. 13d) and con-
sistently reduced up to the end of the test, showing a progressive reduc-
tion of the electrochemical activity that can be associated with a self-
healing effect. These results indicate that Ce ions released from the
coating system can migrate to the defective sites, precipitating at re-
gions with cathodic activity [26,27], thus hindering the continuity of
the corrosion activity, as shown and discussed in the next paragraph.
Fig. 14 displays the OM of the coated (Hyb and CeP-Hyb) samples with
artificial defects after the LEIM tests for 24 h in NaCl 5 mM (a and b),
and the SEM-EDS analysis of the defective region for the CeP-Hyb sam-
ple (c and d). Fig. 14a (Hyb) shows that the defective area is character-
ized by a dark color as a consequence of the corrosion process concen-
trated in this region, evidenced in the LEIM maps. In addition, despite
the low aggressiveness of the test electrolyte, several round-shaped
stains were identified in the nearby sample surface (some of them sur-
rounded by red circles), indicating possible deterioration of the protec-
tive properties of the coating. On the other hand, for the CeP-Hyb sam-
ple (Fig. 14b), in accordance with the lowering of the corrosion activity
with immersion time verified in the LEIM experiments, the defective
region appears brighter; moreover, no sign of deterioration could be
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observed in the vicinity of the analyzed area, indicating that the coat-
ing maintains its integrity. A magnified SEM micrograph, acquired af-
ter the completion of the LEIM test, of a selected region of the interior
of the defect of the CeP-Hyb sample is depicted in Fig. 14c, whereas the
EDS analysis of the selected area is shown in Fig. 14d. The micrograph
shows the precipitation of white corrosion products inside the defect,
which EDS analysis demonstrated to be Ce-rich oxides. The pattern of
this deposit is completely different from that exhibited in the fresh pro-
duced samples (Fig. 2 ¢ and d) or either of the corroded samples after
the EIS experiments (Fig. 11), corroborating with the hypothesis that
Ce ions released from the protective coating can precipitate at electro-
chemically active regions halting the corrosion activity in the defect
[26,27,102]. Therefore, besides improving the overall corrosion resis-
tance, as shown in the global electrochemical measurements, the pres-
ence of the Ce conversion layer underneath the hybrid layer in the du-
plex CeP-Hyb coating also imparts self-healing ability (active protec-
tion) to the coating system. In this sense, in this protection strategy, it
is important that the Ce ions source remains isolated from the bulk
electrolyte, avoiding the lixiviation of the major part of the corrosion
inhibiting species to the solution, this role is guaranteed by the barrier
imposed by the hybrid layer, an strategy already employed by other re-
searchers in the protection of Al alloys [100,103].

4. Conclusions

The present work dealt with the corrosion behavior in a saline elec-
trolyte of a cerium conversion coating (CeP), a hybrid sol-gel coating
(Hyb), and a duplex CeP-Hyb coating deposited onto the WE43-T5 mag-
nesium alloy. The bare artificially aged WE43 substrate was used as a
reference for corrosion resistance. The results allowed for demonstrat-
ing the following:

I) The single treatment in Ce(NO3)3.¢H,O + 10 % v/v Hy0,
aqueous solution does not significantly increase the corrosion
resistance of the WE43-T5 Mg alloy, apparently due to the non-
homogeneous surface microstructure of the cerium conversion
layer generated, as shown by the SEM results.
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Fig. 13. LEIM diagrams of the WE43-T5 alloy coated with (a,c,e,g) Hyb and (b,d,f,h) CeP-Hyb. Coatings with an artificial defect.

II) The hybrid sol-gel coating deposition improves the corrosion III) The addition of a cerium-based conversion layer before the
protection of the WE43-T5 Mg alloy. Nevertheless, hydrogen hybrid sol-gel coating increases the corrosion protection of the
evolution during the coating application generates defects that protective system due to the more homogeneous surface
could decrease the effectiveness of the coating in long periods in morphology obtained compared to the single sol-gel coating, as
contact with aggressive environments. demonstrated by AFM measurements of the as-produced coating

and SEM micrographs of as-produced and corroded samples.
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Fig. 14. Optical micrographs of the artificial defects after the LEIM test for 24 h in NaCl 5 mM: (a) hybrid sol-gel sample (Hyb) and (b) duplex CeP-Hyb sample. (c)
SEM micrographs and (d) EDS analysis of the interior of the defective region of the duplex CeP-Hyb sample after the LEIM test.

IV) LEIM experiments showed self-healing capabilities for the CeP-
Hyb sample. Indicating that Ce species from the underlying
conversion layer can migrate to defective sites and hinder the
development of corrosion activity.

V) The results of the EEC fitting procedure revealed that, even
though promising and protective, the produced surface treatment
could be improved, aiming to enhance the barrier properties of
the hybrid coating. This feature is being investigated and will be
published shortly.
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