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Abstract
Calcium stearate based hydrophobic coatings were deposited on pre-treated Mg alloy substrates.
The influence of four different pre-treatments including plasma electrolytic oxidation (as
prepared and etched), anodizing and hydrothermal treatment was studied. The results indicate
that the pre-treatments have strong influences on the morphology, thickness, and wettability of
the coatings, without affecting their phase composition. The coating system based on the etched
plasma electrolytic oxidation pre-treatment shows the best corrosion resistance in a simulated
body fluid. The superior protection effect is mainly related to the differences in the morphologies
and thickness of the pre-treatment layers.
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1. Introduction
Magnesium based alloys offer many beneficial properties such as low density, high strength
and good biocompatibility [1, 2]. Additionally, they are considered as promising candidates for
construction of biomedical devices [2-8] and have attracted increasing attention for load-bearing
biocompatible implant applications [9-11]. However, the relatively poor corrosion resistance of
magnesium alloys in aggressive environments limits their application range.
Applying a protective coating is an effective way to improve the corrosion resistance of
magnesium alloys. Several coating approaches have been followed including chemical
conversion processes, electro/electroless plating, anodic/micro-arc oxidation, sol-gel and physical
vapor deposition [12-21]. However, when talking about biomedical applications some of those
coatings are not suitable, because of toxicity or release of unwanted debris [14, 22].
A recent trend to protect magnesium alloys is the development of hydrophobic coatings,
which can provide self-cleaning, anti-contamination and anti-icing properties as well as corrosion
protection [23-27]. Normally, the hydrophobicity can be achieved by a combination of
micro/nanostructuring the surface and low surface energy. High hydrophobicity ensures an
important decrease of the contact area of the material surface with the corrosive medium and the
fraction of solid at the solid/water interface is normally around 20% [28, 29]. Thus, hydrophobic
coatings can offer an additional delay of the corrosion processes especially in the initial stages of
contact with electrolyte or in the case of exposure to wet-dry cycles. In addition, good
hemocompatibility and low bacteria adhesion were reported for metallic substrates coated with
hydrophobic coatings [30, 31], suggesting a good potential for biomedical applications. The
improvement of corrosion resistance of magnesium alloys via application of hydrophobic
coatings has been reported in previous studies [30-34]. However, most of the studies on
hydrophobic coatings have been carried out on copper, aluminum, titanium and other engineering
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metallic substrates [35-39]. Traditionally, a two-step process is applied including the
development of a micro/nanostructure which is followed by the modification of the surface with a
low surface energy material [23, 29, 40, 41]. In the case of magnesium, a rough surface was
obtained by hydrothermal treatment [30], micro-arc oxidation [32], in situ crystallization [33],
or etching [31, 34]. Subsequently, stearic acid [30-32, 34] or the silane coupling agents [33] are
applied in order to reduce the surface energy. Recently, electrodeposition processes, combining
the two steps together, have been suggested to prepare hydrophobic coatings in an effective and
time saving one-step approach. Such coatings have been produced on copper and zinc, based on
zinc-laurylamine, Cu(II)-laurylamine, and zinc tetradecanoate [42-46]. These studies have
focused on the self-cleaning effect and the corrosion protection performance of the hydrophobic
coatings. Moreover, the effect of processing parameters on the formation of hydrophobic coatings
was also investigated. However, the deposition of hydrophobic coatings on magnesium and its
alloys with a one-step electrodeposition method is scarcely explored.
Many factors can affect the microstructure and the corrosion resistance of hydrophobic
coatings on magnesium alloys [23, 24, 47]. Change in coating composition, deposition time, and
other processing parameters can lead to different results. Recently, we have successfully
demonstrated electrodeposition of calcium stearate coating on an anodized magnesium alloy. The
obtained coatings ensure high hydrophobicity and the formation mechanism of such coatings has
been discussed in detail in our previous work [48]. It was found that the deposition parameters
have a significant effect on the corrosion properties of such a coating [48]. However, relatively
little is known about the effect of pre-treatment on the deposition of the hydrophobic coating on
the magnesium alloy. Moreover, the influence of pre-treatment on the effectiveness of the
corrosion protection of the magnesium alloy in simulated body fluid is not studied yet. In this
work, we focus on understanding the role of pre-treatment on the microstructure and
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electrochemical characteristic of the hydrophobic coating on the AZ21 magnesium alloy. The
corrosion mechanisms of the pre-treated magnesium alloy with and without the hydrophobic
coatings are also discussed in detail.
2. Experimental
2.1 Materials
Commercial magnesium alloy AZ21 sheet (0.6 mm thickness) was cut into rectangular
specimen of 20 mm × 40 mm. The chemical composition of the material is shown in Table 1.
Prior to the pre-treatment, the specimens were abraded with SiC emery paper up to 1500 grade,
cleaned in deionized water and ethanol and dried in compressed air.
2.2 Pre-treatments
Four different pre-treatments were carried out on the magnesium alloy. The details of
treatment bath composition and process parameters are shown in Table 2. The first pre-treatment
was a plasma electrolytic oxidation (PEO) treatment only. The PEO process was carried out in an
alkaline phosphate-based electrolyte (2 g/L Ca(OH)2 and 12 g/L Na3PO4) using a pulsed DC
power supply (ton : toff = 0.5 ms : 4.5 ms) under a constant voltage of 380 V for 5 min limiting
the current density to a maximum of 0.05 A/cm2. During the PEO process, the specimen and a
stainless steel tube were used as anode and cathode, respectively. The electrolyte was
continuously agitated combining mechanical stirring with continuous air bubbling to ensure the
uniform distribution of the particles in the electrolyte and to avoid their sedimentation. The
temperature of the PEO electrolyte was kept at 20 °C by a water cooling system. In the second
pre-treatment, the PEO coated magnesium alloy was additionally etched in a diluted phosphoric
acid (60 g/L H3PO4) for 10 s at room temperature.
The third pre-treatment was a conventional anodizing treatment. The anodizing process was
carried out with a DC power supply applying 4 V for 10 min. The specimen was used as the
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anode and a steel sheet was used as the cathode. The electrolyte contained 2.5 g/L sodium oxalate
(Na2C2O4), 240 g/L sodium hydroxide (NaOH), 65 ml/L ethanediol (C2H6O2) and the solvent was
deionized water. During the process, a magnetic stirrer was used and the electrolyte temperature
was controlled at 40 °C.
The fourth pre-treatment was a hydrothermal treatment method exposing the specimens to
90 °C and 90% humidity in a climate chamber (Weiss WK111-340).
The corresponding pre-treatments are named PEO (plasma electrolytic oxidation), EPEO
(etched plasma electrolytic oxidation), AT (anodizing treatment), and HT (hydrothermal
treatment), respectively.
2.3 Deposition of the hydrophobic coatings
The coatings were deposited on the pre-treated magnesium alloy using a two-electrode cell,
in which, the pre-treated substrates were used as the cathode and a graphite sheet was used as the
anode. The electrolyte contained 0.05 mol/L calcium nitrate (Ca(NO3)2), 0.05 mol/L stearic acid
and the solvent was ethanol (≥99.5%). The deposition process was performed at 50 V for 60 min
using a DC power supply (Elektro-Automatik GmbH, EA-PS 8720-15) in voltage control mode
at room temperature. The current density vs. time curve was recorded during the first 900 s of the
deposition process. After deposition, the coated specimens were cleaned with ethanol and dried in
air. The details of electrolyte composition and parameters of the fabrication process are
summarized in Table 3. In order to simplify the nomenclature of the hydrophobic coatings
formed on different pre-treated substrates, these coating systems are referred to as PEO-HC,
EPEO-HC, AT-HC, and HT-HC, respectively. If not a specific coating is addressed the
combination of pre-treatment and hydrophobic coating is referred to as full coating system. It
should be noted that no hydrophobic coating can be deposited on the as prepared PEO, thus, we
will not report the relevant information of PEO-HC in the result section.
5

2.4 Characterization
The surface morphologies and cross-sectional morphologies of the pre-treated substrates as
well as of the full coating systems were studied using a Tescan Vega3 SB scanning electron
microscopy (SEM) equipped with an energy dispersive spectrometer (EDS). Phase composition
was determined by X-ray diffraction (XRD) with a Bruker X-ray diffractometer using Cu Kα
radiation at 40 kV and 40 mA. The data collection was performed by θ/2θ scan method at a scan
speed of 0.01 °/s in the range from 20 ° to 80 °. Static water contact angles were measured with a
contact angle meter (Drop Shape Analyzer – DSA100, Krüss, Germany) at ambient temperature.
The volume of the water droplets used in the measurements was 3 μL. In order to get a reliable
result, the value of the static contact angle was recorded after the water droplet stayed for 1 min
on the coating surface and the measurements were repeated three times for each specimen.
2.5 Electrochemical measurements
All the electrochemical tests were performed in a simulated body fluid (SBF) at 37

±

0.5 °C using a Gamry AC computer-controlled potentiostat. The SBF contained 8.035 g/L NaCl,
0.355 g/L NaHCO3, 0.225 g/L KCl, 0.231 g/L K2HPO4·3H2O, 0.311 g/L MgCl2·6H2O, 0.292 g/L
CaCl2 and 0.072 g/L Na2SO4 [49]. The pH of the SBF was adjusted to 7.4 using 1.0 mol/L HCl
and tris (hydroxymethyl) aminomethane ((CH2OH)3CNH2). All tests were measured in a
three-electrode cell with a saturated calomel reference electrode (SCE) and a platinum counter
electrode. The specimen was used as the working electrode with an exposed surface area of 0.5
cm2. For recording the potentiodynamic polarization curves, the open circuit potential (OCP) was
set to stabilize for 30 min and the scanning rate was set to 0.5 mV/s. Electrochemical impedance
spectroscopy (EIS) measurements were performed by applying a sinusoidal potential perturbation
of 10 mV RMS (at OCP) and a frequency sweep from 105 Hz to 10-2 Hz. All electrochemical
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tests were repeated three times with a good reproducibility. EIS results were analyzed by fitting
data with ZSimpWin software.
3. Results
3.1 Characterization of the pre-treated surfaces
To understand the effect of the surface pre-treatment on the formation and the corrosion
resistance of the hydrophobic coating, the surface morphology, chemical composition and
microstructure of the pre-treated magnesium alloy were characterized.
Fig. 1 shows the XRD diffraction patterns of different pre-treated substrates. The diffraction
peaks of Mg and MgO can be found in all the cases, indicating that MgO is always formed as a
result of the pre-treatments. However, the corresponding intensities of MgO for PEO and EPEO
are higher compared to the others, suggesting that the PEO and EPEO pre-treated layers are
probably thicker.
EDS was used to determine the elemental composition of AZ21 Mg alloy and the pre-treated
substrates (Table 4). The appearance of a high phosphorus concentration after PEO or EPEO
pre-treatment is interesting, because there is no phosphorus containing phase detected by the
XRD measurements. The reason is probably related to a nanocrystalline or amorphous structure
of the phosphorus containing phase. The etching of the PEO layer results in an increase of the
magnesium concentration from 39.2% (PEO) to 42.6% (EPEO), and the content of phosphorus
decreases from 17.7% to 16.0%, respectively. The reason might be that some soluble phosphates
in the PEO layer are more easily dissolved while the sample is exposed to the phosphoric acid.
Fig. 2 shows the SEM images of different pre-treated substrates. Fig. 2a reveals a typical
morphology of the PEO layer with numerous micro-pores owing to the discharges during the
PEO process. Discontinuous micro-cracks are observed as well. Compared to the original PEO
layer (Fig. 2a), more pores and a higher amount of micro-cracks appear on the surface of the
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EPEO layer (Fig. 2b). The number of open pores increases obviously, indicating that some closed
pores are opened during the phosphoric acid etching process. Furthermore, some pores with
volcano shape appear on the surface of the layer (insets in Fig. 2b) after the etching process
giving additional evidence for material removal. The AT surface (Fig. 2c) demonstrates cracks
and islands-like rough structure. The surface morphology of the HT layer is shown in Fig. 2d.
The HT layer is very thin and the typical topographical features such as grinding scratches are
still visible. A high magnification view reveals interlacing plate-like structures (inset in Fig. 2d).
This is a typical appearance of hydroxides on magnesium and magnesium alloy surfaces [47, 50].
3.2 Deposition, morphology and microstructure of the hydrophobic coating
In order to understand the effect of pre-treatment on the formation of the hydrophobic
coating, the current density was monitored during the first 900 s of the cathodic electrodeposition
process, as shown in Fig. 3. All the curves show the same trend, except the sample pre-treated
with PEO. During the whole process, the current density of the sample with PEO pre-treatment is
near zero and no hydrogen bubbles escape from the cathode, indicating that the barrier properties
of the PEO layer are too high to deposit a coating. During the electrodeposition process, the
voltage applied between the two electrodes drops across this layer, leading to an insufficient
gradient of the electrical field appearing in the electrolyte. Therefore almost no coating was
deposited on the sample surface. However, a coating can form on the surface of the EPEO. The
phosphoric acid etching damages the barrier properties of the PEO layer, resulting in a similar
current density vs. time response compared to other two pre-treatments. The current densities
drop significantly in the first 90 s, implying that the resistance of the pre-treated substrates
increases evidently with the coating time. In the initial deposition stage, a fast nucleation of the
coating at many different sides leads to the formation of a coating on the pre-treated substrates. In
the next stage, the current densities decrease faintly, suggesting that the surface coverage of the
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coatings is almost complete. Finally, the surfaces of the pre-treated substrates are covered
completely by the coating and the current densities remain at a low value, indicating that the
coating grows slowly but continuously on the pre-treated substrates. Thus, the hydrophobic
coating can form on different pre-treated substrates, as long as the barrier properties of the
pre-treatment layers are not too high to drive the deposition process.
The formation mechanism of the hydrophobic coating on different pre-treated substrates can
be proposed as follows. Ca(NO3)2 is dissociated into Ca2+ and NO3－ ions in the solution. When
the electrolyte is electrolyzed by a DC voltage, the influent electrons accelerate the dissociation
of CH3(CH2)16COOH and cause the reduction of H+. A large number of CH3(CH2)16COO－ ions
and hydrogen bubbles form (Eq.(1) and Eq.(2)). Subsequently, the dissociative Ca2+ ions capture
CH3(CH2)16COO

－

ions in the absence of H+ and they deposit in the form of

Ca[CH3(CH2)16COO]2 on the surface of the cathode (Eq.(3)).
CH3 (CH2 )16 COOH → CH3 (CH2 )16 COO− + H +
2H + + 2e− → H2 ↑

2[CH3 (CH2 )16 COO]− + Ca2+ → Ca[CH3 (CH2 )16 COO]2

(1)
(2)

(3)

Calcium stearate deposits on the surface of the pre-treated substrates according to Eq. (3).
With electrolysis proceeding, more and more calcium stearate forms on the surface of the
pre-treated substrates.
Nitrate ion is electrochemically reducible. Xu et al. [51] prepared superhydrophobic nickel
stearate/nickel hydroxide coating on aluminum alloy in an ethanolic stearic acid solution
containing nickel nitrate hexahydrate under a DC voltage. They reported that nitrate ion was
reduced to ammonium ion but did not give a proof for the existence of ammonium ion. Yoshida
et al. [52] reported electrodeposition of crystalline ZnO thin films from zinc nitrate aqueous
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solution and nitrate ion was reduced to nitrite ion during the deposition process. In these studies,
electroreduction of nitrate ion to either ammonium ion or nitrite ion generated hydroxide ions at
the cathode during the deposition process. They considered that the precipitation of coating was
triggered by the electrochemical reduction of the nitrate species and the growth mechanism was
based on the increase of pH at the working electrode.
In the recent studies, we used the same electrodeposition method as described in this paper
to obtain the calcium stearate hydrophobic coating on the anodized magnesium alloy. The only
difference was that calcium nitrate was replaced by calcium chloride in the electrolyte solution.
This suggests that the electrodeposition of calcium stearate does not depend on the reduction of
the nitrate species, which needs further research.
Fig. 4 displays the XRD patterns of the full coating systems. The diffraction patterns of Mg
and MgO are from the pre-treated substrates. Apart from this, only the patterns of calcium
stearate are observed, indicating that calcium stearate is the main phase composition of the
hydrophobic coating. Table 5 shows the elemental composition of the full coating systems
determined by EDS. The contents of carbon, oxygen, and calcium are similar for all specimens.
This suggests that different surface pre-treatments do not affect the phase compositions of the
coatings.
The surface morphologies of the hydrophobic coatings are shown in Fig. 5. All samples are
covered with micro-scale protrusions which are composed of nanostructures. However, it is
obvious that the diameters of the micro-scale protrusions on the surface of the three samples are
different. For the EPEO-HC sample, the protrusions show the largest average size (36 μm, Fig.
5a), followed by the AT-HC (26 μm, Fig. 5b) and the HT-HC (22 μm, Fig. 5c), indicating that the
nucleation conditions of the coatings on different pre-treated surfaces are different.
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The cross-sectional images of the full coating systems are displayed in Fig. 6. The average
thickness of the EPEO layer is about 8 μm (Fig. 6a) while the average thicknesses of the AT layer
and the HT layer are about 3 μm (Fig. 6b) and 1 μm (Fig. 6c), respectively. The hydrophobic
coating grown on the surface of the EPEO substrate is thinner compared to other two
pre-treatments. Its average thickness is around 17 μm while the thicknesses of the coatings on the
surfaces of the AT and HT substrates are around 27 μm and 22 μm, respectively. Moreover, some
irregular pores appear in the hydrophobic coatings of the AT-HC and HT-HC samples (Fig. 6b
and c). Such defects might be disadvantageous for the corrosion resistance of the AT-HC and
HT-HC samples. In contrast, the hydrophobic coating of the EPEO-HC specimen is free of larger
defects.
3.3 Surface wettability
The wettability of the pre-treated substrates and full coating systems was characterized by
static water contact angle measurements. Fig. 7 shows the average values of the water contact
angles determined on the surfaces of the various specimens. The error bars for each plot indicate
maximum and minimum water contact angles on the same specimen. The water contact angle on
the surfaces of the pre-treated substrates is 70.3 °, 44.2 ° and 87.0 ° for the EPEO, AT and HT,
respectively. Looking at the full coating systems, the water contact angle of the EPEO-HC is the
lowest (118.5 °), followed by the AT-HC (137.8 °) and HT-HC (141.5 °). The results are
consistent with the surface morphologies shown in Fig. 5. The finer the protrusions and the more
uniform their sizes are, the higher the water contact angle is. It is obvious that the surface
wettability changes from hydrophilicity to hydrophobicity due to the calcium stearate coating
formed on the pre-treated substrates.
3.4 Corrosion behavior
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The potentiodynamic polarization curves of the pre-treated substrates and full coating
systems are presented in Fig. 8. The bare magnesium alloy is also tested as a reference.
Compared to the bare magnesium alloy, all surface modifications improve the corrosion
resistance. The corrosion potential (Ecorr), corrosion current density (icorr) and breakdown
potential (Ebd) derived from the potentiodynamic polarization plots are summarized in Table 6. It
can be observed that the Ecorr values of the full coating systems are higher than those of the
pre-treated ones and in the anodic regions a passivation range exists. The cathodic and anodic
current densities at the same polarization are significantly lower, compared to those obtained for
the pre-treated ones and the bare magnesium alloy. This clearly indicates that the corrosion
resistance of the full coating system is much higher than that of the just pre-treated ones thanks to
the presence of the hydrophobic coatings. Comparing the polarization curves of the full coating
systems, it can be stated that the shape of the curves is similar, but the breakdown potential and
corrosion resistance are different. The EPEO-HC sample shows the best performance and the
HT-HC is the worst.
The corrosion performance of all the systems was studied by EIS at open circuit potential
(OCP). The measurements were performed by immersing these specimens into SBF at 37 ±

0.5 °C. The OCPs of the pre-treated substrates and full coating systems are shown in Fig. 9. The

trend of the OCP-t curves for different pre-treated substrates is the same (Fig. 9a). The electrode
potentials increase rapidly to about -1.70 V (vs. SCE) in a very short time. Then OCPs increase
slowly, reaching finally a relative constant value of around -1.61 ± 0.02 V (vs. SCE) after 24 h of
immersion. The OCPs of the full coating systems increase sharply to more positive values of
-1.58 V (vs. SCE) during the first 1 h and show fluctuations around this constant value for the
remaining testing time.
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Fig. 10 shows the Bode plots of the bare magnesium alloy after immersion in SBF at 37 ±

0.5 °C for 5 min. The values of impedance modulus are very low (around 95 Ω·cm2 at 0.01 Hz) in
this case, indicating that the bare magnesium alloy has a poor corrosion resistance in the SBF
solution. The electrochemical impedance spectra of the pre-treated substrates and full coating
systems, immersed into the SBF for different times, are depicted in Fig. 11. The symbols are the
experimental data and the solid lines are fitting data. Two well defined time constants are
observed from the Bode plots for all the pre-treated substrates (Fig. 11a, b and c). The time
constant at middle frequency (around 102-103 Hz) is related to the response from the
pre-treatment layer and the relaxation process at low frequency (1 Hz) can be ascribed to the
electrochemical process at the metal surface. For the full coating systems, EIS data during the
first 4 h of immersion can be obtained only within a narrow frequency range (see Fig. 11d, e and
f) because of high data scattering at low frequencies. Our previous study suggests that such an
effect is caused by an entrapped air layer present at the surfaces of the hydrophobic coatings [48].
For the EPEO (Fig. 11a), the impedance modulus shows a relatively high value for the
whole frequency range at 5 min of immersion. It indicates the higher barrier properties of the
EPEO layer. However, it drops quickly after 1 h, indicating that water and aggressive ions start to
penetrate into the EPEO layer. Afterwards, the modulus increases slightly because of the
formation of corrosion products on and in the EPEO layer. The AT (Fig. 11b) shows a low value
(149 Ω·cm2) of the impedance modulus at 5 min. Subsequently, it increases gradually with the
increase of immersion time, suggesting that the AT layer is corroded continuously during
immersion in SBF. The impedance modulus of the HT (Fig. 11c) shows a slight increase after 48
h of immersion.
For the EPEO-HC, the impedance modulus reaches 105 Ω·cm2 at around 60 Hz after 5 min
of immersion (Fig. 11d). The initial corrosion process is hindered by the hydrophobic coating.
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After 1 h the impedance modulus of the specimen decreases dramatically in the full frequency
range indicating that the SBF has penetrated into the coating. Afterwards, the modulus gradually
increases due to the formation of the corrosion products. Two time constants are visible at high
and medium frequencies for the EPEO-HC at 5 min, the time constant at high frequency is due to
the hydrophobic coating and the other one at the medium frequency is related to the response of
the pre-treatment layer.
The modulus of the AT-HC shows a continuous decrease during the whole immersion
period (Fig. 11e). In contrast, the modulus of the HT-HC drops significantly from 5 min to 12 h.
After that, it increases slightly until 72 h (Fig. 11f). For the AT-HC and HT-HC within 4 h of
immersion, there are also two time constants at the high frequency and medium frequency region,
respectively. The time constant at high frequency is due to the hydrophobic coating and the other
one at the medium frequency is related to the response of the pre-treatment layer. After longer
immersion (1 h for the EPEO-HC and 12 h for the AT-HC and the HT-HC) the high frequency
time constant associated with the hydrophobic coating nearly disappears while another relaxation
process appears at low frequency. This new time constant at about 1 Hz can be ascribed to the
electrochemical processes at the magnesium alloy/SBF interface.
The equivalent circuit model used to fit the EIS of the pre-treated substrates is shown in Fig.
12. In this work, constant phase angle element (Q) is employed to simulate the capacitance
behavior, because the pure capacitance cannot give a perfect fitting result in some cases. In this
circuit, Rs is the solution resistance, Qpr and Rpr represent the capacitance and resistance of the
pre-treated layer, Qdl stands for the electrochemical double layer capacitance, and Rct is the charge
transfer resistance. Pseudo-inductive behavior can be observed in the case of the pre-treated
substrates at low frequency. This kind of response can be caused by low stability of the fast
evolving system and triggering of localized corrosion attack.
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The equivalent circuit model in Fig. 13a was used to fit the EIS data obtained at 5 min of
immersion for the EPEO-HC and within first 4 h for the AT-HC and HT-HC. The equivalent
circuit model in Fig. 13b was used to fit the EIS data obtained for the remaining times after the
response of the hydrophobic coating is nearly undetectable. In these circuits, Qcoat and Rcoat
represent the capacitance and resistance of the hydrophobic coating, Qdl stands for the
electrochemical double layer capacitance, and Rct is the charge transfer resistance.
The resistance values obtained from EIS fitting results of the pre-treated substrates and full
coating systems are presented in Fig. 14. For the pre-treated substrates, the EPEO shows the
highest Rpr value (Fig. 14a) during the whole immersion process. This indicates that the EPEO
pre-treatment can provide better corrosion protection for the magnesium alloy than the others.
After 72 h of immersion, the Rct values (Fig. 14b) for all the pre-treated substrates reach almost
the same value (around 250 Ω·cm2).
The Rpr values (Fig. 14c) show the contributions of the pre-treated layers to the overall
corrosion resistance of the full coating systems. The Rpr value of the EPEO-HC undergoes a sharp
drop at the beginning, which is related to the penetration of the SBF through the coating pores.
This is due to the thinnest hydrophobic coating and the lowest water contact angle on the sample
surface. Afterwards, the Rpr value increases significantly from 1 h to 12 h and a slight increase is
also observed from 12 h to 72 h. This might be due to the conversion of the pre-treatment layer.
When the EPEO layer is in contact with the SBF, the hydration of MgO can take place according
to the following reactions:
MgO + H2 O → Mg(OH)2

(4)

The newly formed Mg(OH)2 can block the defects and contribute to the overall corrosion
resistance [53]. Thus, the Rpr value presents an increasing trend.
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With the presence of the hydrophobic coating, the AT-HC exhibits the highest Rpr value (Fig.
14c) within 4 h, because the sample has the thickest coating and better hydrophobicity. This
makes it more difficult for the SBF to penetrate the coating and reach the substrate. Afterwards,
the Rpr value of the AT-HC quickly decreases up to 12 h immersion, which might be caused by
the penetration of the electrolyte through the hydrophobic coating. After maintaining a certain
transient stability, the Rpr value represents an obvious drop from 24 h to 48 h, indicating the
failure of the hydrophobic coating. After that the Rpr value shows a slight increase, which is also
caused by newly formed Mg(OH)2 due to the hydrolyzing of MgO.
Compared to the AT-HC, the Rpr value (Fig. 14c) of the HT-HC shows a sharper decrease
within the first 12 h, owing to the thinner hydrophobic coating on the surface of the HT-HC. As
the immersion time increases, the Rpr value increases at first and subsequently decreases. These
changes of Rpr are related to the tradeoff between the sealing of small pores as a result of
conversion processes and the formation of new defects and partial failure of the hydrothermal
layer.
After SBF penetrates through the full coating system and reaches the surface of the Mg alloy,
the corrosion processes on the alloy surface start. The Rct values of the EPEO-HC and HT-HC
increase continuously from 12 h to 72 h (Fig. 14d), because the formation of the corrosion
products restrains the dissolution of the magnesium alloy. The Rct value for the AT-HC shows a
slight fluctuation around the initial value.
Though the pre-treatment layers can be degrading during the immersion in SBF (Fig. 11),
with the presence of the hydrophobic coating, the Rpr values are higher within the immersion time
period (Fig. 14a and c). It is also evident that the Rct values of the full coating systems (Fig. 14 d)
are by far greater than those of the pre-treated substrates alone (Fig. 14 b).
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Fig. 15 shows the polarization curves of the full coating systems in SBF after 72 h of
immersion. The electrochemical parameters are presented in Table 7. A passivation region is
observed in the anodic regions of the specimens. The shape and location of the polarization
curves for the AT-HC and HT-HC are very similar, which suggests that the corrosion behavior of
the two samples is similar after 72 h of immersion. The icorr value of the EPEO-HC is 5.65 × 10-8
A/cm2, which is about two orders of magnitude lower compared to the AT-HC (3.88 × 10-6 A/cm2)
and HT-HC (3.16 × 10-6 A/cm2). This indicates that the EPEO-HC shows the best corrosion
resistance after immersion for 72 h, which is consistent with the EIS results.
4. Discussion
The hydrophobicity of the coating surface enhances the initial corrosion resistance of the
coated samples (Fig. 11d, e and f) because the surfaces are only partially wetted by the SBF. This
is related to the high water contact angles and the presence of the entrapped air at the
coating/electrolyte interface as previously reported [54-56]. However, the SBF penetrates into the
coating as soon as the entrapped air is removed during immersion. Thus, it is important to use an
appropriate pre-treatment on the surface of the magnesium alloy prior to the application of the
hydrophobic coating in order to stabilize the magnesium alloy/calcium stearate coating interface.
The obtained results suggest that the pre-treatment influences also the coating morphology, the
coating thickness and the adhesion between the hydrophobic coating and the substrate. The
hydrophobicity of the coating surface is obviously influenced by the surface morphology of the
coating.
However, using a pre-treatment with too high barrier properties, such as an original PEO
coating, can prohibit the electrodeposition of the hydrophobic coating. Therefore a partial
dissolution of the PEO layer during the etching in phosphoric acid can help to reduce the IR drop
across the PEO layer and allow the electrodeposition process.
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For the EPEO-HC, the thickness of the hydrophobic coating is the thinnest (Fig. 6a) and the
water contact angle is the lowest (Fig. 7). In this case, the corrosion resistance of the sample
should be the lowest. However, the EPEO-HC exhibits the best corrosion protection properties
(Fig. 8) and the highest Rpr value between 12 h and 72 h of immersion (Fig. 14c). This can be
attributed to the presence of the thickest pre-treatment layer at the Mg alloy surface (Fig. 6a),
which provides further protection for the alloy. Once the coating is penetrated, the EPEO layer
will be exposed to the SBF and hydration of MgO can take place. The formed Mg(OH)2 can
block the defects existing in the EPEO layer and thus contribute additionally to the corrosion
resistance. Furthermore, it is not easy for the SBF to reach the magnesium alloy surface because
the EPEO layer is thick and compact enough to resist the corrosion attack. Therefore, the
EPEO-HC exhibits the best corrosion resistance.
The AT-HC has the thickest coating and better hydrophobicity, which provides the best
corrosion protection properties for the full coating system at the initial stage of the immersion.
The coating can still remain protective long after the SBF has started to penetrate into the coating.
This is illustrated by the relatively higher Rpr and Rct values between 12 h and 24 h (Fig. 14c and
d).
For the HT-HC, the combination of the highest hydrophobicity and a relative thick coating
results in the highest Rpr value at the initial stage of the immersion process (Fig. 14c). However,
the hydrothermal layer is very thin and when water and aggressive ions pass through the
hydrophobic coating, the hydrothermal layer does not provide much protection and degradation
of the full coating system is fast. The overall corrosion resistance of the HT-HC is the lowest.
The results clearly indicate that the pre-treatment prior to the hydrophobic coating is very
important for the long term corrosion resistance of the full coating system.
5. Conclusions
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The effect of pre-treatment on the electrodeposition of calcium stearate based hydrophobic
coating and consequently on the corrosion protection properties has been investigated and
discussed. The following conclusions can be drawn:
1. The hydrophobic coating cannot be directly deposited on the PEO substrate because of high
barrier properties of the PEO layer. However, it can be easily obtained on the EPEO, AT, and HT
substrates.
2. The pre-treatment of the magnesium alloy prior to the hydrophobic coating application has a
strong influence on the formation of the coating. The pre-treatment affects the thickness and
surface morphology of the hydrophobic coating but does not alter the phase composition of the
coating. The surface wettability of the hydrophobic coating is also affected since it strongly
depends on the surface morphology.
3. The pre-treatment layer plays an important role in the corrosion resistance of the full coating
system especially after the electrolyte has penetrated the hydrophobic coating. The EPEO
pre-treatment owns a compact inner layer and the thickest pre-treatment layer on the AZ21 Mg
alloy. It ensures the highest stability at coating/EPEO and EPEO/metal interfaces leading to
superior corrosion resistance of the EPEO-HC.
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Figure/Table captions
Fig. 1. XRD patterns of the pre-treated substrates: (a) PEO, (b) EPEO, (c) AT and (d) HT.
Fig. 2. SEM images of the pre-treated substrates: (a) PEO, (b) EPEO, (c) AT and (d) HT. The
inserts are high magnification images respectively.
Fig. 3. Current density-time curves measured at different pre-treated substrates during the
cathodic electrodeposition process in an ethanol mixed solution (0.05 mol/L Ca(NO3)2, 0.05
mol/L stearic acid and the solvent was ethanol). A constant working voltage of 50 V was applied.
Wherein, different pre-treated substrates ((a) PEO, (b) EPEO, (c) AT and (d) HT) were used as
cathode and a graphite sheet was used as anode.
Fig. 4. XRD patterns of the full coating systems: (a) EPEO-HC, (b) AT-HC and (c) HT-HC.
Fig. 5. SEM images of the full coating systems: (a) EPEO-HC, (b) AT-HC and (c) HT-HC. The
inserts are high magnification images respectively.
Fig. 6. Cross-sectional images of the full coating systems: (a) EPEO-HC, (b) AT-HC and (c)
HT-HC.
Fig. 7. Static water contact angles measured on the surfaces of the pre-treated substrates (EPEO,
AT and HT) and full coating systems (EPEO-HC, AT-HC and HT-HC).
Fig. 8. Potentiodynamic polarization curves of AZ21 Mg alloy, the pre-treated substrates (EPEO,
AT and HT) and full coating systems (EPEO-HC, AT-HC and HT-HC) in SBF at 37 ± 0.5 °C.

Fig. 9. OCP-t curves of (a) the pre-treated substrates and (b) the full coating systems in SBF at 37
± 0.5 °C.

Fig. 10. Bode plots of AZ21 Mg alloy after immersion in SBF at 37 ± 0.5 °C for 5 min.
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Fig. 11. Bode plots evolution of the pre-treated substrates ((a) EPEO, (b) AT and (c) HT) and full
coating systems ((d) EPEO-HC, (e) AT-HC and (f) HT-HC) in SBF at 37 ± 0.5 °C (symbols are
experimental data and solid lines are fitting data).

Fig. 12. Equivalent circuit model used for numerical fitting of the pre-treated substrates (EPEO,
AT and HT) during the entire SBF immersion process at 37 ± 0.5 °C.

Fig. 13. Equivalent circuit models used for numerical fitting of the full coating systems during the
different SBF immersion periods at 37 ± 0.5 °C: (a) 5 min for EPEO-HC, 5 min to 4 h for

AT-HC and HT-HC; (b) 1 h to 72 h for EPEO-HC, 12 h to 72 h for AT-HC and HT-HC.

Fig. 14. The evolution of resistance values (obtained from EIS fitting results) with immersion
time in SBF at 37 ± 0.5 °C for the pre-treated substrates ((a) Rpr and (b) Rct) and full coating
systems ((c) Rpr and (d) Rct).

Fig. 15. Potentiodynamic polarization curves obtained for the full coating systems after
immersion in SBF at 37 ± 0.5 °C for 72 h.
Table 1 Chemical composition of the received material.
Table 2 Details of the pre-treatments on AZ21 Mg alloy.
Table 3 Details of the cathodic electrodeposition of the hydrophobic coating formed on different
pre-treated substrates.
Table 4 Surface composition of AZ21 Mg alloy and the pre-treated substrates determined by EDS
analysis.
Table 5 Surface composition of the full coating systems determined by EDS analysis.
Table 6 Electrochemical data obtained from potentiodynamic polarization curves of AZ21 Mg
alloy, the pre-treated substrates and full coating systems in SBF at 37 ± 0.5 °C.
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Table 7 Electrochemical data obtained from potentiodynamic polarization curves of the full
coating systems after immersion in SBF at 37 ± 0.5 °C for 72 h.
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Fig. 1. XRD patterns for differently pre-treated substrates on AZ21 Mg alloy: (a) PEO; (b) EPEO; (c) AT; (d)
HT.
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Fig. 2. SEM images for differently pre-treated substrates on AZ21 Mg alloy: (a) PEO; (b) EPEO;
(c) AT; (d) HT.
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Fig. 3. Current density of differently pre-treated substrates evolved with time during the cathodic
electrodeposition process in an ethanol-based electrolyte (0.05 mol/L (Ca(NO3)2), 0.05 mol/L stearic acid and
ethanol) under a constant working voltage of 50 V. Wherein, the pre-treated substrate used as cathode and a
graphite sheet used as anode.
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Fig. 4. XRD patterns of the hydrophobic coating covered specimens on differently pre-treated substrates.
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Fig. 5. SEM images of the hydrophobic coating covered specimens on differently pre-treated substrates: (a)
EPEO-HC; (b) AT-HC; (c) HT-HC.
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Fig. 6. Cross-sectional images of the hydrophobic coating covered specimens on differently pre-treated
substrates: (a) EPEO-HC; (b) AT-HC; (c) HT-HC.
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hydrophobic coating covered specimens.
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Fig. 11. Bode plots evolution of the pre-treated substrates and the hydrophobic coating covered specimens in
SBF at 37 ± 0.5 °C (symbols are experimental data and solid lines are fitting data): (a) EPEO; (b) AT; (c) HT;
(d) EPEO-HC; (e) AT-HC; (f) HT-HC.
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Fig. 12. Equivalent circuit model used for numerical fitting of all the pre-treated substrates during the SBF
immersion at 37 ± 0.5 °C.
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Fig. 13. Equivalent circuit models used for numerical fitting of the hydrophobic coating covered specimens
during different SBF immersion periods at 37 ± 0.5 °C: (a) 5 min for EPEO-HC, within 4 h for AT-HC and
HT-HC; (b) 1 h–72 h for EPEO-HC, 12 h–72 h for AT-HC and HT-HC.
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Fig. 14. EIS fitting parameters for the pre-treated substrates: (a) Rpr (b) Rct, and for hydrophobic coating
covered specimens: (c) Rpr (d) Rct.
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Fig. 15. Polarization curves of the hydrophobic coating covered specimens after immersion in SBF at 37 ±
0.5 °C for 72 h.
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Table 1 Chemical composition of the received material.
Element
wt.%

Element
wt.%

Element
wt.%

Al

Cu

Mn

Fe

Ni

1.92000

0.01330

0.37700

0.01200

0.00108

Zn

Be

Si

Ag

Ca

1.18000

0.00004

0.05190

<0.00010

0.00444

Sn

Zr

Ce

La

Mg

<0.00050

<0.00060

0.00535

0.01410

96.42000
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Table 2 Details of the pre-treatments on AZ21 Mg alloy.
Pre-treatments
Electrolyte

Plasma electrolytic oxidation (PEO)

Ca(OH)2
Na3PO4

2 g/L
12 g/L

H3PO4

60 g/L

Parameters
380 V
0.8 A
20 °C
5 min
ton = 0.5 ms
toff = 4.5ms
Cathode: steel
Room temperature
10 s

Etched plasma electrolytic oxidation (EPEO)
Na2C2O4
NaOH
C2H6O2

Anodizing treatment (AT)

Hydrothermal treatment (HT)
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2.5 g/L
240 g/L
65 ml/L

Direct current
4V
40 °C
10 min
Cathode: steel
90 °C
Humidity 90%
24 h

Table 3 Details of the cathodic electrodeposition of the hydrophobic coating formed on different pre-treated
substrates.
Hydrophobic coatings (HC)
Electrolyte
Parameters
Coating deposited on PEO
pre-treated substrate (PEO-HC)
Ca(NO3)2
0.05 mol/L
Direct current
Stearic
acid
0.05
mol/L
50 V
Coating deposited on EPEO
60 min
pre-treated substrate (EPEO-HC)
Solvent: ethanol (≥99.5%) Room temperature
Coating deposited on AT
Cathode: the pre-treated substrate
pre-treated substrate (AT-HC)
Anode: a graphite sheet
Coating deposited on HT
pre-treated substrate (HT-HC)
∗If not a specific coating is addressed the combination of pre-treatment and hydrophobic coating is referred
to as full coating system.
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Table 4 Surface composition of AZ21 Mg alloy and the pre-treated substrates determined by EDS analysis.
Concentration

C

O

Na

Mg

Al

P

Ca

Zn

Mg alloy

-

-

2.0

95.6

1.2

-

-

1.2

PEO

-

38.2

3.8

39.2

0.5

17.7

0.3

0.4

EPEO

-

37.3

2.7

42.6

0.5

16.0

0.2

0.9

AT

5.1

36.4

1.7

55

0.8

-

-

0.9

HT

-

9.4

2.6

85

1.9

-

-

1.1

(wt.%)
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Table 5 Surface composition of the full coating systems determined by EDS analysis.
Concentration (wt.%)

C

O

Ca

EPEO-HC

62.8

20.4

16.7

AT-HC

58.9

21.9

19.1

HT-HC

59.6

21.6

18.8
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Table 6 Electrochemical data obtained from potentiodynamic polarization curves of AZ21 Mg alloy, the
pre-treated substrates and full coating systems in SBF at 37 ± 0.5 °C.
Specimens

Ecorr (V vs. SCE)

icorr (A/cm2)

Mg alloy

-1.64 ± 0.01

(2.48 ± 0.42) × 10-4

EPEO

-1.57 ± 0.02

(3.01 ± 1.99) × 10-5

AT

-1.55 ± 0.01

(3.22 ± 0.58) × 10-5

HT

-1.53 ± 0.01

(3.52 ± 0.33) × 10-5

EPEO-HC

-1.44 ± 0.03

(3.59 ± 1.95) × 10-9

-0.94 ± 0.03

AT-HC

-1.51 ± 0.02

(3.10 ± 4.42) × 10-9

-1.23 ± 0.02

HT-HC

-1.65 ± 0.03

(1.89 ± 0.96) × 10-7

-1.38 ± 0.02
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Ebd (V vs. SCE)

Table 7 Electrochemical data obtained from potentiodynamic polarization curves of the full coating
systems after immersion in SBF at 37 ± 0.5 °C for 72 h.
Specimens

Ecorr (V vs. SCE)

icorr (A/cm2)

Ebd (V vs. SCE)

EPEO-HC

-1.56 ± 0.01

(5.65 ± 1.32) × 10-8

-1.30 ± 0.02

AT-HC

-1.48 ± 0.02

(3.88 ± 2.24) × 10-6

-1.33 ± 0.01

HT-HC

-1.50 ± 0.02

(3.16 ± 1.21) × 10-6

-1.31 ± 0.02
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