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Highlights

e PEO with Ce salt sealing and LDHs composite film was produced via hydrothermal
treatment and was then modified by phytic acid.

e PEO-Ce-LDH showed two different surface morphologies.

e Due to the compact insoluble precipitate covered the entire defect, PEO-Ce-LDH-

P had the best self-healing ability.

ABSTRACT:

A composite coating was produced via (i) plasma electrolytic oxidation (PEO)
with Ce salt sealing, on which layered double hydroxides (LDHs) were deposited via
a hydrothermal treatment, and (ii) then modified by phytic acid (PA) via an ion-
exchange reaction. The final coating (characterized using XRD, XPS, FT-IR, SEM,
EDS and GDOES) consisted of LDHs/Mg(OH)./CeO/Ce(OH)z with a non-uniform
Ce distribution. The corrosion protection and self-healing ability were investigated
using polarization curves, EIS, immersion tests and SVET. The composite coating
modified with PA showed the most superior corrosion protection and self-healing

ability, attributed to the synergistic effect between Ce species and phosphate.

Key words: Layered double hydroxides; Self-healing; Plasma electrolytic oxidation;

Corrosion resistance; Magnesium alloys.



1. Introduction

Nowadays, application of protective coating is a widespread and cost-effective
approach to corrosion protection for metallic substrates. The main role of the
protective coating in corrosion protection is to provide a physical barrier for avoiding
contact with the corrosive medium [1,2]. However, in the case of a defect, these
coatings can often cause severe localized corrosion. Therefore, the concept of a smart
coating has been proposed that has some functionality in addition to being a
conventional barrier coating. Such a smart coating has an imbedded system that is
capable of a response when the coating is subjected to stimuli from the environment,
such as pH, aggressive species, breakdown by mechanical damage, dissolution,
humidity or moisture [3].

Self-healing coatings are a recently developed class of smart coatings, in which
minor damage or defects are actively repaired by the coating without the need for any
external intervention [4]. Usually, the self-healing ability is achieved by introducing
corrosion inhibitors into the coating. Corrosion inhibitors can diffuse to the exposed
metallic surface around the defect, and interact with the metallic substrate to form
stable precipitates on the defect. As a result, the defect can be healed in such a way.
The traditional manner of using corrosion inhibitors is to directly mix the corrosion
inhibitor with the binder, which makes up the coating. However, the following
problems are likely: (i) poor dispersion of the corrosion inhibitor throughout the
coating, and (ii) the interaction between the corrosion inhibitor and the polymer

substrate. Both these problems influence the release kinetics of the corrosion inhibitor,



and likely lead to poor inhibition, or even lack of functionality.

Encapsulation strategies have been widely proposed in order to avoid such
problems, e.g. by White et al. [5]. In their study, the microcapsules included a healing
agent (dicyclopentadiene, DCPD) and Grubbs’ catalyst particles, and were embedded
into a structural polymeric material, to achieve a superior self-healing effect.
Subsequently, there has been significant development of the encapsulating technology
for corrosion inhibitors. Encapsulation has the following advantages over the
traditional approach: (i) the corrosion inhibitor may be easily leached from the
coating, (ii) the encapsulation can be designed so that the corrosion inhibitor is
released by some trigger and (iii) encapsulation may provide a long-term healing
effect of induced defects and consequently may provide long-term protection of the
metallic substrate [3]. Examples of encapsulating containers are: (i) inert capsules
which play no role other than to isolate the corrosion inhibitor from the polymeric
material, and (ii) ion exchange materials which release the corrosion inhibitors in
exchange for aggressive ions (e.g. chloride ions). Zhang et al. [6] developed a copper
(11) 8-hydroxyquinolinate (Cu(8HQ)2) 3D network container, which they loaded with
benzotriazole (BTA). They showed that the BTA embedded in the 3D network
structure was rapidly released from the composite coating to inhibit corrosion when
the coating was scratched. To increase the amount of corrosion inhibitor released,
inorganic nanocarriers SiO2 were coated with polyelectrolyte shells assembled by the
Layer-by-Layer (LbL) technique, and BTA was then incorporated between oppositely

charged polyelectrolyte layers. When corrosion was about to start or had already



started, the triggered release of the BTA was achieved using the permeability
dependence of the polyelectrolyte shell on pH to provide release of the corrosion
inhibitors [7,8].

Furthermore, layered double hydroxides (LDHSs) have been widely investigated as
nanocarriers because of their excellent ion-exchange capability [9-13]. Tedim et al.
[14] found that LDHSs nitrate produced effective chloride nanotraps, and were
sensitive to the chloride concentration in the bulk solution. Moreover, LDH
nanocarriers loaded with corrosion inhibitor can play a double role: (i) entrapment of
aggressive anionic species such as Cl and (ii) a triggered release of anionic corrosion
inhibitors [15]. The schematic representation of an ion-exchange reaction is shown as
Fig. 1.

Recently, attempts to combine a LDH coating with a plasma electrolytic oxidation
(PEO) coating on aluminium (Al) have become a rapidly growing research area. The
production of the LDHSs on the PEO coating can seal the pores of the PEO coating,
which improves the corrosion protection provided by the PEO coating for the
substrate. In addition, the LDHSs can store and release inhibitors, and thus provide the
function of a self-healing, protective, corrosion retarding coating. Dou et al. [16]
reported that the LDH growth occurs preferentially (i) on the bumpy areas of the PEO
coating with high specific surface area, (ii) on areas of complicated composition, and
(iii) on y-AlO3 rather than on a-Al,0Os. Moreover, Serdechnova and Mohedano [17]
grew ZnAl-LDH nanocontainers in-situ on the surface and in the pores of the PEO

layer, vanadate ions were then intercalated into them. The results showed that such a



sealing improved the corrosion resistance and vanadate-containing LDHs can
effectively heal the defects, suppressing corrosion. They further investigated the effect
of the voltage used to produce the PEO on the growth of LDHSs, and found that
coatings produced at higher voltages had a decreased number of LDH flakes on the
surface of the PEO layers [18].

However, the above publications were based on Al alloys, and the study of PEO
coatings on magnesium (Mg) alloys modified with LDHs is still limited. Our previous
works proposed an easy approach to growing MgAI-LDHs on the anodized Mg alloy
AZ31[19,20]. The obtained results showed that MgAI-LDHs fabricated on the anodic
layer provided good protection of the Mg substrate against corrosion. With this
method, MgAI-LDHs were produced on the surface of the PEO treated Mg alloys in
the present work. Furthermore, there is a growing demand for corrosion inhibitors that
are less toxic or not toxic and are more biodegradable [21]. Usually, cerium (Ce) was
selected to seal the porous PEO layer, providing a higher corrosion resistance [22,23].
Moreover, Ce as a rare earth (RE) inhibitor has been proven [24]. Therefore, Ce was
selected herein to pre-treat the porous PEO layer on the Mg alloy in order to obtain a
strongly self-healing and corrosion protective composite coating. Moreover, Chen et
al. [10] reported modification of LDHs using environment-friendly corrosion inhibitor
phytic acid (PA) solution. Hence, in this work phosphate from the PA solution was
intercalated into the LDH galleries via an ion-exchange reaction after the deposition
of the LDHSs on the PEO layer modified with a cerium conversion coating (CCC). The

resulting coatings were investigated using XRD, XPS, SEM, EDS, FT-IR and



GDOES. The corrosion performance was evaluated using Tafel extrapolation of
polarization curves, EIS, immersion tests, and the localized electrochemical
technique, scanning vibrating electrode technique (SVET).
2. Experimental Methods
2.1 Materials

The Mg alloy AZ31 had the nominal composition of Al 2.5-3.5%, Zn 0.6-1.3%,
Mn 0.2-1%, Ca 0.04%, Si 0.1%, Cu 0.05% (all in wt.%), and balance Mg. Deionized
water was used as the solvent.
2.2 Specimens preparation

The specimens with size of 20 mm x 20 mm x 5 mm were ground to 2000 grit
using SiC papers on all surfaces, ultrasonically cleaned in ethyl alcohol, and then
dried in warm air. The PEO coating was produced for 600s using a pulsed AC power
supply with a square electrical signal (100 Hz, + 250 V/ - 50 V, 26%). The frequency
and duty ratio were 100 Hz and 26%, respectively. The electrolyte, containing 7.14
g/L NaOH and 4 g/L NaAlO., was continuously stirred and the temperature of
electrolyte was maintained at 25 £ 5 °C by a self-made water cooling system. The
obtained PEO treated specimens were designated as PEO. Subsequently, the as-
prepared PEO specimens were cerium conversion coated by immersion in the
aqueous solution containing 5 g/L Ce(NOs)s and 0.5 g/L H202 at 50 °C for 2 h ina
water bath, and these specimens were designated as PEO-Ce.

The MgAI-LDH coating on the PEO-Ce specimens were produced by treatment

of the specimens hydrothermally in 0.1 M NaNOs solution in a Teflon-lined stainless



steel autoclave at 398 K for 12 h. These specimens were designated as PEO-Ce-LDH.
Phosphate anion loading was performed by immersion of the PEO-Ce-LDH
specimens into the 40 mL/L PA aqueous solution of pH 11 at 80 °C for 1 h. The pH of
the PA aqueous solution was adjusted using 2 M NaOH. These specimens were
designated as PEO-Ce-LDH-P.
2.3 Characterization

The crystallographic structure was studied using X-ray diffraction (XRD; Rigaku
D/Max 2500X, Japan) using a Cu target (40 kV, 150 mA) at a glancing angle of 1.5°,
within the range of 20 = 5 - 80° and at a scanning rate of 4° min'. Fourier transform
infrared spectra (FT-IR; Thermo Scientific Nicolet 1S5, US) were obtained in the
range of 4000-400 cm. Surface and cross-sectional morphologies of the specimens
were investigated using field emission scanning electron microscopy (FE-SEM; JEOL
JSM-7800F, Japan). For cross-sectional examination, sections of the specimens were
generated by ultramicrotomy (UC; Leica EM UC7, Germany) using a diamond knife.
The chemical composition of the LDH coatings was evaluated using energy
dispersive spectroscopy (EDS; Oxford INCA Energy 350, UK) and X-ray
photoelectron spectroscopy (XPS; Thermo Scientific ESCALAB 250Xi, US) with Al
K, radiation (1486.6 eV). Glow discharge optical emission spectroscopy (GDOES;
Horiba Scientific GD Profile 2, French) depth profile analysis was carried out at a
pressure of 700 Pa and at a power of 40 W.

Polarization curves and electrochemical impedance spectra (EIS) were measured

using a three-electrode cell with a saturated calomel reference electrode, a platinum



counter electrode and the coated Mg substrate as the working electrode.
Electrochemical measurements were performed using a CIMPS-2 Zahner system. The
polarization curves were recorded from -2.0 Vsce to 0.5 Vsce at a sweep rate of 1 mV
s, The impedance measurements used a sine signal with an amplitude of 10 mV. The
range of measured frequencies extended from 0.01 Hz to 100 kHz, with a logarithmic
sweep of 7 points per decade. All the spectra were recorded at the open circuit
potential. The experimental impedance plots were fitted to equivalent circuits using
the Zview software. The scanning vibrating electrode technique (SVET)
measurements were performed using Bio-Logic Uniscan M470. The vibrating
microelectrode vibrated at 80 Hz with an amplitude of 30 um at an average distance
of 200 um from the surface of the specimens. Each scan consisted of 100 x 100 points
and took about 20 minutes. Artificial defects, whose length was approximately 10
mm, were introduced into the coated specimens by a sharp knife.
3. Results and Discussion
3.1 Structure, composition and morphology

XRD patterns of PEO, PEO-Ce, PEO-Ce-LDH and PEO-Ce-LDH specimens are
presented in Fig. 2. The PEO coating was composed of MgO and Al>Oz. Treatment in
the Ce containing solution produced the diffraction peaks corresponding to CeOs.
Valdez et al. [21] and Scholes et al. [25] also detected cerium in the 3-valence state
(Ce(OH)3) after treatment in a Ce containing solution. No obvious diffraction peaks
corresponding to Ce(OH)s herein may be attributed to the fact that the Ce(l11)

hydroxide was present in an amorphous form. Production of the LDHs on the PEO-Ce



produced the diffraction peaks characteristic of LDHSs, corresponding to the 003 and
006 planes [26]. The intensity of the (00I) reflection family (I = 3 and 6) had
contributions by diffraction from both the LDH host layers containing Mg or Al
cations coordinated octahedrally by hydroxyl groups and the interlayer anions [27].
Wang et al. [28] and Zhang et al. [29] had also reported the presence of the MgAlICe-
LDHs and the ZnAlCe-LDHs in their studies, respectively. Wang et al. [28] suggested
that the intercalation of Ce into the LDH layers can result in a large distortions of the
LDH layers and a decrease in the crystallinity because of the large ionic radius of Ce.
Fig. 2 shows a weaker crystalline structure for LDHs in PEO-Ce-LDH, which may
indicate the presence of some MgAICe-LDHs in PEO-Ce-LDH. Moreover, the
original sharp peak of CeO. at about 28° changed to a hump peak. Usually, a hump
peak is related to an amorphous phase [30]. Therefore, this result implies that the
crystallinity of the CeO, decreased after the growth of the LDHs. Moreover, the peaks
of Mg(OH). were also visible. After the ion-exchange process in the PA solution,
characteristic reflections 003 and 006 shifted toward lower angles, indicating
phosphates were intercalated into LDH the interlayer successfully.

In order to further understand the change processes of cerium and the interlayer
anions before and after treatment, sensitive XPS were measured for PEO-Ce, PEO-
Ce-LDH and PEO-Ce-LDH. High resolution XPS spectra for the different specimens
for (a) Ce 3d; (b) O1ls; (c) N 1s and (d) P 2p are presented in Fig. 3. For the Ce**, the
split 3ds2 and 3ds/> core holes were usually consisted of two multiplets, namely v, v",

v and u, u”, u™, which have already been reported [31-33]. The peaks v u and v"' u"
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were the results of Ce 3d%4f2 O 2p* and Ce 3d%4f! O 2p° states respectively. The peaks
v'" and u" were attributed to a Ce 3d°4f° O 2p® state. For Ce®", the Ce 3ds2 and 3ds/.
spectra were also usually composed of two multiplets, namely v, v and u°, u'. The
peaks v° and u° are attributed to a Ce 3d°4f2 O2p°® final state. The peaks v' and u' are
attributed to a Ce 3d%f! O2p® final state [34]. Because of the lack of the Ce 4f°
configuration for Ce®*, the satellite peak u" corresponding to Ce 3ds. is characteristic
of the presence of Ce** in Ce compounds [35]. This clearly shows that the presence of
two valence states for cerium in Ce 3d core level (Fig. 3a): Ce (111) and Ce (IV),
which was consistent with the literature [36]. The binding energy (B. E.) of the peaks
are listed in Table 1.

Moreover, the amounts of Ce (IV) and Ce (I11) can be calculated from the Ce 3d
core level using the following equations [37]:

Ce(lV)=v+u+Vv'+u"+v"+u™

Ce (D) =V0+ Ul +Vv +u'

_ Ce(V) 0
Ce (IV) = Ce(IV)+Ce(III) x 100%

_ Ce(Ill) 0
Ce (1) = Ce(IV)+Ce(IIT) x 100%

The respective peak area ratio and the calculated amounts of Ce(1V) and Ce(l11) are
listed in Table 1. These results show that PEO-Ce contained cerium mainly in the 4-
valence state (CeO,, 79%), while the content of CeO, decreased to 59% in PEO-Ce-
LDH and 61% in PEO-Ce-LDH-P. This decrease can be attributed to the

decomposition of CeO», which is in agreement with the XRD results (Fig. 2). In our
previous unpublished study, we found that the LDH coating simultaneously grew in
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opposite directions, i.e., outwards growth to the coating/solution interface and inwards
growth to the Mg substrate. The dissolution of the Mg substrate and interaction with
other reactants lead to such an inwards growth. As a result, some Mg loses electrons
and is oxidized to Mg?*, some Ce*" and H* receives electrons and is reduced to Ce®*
and Ha respectively, and because of the accumulation of OH™ ions, Mg(OH). and
Ce(OH)z are formed. This result agrees with the XRD analyses. The chemical
reactions are described as follows [38,39]:

Mg () + H" (aq) + H20 (aq)— Mg®* (aq) + OH" (aq)+ Hz (@) 1 (1)

Ce* (aq) + & — Ce®" (aq) (2)
Mg?* (aq) + 20H" (aq) — Mg(OH)2 (s) | 3)
Ce3* (ag)+ 20H" (aq)— Ce(OH)s (s) | 4)

In addition, the Ce3* could diffuse into the layers of the LDHSs resulting in the
formation of a small amount of MgAICe-LDHs, which is consistent with the above
XRD analysis and the following SEM result. Moreover, the Ce content (associated
with peak intensity) decreased after the ion-exchange reaction.

The spectrum of N 1s only displayed one peak at 400 eV, corresponding to NOs'".
After the ion-exchange reaction, the spectrum of P 2p exhibited a binding energy at
132.8 eV, indicating the presence of a phosphorus compound in the 5-valence
oxidation state and obviously as a P-O bonded species in LDH interlayer [40].

Fig. 4 presents the FT-IR spectra. The absorption bands at approximately 3693 and
3448 cm™ are ascribed to the stretching vibration of H-O—H and the symmetric
contraction of O—H in the hydroxyls groups, respectively [10,41]. The absorption

12



band at 1640 cm™ corresponds to the interlayer water molecules and the adsorbed
water molecules on the surface [42]. In PEO, the band corresponding to CO3™ can be
attributed to the surface contamination. The bands in PEO-Ce and PEO-Ce-LDH
corresponding to NOgz™ are the result of surface absorption of nitrate from the Ce(NO)3
solution and the interlayer nitrate in the LDHs, respectively. After the ion-exchange
reaction, there was a new band at 1058 cm assigned to PO.*, which indicated that
the inhibitor PO4* was intercalated into the LDH interlayer galleries successfully [10].
It is worth noting that NO3™ was not fully displaced by PO+ Alibakhshi et al. [43]
also had a similar finding in their study.

Fig. 5 shows the surface morphologies of the different specimens. Fig. 5a shows
that the entire surface of PEO was smooth. Fig. 5b, at higher magnification, reveals a
characteristic surface morphology of the PEO layer, composed by pores and micro-
cracks [44]. The formation of such a typical morphology was caused by the gas
evolution through the molten oxide during the PEO process and the thermal stresses at
the sites of the discharge channels [45]. Fig. 5d shows a cracked dry mud-like
structure, the initial pores have disappeared and the entire surface was covered with
cerium-rich nodules, which was in agreement with Rivera’ findings [33]. Valdez et al.
[21] suggested that the initial formation of CCC was attributed to the deposition of
small particles, occasionally cracked. With increasing reaction time, small particles
grew and integrated to form larger particles. Therefore, there were different sized
spherical particles (nodules). Hu et al. [46] reported that only a long treatment period
in Ce-containing solution could result in the formation of cracks, and that the cracks

13



are the result of stress relief, which is due to the faster deposition rate of the CCC.
Moreover, the following CCC growth process has been proposed. Adding H20> can
result in the alkalization of Ce salt solution:
H20: (aq) + 2e" — 20H" (aq) (5)
The accumulation of OH ions generated in reaction (5) results in an increase of pH.
As is well known, weak acidic, neutral, or alkaline baths are not suitable for Ce salts
because of their high hydrolysis tendency. For example, when [Ce3*] is 0.05 M, pH
must be lower than 3.6 [24]. Therefore, the increasing pH causes the precipitation of
Ce hydroxides on the surface of PEO layer:
Ce®* (ag) + 30H" (aq) — Ce(OH)s (s) | (6)
The H20- also plays an additional role as an oxidant, interacting with Ce3* and
leading to Ce®* being oxidized to Ce** in solution by the formation of a complex:
2Ce*" (ag) + H202 (ag) + 20H" (ag) — 2Ce(OH)2** (aq) @)
Further reaction leads to the formation of the CCC mainly composed by CeO2, which
was consistent with XPS analyses, by following reactions:
2Ce(OH)2?* (aq) +2 OH" (ag) — CeO2 -H20 (s) + H20 (8)
2Ce(OH)2%* (aq) +2 OH" (ag) — CeO2 (s) + 2H,0 9)
Fig. 5e presents the SEM morphology of PEO-Ce-LDH. There were two different
surface morphologies in the PEO-Ce-LDH, which are marked as zone 1 and zone 2.
The higher resolution micrographs of zone 2 in Fig. 5g shows a typical flake-like
LDH structure. Fig. 5f shows that zone 1 contains circular or hexagonal flake-like
structures, which are similar to the typical structure of LDHs. Wang et al. [28]
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suggested that this structure corresponds to MgAICe-LDHs. Furthermore, the EDS
spectra (Fig. 6) corresponding to zone 1 and zone 2 show that zone 1 is Ce-rich, while
there is no Ce in zone 2. These results may indicated the presence of MgAICe-LDHs
or/and CeO; or/and Ce(OH)s in zone 1 and the non-uniform distribution of the Ce in
the entire surface. It was worth noting that LDHs were still mainly composed of
MgAI-LDHes in this case.

After intercalating phosphate ions, the surface morphology of PEO-Ce-LDH-P
changed, which was attributed to recrystallization [47]. It also has been reported that
this change in morphology is related with the occurrence of fragmentation in the
initial stage of fast anion exchange [48].

Moreover, as suggested by Crea et al. [49], PA also can deprotonate according to
the following equilibrium:

HiPhy'2 < H* + Hi Phy02 D (1= 12,11, .. ., 2, 1) (10)
where the completely deprotonated form of PA is denoted by Phy'?~. Moreover, it is
worth noting that PA can strongly chelate with metal cations. Mg?* and AP* from the
Mg substrate or/and Mg and Al oxides/hydroxides chelate with PA and form
deposition products. The chemical reactions are as follows [50]:

XAPR* + HiaPhy!2 ")~ < (Al)«(Hi.1Phy) (11)
yMg**+ HiaPhy!27 ™ 5 (Mg)y(Hi1Phy) (12)
3.2 Cross-section SEM and GDOES analyses

Fig. 7 shows cross-sectional SEM images of different specimens. Fig. 7a shows

that there were different sized pores throughout the PEO coating. Accordingly, sealing
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IS a necessary step to increase the corrosion resistance of any anodized layer [51].
After the further treatment in the Ce containing solution, the CCC layer shown in Fig.
6b, covered the entire surface of the PEO coating, accompanied by micro-crack
formation. The CCC exhibited a sealing effect on the PEO coating, which is marked
in Fig. 6b. At the beginning of the treatment, the Ce solution penetrated into the pores
of the PEO layer to precipitate of CeO> or/and Ce(OH)s. Then these pores were
covered with spherical deposits. The spherical deposits simultaneously formed on the
surface of the PEO layer, creating a barrier to the inward permeation of Ce solution
into underlying pores of PEO layer. After the deposition of the LDHs on PEO-Ce, the
thickness and the density of the coating had significantly increased. There was a two-
layer structure as shown in Fig. 7c. According to our previous work, on the one hand,
the LDH coating growth depends strongly on the dissolution of the PEO coating. On
the other hand, the PEO coating cannot be dissolved completely. The inner layer is a
result of the inwards growth of coating, and mainly consisted of Mg(OH). and LDHs,
as described above. The outer layer is a mixed layer including Mg, Al and Ce oxides
or hydroxides. Fig. 7d shows a slight increase in thickness to 2.8 um and that the
coating had become compact.

The GDOES depth profiles for the different specimens are shown in Fig. 8. There
were three main regions in the depth profiles of PEO (Fig. 8a): (I) PEO layer
sputtering; (I1) sputtering transition from the PEO layer to the substrate; and (I11) the
substrate sputtering. For PEO-Ce (Fig. 8b), the O signal rapidly increased and then
rapidly decreased and Ce enriched in Zone I. This result indicated the enrichment of
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Ce oxides or hydroxides in the surface of PEO-Ce, which was consistent with the
SEM cross-sectional image. Zones I, 11 and IV were the PEO layer sputtering, the
simultaneous sputtering of the PEO layer and the Mg substrate and sputtering of the
Mg substrate, respectively. After fabrication of LDHs on PEO-Ce (Fig. 8c), the Mg,
Al, O and Ce signals were similar to PEO-Ce. The N signal existed in Zone | and
Zone 11, indicating the presence of nitrate-containing LDHSs in these two zones. After
the ion-exchange reaction for PEO-Ce-LDH (Fig. 8d), the P signal appeared in Zone |
and Zone 11, which indicated that PO4>- was intercalated into the LDH galleries
successfully. Moreover, it was worth noting that Ce signal was also detected in Zone
I (markedly in Fig. 8d), which was significantly different from PEO-Ce and PEO-
Ce-LDH. This result may indicate to the Ce inward diffusion to the substrate, and this
diffusion may be correlated with the recrystallization or the occurrence of
fragmentation during the HA treatment process
3.3 The overall corrosion resistance

Fig. 9 shows representative polarization curves of different specimens in 3.5 wt.%
NaCl aqueous solution. For comparison, the polarization curve of the Mg substrate is
also shown in Fig. 9. The corrosion parameters are summarized in Table 2, where Ecorr
and icorr are the corrosion potential and the corrosion current density, respectively, be
and ba are the cathodic and anodic Tafel slopes. The Ecorr and icorr Values for PEO
were -0.46 Vsce and 2.31 pA-cm, respectively. In contrast to the Mg substrate, the ba
and bc values significantly increased, which implied that the PEO coating hindered
both the anodic reaction and the cathodic reaction. Further treatment in the Ce
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containing solution, caused the b value of PEO-Ce to futher increase while ba
decreased. This result indicated that corrosion products of PEO-Ce could block the
cathodic zones, effectively decreasing the cathode area and accordingly suppressing
cathodic hydrogen evolution reaction. As a result, it leaded to a decreasing of current
density (icorr = 0.68 pA-cm™) and a lower corrosion rate. For PEO-Ce-LDH, there was
the reverse trend (b decreased, ba increased) compared with PEO-Ce. Table 2 shows
a considerable decrease of icorr iIn PEO-Ce-LDH-P; icorr decreased by around 2-3
orders of magnitude when compared to the Mg substrate, which implied the best
corrosion protection for PEO-Ce-LDH-P. Moreover, the polarization resistance (Rp),
which is inversely proportional to the corrosion rate, can be calculated using the

simplified Stern-Geary equation [52]:

. __ baxbe
P 2.3icorr (b + be)

The calculated values of R, are also presented in Table 2. In addition, the two
breakdown potentials (En: and En,) for PEO-Ce-LDH and PEO-Ce-LDH-P can be
ascribed to the self-healing, which is discussed in section 3.4.

Fig. 10 presents Bode plots for different specimens after (a) 30 min, (b) 7 days
and (c) 21 days immersion in 3.5 wt.% NaCl agueous solution at room temperature.
The EIS spectrum in a broad frequency range may exhibit one, two or more time
constants depending on whether the coating has a single-layered or multi-layered
structure, whether it is porous or compact, whether the space-charge region that puts
restrictions on the charge transfer forms at the potential used, or the charge transfer
process is effected by diffusion [53]. Fig. 10a shows two well-defined time constants
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in the frequency-phase angle diagram. The relaxation process at high frequencies
corresponds to the porous layer, and the other at low frequencies, to the inner compact
layer. Usually, the electrochemical properties of the coatings and their specific
structural features or physicochemical process are characterized by an equivalent
circuit (EC) to interpret the EIS spectrum. The EC in Fig. 10d (i) was used to fit EIS
data in Fig. 10a. Rso corresponds to the solution resistance; Rpor and CPEpor are the
resistive and capacitive response of the outer porous layer; Rinn and CPEin, are the
resistive and capacitive response of the inner compact layer. Because of the
nonhomogeneity, caused by heterogeneity of chemical composition, the degree of
crystallinity and stoichiometry, and the presence of the space-charge region, it was not
possible to analyze the interfacial processes of charge transfer using ideal capacitors
and resistors [53]. Therefore, the constant phase elements (CPE) were used herein to
characterize the non-ideal resistive and capacitive behavior of the coated specimens
[54], described by the formula:

Z(w) =K(Gw)™,
where n is the angular frequency, j = v/—1, and 0 < n < 1. Table 3 lists the fitting
results. Rpor of PEO-Ce was lower than that of PEO, which was attributed to the poor
adhesion to the PEO layer. Moreover, the values of nin of PEO and PEO-Ce were
close to 1, which indicated a capacitive behavior with excellent dielectric properties.

After 7 days and 21 days in contact with the 3.5 wt.% NaCl aqueous solution, the
relaxation processes in some cases were difficult to distinguish in Fig. 10b and 10c
due to a strong overlap. But the chi-squared (%) error value was 10 order of
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magnitude for all cases, implying that the EC in Fig. 10d (ii) was adequate for fitting
Fig. 10b and 10c. When the aggressive media reach the coating/metal interface
through micro-pores or micro-cracks, the corrosion of Mg substrate begin to occur.
The corrosion process can be interpreted by the capacitive response of the double
layer on the electrolyte/substrate interface (CPEq) and the Faradaic charge transfer
resistance (Rct), which is associated with the electrochemical reactions in the
electrolyte/substrate interface region. After immersion of 7 days, both Ryor and Rinn OF
all specimens increased, indicating a significant improvement of the coating
protective properties. Especially, PEO-Ce-LDH had the highest values in Rpor
(4.3x10°Q cm?) and Rinn (1.6x10% Q cm?) compared with others. After further
immersion to 21 days, PEO, PEO-Ce and PEO-Ce-LDH in Rpor, Rinn and R¢t began to
decrease in different degrees. Nevertheless, Rpor, Rinn and Ret of PEO-Ce-LDH-P all
exhibited an increasing trend, which indicated a superior self-healing ability for the
defects in the corrosion process. Usually, the low-frequency impedance modulus
(|Z]0.01 H2) also exhibits the overall protective performance of the coating [29]. Table 3
shows that Ret of 4.3x10° Q cm? for PEO-Ce-LDH-P was four orders of magnitude
larger than that of PEO-Ce-LDH (3.3x10° Q cm?), indicating a good synergistic effect
between Ce species and PO+ ions in the corrosion protection.

Fig. 11 shows the XRD patterns and corresponding optical photographs (the
inserts) after 21 days immersion in 3.5 wt.% NaCl aqueous solution. For PEO and
PEO-Ce, diffraction peaks corresponding to Mg(OH). were significantly larger than
for the other coatings, indicating their corrosion products were mainly Mg(OH)2 and
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consistent with considerable corrosion during the immersion. The inserts show that
PEO and PEO-Ce specimens had corroded seriously and were covered with a
significant layer of corrosion products. In contrast, the diffraction peaks for Mg(OH)-
for PEO-Ce-LDH and PEO-Ce-LDH-P were very weak, indicating a better corrosion
protection of these coatings. The photographs after 21 days of immersion show that
there was corrosion only at the edges of PEO-Ce-LDH, whereas there was no obvious
corrosion for PEO-Ce-LDH-P.
3.4 Self-healing ability

EIS spectrum gives the averaged global electrochemical response of the
specimens. In contrast, a localized technique such as SVET can provide the localized
electrochemical behavior, including the magnitude and distribution of the anodic and
cathodic activity on the corroding surface [55]. In order to evaluate the self-healing
ability for different specimens, artificial defects were introduced into the coated
specimens by a sharp knife. Fig. 12 presents the optical photographs of the scratches
before the test, and the SVET maps after 2 h, 10 h, and 24 h immersion in 3.5 wt.%
NaCl aqueous solution for the various specimens. The SVET map for PEO showed
strong corrosion activity already at the initial stages of immersion, and that the
corrosion intensity did not weaken with longer immersion, indicating that the PEO
coating provides only a barrier protection for the Mg substrate. For PEO-Ce, there
were several anodic regions (red colour) and cathodic regions (blue colour) at the
early stages of immersion. With longer immersion, there was a decrease in the
corrosion activity, but, some significant corrosion activities remained and did not fully
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disappear. These corrosion activities were marked by red or blue circles. This
indicated that the self-sealing ability of PEO-Ce was limited. For LDHs deposited on
PEO-Ce, some electrochemical corrosion activities marked by red or blue circles at
the initial stages decreased remarkably after 24 h immersion. This behavior showed
that the LDHs had the ability to entrap corrosive species (CI) as discussed in our
previous study [19]. Some level of corrosion retardation was also the result of the
release of Ce from the coating. The released Ce cations precipitated in the cathodic
areas to heal these scratches.

As for PEO-Ce-LDH-P, several anodic and cathodic regions marked in Fig. 12
also showed a decrease after 24 h exposure to NaCl solution. Combined with the front
view and left view of the SVET map (Fig. 13), it is indicated that the best corrosion
protection and self-healing performance occurred for PEO-Ce-LDH-P. The good
inhibitive action of PEO-Ce-LDH-P can be ascribed to the release of inhibitive
species (PO4+*) from the LDH and the precipitation on the anodic regions of
Mgz(POa4)2. The synergistic effect between the Ce cations released from the coating
with PO4>~ anions leads to better coating formation on the scratch with higher
inhibition performance. Moreover, this synergistic effect is favored by the Ce inward
diffusion during HA treatment (Fig. 8). Fig. 14 shows the surface topographies around
the artificial defects after 24 h immersion for different specimens. The artificial defect
in PEO was mainly covered by the corrosion product Mg(OH)., and only exhibited a
passive corrosion protection. Fig. 14c (PEO-Ce-LDH) shows that some local regions
had not been healed well. The best self-healing ability was for PEO-Ce-LDH-P,
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where the compact insoluble precipitate covered the entire defect. These results were

in good agreement with the SVET results.

In summary, PEO layer only provides a passive corrosion protection for
substrates. The PEO specimens treated by Ce show a limited active corrosion
protection. Matter et al. [56] suggested Ce(l11) revealed a better inhibitive ability than
Ce(1V) at relatively similar conditions of concentration and exposure time. In
addition, PEO specimens treated by Ce and LDHs and then loaded with PA exhibit a
strong self-healing ability.

4. Conclusion

(1) Ce in PEO-Ce mainly existed in the 4-valence state as CeO2 (79%) with some in
the 3-valence state as Ce(OH)s (21%). After deposition of LDHs on the PEO-Ce,
the content of CeO: decreased to 59% in PEO-Ce-LDH and 61% in PEO-Ce-
LDH-P respectively. This can be attributed to i) more Ce(OH)3 formation and ii) a
small amount of Ce3* may have diffused into the LDHs layers resulting in the
formation of MgAICe-LDHs.

(2) The surface of PEO-Ce was covered with cerium-rich nodules. PEO-Ce-LDH
showed two different surface morphologies, namely a flake-like structure and
circular or hexagonal platelet-like structure corresponding to the Ce-rich zones
and Ce-free zones respectively. The result also indicated the non-uniform
distribution of the Ce in the entire surface. Moreover, production of the MgAl-
LDH coating on the PEO-Ce specimens leaded to an increasing in coating
thickness.
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(3) PEO layer only provided a passive corrosion protection for substrates. After the
Ce treatment there was a limited active corrosion protection. Because of the
synergistic effect between Ce species and phosphate, the best self-healing ability
was for PEO-Ce-LDH-P, where the compact insoluble precipitate covered the
entire defect. Furthermore, PEO-Ce-LDH-P exhibited a good corrosion

protection, better than other coatings.
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Figure captions:
Fig. 1 The schematic representation of the entrapment of the aggressive chloride ions

and the triggered release of anionic corrosion inhibitors from LDHs.
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ACCEPTED MANUSCRIPT

Fig. 2 XRD patterns of the different coatings.
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Fig. 3 High resolution XPS of (a) Ce 3d; (b) O 1s; (c) N 1s and (d) P 2p.
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ACCEPTED MANUSCRIPT

Fig. 4 FT-IR spectra for the various coatings.
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Fig. 5 SEM micrographs of (a, b) PEO; (c, d) PEO-Ce; (e, f, g) PEO-Ce-LDH and (h,

i, j) PEO-Ce-LDH-P.
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ACCEPTED MANUSCRIPT

Fig. 6 EDS spectra of (a) zone (1) and (b) zone (Il) in Fig. 5Se.
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Fig. 7 Cross-sectional SEM micrographs of (a) PEO; (b) PEO-Ce; (c) PEO-Ce-LDH

and (d) PEO-Ce-LDH-P.
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Fig. 8 GDOES depth elemental profiles of (a) PEO; (b) PEO-Ce; (c) PEO-Ce-LDH

and (d) PEO-Ce-LDH-P.
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Fig. 9 Polarisation potentiodynamic curves measured in 3.5 wt.% NaCl solution for

different specimens.
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Fig. 10 Impedance spectra obtained for various specimens after (a) 30 min; (b) 7 days
and (c) 21 days immersion in 3.5 wt.% NaCl solution. (d) Equivalent circuits used to

fit the EIS spectra.
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ACCEPTED MANUSCRIPT

Fig. 11 XRD patterns and photographs of the various specimens after 21 days

immersion in 3.5 wt.% NaCl solution.
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Fig. 12 Microphotographs before immersion in 3.5 wt.% NaCl and SVET maps after

immersion in 3.5 wt.% NaCl after 2 h, 10 h, and 24 h for different specimens.
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Fig. 13 The front view and left view of SVET maps for different specimens.
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Fig. 14 Microphotographs after 24 h immersion in 3.5 wt.% NaCl for (a, A) PEO; (b,

B) PEO-Ce: (c, C) PEO-Ce-LDH and (d, D) PEO-Ce-LDH-P.
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Table 1 Compilation of the data from the Ce 3d XP spectrum, binding energies (B.

E.), peak area ratio and the content of Ce (I11) and Ce (1V).

Ce (1) Ce (IV)
VO vl uo ul v Vll Vlll u ull ulll
B. E. 878.9 | 884.1 | 898.0 | 902.1 881.8 | 888.0 897.3 | 900.3 906.9 | 916.1
PEO-Ce | Arearatio | 0.16 |0.63 |0.19 | 0.19 0.96 | 0.67 1 0.49 0.36 | 0.90
Content 21% 79%
PEO-Ce- B.E. 879.5 | 884.3 | 897.3 | 902.0 881.8 | 888.3 898.0 | 900.3 906.7 | 915.8
LDH Arearatio | 0.14 | 0.62 1 0.28 0.86 | 0.58 0.09 |0.40 031 |0.74
Content 41% 59%
PEO.C B. E. 879.6 | 884.3 | 897.8 | 902.0 881.9 | 888.2 897.0 | 900.4 906.7 | 915.9
- e-
LDH-P Arearatio [ 036 |1 0.73 | 0.52 097 |0.71 0.66 | 043 0.42 | 0.97
Content 39% 61%

Table 2 Electrochemical parameters: corrosion potential (Ecorr), corrosion current

density (icorr), anodic (ba) and cathodic (bc) slopes obtained from the Tafel

extrapolation method and the polarisation resistance (Rp).

Ecorr (VSCE) icorr (p,A.Cm'Z) Tafel S|0pe (VdeC_l) Rp (Q'Cm_z)
Substrate -1.00£0.21 |13.60%£1.2 ba: 0.42 b: 0.18 4.02x10°
PEO -0.46+£0.06 | 2.31+0.65 ba: 6.78 b.: 3.78 4.57x10°
PEO-Ce -0.37+£0.03 | 0.68+0.19 ba: 3.58 be: 12.94 1.79x10°
PEO-Ce-LDH -0.34+£0.04 | 0.51+0.23 ba: 6.28 be: 8.11 3.02x10°
PEO-Ce-LDH-P | -0.13+0.06 | 0.05+0.18 ba: 8.42 be: 11.46 4.22x10’
Table 3 Fitted parameters for EIS spectrum depicted in Fig. 10.
. Cpor Rpor Cinn Rinn Cdl Rct
SpeCImenS (S s"cm?) Mpor (Qcm?) (S s"cm?) Rlinn (Q cm?) (S s"cm?) N (Q cm?) Xz
PEO 3.2x10° | 0.7 2.9x10° 7.3x102 | 0.9 | 4.1x10% | - - - 1.7x10°
30 PEO-Ce 5.1x10° | 0.8 3.5x10? 1.0x107 | 0.9 | 2.4x10* | - - - 2.4x10°
min | PEO-Ce-LDH 1.4x10° | 0.6 7.9x10°8 55x10° | 0.7 | 5.4x10* | - - - 2.7x10°
PEO-Ce-LDH-P | 1.2x10° | 0.5 9.3x10° 8.9x10° | 0.8 | 1.2x10° | - - - 2.1x10°
7 PEO 2.1x107 | 0.8 9.8x10° 4.6x107 | 0.7 | 1.8x10° | 2.7x10° | 1 1.4x10* | 6.7x10°
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days | PEO-Ce 1.1x10% | 0.7 1.7x10° | 1.0x10® | 0.1 | 5.5x10* | 2.1x10° | 0.6 | 3.1x10° | 1.8x10®
PEO-Ce-LDH 2.8x10° | 0.1 4.3x10° 3.5x107 | 0.6 | 1.6x10° | 8.0x10° |1 8.9x10° | 4.4x10°
PEO-Ce-LDH-P | 6.1x107 | 0.5 1.3x10* 6.2x10° | 0.4 | 2.1x10° | 4.7x10° | 0.4 | 2.2x10° | 1.3x10°®
PEO 6.0x10° | 0.2 6.4x10? 1.8x107 | 0.6 | 5.5x10% | 9.5x10° | 0.1 | 1.5x10% | 3.2x10°
21 PEO-Ce 1.2x10° | 0.4 1.3x10* 2.7x10° | 0.6 | 4.4x10° | 5.5x10° |1 3.1x10* | 8.4x10*
days | PEO-Ce-LDH 1.7x107 | 0.5 1.9x10* | 1.1x10% | 0.6 | 7.1x10° | 8.0x10° | 0.6 | 3.3x10° | 1.4x10®
PEO-Ce-LDH-P | 7.2x107 | 0.3 3.0x10° 7.0x107 | 0.1 | 1.6x10° | 1.1x10° | 0.9 | 4.3x10° | 7.7x10°®
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