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Abstract: A hydrophobic surface was fabricated on a micro-arc oxidation (MAOQ) treated AZ31 Mg alloys via surface modification
with myristic acid. The effects of modification time on the wettability of the coatings were investigated using the contact angle
measuring device. The surface morphologies and structure of the coatings were evaluated using SEM, XRD and FT-IR. The
corrosion resistance was investigated by potentiodynamic polarization curves and long-term immersion test. The results showed that
the water contact angle (CA) increases gradually with modification time from 0 to 5 h, the highest CA reaches 138 “after being
modified for 5 h, and the number and size of the micro pores are decreased. The modification method hardly alters crystalline
structure of the MAO coating, but improves the corrosion resistance based on the much positive potential and low current density.
Moreover, the corrosion resistance and hydrophobicity can be enhanced with increasing the alkyl chain. The wetting and spreading
for the alkylcarboxylate with low surface energy become easier on the micro-porous surface, and alkylcarboxylate monolayer will be
formed through bidentate bonding, which changes the surface micropores to a sealing or semi-sealing structure and makes the MAO
coating dense and hydrophobic. All the results demonstrate that the modification process improves the corrosion protection ability of
the MAO coating on AZ31B Mg alloy.
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1 Introduction

Nowadays, there has been an increasing attention
focused on corrosion protection of Mg alloys because the
poor corrosion resistance has severely restricted their
widespread application in the automotive, aerospace and
electronics industries [1-4]. An effective approach to
protect Mg alloys from corrosion is to create a
super-hydrophobic surface with a large water contact
angle (>1509 and a sliding angle (<10, which can
exhibit better resistance to corrosion compared with a
hydrophilic surface [5-13]. However, there are two
inevitable problems when producing a super-
hydrophobic surface on Mg alloys [7]. One is the high
chemical and electrochemical activity. Mg alloys are
susceptible to reacting with many substances, such as

acid, alkali, and saline solutions; so, some methods have
only been applied to the metals which are relatively inert
or can form tight passivation films on their surface like
copper, aluminium, and titanium [14-17]. Consequently,
some approaches mentioned in literatures could be
impracticable for use with Mg alloys due to the possible
side reactions. Another problem is that the chemical
activity is not homogeneous because Mg alloys consist
of more than two phases. For the above reasons, a
two-step process is involved in fabricating an artificial
super-hydrophobic coating on Mg alloys: to form a
rough micro/nanostructured surface, and then modify the
surface using low surface energy materials. Using this
principle, a super-hydrophobic layer was prepared on Mg
alloys, and demonstrated to exhibit better corrosion
resistance [7—13]. Although these methods are relatively
simple to create super-hydrophobic surfaces on Mg
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alloys, some of them used relatively expensive reagents
to prepare a micro/nanostructured surface, such as
Ni [9,10], Co [11], and Ag [12]. Furthermore, fluorinated
chemicals, which are expensive and may harm the
human body and environment, are still used as
hydrophobic modifying reagents [6,8]. Therefore, it is
exigent to explore a green and more effective approach
to retard the corrosion of Mg alloys.

Micro-arc oxidation (MAO), also known as plasma
electrolytic oxidation (PEO) and anodic spark deposition,
is a promising process to fabricate a high corrosion and
wear resistant coating on Mg alloys due to its simplicity
and low cost [18—25]. Meanwhile, the structure of an
MAOQO coating on an Mg alloy typically consists of a
porous outer-layer and a thin barrier layer [18—20]. The
presence of a higher pore density on the surface of the
MAO coating increases the effective surface area and
thus the tendency for a corrosive medium to adsorb and
concentrate into these pores. Subsequently, the corrosive
medium could quickly infiltrate into the inner regions of
the coating, contact and interact with the substrate, and
consequently deteriorate the corrosion protection of the
coating through localised changes in pH value [21,22].
Fortunately, the pores formed in the MAO coating can
contribute to releasing the residual stress of the coating
during micro-arc discharge [23], and produce a
mechanical interlocking effect to improve the adhesion
of topcoats [24,25]. In addition, the porous out-layer can
also offer a rough surface to create hydrophobic coating,
further to enhance the corrosion resistance of the MAO
coating on Mg alloys [13,26,27].

Based on the two-step process to create an artificial
super-hydrophobic coating on Mg alloys, we present a
simple and efficient fabrication process of a hydrophobic
surface on AZ31 Mg alloy. Wherein MAOQO technology
was employed to first prepare an MAO coating with a
rough micro-pore structure, which was then modified
using a green and long chain substance with a low
surface energy [13]. Recently, the researches on an MAO
coating modified by myristic acid and stearic acid were
carried out. The results show that the surface
morphology and corrosion resistance of the modified
MAO in the former are not as good as that of the coating
in the later (stearic acid), resulting in that less research
on myristic acid was performed. This work is focused on
the structure and corrosion resistance of the modified
MAO coating by myristic acid, obtaining a comparison
of corrosion resistance between the myristic acid and
stearic acid.

2 Experimental

2.1 Materials
All solvents and chemicals were purchased from

Chengdu Kelong Chemical Reagent Co., China, and
were of chemically pure grade, and used without further
purification. The substrate material used for this
investigation was an AZ31B Mg alloy with a chemical
composition (mass fraction) of 3.1% Al, 0.9% Zn, 0.23%
Mn, 0.1% Si, 0.01% Cu, 0.005% Ni, 0.003% Fe and
balance Mg. All samples were cut to sizes of 30 mm x
20 mm <2 mm.

2.2 Pre-treatment

First, the cut Mg alloy samples were degreased in
an alkaline solution containing 45 g/L NaOH, 10 g/L
NazPO412H,0, and 0.1 g/L sodium dodecyl sulfate
(C12H250NaS0;) at 65 <€ for 10 min, and then rinsed
with deionized water. Second, the samples were
metallographically ground using 600—1200 grit silicon
carbide paper, rinsed with deionized water, ultrasonically
degreased in acetone for 30 min, and then dried in warm
air.

2.3 MAO coating

The AZ31B Mg alloy samples were used as the
anode, and a stainless steel cylinder with 150 mm in
diameter and 300 mm in length was used as the cathode
during the MAO process. The electrolyte was made by
dissolving 15 g/L Na,SiOs, 3.0 g/L NaF, 20 g/L NaOH,
and 1.0 mL/L glycerol in deionized water, and then
placed into the cylinder. The stainless steel cylinder was
placed in a water-cooled pipe to keep the temperature of
the solution below 45 <C during the MAO treatment. The
preparation of the MAO coating was carried out with a
fixed voltage using a 30 kW AC power supply during the
MAO process. The voltage, frequency, duty cycle, and
duration time were 260 V, 300 Hz, 30%, and 10 min,
respectively. Subsequently, the MAO-treated samples
were rinsed for 10 min in an ultrasonic bath, and then
dried in warm air.

2.4 Modification

The cleaned MAO-treated specimens were
immersed into an ethanol solution of 0.2 mol/L myristic
acid (CHs(CH,)1,COOH) for 0 h (MAO AZ31+0 h), 1 h
(MAO AZ31+1 h), 3 h (MAO AZ31+3 h), or 5 h (MAO
AZ31+5 h), and then were placed into drying oven to dry
at 60 <C for 1 h.

2.5 Characterization and testing

Water contact angle was measured by an optical
contact angle-measuring device (JC2000D,
POWEREACH, China) at ambient temperature with a
water droplet of about 5 pl. An average contact angle
value was determined by measuring five different spots
for each sample. The surface morphologies of the
coatings were investigated by SEM (VEGA 3 SBU,
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Tescan, Czech Republic). The XRD (D2 PHASER,
Bruker, Germany) operated with Cu K, radiation was
used to determine the phase composition of the coatings.
Infrared spectra of the modified MAO coating were
recorded with a FT-IR spectrometer (NICOLET 6700,
Thermo Scientific, USA) using KBr pellets at ambient
temperature.

All electrochemical experiments were performed in
a 3.5% NaCl aqueous solution at room temperature using
an electrochemical system (CHI660E, Shanghai Chenhua,
China). An electrochemical cell with a three-electrode
configuration was used, consisting of a saturated calomel
electrode (SCE) as reference electrode, a platinum sheet
as auxiliary electrode, and the coated samples as working
electrodes. The working electrode was set in a custom-
made Teflon holder, which had a circular window of
1 cm? exposed to the electrolyte solution. The open
circuit potentials (OCPs) of the samples were recorded
after immersion in the 3.5% NaCl solution for ~30 min
for their stabilization at room temperature (25 <C). Then,
the potentiodynamic polarization (PDP) curves of the
samples were recorded using a scanning rate of 1.0 mV/s

and a scanning region set to #4500 mV with respect to the
OCP. The electrochemical parameters such as corrosion
potential (@), corrosion current density (Jeor), and
cathodic Tafel slopes (b.) were derived from the cathodic
polarization curves by Tafel extrapolation using an
electrochemical software (CHI, Version 12.23, USA).
The Tafel slop potential range was —60 mV with respect
to Jeorr- These tests were repeated at least three times for
reliability and reproducibility.

In order to further prove the long-term corrosion
resistance of the coatings, a total immersion test was
investigated in a 3.5% NaCl solution. The ratio of
solution volume to a sample surface’s area is 20 mL/cm?
according to ASTM G31-72 (2004). After the
immersion tests, the corrosion products were removed in
a chromic acid solution (200 g/L CrO3;+10 g/L AgNO3).

3 Results and discussion
3.1 Microstructure and wettability

Figure 1 shows the surface morphologies and CAs
of the MAO coatings modified for different time. It is

Fig. 1 Surface morphologies and contact angles (insets) of MAO coatings modified by myristic acid for 0 h (a), 1 h (b), 3 h (c) and
5 h (d), and stearic acid for 10 h (e) and high magnification view (f) of Fig. 1(e)
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obvious from this that some pores, island-structures, and
volcano-like structures are visible in Fig. 1(a), which is
generally considered typical features of MAQO coating
[18—20]. With increasing the modification time, some
sealing or semi-sealing structures of the surface pores are
observed (Figs. 1(b)—(d)). These results indicate that the
surface structure of the MAO coating is changed by the
modification of myristic acid. Nevertheless, the surface
of the modified coating by the stearic acid is more
uniform and smooth than that of the modified coating by
the myristic acid (Figs. 1(d)—(f)) [13]. This result should
be ascribed to the higher acidity of the myristic acid than
the stearic acid, leading to an uneven corroded surface.

The water droplet on the surface of the unmodified
MAO coating spreads out over the surface, and the static
contact angle is nearly 0° (inset in Fig. 1(a)), which
allows the water droplet to easily wet and to quickly
penetrate into the coating. In contrast, the water droplets
show a very spherical shape on the surface of the
modified MAO coatings, indicating that the surfaces of
the modified MAO coatings exhibit distinctly
hydrophobic properties. Additionally, the contact angle
increases  with  increasing  modification  time
(Figs. 1(b)—(d)), and a maximum contact angle of 138 <is
reached after modification for 5 h, implying that the
CH5(CH,);,COO— was successfully adsorbed on the
micro-arc oxidation AZ31 Mg alloy.

Comparing the static CAs in Figs. 1(c) and (d), it is
obvious that the value increases less when the immersed
time was increased from 3 to 5 h. In experiment, even
though the immersed time would be 10 h or longer, the
values of the angles are still between 130 and 140<
which reach a nearly constant value. The value of a static
CA increases with increasing hydrocarbon chain length,
indicating that higher hydrophobicity can be provided via
the carboxylate ion with longer alkyl tails [28]. A
maximum static contact angle of 151.5 was obtained by
the same method in an ethanol solution of stearic
acid [13], suggesting that the hydrophobic nature is not
only related to the surface structure of the substrate, but
also related to the substance of the adsorbed layer.

In order to conveniently analyse and discuss the
related results, the MAO coating modified for 3 h is
called the H-MAO coating (i.e., hydrophobic MAO
coating) from this point forward.

3.2 XRD patterns

The XRD patterns obtained from an MAO coating
and an H-MAO coating are shown in Fig. 2. It is clear
that the MAO coating consists of MgO, MgSiO; and
MgF,, which indicates that both the Mg substrate and
electrolyte were involved in its formation. The Mg peaks
imply that the X-rays are capable of penetrating the
coating to reach the substrate. Although there is a slight

difference for their position between the MAO coating
and H-MAO coating, no new phases appear in the
pattern of the H-MAO coating. It is noted that the
diffraction peak intensity of MgO is slightly decreased,
and other peaks, e.g., MgSiO; and Mg, are remarkably
increased. This suggests that MgO and amorphous
phases in the MAO coating, or more specifically its outer
layer, may be dissolved during the modification
process [13]. This is also concordant with the formation
of precipitates that were observed during the
modification of the MAO-treated samples.
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Fig. 2 XRD patterns of MAO coating and H-MAO coating

3.3 FT-IR characterization

In  order to prove the existence of
CH3(CH,);,COO — and its bonding to the MAO
coating, FT-IR characterization was employed. As
shown in  Fig. 3, the high-frequency region of the
spectra obtained displays the adsorption peaks at about
2925 and 2855 cm, which are attributed to C—H
asymmetric and symmetric stretching vibrations,
respectively [5,29]. In the low frequency region, the peak
for the carboxyl group (—COOQO) from myristic acid
should appear at 1701 or 1702 cm* [5,29,30], but this
peak is no longer present on the H-MAO coating. This

o
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Fig. 3 FT-IR spectrum of H-MAO coating
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indicates that an interaction between the carboxylic acid
head group and the MAO surface could occur, proving
the bonding of CHj3(CH,);,COO — on its surface
through forming a bidentate mode on the surface [31].
Meanwhile, the two adsorption peaks at 1464 and 1424
cm®, are owing to the carboxyl group symmetric
stretching vibrations. No asymmetric stretching vibration
peaks of carboxyl group are found between 1540 and
1560 cm *, which implies that two carboxylate oxygen
atoms are bonded to the surface with a symmetric
bonding mode [5,29].

3.4 PDP curves

Figure 4 depicts PDP curves of an uncoated AZ31
Mg alloy and MAO coatings modified for different time
in a 3.5% NaCl solution. The relevant fitting results, i.e.,
@corr@Nd Jeorr, are illustrated in Table 1. The ¢cor and Jeorr
values of the uncoated AZ31 Mg alloy were determined
to be -1524 mV (vs SCE) and 160.6 pA/cm?,
respectively, which are in good accordance with the
results in the literature [32]. The MAO-coated AZ31 Mg
alloy reveals a much lower Jer (2.29 pA/cm?), which
represents a decrease of two orders of magnitude when
compared with the uncoated substrate. Moreover, the
@corr OF the MAO-treated sample slightly shifts to a more
positive potential (about 40 mV), which should be
caused by the change in the balance of anodic and
cathodic reactions on the surface that are indirectly
affected by the porous surface [33]. These results
indicate that the MAO coating has a low corrosion rate
and provides good corrosion resistance for AZ31 Mg
alloy. Similarly, it is evident that the modified MAO
coatings exhibit an even more positive ¢q, (between 6
and 12 mV) and a lower J (nearly two orders of
magnitude) compared with the MAO-treated sample,
which indicates that the corrosion resistance of MAO

coating is significantly enhanced by the hydrophobic
modification.
-1.0
MAO AZ31+1 h
i MAO AZ31+5 h
MAO AZ31+3 h
> -1.4
m
O _
»n —1.6 Uncoated AZ31
z
S -18F MAOAZ3170h
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9 -§ =7 =6 5 =4 B3 =2 -l
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Fig. 4 PDP curves of AZ31 Mg alloy in uncoated state, and

with MAO coatings modified for different time in 3.5% NaCl

solution

According to Fig. 4 and Table 1, the b, values of the
MAO-treated samples are almost similar before and after
modification, indicating that the cathodic reaction is
influenced slightly by the MAO coating and hydrophobic
modification. While, the anodic polarization curves of
the modified MAO coatings show evidence of a
passivation behaviour, which demonstrated that the
anodic reactions can be further inhibited. Therefore, the
Jeorr Values were determined from the cathodic
polarization curves using Tafel extrapolation. Compared
with the MAO-treated AZ31 Mg alloy, the modified
specimens show a sharp anodic polarisation curve and an
increasing passivation zone (modified for 3 h or 5 h in
Fig. 4), as well as a more positive ¢ and a lower Jeo
(Table 1). These results further prove the enhanced
corrosion resistance of modified MAO coating.

Table 1 Fitting results of PDP curves related to Fig. 4

Specimen (vs Sf:cglmv (picgrrr:’z) (mV t;Tec’l)
Uncoated AZ31 —1524 160.6 -111.3
MAO AZ31+0 h —1486 2.29 -141.6
MAO AZ31+1 h —1474 0.166 —149.6
MAO AZ31+3 h —1480 0.109 —135.6
MAO AZ31+5 h —1476 0.076 —1316

3.5 Long-term immersion test

In order to further investigate the long-term
corrosion resistance of the coatings, a total immersion
test was performed in a 3.5% NaCl solution. The
photographs of various samples after immersion in the
3.5% NaCl solution for 10 d are shown in Fig. 5. As
shown in Figs. 5(a)—(c), the surface of uncoated AZ31
Mg alloy is completely covered by corrosion products,
and the surface of MAO coating has some corrosion pits,
which is in good agreement with the results of
electrochemical analysis. Meanwhile, the H-MAO
coating shows very good corrosion resistance, with few
substances present on its surface in Fig. 5(c).

To clearly observe the surface of the corroded
samples, they were treated to remove any corrosion
products, as shown in Figs. 5(d)—(f). The uncoated
substrate suffers complete corrosion damage after 10 d of
immersion (Fig. 5(d)). Actually, the uncoated AZ31 Mg
alloy is corroded completely after 3 d of immersion in a
3.5% NaCl solution [13]. Whereas, the MAO coating
undergoes some severe localized corrosion on its surface
(Fig. 5(e)), indicating that the MAO coating reduces the
corrosion of the AZ31 Mg alloy. Meanwhile, the
H-MAO coating only shows slightly localized areas of
corrosion (mostly at its margins) after 10 d of immersion
(Fig. 5(f)), clearly demonstrating that an H-MAO coating
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Fig. 5 Photographs of samples after immersion in 3.5% NaCl solution for 10 d with and without clearing of any corrosion products:
(a, d) Uncoated AZ31 Mg alloy; (b, €) MAO-treated sample; (c, f) Modified MAO coating

offers better long-term corrosion protection for AZ31 Mg
alloy.

When an uncoated AZ31 Mg alloy or an MAO-
treated sample is immersed in a NaCl solution, CI~ can
directly interact with the substrate, or interact with the
outer porous layer of the MAQO coating, and may even
interact with the substrate through its outer porous layer,
resulting in corrosion [7]. Conversely, a hydrophobic
layer that was formed on the MAO coating, is capable of
trapping a large amount of air, and so prevents the NaCl
solution from directly contacting with the surface of the
coating [7,9]. Thus, the air that is trapped in the pores of
the surface retards the interaction between the CI™ and
the substrate, which explains why the H-MAO coating
exhibits the better corrosion resistance than the MAO
coating and the uncoated substrate in a 3.5% NaCl
solution.

The rough surface with micro pores on the AZ31

Mg alloy can be provided by micro-arc oxidation
treatment, which is capable of trapping a large amount of
air. Therefore, the Cassie equation [34] was used to
explain the hydrophobicity of the surface.

cosg, = fycosg, — A—fY (1)

where 6. is the contact angle on the rough surface, & is
the contact angle on a smooth surface with the same
chemical nature, f; is defined as the fraction of the
solid—liquid contact area, and 1-f; is the air fraction
below the droplets. The equilibrium contact angles [28]
are 104<=and 105 <for C;;H,;COONa and C;5H,3COONa
on a smooth AZ31 Mg alloy surface, respectively.
Therefore, the contrast contact angle on a smooth surface
for myristic acid can be about 104.5< From Eg. (1), the
estimated f, is about 0.34 when the 6. is 138 °(Fig. 1(d)),
indicating that the fraction of the air trapped within the
interstices of the surface is approximately 0.66. This
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value is larger than that modified by stearic acid on
AZ31 Mg alloy [13], implying the poor corrosion
resistance.

4 Conclusions

1) A hydrophobic surface on an MAO-treated Mg
alloy was developed via surface modification using
myristic acid. The modification method cannot alter
crystalline structure of the MAO coating, but changes the
surface micro pores to a sealing or semi-sealing
structure.

2) The static contact angle increases gradually with
modification time from 0 to 5 h, and the maximum
contact angle reaches 138<after being modified for 5 h.
Compared with the MAO coating, the modified MAO
coating shows higher potential, lower corrosion current
density, and enhancing corrosion resistance. It is noted
that the surface of the modified coating by stearic acid is
more uniform and smooth than that of the modified
coating by myristic acid, and exhibits better corrosion
resistance.

3) The myristic acid penetrates into the porous outer
layer of the MAO coating, and attaches to the MAO
coating through bidentate bonding, namely, two
carboxylate oxygen atoms symmetrically bond with the
surface. This is responsible for the excellent
water-repellent property and good corrosion protection
ability.
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