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ARTICLE INFO ABSTRACT

Keywords: In the present study, the surface of AZ31 Mg alloy was pretreated by etching in nitric acid and plasma electrolytic
Magnesium oxidation (PEO). Then Mg-Al layered double hydroxide (Mg-Al/LDH) was synthesized on the pretreated surface
Corrosion

of substrates via hydrothermal treatment to increase the corrosion resistance. The effect of surface pretreatment
(etched substrate and PEO layer) on LDH formation, structure, and corrosion resistance was investigated. Ben-
zoxazine resin (thermosets), has been used for coatings, however, the high curing temperature limits their ap-
plications. For this purpose, a new bio-based benzoxazine resin with a lower curing temperature (160 °C) was
developed to be applicable for Mg alloys. Phenol (Phloretic acid), diol (Dodecandiol), and amine (mono-
ethanolamine) were used to synthesize innovative benzoxazine with exchangeable ester functions and self-
healing ability. This resin was further used for post-treatment of LDH samples. The morphology, chemical
composition, and crystalline structure of LDH samples were characterized by scanning electron microscopy
(SEM), energy-dispersive X-ray spectroscopy (EDS), and X-ray diffraction (XRD). The corrosion resistance of the
coatings was investigated by salt spray test as well as electrochemical impedance spectroscopy (EIS). The LDH
layer on the etched substrates showed better corrosion resistance than the LDH on PEO layer due to having a
thicker inner layer (11.8 &+ 0.2 pm and 7.0 £+ 0.6 pm for LDH on the etched substrate and PEO layer, respec-
tively). Post-treatment of samples with benzoxazine resin showed the effective capability of this polymeric
coating for enhancing the corrosion resistance of Mg alloy substrate. This benzoxazine coating increased the
corrosion resistance of the coating/substrate system around 10* times in comparison to the bare substrate.
Moreover, it was observed that the LDH layer can increase the adhesion and compatibility of the substrate with
benzoxazine resin. These results were confirmed by EIS and cross-cut adhesion tests experimentally as well as
theoretical calculations of the adsorption energy of benzoxazine molecule to the LDH layer using Density
Functional Theory (DFT).

Plasma electrolytic oxidation
Conversion coating

Layered double hydroxide
Benzoxazine resin

1. Introduction

Recently, magnesium alloy substrates have attracted attention due to
desirable properties (like high strength-to-weight ratio), making them
suitable for different applications including transportation, aerospace,
and electronic parts [1]. However, they suffer from low corrosion
resistance due to their intrinsic active nature [2]. In this regard, plasma
electrolytic oxidation (PEO) can be used to increase the corrosion
resistance of the substrates as an efficient surface pretreatment [3].

During the PEO process, a voltage (more than the breakdown voltage) is
applied to the substrate and an anodic layer is produced as the result of
the oxidation reaction. Applied potential acts as the driving force for the
formation of the oxide layer [1]. The formed layer is porous due to the
evolution and entrapment of oxygen gas as well as electrolyte vapors
[4], and thermal stresses formed during the fast solidification of the
produced molten oxide [1,5]. For these reasons, this porous layer should
be further sealed. The composition of PEO coating as well as its structure
can be changed concerning the electrolyte chemicals. The addition of
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aluminate and phosphate can increase the wear and corrosion re-
sistances, thickness, and roughness of PEO coatings [6,7]. Moreover,
KOH affects the properties by changing the conductivity of the electro-
lyte (increasing KOH concentration increases the conductivity) [8].
However, further increases in electrical conductivity can cause the
production of large pores [9].

Layered double hydroxide (LDH) as a surface pretreatment is
composed of di- and trivalent metal cations in the layered structure with
a combination of anions in the interlayer [10]. LDH can enhance the
corrosion resistance of substrates by their anion-exchange property as
well as entrapping corrosive ions in electrolytes like C1~. Moreover, LDH
can be formed on the PEO layer for sealing the existing pores. In this
case, the dissolution of the PEO layer can be the source of metal cations.
For instance, the electrolytes containing aluminate can eliminate the
need for further addition of Al salts [11]. The formation of Mg-Al/LDH
on the PEO layer containing MgO and Al;O3 highly depends on the
hydrolysis of these two compounds on the solid particles of the PEO
layer [12].

Organic coatings are another cost-effective method used in industry
for the protection of Mg alloys [13] and due to the corrosion mechanism
of Mg, alkaline-resistance resin should be used [14]. As a barrier layer,
organic coatings have the ability to prevent Mg alloys from corrosion.
However, their adhesion to the substrate must be enhanced by appro-
priate surface pretreatment. The adhesion is an important factor as
Grundmeier et al. [15] showed corrosion is more dependent on adhesion
than the diffusion of corrosive ions to the substrate. According to the
literature resins like polyvinyl butyral, vinyl epoxy, acrylic, poly-
urethane, or baked phenolic can be applied for corrosion protection of
Mg alloys [14]. Recently, benzoxazine resins have attracted attention
due to their proper thermal and mechanical properties, high chemical
resistance, appropriate glass transition temperature, and low shrinkage
after curing [16,17]. Moreover, their usage as the organic coating for the
protection of Al alloy substrates has shown good corrosion protection
[18].

The first benzoxazine monomers were synthesized by the conden-
sation reaction of amine, formaldehyde, and phenol [19]. The benzox-
azine ring which consists of an oxazine ring attached to the benzene ring
(with phenol, diol, and amine precursors) can be opened by thermal
activation and cathodic polymerization [20]. By varying phenolic and
amine precursors different benzoxazine monomers upon the desired
properties can be obtained. For example, the high curing temperature,
hard to process, and brittleness can be controlled by changing the pre-
cursors [17]. Polybenzoxazines exhibit alkaline resistance, and their
adhesive properties make them suitable as primers [21].

The combination of surface pretreatments along with organic coating
can be an approach for increasing the corrosion resistance of substrates.
In most of the studies related to organic coating with LDH, only a
biocompatible organic coating was used for potential biomedical ap-
plications [22]. In this study, the effect of surface pretreatment on the
formation of LDH and the corrosion resistance of AZ31 Mg alloy was
investigated. Moreover, a new type of benzoxazine resin with lower
curing temperature and self-healing ability (due to transesterification)
was applied on the LDH surface to assess the compatibility of the organic
and inorganic coatings. According to the results, LDH on the etched
substrate can successfully protect the substrate better than LDH on PEO
layer. Moreover, benzoxazine resin improved the corrosion resistance of
the substrates. In addition, the related compatibility of LDH layer with
benzoxazine resin was highlighted using adhesion test and DFT
calculations.

2. Experimental section
2.1. Materials

AZ31 Mg alloy with a composition of 2.5-3.5 % Al, 0.7-1.3 % Zn, 0.2
% Mn, 0.05 % Si, 0.05 % Cu, 0.04 % Ca, 0.005 % Fe, 0.1 % Ni (wt%) and
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balance Mg (supplied from KG Fridman AB (SWEDEN)) was used for the
substrate. NH4NOs3, and Al(NO3)3.9H,0 were purchased from RPL, and
EMPLURA, respectively. Al,O3Na,0 was obtained from Alfa Aesar, and
KOH was supplied from Honeywell. Phloretic Acid (>98 %) was pur-
chased from TCI and NaOH, NagOi1gP¢, 1,12-Dodecandiol (99 %),
Methyl Ethyl Ketone, Dioxolane, and paraformaldehyde were obtained
from VWR chemicals.

2.2. Surface pretreatment

Etching and PEO were used as surface pretreatments for the AZ31 Mg
alloy. For this purpose, etching was performed by immersing samples in
0.25 M and 2 M HNOs solution for 60 s and 30 s, respectively. The
anodic layer was produced on the etched surface of samples in an
electrolyte containing 7 g/L. KOH, 4 g/L Al;03Na50, and 7 g/L NagO1gPg
(due to the appropriate wear and corrosion resistance properties of
aluminate and phosphate based electrolyte [6]) with pH = 12 and the
conductivity of 26 mS/cm (at room temperature) which was measured
by conductivity meter (CO 3100L VWR).

The PEO coating was produced for 360 s using a pulsed AC power
supply with a square electrical signal (+400 V/—30 V). The frequency
and duty ratio were 67 Hz and 33 %, respectively. The thickness of the
produced PEO layer was measured to be 4.7 + 0.5 pm (using cross-
section SEM images).

2.3. LDH formation on the pretreated surfaces

LDH was formed on the surface of the etched substrate and PEO
layer. The LDH preparing solution contained 0.6 M NH4NO3 and 0.1 M
Al(NO3)3 (to provide Al element for participating in LDH structure on
bare substrate [23]). The pH of the solution was increased to 11 by the
addition of 2 M NaOH solution. The pretreated surfaces (etched and
PEO) were placed in a Teflon-lined autoclave along with the prepared
solution. The autoclaves were then heated to 125 °C for 24 h. The
samples with LDH on etched and PEO surfaces are coded as ELDH and
PLDH, respectively.

2.4. Organic coating preparation

2.4.1. Ester synthesis

PA-dodecandiol was prepared using 120 mmol of Phloretic acid
reacted, 72 mmol of Dodecandiol, and 1 mmol of paratoluenesulfonic
acid. All the reagents were placed into a 250 mL beaker equipped with a
stirring bar. The mixture was stirred at 130 °C for 24 h at 150 rpm. After
cooling to room temperature, the crude product was solubilized in 200
mL of Methyl Ethyl Ketone. Then, the solution was washed with
deionized water three times to remove the catalyst. The organic solvent
was dried under vacuum overnight to obtain a dark red viscous product
yield of 92-95 %. 1H NMR (DMSO-dg,ppm): 9.18 (Ar-OH*), 6.97 (Ar*-
OH), 6.67 (Ar*-OH), 3.98 (O=C-O-CH2*), 2.75 (HO-AR-CH2*), 2.55
(HO-AR-CH2-CH2%), 1.53 (O=C-0O-CH2-CH2%*), 1.25 (DD-CH2*-CH2*-).

2.4.2. Benzoxagine synthesis

The synthesis of PA-dodecandiol-mea was performed according to
the following way. 60 mmol of Phloretic ester reacted with 120 mmol of
monoethanolamine and 240 mmol of paraformaldehyde into a 250 mL
beaker equipped with a stirring bar. The mixture was stirred at 85 °C for
150 min and 30 min at 90 °C at 150 rpm. The resulting product was a
dark red viscous liquid. H NMR (DMSO-dg,ppm): 6.92-6.63 (Ar*-oxa-
zine), 4.79 (N-CH2*-0-Ar), 4.51, 3.98 (O=C-O-CH2%*), 3.93 (N-CH2*-
Ar), 3.56 (HO-CH2*-CH2), 2.72 (AR-CH2* + HO-CH2-CH2%*), 2.55 (AR-
CH2-CH2%), 1.51 (O=C-0O-CH2-CH2*), 1.23 (DD-CH2*-CH2*-). FTIR
(em™1): PA-dodecandiol-mea: 1700 (C=0 stretching from the ester),
1230 (C-O-C stretching asymmetric), 1118 (C-H inplane bending mode
18a and 18b), 1034 (C-O-C stretching symmetric), 937 (C-H out of plane
bending vibration bands oxazine mode 10a and trisubstituted benzene).
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2.5. Coating pretreated substrates

The samples with dimensions of 5 x 4 cm? were coated by benzox-
azine resin using solvent casting. For this purpose, 0.05 g of monomer
was dissolved in 1 mL of acetone, and using a pipet the prepared solution
was homogenously applied on the samples. The coated samples were
kept at room temperature (23 + 0.5 °C) for 2 h to remove the solvent
(evaporation of acetone), and then they were heated up to 160 °C for 2h
to cure the benzoxazine. The thickness of the obtained benzoxazine
coatings on Mg, PEO, ELDH, and PLDH was 13 + 4,14 + 4,12 + 1 pm,
and 12 + 2 pm, respectively.

2.6. Characterization

The surface morphologies, and thickness of layers, as well as the
elemental composition of PEO and LDH layers, were investigated by
scanning electron microscope (SEM, Hitachi SU8020) equipped with an
energy dispersive X-ray spectrometer analyzer (EDS, Thermo Scientific
Noran System 7). To obtain cross-section images, samples were
embedded in resin (EpoFix resin and EpoFix hardener) and Struer
TegraForce-5 was used for grounding them with 800, 1200, 2000, and
4000 SiC papers. The crystalline structure of surfaces was investigated
with X-ray diffraction (XRD, Panalytical Empyrean Theta — Theta) with
CuKa radiation (A = 0.154056 nm) and Ni filter with a step of 0.02" and a
scanning rate of 1.2°/min in the 20 range from 4° to 70°. Moreover, the
adhesion test was performed according to ISO 2409. The surface
roughness of the samples was measured utilizing the digital microscope
HIROX KH-8700.

The electrochemical impedance spectroscopy (EIS) was performed in
0.1 M NaCl solution, saturated with Mg(OH); using a ModulLab
controlled by XM-Studio® software. A classical three-electrode system,
which consisted of a platinum counter electrode, an Ag/AgCl (sat. KCl)
reference electrode, and samples, as working electrodes with an exposed
area of 0.78 cm? were used. EIS measurements were performed in a
frequency range from 100 kHz to 100 mHz with 61 points using a 10 mV
peak-to-peak sinusoidal voltage. These conditions were used for EIS
measurements of samples without organic coating, however, for the
samples with organic coating, the exposed area was 7.06 cm? in 0.1 M
NaCl solution and a 30 mV peak-to-peak sinusoidal voltage was applied.
The salt spray test was carried out using Q-LAB Model SSP equipment
according to the ASTM B117 on intact samples with and without organic
coating. The thickness of organic coatings was measured using Elc-
ometer® 456. Each experiment was performed at least three times.

2.7. Density functional theory (DFT)

Quantum-chemical calculations were carried out to better under-
stand the chemical interactions between the organic coating and Mg-
based substrates. A simplified version of the organic coating (Fig. 1),
generated by keeping one part of the symmetric experimental molecular
compound, was used to facilitate the computations. The impact of the
substrate’s composition on the organic coating adhesion was investi-
gated by comparing the interaction energy of the organic molecule with
4 surfaces: a) pristine magnesium (Mg), b) magnesium oxide (MgO), c)
magnesium hydroxide (Mg(OH)2), and d) Mg:Al hydroxide with car-
bonate between the layers (MggAlo(CO3)(OH)16) for Mg-Al/LDH. These
calculations were done at the Density Functional Theory (DFT) level
with a periodical slab approach using the Vienna Ab Initio Simulation
Package (VASP) [24,25]. The projected augmented wave (PAW) scheme
with a plane-wave basis set of 500 eV was used. The exchange-
correlation was treated using the PBE functional [26] and Van der
Waals interactions described with the DFT-D3 grimme approach
[27,28].
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Fig. 1. Simplified model of benzoxazine molecule for DFT calculations (the
black, white, red, and blue balls stand for C, H, O, and N atoms, respectively).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

3. Results and discussion
3.1. Morphological and chemical characterizations

Fig. 2 shows the SEM images of the surface and cross-section for the
samples. Fig. 2(a) shows the layered structure of LDH on the surface. The
SEM image of PEO surface shows typical pores related to the oxygen and
hydrogen gas evolution as well as electrolyte vapors [1,4]. Moreover,
from Fig. 2(c), it can be observed that the small pores in the structure of
PEO layer (Fig. 2(b)) are filled with LDH and they are formed inside of
the bigger pores (Fig. 2(c)). Fig. 2(d-f) display the cross-section of
samples. After the formation of LDH, two layers have been created, the
inner compact layer and the porous outer layer in both LDH samples (on
the etched substrate and PEO layer). These layers are shown in Fig. 2(d-
f). In the case of sample PLDH, after the formation of LDH an inner
compact layer is formed with a decrease in the PEO layer thickness (the
thickness of PEO layer in Fig. 2(e) is 4.7 £+ 0.5 pm and after LDH for-
mation in Fig. 2(f) it decreases to 3.3 £ 0.6 pm) indicating the inability
of complete dissolution of PEO layer. This compact inner layer is due to
the inward growth of the coating [29,30]. The thickness of the inner
layer for ELDH and PLDH are 11.8 + 0.2 pm and 7.0 + 0.6 pm,
respectively, which is lower for PLDH due to the existence of the PEO
layer and limitations for dissolving.

EDS results from the cross-section of samples can be seen in Fig. 3.
The EDS cross-sections for LDH samples in Fig. 3(a), (c) show Al element
concentrated on the surface which is attributed to the LDH formation
[31]. Moreover, the elemental composition of the PEO layer (O, Mg, Al,
and P) in Fig. 3(b), (c) can be observed. According to EDS results and
literature, the inner layer is mainly composed of Mg(OH), [29].

The XRD diagrams of samples are presented in Fig. 4. The charac-
teristic peaks of Mg, Mg(OH),, and LDH are marked in this figure ac-
cording to JCPDS No. 00-035-0821, 00-007-0239, and 00-038-0478,
respectively. The characteristic peaks at 43.35° can be attributed to the
MgO in the PEO layer for PEO and PLDH samples [29]. In the samples
with LDH, Mg(OH); peaks at 18.43° and 38.02° show the dissolution of
Mg for the production of LDH [32]. The LDH characteristic peaks in both
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PEO + Outer layer
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Inner layer

Fig. 2. SEM images of surface: a) ELDH, b) PEO, c¢) PLDH, and cross-section: d) ELDH, e) PEO, f) PLDH.

0

Mg

Al P

Fig. 3. EDS mapping of the cross-section of a) ELDH, b) PEO, and c) PLDH.

of the samples with LDH are also observed at 11.5° and 23.3° related to
(003) and (006), respectively [12]. According to the literature, the
concentration of Mg can affect the layer charge density and change the
configuration of the intercalated anion [33]. In the case of LDH forma-
tion on the bare substrate, the dissolved Mg (Mg2+ cations) and conse-
quently Mg(OH), is more than LDH on the PEO layer according to SEM
images of cross-section and XRD diagram (higher-intensity Mg(OH),
peaks for ELDH), which leads to a smaller sized (lateral) LDH (Fig. 2).
Important peaks are highlighted in Fig. 4.

3.2. Electrochemical measurements (EIS)

The graphical representations related to the EIS results of immersed
samples in 0.1 M NacCl solution are indicated in Fig. 5.

At the frequency of 0.1 Hz, the value of impedance, denoted as |Z|,
shows the overall substrate/coating’s impedance. This value is indica-
tive of the protective quality of the coating against corrosion [31].

Comparing these values for samples shows the highest amount for PEO
and ELDH (>10° Q.cm?) after 1 h immersion. With passing time to 7
days, the impedance modulus at low frequency decreased for PEO to
<10* Q.cm? while for the samples with LDH, this amount is >10% Q.cm?.
For the bare substrate (denoted as Mg in the figure), the impedance
modulus at frequency of 0.1 Hz was decreased after 24 h immersion
(from 1892 Q.cm? to 1170 Q.cmz), then it was increased after 7 days
(2266 Q.cmz) that can be related to the formation of corrosion products
on the surface [31].

The phase angle at high frequency, indicative of the protective
capability of the outer layer, reaches its maximal absolute value for
ELDH after 1 h of immersion in the NaCl solution, at approximately
—50°. The decrease in the absolute value of phase angle to below —30°
at high frequency after 7 days of immersion for all the samples indicates
the loss of protection [31]. Moreover, the most decrease was related to
the PEO sample (after bare substrate). After 1 day of immersion, all
samples displayed an inductive loop, which can be attributed to the non-
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stationarity of the Mg alloy substrates and EIS measurements [34].

EIS is also used to assess the evolution of the corrosion activity of the
coating in 0.1 M NacCl solution. After being immersed for 7 days, LDH
coatings maintained their impedance modulus at 0.1 Hz (~10* Q.cm?)
indicating proper corrosion resistance of these samples. At intermediate
frequency (from 10° to 10% Hz), the phase angle of PEO coating de-
creases more than two other samples after 7 days of immersion, repre-
senting the penetration of the electrolyte into the coating system and the
beginning of electrochemical reactions under the coating.

The electrochemical properties and specific structural characteristics
of the coatings are analyzed using equivalent circuit models [31]. Fig. 6
(a) shows equivalent circuits used for analyzing and fitting EIS results
for samples after 1 h immersion and Fig. 6(b) for 1 day and 7 days im-
mersion. For PEO after 1 h of immersion circuit in Fig. 6(c) and for bare
substrate during all immersion times, Fig. 6(d) were applied. In these
circuits, the resistance and constant phase elements of the outer porous
layer and compact inner layer of coatings are presented by out and in,
respectively. Microcracks or micropores in the coating allow corrosive
species to invade the metal interface, which will cause the Mg matrix to
corrode. The interface of substrate-electrolyte response capacitance is
represented by CPEq and the charge transfer resistance is interpreted as

Rt throughout the corrosion evolution. The value of impedance at low
frequency (0.1 Hz) and R (in Table 1 and Fig. 7(a), (b)) changed with
passing time, showing decrease of the barrier properties of the coating
and increasing corrosion rate (due to decreasing R.) [35]. However,
comparing R shows higher values for samples with LDH representing
lower corrosion rates that can be attributed to the thick inner layer of
LDH and better protectivity of these coatings. In addition, Ry and Ry of
all coatings reflecting resistance of outer and inner layers, have a
downward trend after 7 days immersion, indicating reduction of the
corrosion resistance. The comparison of these results with the results of
LDH with corrosion inhibitors in the literature [12], shows better pro-
tectivity of the LDH coatings in this study. In the equivalent circuits, the
capacitance of the outer and inner layers are shown with CPE,,; and
CPE;;, respectively. Fig. 7(c) shows the values of CPE;; are at the lowest
position for samples with LDH especially for ELDH (higher inner layer
thickness for ELDH) representing the compact inner layer and better
corrosion resistance. The results of fitting EIS data are presented in
Table 1.
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Table 1
Results of fitted EIS diagrams for samples at different immersion times.
Sample Ry L, Rout CPEq,¢ n Rin CPE;, n Ret CPE4 n
(Q-cm?) (Henry) (Q-cm?) (Q Ls"em™?) (Q-cm?) (Q Ls"em?) (Q-cm?) (Q Ls"em™?)

Mg-1h 3214 2270 - - - - - - 2942 1.1 x10°° 0.88

Mg-1d 1516 1181 - - - - - - 2770 2.8 x 107° 0.80

Mg-7d 6304 4541 - - - - - - 3243 2.0 x 107° 0.84

PEO-1h - - 1343 3.6 x 1078 0.96 7.8 x10° 6.1 x 1077 078 - - -

PEO-1d 220 120 374 3.6 x 1078 0.96 4681 9.7 x 1077 0.82 1153 7.3 x107° 0.82

PEO-7d 952 350 168 7.6 x 1078 0.89 1065 2.7 x 107 0.99 977 8.2 x107° 0.82

ELDH- - - 2298 3.0 x 107° 0.94 2.9 x10° 1.5 x 1077 0.64 2.9 x10° 1.1 x107° 0.74
1h

ELDH- 956 343 2028 7.9 x 1078 0.80 15,390 6.8 x 1078 0.99 5932 7.9 x 107° 0.70
1d

ELDH- 235 2696 1042 1.4 x 1077 0.80 10,113 2.6 x 1077 0.99 4793 8.1 x107° 0.77
7d

PLDH- - - 1540 4.6 x 1078 0.86 13,307 5.9 x 1077 0.68 41,615 1.4 x 107° 0.69
1h

PLDH- 16,297 1207 1224 6.1 x 1078 0.84 12,944 6.2 x 1077 0.75 37,588 21 x107° 0.70
1d

PLDH- 9106 1709 900 8.1 x10°8 0.79 11,981 7.1 x1077 0.81 26,865 2.5 x107° 0.79
7d
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Fig. 7. Evolution of a) impedance modulus at frequency 0.1 Hz, b) R, and c) CPE;, for all of the samples at different immersion times.

3.3. Evaluation of benzoxazine coatings adhesion

Comparing images of the samples after the cross-cut adhesion test (6

parallel and 6 perpendicular lines) as well as measurements for the
surface roughness (Fig. 8(e)) show better compatibility of the benzox-
azine with LDH samples. According to Fig. 8(b), the PEO coating does

074(€

Roughness (um)

PEO

ELDH

PLDH

Fig. 8. The cross-cut adhesion test images for a) Mg/B, b) PEO/B, ¢) ELDH/B, and d) PLDH/B. e) Surface roughness (R,) of samples covered with benzoxazine resin.
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not have proper adhesion to the benzoxazine (the marked part in Fig. 8
(b)). Etching of bare Mg substrate can increase the roughness of the
surface which can increase the adhesion of the organic coating. This can
be the reason for better adhesion of benzoxazine coating to Mg substrate
than the sample with PEO layer. Investigating the interaction energies
between benzoxazine and the surfaces of various samples (Mg, PEO,
ELDH, and PLDH) will be further discussed (chemical effect
investigation).

3.4. Electrochemical measurements (EIS) with benzoxagine resin

The Bode plots of EIS test for samples with benzoxazine coating after
immersing samples in 0.1 M NaCl solution for 1 h, 24 h, and 7 days are
shown in Fig. 9.

In all of the samples coated with benzoxazine resin, improvement in
corrosion resistance is observed while comparing the same samples
without benzoxazine resin (Fig. 5). The evolution of impedance (at
frequency 0.1 Hz) in Bode diagrams with time shows decrease in
corrosion resistance of Mg/benzoxazine (Mg/B) and PEO/benzoxazine
(PEO/B). After immersion of PEO/B for 7 days, the sample was corroded
intensely which made it unable to measure impedance. However, for the
samples with LDH coating, the impedance at low frequency was quite
constant with time while it shows higher modulus impedance for ELDH/
benzoxazine (ELDH/B) than PLDH/benzoxazine (PLDH/B) (107 Q.cm?
and 2 x 10° Q.cm? for ELDH/B and PLDH/B after 7 days immersion,
respectively). The phase diagram of ELDH/B is almost constant for
different immersion times, showing proper protectivity of this coating
while for PLDH/B after 1 day of immersion, another time constant at
mid-frequency appeared (would be explained further). For fitting the
impedance data, the equivalent circuits in Fig. 10 were used.

In these circuits, Repat and CPE, are related to the resistance and
constant phase elements of the benzoxazine coatings. Due to the pene-
tration of electrolyte in benzoxazine coating and formation of the metal-
electrolyte interface, another loop is added to the equivalent circuit of
samples and shows charge transfer resistance (R.) and double layer
capacitance (CPEq)). The circuit in Fig. 10(a) is used for fitting data of
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Mg/B samples during the whole immersion times. For this sample, the
decrease in Repat (from 7 x 10° to 7960 Q-cm?) and Rt (from 339,820 to
1858 Q-cm?) after 7 days of immersion can be seen in Table 2, showing
the decrease in protectivity of the coating.

For fitting results of PEO/B after 1 h circuit in Fig. 10(b) was used
which shows the resistance (Rpgp) and constant phase elements (CPE-
peo) of the PEO coating, however, after 1 day immersion, another loop is
added which corresponds to the inductive peak in the Bode phase dia-
gram of this sample (R; and L; in Fig. 10(c)). Fig. 10(d) shows the circuit
related to ELDH/B for all of the immersion times. In this figure, Ry py and
CPEpy are related to the LDH layer. The decrease in resistance (from
505,570 to 190,660 Q-cm?) and increase in constant phase elements
(from 3.9 x 10~ to 4.5 x 1072 Q@ L.s™cm™2) of the coating can be
observed in Table 2 showing the loss of coating protection. The fitting of
PLDH/B EIS results after 1 h and 24 h immersion was performed using
Fig. 10(d). The addition of a time constant in mid-frequency (from 10° to
102 Hz) in the Bode phase diagram of PLDH/B after 7 days immersion
can be attributed to the penetration of electrolyte and creating the loop
related to the metal-electrolyte interface (Re and CPEq; in Fig. 10(e)).

According to the fitting data, the highest Reoy¢ value after 7 days
immersion is related to the samples with LDH (as the surface pretreat-
ment) and more specifically ELDH/B, representing proper corrosion
resistance of the coating that can be attributed to the better adhesion of
benzoxazine coatings to LDH layer as well as better corrosion resistance
of ELDH (R with the value of 2.9 x 10% Q-cm?). The value of fitting data
is presented in Table 2. CPE as a descriptor of the non-faradic electro-
chemical process, cannot be defined as a physical parameter, hence,
effective capacitance should be calculated according to Eq. (1) to have
practical information [36,37].

Cerr = Yo" X Reoud ™/ X sin (nm/2) (€8]

In this equation, Y and n are the characteristic parameters of CPE.
Fig. 11 shows increase in the calculated effective capacitance (Ceff) of
the organic coatings of all the samples. Increase in the values of Ceff is
related to the penetration of the electrolyte and higher amount of
dielectric constant of water in comparison to the organic coatings [38]
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Fig. 9. Impedance spectra obtained for samples covered with benzoxazine resin after (a), (d) 1 h, (b), (e) 24 h, and (c), (f) 7 days of immersion in 0.1 M NaCl solution.
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Fig. 10. Equivalent circuits used to fit the EIS data from samples with benzoxazine coating.

Table 2
Results of fitted EIS diagrams for samples with benzoxazine coating at different immersion times.
Sample Ry Ly Reoat CPEoat n Rpeo/RipH CPEpgo/CPELpH n Ret CPEg n
(Q-cm?) (Henry) (Q-cm?) @ 1s"em?) (Q-cm?) @ Lshem?) (Q-cm?) @ ts"em?)

Mg/B-1h - - 7 x 10° 5.5 x 107° 0.92 - - - 339,820 1.4 x107° 0.90

Mg/B-1d - - 65,671 1.3 x 1077 0.69 - - - 6566 1.5 x107° 0.90

Mg/B-7d - - 7960 8.1 x1077 070 - - - 1858 7.4 x 107° 0.89

PEO/B- - - 18,271 5.1 x107° 0.96 4.9 x 10° 5.9 x 1077 0.64 - - -
1h

PEO/B- 15,806 6130 1033 1.5 x 1078 0.89 6613 6.1 x 1077 075 - - -
1d

PEO/B- - - - - - - - - - - -
7d

ELDH/B- - - 1.06 x 107 5.8 x10°1° 0.8 3 x 107 8.3x 1078 077 - - -
1h

ELDH/B- - - 191,530 4.3 x107° 0.94 2.5 x107 5.6 x 1078 0.50 - - -
1d

ELDH/B- - - 190,660 45x107° 0.93 1.6 x 107 6.1 x 1078 050 - - -
7d

PLDH/B- - - 6446 1.0 x 107° 0.99 241 x 10° 1.0 x 1077 0.61 - - -
1h

PLDH/B- - - 13,447 1.6 x 107° 0.98 3.13 x 10° 1.2 x 1077 0.67 - - -
1d

PLDH/B- - - 13,084 1.5 x 107° 0.99 8x10° 2.4 x 1077 0.64 52x10° 63x10° 0.99
7d

as according to Eq. (2) the dielectric constant (¢) is in direct relation with
the amount of capacitance (&g, A, and d represent the dielectric constant
of medium and space, testing area, and distance, respectively [39]):

C = egoA/d (2)

It can be observed that the value of Ce is the lowest for samples with
LDH which can be attributed to the better adhesion of the organic
coating and preventing further penetration of electrolyte for these
samples.

3.5. Salt spray

Fig. 12 shows the images of the tested specimen before and after 1
day and 7 days of exposure in the salt spray chamber. The images of

samples without benzoxazine show the corrosion occurrence after 1 day
which is the least for ELDH. With the application of benzoxazine, the
samples could be protected for 1 day except for PEO/B. The benzoxazine
coatings on the etched surface of Mg showed some small blisters after 1
day while for the benzoxazine coating on PEO, vivid signs of corrosion
could be observed. Moreover, after 7 days, the coatings on these two
samples were completely ruined. After 7 days, no visible changes were
observed in the coatings applied on the LDH (ELDH and PLDH), indi-
cating the compatibility of the coating with the LDH surface and their
effective protective properties.

3.6. DFT calculations

DFT calculations were used to investigate the interaction energy
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Fig. 11. Effective capacitance (Ceff) of benzoxazine coating calculated
from CPEcoat.

between benzoxazine resin and surfaces of Mg, MgO, Mg(OH),, and
MgsAl2(CO3)(OH)16. MgO can be used for simulating the surface of the
PEO layer as MgO peaks are mostly observed in XRD diagram of PEO
(Fig. 4(b)) and MgeAl(CO3)(OH)16 for LDH surface. The geometry
optimization of the organic molecule/surface interface was done by
relaxing the position of the molecule and the top layers of the Mg-based
surfaces using the conjugated gradient algorithm until the atomic forces
were lower than 0.01 eV/A.

The interaction energy, Ei,, was calculated by the difference be-
tween the total energy of the relaxed molecule/Mg surface (Emo1/mg) and
the energy of the molecule (Epo) and surface (Egyf) alone, in their
relaxed interface geometry.

Eine = Emol/Mg - [EMg +Emol]

The atomic charges and bond orders were computed from the DFT
electronic density using the DDEC/6 partition scheme [40]. The sum of
bond order (SBO) was defined by summing all Ap,-A atomic pairs where
Ap, is any atom of the organic molecule and A, is any atom of the surface.

Before 1d 7d

Surface & Coatings Technology 479 (2024) 130538

This quantity is used as an indicator of the chemical anchoring of the
organic molecule with the surface.

Table 3 isrelated to the unit cell and electronic properties for the four
investigated interfaces in which (a, b) are the surface lattice vectors, and
A is the surface occupied by one molecule. The surface thickness was
computed as the difference between the atomic positions of the bottom
and top atoms of the surface. Qp, is the sum of atomic charges on the
adsorbed molecule.

Fig. 13 shows the schematic illustration of structures and their
charge transfer. The pristine Mg surface shows that the molecule used as
an organic coating has a strong interaction with magnesium (an inter-
acting energy of —2.62 eV). The SBO is also large and equivalent to 3
single covalent bonds. A deeper analysis of the BO pair shows that the
interaction is mainly driven by three connections between the molecule
and the surface: 2 0—Mg bonds (bond length of 2.12 A and 2.27 A with
BO of 0.44 and 0.55) and 1 N-Mg bond (bond length of 2.29 A and BO of
0.40). The intensity of these connections leads to a displacement of the
Mg atoms from the surface plane to the molecule by 0.25-0.57 A. A
similar interaction energy is obtained for the MgO surface (—2.65 eV)
while the charge transfer from the surface to the molecule is reduced
compared to Mg (—0.082|e| vs —0.245 |e|). By comparison, the pristine
magnesium hydroxide surface Mg(OH), exhibits a lower interaction
energy of —1.51 eV. The charge transfer is also inverted with electrons
moving from the molecule into the surface. The presence of aluminum in
the structure and carbonate between layers has a large impact on the
result. The first effect is the displacement between the two (HO-metal-
OH) layers. In the case of pristine Mg(OH); the distance between the two
metal layers is 4.58 A. This distance increases to reach 6.23 A for our

Table 3
Unit cell and electronic properties for the four investigated interfaces.
Mg MgOo Mg(OH), MgeAlx(CO3)
(OH)16
(a,b) (A) 19.06 x 16.98 x 12.70 x 12.70 x 15.87
15.88 12.74 15.87
A (RY 262.2 216.3 174.53 174.53
Thickness 7.8 6.3 8.6 10.7
(A)
Ein (eV) —2.62 —2.65 —-1.51 -3.60
Qmo1 (€) —0.245 —0.082 +0.118 —0.053
SBO 3.04 2.14 1.56 2.25
Before 1d 7d

Fig. 12. Macroscopic images of the samples before and after salt spray test a) Mg, b) PEO, ¢) ELDH, d) PLDH, e) Mg/B, f) PEO/B, g) ELDH/B, and h) PLDH/B.
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Fig. 13. Side views of computational models for the optimized adsorbed structure of simplified benzoxazine molecule onto the (a) Mg, (b) MgO, (c) Mg(OH),, and (d)
MgeAl2(CO3)(OH); 6 surface. The orange, red, brown, white, small, and big blue balls stand for Mg, O, C, H, N, and Al atoms, respectively. The size and direction of
arrows represent the intensity of the charge transfer. The dashed line is the surface, and all structures are shifted to have the surface at the same position. The increase
of the MggAl>(CO3)(OH);6 layers is shown by the full line. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

model i.e. MgeAl2(CO3)(OH)16. Mg to Al substitution leads also to a
weak charge transfer (due to the presence of the carbonate which
balanced the charges at the interface) that is 0.053 |e| moving from the
metal into the molecule while for Mg(OH);, it is 0.118 |e| going in the
opposite way. The presence of aluminum atoms increases the interaction
energy which reaches —3.6 eV i.e. a value comparable to those obtained
on the pristine Mg and MgO surfaces. In the case of carbonate, a third
contribution can be present implying electrostatic pair interaction (i.e. a
coulombic interaction between each point charge). This contribution
should be higher in MggAl5(CO3)(OH);6 due to the large charge dis-
persity while for pure Mg, the metal layers have globally a small net
charge. To summarize, in the DFT calculations for investigating the in-
teractions in detail, the proper compatibility of the benzoxazine mole-
cule with Mg was detected and it was observed that the existence of Al as
well as carbonate in the interlayer can increase the interaction energy
with the organic molecule.

These results are in good agreement with the results obtained from
adhesion tests. Moreover, the effect of the adhesion of organic coatings
to the substrate on the corrosion resistance of the substrate is more than
the diffusion of corrosive ions to the substrate [15]. Thus, better adhe-
sion of the coating can increase the corrosion resistance. In the case of
Mg and MgO as the surfaces of etched Mg substrate and PEO layer, the
interaction energy is almost the same while the charge transfer is more
for organic molecule and Mg surface (in comparison to organic molecule
and MgO surface). These results are in accordance with the better
corrosion resistance of Mg/B than PEO/B (Figs. 9(a), (b) and 12(e), ().
MgeAl2(CO3)(OH)16 structure, which can be a model for LDH layer, is
crucial to have better interaction energy and consequently better
adhesion of the surface to the organic coating. According to DFT results
and better adhesion of the benzoxazine molecule to the LDH model, the
corrosion resistance should be improved which is in agreement with the
experimental results of EIS and salt spray tests. Therefore, even though
surface pretreatments (etching and PEO) can increase corrosion resis-
tance, the formation of LDH is necessary in the case of post-treatment
with organic coatings to improve their adhesion and consequently the
corrosion resistance.

4. Conclusion

In this study, LDH was successfully formed on the surface of the
etched and PEO layer of AZ31 Mg alloy via one-step hydrothermal
treatment. The proper corrosion resistance of LDH produced on the
etched substrate was observed during 7 days of immersion in 0.1 M NaCl
solution. This sample showed better corrosion resistance due to the
thicker LDH inner layer in comparison to the LDH on PEO layer.
Moreover, the samples were post-treated with a new bio-based ben-
zoxazine resin for further sealing and corrosion enhancement of

11

samples. The produced benzoxazine resin showed proper compatibility
with Mg surfaces and increased corrosion resistance. However, the best
corrosion resistance was observed for LDH samples with benzoxazine
resin attributing to the appropriate adhesion of benzoxazine to the LDH
layer. These results were confirmed by cross-cut adhesion test and DFT
calculations. Therefore, it was shown that the existence of LDH along
with our organic coating can physically and chemically enhance the
corrosion resistance of magnesium alloys.
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