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Abstract: This paper aimed to investigate the enhancement of the corrosion resistance of
a protective system applied on the AZ31 magnesium alloy to be used as an orthopedic
biomedical device, composed of three different superimposed layers: (a) magnesium-
based oxide, (b) polydopamine, and (c) polylactic acid. Specifically, morphological and
chemical analyses, crystallographic, roughness, and micro-hardness were carried out. The
electrochemical measurements were performed in Hanks’ Balanced Salt solution at 37 ◦C.
The micro arc oxidation (MAO) treatment involved the classic pancake structure of the
oxide with a consequent high extension of the real area.The sealing ofits pores via the
polydopamine was well highlighted through the surface roughness analysis. As expected,
the magnesium oxide layer reduced the degradation rate.The presence of polydopamine
on the oxide layer improved the corrosion resistance of the alloy, showing a pseudo-
passivity range in the potentiodynamic polarization curve, due to the filling of oxide
pores.The highest impedance modulus in the electrochemical impedance spectroscopy
analysis during the temporal observation of 168 h was observed when all coatings were
applied on magnesium substrate, due to a synergetic action. Thus, the multilayers should
represent a protective system to control the degradation process.

Keywords: micro-arc oxidation; biodegradable implants magnesium alloy-based; degradation
control; polydopamine; polylactic acid; roughness; micro-hardness; potentiodynamic
polarization; EIS

1. Introduction
An important and essential challenge for using metallic materials to make biodegrad-

able medical devices is ensuring a controlled biodegradation process during the reconstruc-
tion of the hosting tissue. A major contribution to solving this problem could be provided
using magnesium alloys, which exhibit some remarkable chemical/physical properties [1].
Magnesium, being a crucial human element for the body [2], guarantees a high biocompat-
ibility of its alloys, which exhibit mechanical properties similar to those of human bone,
with an elastic modulus, E, of 45 GPa and a low density, ρ = 1.74 g/cm3, compared to other
alloys used in the biomedical field [3]. These peculiarities make magnesium alloys poten-
tially useful for the creation of devices such as biodegradable implants, plates, prostheses,
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screws, etc. [4,5]. However, the intrinsic rapid degradation of these alloys in the human
environment can inevitably lead to an uncontrolled impairment of mechanical properties,
the production of gas bubbles at the implant/tissue interface with obvious problems in the
healing phase, and problems with the delamination and alkalization of surrounding tissues
due to the production of hydroxyl ions [6]. Two strategies to overcome these drawbacks
could be the design of an ad hoc alloy with appropriate chemical/physical properties or the
use of coatings in order to ensure, in both cases, the adequate and controlled degradation
kinetics of the material. Numerous surface treatments, including anodizing [7,8], inorganic
apatite-based coatings [9], conversion layers [10,11], and organic coatings [12,13], have
been studied to slow the rate of magnesium corrosion in biological environments. The
anodization, in particular plasma electrolytic oxidation (PEO), also defined as micro-arc
oxidation (MAO), which is a very hard-anodizing treatment in which the breakdown of the
coating occurs, has been widely used in various experimental studies [14]. The PEO treat-
ment allows the growth of an oxide layer very adherent to the substrate due to the spark
discharges formed on it causing its localized melting/remelting. It is a complex treatment
in which chemical and electrochemical reactions occur simultaneously. Several parameters
can be modified to obtain a defined morphology, thickness, and chemical composition. For
example, the morphology and thickness could be affected by the current or voltage applied,
as well as by the metallurgical composition of the substrate [15]. On the other hand, the
chemical composition could be influenced by the electrolyte used during the treatment [16].

Similarly, various types of surface treatments leading to the formation of protective
layers are being actively studied [17]. Hydrothermal treatments, for example, have been
used to obtain films composed of Mg5(CO3)4(OH)2·4H2O particles with a “flower-like”
spherical morphology [18], while electrodeposition treatments have been used to form
hydroxyapatite layers [19]. Chemical treatments, on the other hand, often showed difficulty
in covering the whole substrate, with the consequence of facilitating corrosion phenom-
ena [20]. Another approach to controlling the degradation rate is using synthetic organic
coatings based on biodegradable polymers, such as polycaprolactone (PCL) and polylactic
acid (PLA) [21–23], or natural organic coating, made of chitosan, alginate, cellulose, and
so on [24]. If the use of the latter has presented difficulties in achieving homogeneous
and high-quality coating, the former has presented poor adhesion [25]. PEO/polymer hy-
brid coatings on magnesium alloy [26,27] to improve biodegradation and biocompatibility
properties have already proven to be a very encouraging methodology for modifying the
interface properties of materials, as reported by Munõz et al. [28], who demonstrated how
the use of PLA on a PEO-treated AZ31 sample improves both its fracture strength and
corrosion resistance. A possible alternative to this approach is the design of a multilayer
protective system in which each layer can perform a specific task and work in synergy with
the others [29–31]. Wei et al. [32] investigated the corrosion behavior and hemocompat-
ibility/cytotoxicity of a magnesium alloy, AZ31, used for biodegradable cardiovascular
stents, on which PEO was first carried out and which was then coated with a Poly-l-Lactic
Acid (PLLA) layer and, finally, with a polydopamine layer. Polydopamine (PDA) is the
product of the polymerization of dopamine, the building block of adhesive proteins that
make up the mussel plates and allow them to attach to different types of substrates in a
wet or dry environment [33]. It was used to immobilize heparin, which is an anticoagulant
that reduces the risk of thrombus formation in the proximity of the implant. However,
although the external layer of a polydopamine-based coating improves heparinization, the
authors discovered worse corrosion resistance when the acid polylactic layer was coated
with the polydopamine film, probably due to partial hydrolysis of the PLLA during the
coating treatment. On the other hand, Tian et al. [34] evaluated the corrosion resistance
and cytotoxicity of an AZ31 specimen subjected to PEO treatment, coated first with PCL
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and then, using polydopamine as adhesive, with polyhexamethylene (PHMB), which had
an antibacterial function. In contrast to the previous paper, Tian et al. found that the
application of polydopamine did not deteriorate the underlying organic film in terms of
corrosion resistance.

The current paper aims to realize a multilayer protective system overlapping a layer
of magnesium-based oxide obtained using the PEO technique, for which, in contrast to
previous papers, polydopamine was used as an intermediate layer, sealing the system with
the last film of polylactic acid. In addition, the polydopamine layer was applied to the
substrate with green technology never found in literature, to the best knowledge of the
authors, avoiding the use of strong chemical compounds. The three layers, therefore, are
hypothesized to provide the following: (i) increased corrosion resistance for the base alloy,
(ii) the sealing of the pores present in the oxide layer, and (iii) better control of the corrosion
kinetics of the metal substrate, which, thanks to the presence of the polydopamine layer
between the oxide and the film of PLA, will degrade slowly.

2. Materials and Methods
2.1. Sample Preparation

Wrought rectangular sheets (20mm × 50 mm × 3 mm) of AZ31 magnesium alloy
(Goodfellow Cambridge Ltd., Cambridge, UK) with the nominal composition of 2.5–3.5% Al,
0.7–1.3% Zn, 0.2–1% Mn, and balanced Mg were used as a substrate. Hanks’ Balanced
Salt solution, used as a physiological media and composed of 0.185 g/L CaCl2·2H2O,
0.09767 g/L MgSO4, 0.4 KCl g/L, 0.06 KH2PO4 g/L, 0.35 g/L NaHCO3, 8.0 g/L NaCl,
0.04788 g/L Na2HPO4, and 1.0 g/L D-Glucose, was supplied by Merck (Merck KGaA,
Darmstadt, Germany). All chemical reagents were supplied by Merck (Merck KGaA,
Darmstadt, Germany). The PLA film, 80 ± 5 µm thick, was obtained supplied by Total
Energies Corbion (Total Energies Corbion, Gorinchem, The Netherlands).

All samples were previously mechanically polished using sandpapers of up to 1200 grit
with ethanol as a lubricant. Then, the specimens were washed in ethanol and dried in a
compressed air flow.

2.1.1. Treatment: Micro-Arc Oxidation

The micro-arc oxidation (MAO) treatment was conducted in a silicate-based solution
(0.04 M) and sodium hydroxide (0.05 M) using the cell schematized in Figure 1 [35]. The
magnesium specimens, used as an anode, with an exposed area of 1 cm2 and appropriately
protected on the rest of the surface with red shielding tape, and a platinum plate used as
a cathode were connected to the power source (TDK, Lambda, Milan, Italy). A hanging
agitator ensured the continuous mixing of the electrolyte (40 rpm), while the coolant main-
tained a temperature for the bath lower than 20 ± 2 ◦C. The anodization was performed in
a galvanostatic condition, applying a current density value of 0.030 A/cm2 for 1200 s. At
the conclusion of the anodization, the specimens were washed in distilled water and dried
in a compressed air flow.

2.1.2. Bio-Inspired Coating

The anodized specimens were dipped for 3 h in the mild stirred bio-inspired solution,
composed of 0.2 g of dopamine hydrochloride (C8H11NO2·HCl) in 100 mL of 0.01M Tris
(C4H11NO3) buffer solution (pH 8.5), prepared an hour before the treatment to allow the
polymerization process [36]. The specimens were then washed under a distilled water flow
and dried in a jet of cold air. Although the coating deposited was very thin, about ten nm,
brown coloration was observed on the specimens’ surface.
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Figure 1. Layout of electrochemical cell employed for the anodization treatment.

2.1.3. Polylactic Acid Film

The last layer covering the specimens was made of a biodegradable polymer, polylactic
acid, applied using a green technology, i.e., hot pressing, which avoids the use of the strong
chemical solvents otherwise necessary to dissolve the PLA [28]. Briefly, a PLA film, placed
on the treated samples (via anodization and/or bio-inspired deposition), was pressed onto
them by applying 2 bar for 300 s at a temperature of 170 ◦C. The optimal process conditions
were considered to be those that produced specimens whose manual disassembly allowed
the removal of only the excess PLA, which was not in contact with the metal substrate.

The final structure of the sample, including the coating consisting of an inner layer of
anodic oxide, an intermediate layer of polydopamine, and an outer PLA film, is visualized
in Figure 2.
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Figure 2. Scheme of the structure of the specimens after anodization, bio-inspired coating deposition,
and PLA application.

In particular, six types of samples were prepared, hereinafter indicated as follows:
(1) Mg SS (Mg alloy untreated); (2) Mg-PDA (Mg alloy covered with only a polydopamine
layer); (3) Mg-PLA (Mg alloy covered with only a PLA film; (4) Mg-MAO (Mg alloy after
the anodization); (5) Mg-MAO-PDA (Mg alloy after anodization and the deposition of
polydopamine layer); (6) Mg-MAO-PDA-PLA (Mg alloy after anodization, the deposition
of a polydopamine layer, and the application of the PLA film).

2.2. Surface Characterizations

Surface morphological features were captured with a confocal laser scanning micro-
scope (Lext 5100, Olympus Evident, Tokyo, Japan) and a scanning electron microscope
(SEM, Mod. FEI QUANTA 200 F, Hillsboro, OR, USA) at an accelerating voltage of 20 kV
in a high-vacuum condition, connected with an energy-dispersive X-ray analysis (EDX,
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Oxford, UK) probe. After the chemical analysis, the specimens were sputtered with an
ultrathin conductive layer based on gold alloy. The images were taken at 1000×. The
crystallographic structure of the oxide layer was investigated using a Gracing Incidence
X-Ray Diffraction analysis (GI-XRD, PANalytical X’Pert PRO, Milan, Italy). The rough-
ness measurements of the anodized specimens were carried out using the confocal laser
scanning microscope mentioned above, and some of the most useful roughness parame-
ters were considered, as reported in a previous paper [37]. Three different areas of about
62.5 mm2 were analyzed for each type of sample, and the average value of the roughness
parameters was calculated. The hardness of the oxide coating was evaluated with a Vickers
micro-hardness test (HX-1000 Remet, Bologna, Italy) from the top view, using a load of
100 g (HV0.1) applied for 15 s. The average value of ten measurements of each specimen
was reported.

To study the corrosion characteristics in vitro, potentiodynamic polarization and
electrochemical impedance spectroscopy (EIS) analyses were carried out, employing a
potentiostat with an integrated frequency response analyzer (Interface 1010E, Gamry,
Voghera (PV), Italy). The latter instrument was connected to a classical electrochemical
system in which the specimens were used as working electrode; a platinum wire was linked
to the counter-electrode, while a saturated calomel electrode (SCE) was used as a reference
electrode to measure the working electrode potential. The electrolyte consisted of Hanks’
Balanced Salt solution [38] maintained at body temperature by means of a thermostatic bath.
The open circuit potential (OCP) value, observed for ten minutes, was used to polarize the
specimens from −100 mV against the OCP until a current density value of 1 mA/cm2 was
achieved, with a sweep rate of 0.166 mV/s. If the potentiodynamic polarization curve is a
single time-point test that changes the surface specimen, the EIS allows one to study its
alteration over time. The EIS spectra were recorded for 7 days via the application of a low-
intensity potential signal in an AC regime with respect to the OCP value in the frequency
range from 50 × 105 Hz to 2 × 10−2 Hz. Hanks’ Balanced Salt solution was changed every
day. The tests’ reproducibility was ensured by repeating all analyses three times.

3. Results
3.1. Morphological and Chemical Analysis

The images in Figure 3 depict the appearance of the specimens taken before and after
the polydopamine deposition and/or anodization. The different coloration is due to the
presence of the brown polydopamine layer on the Mg-PDA specimen, and the gray oxide
is due to the anodic coating on the Mg-MAO specimen, while the light brown on the
Mg-MAO-PDA specimen is due to the polydopamine layer on the porous structure of the
oxide coating. The presence of the PLA coating (Figure 3e) is not easily discernible from
optical images.

The SEM observations reported in Figure 4 reveal the effect of polydopamine on the
magnesium substrate, which tends to degrade due to the pH value of the polydopamine
bath (Figure 4b). According to the Pourbaix diagram, the magnesium in contact with an
aqueous solution at a pH value of 8.5 produces Mg2+ ions [39]; in other words, it corrodes.
In particular, the surface appeared cracked [40], although the grooves generated during
the mechanical pretreatment were still evident, suggesting the formation of a very thin
but not uniform-thickness polydopamine layer. As previously reported [41], the cracked
morphology could be attributed to the dehydration of the polydopamine layer during
the drying phase of the treatment. Whereas the anodization involves the well-known
pancake-like feature with several pores that have an average diameter of 2.5 ± 0.8 µm
(Figure 4f) and random oblong pores having larger diameters, generated via the coalescence
of multiple pores. When polydopamine covered the oxide anodic coating, a widening of
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the porosity was observed, as the mussel-inspired layer could internally erode the oxide
pores. An analogous result was found by Chu et al. [42] when the anodic oxide coating of
AZ31B magnesium alloy wires was sealed in a ZrO2 sol system, probably due to shrinkage
during the drying of a zirconia sol–gel coating. The application of PLA film covers the
porous surface, slightly revealing the pattern of the polymeric coating according to an
ordered scheme (Figure 4e), as will be better revealed later (see Figure 11).
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The cross-sectional view of the Mg-MAO specimen in Figure 5 shows a thickness of
about 13.3 ± 2.2 µm and a structure consisting of a very thin barrier layer covered by an
outer porous layer with large pores due to the development of gas during the anodization
in this region, which has been widely reported in the literature.
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Figure 5. SEM cross-sectional view of the specimen after the micro-arc oxidation (MAO) treatment.

The EDX analysis performed on the Mg specimen (Figure 6a) shows the presence
of oxygen, in addition to the main component of the alloy, zinc and aluminum, due to
the high reactivity of magnesium with the oxygen, which involves the easy growth of
oxide on its surface. The chloride peak could be due to the residual acid used during the
pretreatment to etch the surface. Although the XPS analysis is the best characterization
technique, especially for nanometric coatings, to evaluate the presence of polydopamine,
the EDX analysis allowed the discovery of additional carbon and nitrogen peaks on the Mg-
PDA sample (Figure 6b), which were related to the dopamine aromatic chain and the amine
group attached to it, respectively [43]. On the anodized sample, in addition to the elements
constituting the alloy, aluminum and zinc, oxygen was also detected due to the formation
of the anodic oxide coating, contaminated by the silicon and sodium elements present
in the electrolytic solution and dragged inside via the micro-discharge channels created
during the MAO treatment (Figure 6c). The specimen covered with the polydopamine layer
on the oxide coating exhibits all the previously shown peaks (Figure 6d). The presence of
the PLA film revealed, as expected, a marked peak of carbon and oxygen (Figure 6e).
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In Figure 7, the SEM cross-section view of the specimen after the micro-arc oxidation
treatment, the polydopamine deposition, and the hot-pressed PLA is depicted. The poly-
dopamine layer, being very thin, was difficult to detect. A lack of very defined interfaces
suggests good adhesion between the layers. However, it was possible to see that hot
pressing reduced the thickness of the PLA to about 25 ± 2 µm.
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3.2. Crystallographic Analysis

In Figure 8, the XRD spectra of the only anodized samples compared to the untreated
samples are reported to investigate the crystallographic structure of the oxide layer. Via
the analysis of the characteristic peaks, peaks corresponding to the MgO and Mg2SiO4

phases are present in the anodized sample. This confirms the theoretical finding that, as a
result of the continuous melting and re-solidification of the oxide during the complex PEO
process, there is an enrichment of the composition of the coating, which will eventually
also contain the elements present in the electrolyte [44]. In addition, Mg-associated peaks
representing the metal substrate were observed, suggesting the penetration of the X-ray
in the bulk of the substrate, although a gracing incidence analysis was carried out. The
β-phase (Mg17Al12) composed the substrate, but as the Al concentration in the AZ31 alloy
is low, the amount is probably too low to be detected through the XRD measurements [45].
Owing to the amorphous nature of PDA and PLA, new peaks were not possible to identify
in the XRD patterns [46]. Given the thickness of the PLA film, it is reasonable to expect
a lower peak intensity of magnesium for the coated sample, as was already observed for
the anodized-only one. The Joint Committee on Powder Diffraction Standards (JCPDS)
schedules used to identify the phases are Nos. 35-0821 for Mg, Nos. 30-0794 for MgO, and
Nos. 35-0821 for Mg2SiO4.
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3.3. Micro-Hardness Test

The ceramic-like characteristic of the oxide layer should provide good hardness prop-
erties, depending on the phase structure and compactness. The oxide coating, given its
ceramic nature, shows higher values of this parameter compared to the magnesium sub-
strate, as reported in Figure 9. Specifically, for the magnesium substrate, a value of about
77 ± 5 HV was recorded, whereas the anodic coating presents a micro-hardness of about
324 ± 20 HV, higher than the values reported in literature [47]. The contribution of organic
coatings, polydopamine and PLA, does not provide any substantial change in the hardness
of the sample.
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3.4. Roughness Measurements

The surface roughness parameters values obtained by performing the measurements
by means of the laser confocal scanning microscope are listed in Table 1.

Table 1. Average surface roughness parameters evaluated by means of laser confocal scanning
microscope acquisitions.

Sa (µm) Sq (µm) Sp (µm) Sv (µm) Sku Ssk Sdq Sdr (%)

Mg SS 0.3 ± 0.05 0.3 ± 0.02 3.1 ± 0.4 1.2 ± 0.43 4.4 ± 0.2 0.1 ± 0.03 0.2 ± 0.01 2.1 ± 0.05
Mg-MAO 1.7 ± 0.2 2.4 ± 0.1 8.0 ± 0.2 14.7 ± 1.3 6.4 ± 0.4 −1.4 ± 0.02 4.7 ± 0.05 289.7 ± 12
Mg-PDA 1.3 ± 0.3 1.7 ± 0.3 7.1 ± 0.3 5.8 ± 0.2 3.7 ± 0.2 0.5 ± 0.01 1.2 ± 0.02 39.7 ± 2.1

Mg-MAO-PDA 1.2 ± 0.2 1.6 ± 0.3 5.4 ± 0.2 11.4 ± 0.5 5.9 ± 0.2 −0.8 ± 0.02 1.0 ± 0.05 49.4 ± 1.6

From the results, it is interesting to note the effect of the PDA deposition when it is
applied on both the magnesium substrate and the oxide coating. In the first case (Mg-PDA
specimen), as expected, a change of the Sa parameter was recorded, from 0.3 to 1.3 µm. In
addition, an erosion effect can be detected when observing the higher values for Sp and
Sv, suggesting higher peaks and lower valleys. As a result, the resulting developed area,
Sdr, increases from 2.1% to about 40%. The only anodization treatment (Mg-MAO) further
amplifies the distance between the peaks and the valley, extending the developed area of
about 300% (Sdr), and it produces a morphology characterized by sharp peaks and the
prominence of valleys, as shown in the Sku and Ssk values, respectively. The deposition
of the mussel-inspired coating (polidopamina layer) on the anodized specimen, on the
other hand, reduces the peak-to-valley distance by filling the porosity, and it significantly
smooths the surface, as evidenced by the reduction in the Sdq value of 1%, particularly
changing the shape of the peaks, as attested by the reduced value of Sku.
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Three-dimensional roughness graphs are displayed in Figure 10. The magnesium
substrate has a smooth surface with evident grooves due to mechanical pretreatment. The
erosive effect of the polydopamine layer can be detected on Mg-PDA samples whose surface
appears rough. The anodizing treatment results in a very porous surface, with clear sharp
peaks and deep valleys. The polydopamine layer on the anodic coating presents enlarged
pores, confirming the SEM observations, smoothing the peaks, and filling the valleys, as
evidenced by the lack of blue zones (see Figure 10 Mg-MAO-PDA sample). A similar
effect was observed by Li et al. [48] when covering the anodic oxide coating functionalizing
clinochrysotile-like magnesium silicate nanotubes (MSNTs) with a corrosion inhibitor.
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Although the importance of surface topography for cell adhesion, migration, dif-
ferentiation, and proliferation processes is widely discussed in the literature [49], and
it is established that cells are able to recognize the chemical [50] and topography of the
substrate used as contact guidance for their development process, the topic remains very
complex since a surface can be characterized by different levels of roughness: macro-,
micro-, submicron-, and/or nano. At the same time, it could present pits, grooves, fibers, or
pores with a chaotic or ordinate texture. Several papers [51–55] have investigated the influ-
ence of an isotropic or anisotropic pattern on cells’ behavior, revealing a better response in
the former case and also defining the beneficial size and shape of the micro-chambers com-
posing the pattern when considering the cells’ size (about 10–20 µm). Nikkahn et al. [56]
studied the influence of two kinds of 3D isotropic patterns of a silicon substrate, designed
with star-shaped or circular micro-chambers of about 150 µm in width and 50 µm in depth,
on the adhesion of human fibroblast cells and human breast cancer cells (MDA-MB-231),
demonstrating the different influence of the micro-chamber’s shape on the adhesion mecha-



Metals 2025, 15, 146 11 of 23

nism between healthy and diseased cells. Altomare et al. [57] investigated several varieties
of grooves depths (0.5–5 µm) and widths (5–100 µm) to improve myoblast cells’ behavior
on a PLA/trimethylene carbonate copolymer film. The authors, although they obtained
the best finding from deeper and narrower grooves, highlighted the importance of also
studying the behavior for a long time period due to the improvement in cellular develop-
ment after the first days. Different techniques are listed in the literature to obtain desiderata
from 3D micro-patterns [49]. In this work, the hot-pressing technique used to apply the
PLA film allowed a specific surface pattern to be imprinted and used as contact guidance,
with the opportunity of possibly also choosing the valleys’ shape and size to stimulate
the regenerative processes of the host tissue. The 3D graph of the Mg-MAO-PDA-PLA
sample displayed in Figure 11a shows an isotropic pattern, characterized by circular micro-
chambers, of the PLA film. This pattern was not revealed via SEM observations due to the
high magnification used.
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To verify the shape of the valleys, profile measurements were taken along perpendicu-
lar directions, a representation of which is shown in Figure 11b,c. It is possible to note the
curved side walls of the valleys, characterized by a width of approximately 400 µm and
a depth of approximately 5 µm.

3.5. Electrochemical In Vitro Characterization

It is well known that, when magnesium and its alloys are in contact with an aqueous
solution with a pH value lower than 9, the degradation process involves the following
partial reactions [58]:

Mg → Mg2+ + 2e− (anodic reaction) (1)

2 H2O + 2e− → H2 + 2 (OH)− (cathodic reaction) (2)

Mg2+ + 2 (OH)− → Mg(OH)2 (product formation) (3)

The magnesium hydroxide and magnesium oxide, formed as by-products, will deposit
on the surface of the metallic substrate, forming a protective film whose stability is affected
by the local pH value, which changes due to the cathodic reaction (2). In addition, the pres-
ence of chloride ions in the solution could transform the protective layer MgO/Mg(OH)2

into soluble MgCl2 [59]. An important aspect to consider regarding the corrosion of mag-
nesium, in contrast to other metals such as iron or aluminum, is the so-called “negative
difference effect” (NDE) that it shows when it is anodically polarized [60]. This means that,
when the anodic overpotential is increased, the cathodic current density of hydrogen rises
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instead of decreasing. So, the oxidation results in an increasing production of hydrogen
gas, causing the breakdown of the protective film and a fast increase in the anodic current.
However, by controlling Mg alloy corrosion kinetics, the development of hydrogen gas
can be controlled. It may be pursued by allowing the process of degradation of the metal
substrate in the body environment, the so-called biodegradation process, to occur at a rate
comparable to the rate of healing of living tissue (i.e., bone growth) so that the amount of
hydrogen produced can be such that the harmful effects it produces are avoided; at the
same time, the daily amount of magnesium ions released in the body does not exceed an
amount of 330–420 mg/day [61].

Being a valve metal, magnesium and its alloys could generally degrade according
to the pitting corrosion mechanism, a kind of mechanism related to the local rupture of
the protective layer and the formation of small pits that trigger the degradation process.
For magnesium alloys, the presence of second phases or intermetallic compounds also
involves galvanic corrosion due to different electrochemical potential between the α-Mg
matrix and second phase or intermetallic phases, such as β (Mg17Al12), composing the
Mg-Al series alloys. The secondary β-phases are cathodic to the α-Mg matrix [58] and have
good passive behavior over a broad range of pH values. However, their contribution to the
corrosion process depends upon their amount, size, and distribution. When the grain size of
a magnesium alloy is small and the volume fraction of the β-phase is high, the distribution
of the β-phase on the α-Mg matrix is continuous, providing corrosion protection through a
barrier layer effect. On the other hand, if the grain size is larger and the β- phases cannot
cover the α-phase completely, galvanic corrosion results with the α-phase acting as an
anode and undergoing corrosion [62]. The corrosion product, Mg(OH)2, precipitates over
the α-Mg matrix, and this surface film is only partially selective, as the continuity of the
film is interrupted by the presence of the secondary phase.

The corrosion of magnesium and its alloys in Hanks’ Balanced Salt solution has been
widely investigated [63–66]. However, to the best of the authors’ knowledge, few pa-
pers have discussed the corrosion of the AZ31 magnesium alloy in this kind of solution,
simulating the body’s living environment. Bukovinova and Hadzima [67] investigated
the corrosion mechanisms of two different processing technologies, casting and extru-
sion, used to produce samples of the AZ31 in Hanks’ Balanced Salt solution for about
500 h through electrochemical impedance spectroscopy analysis. They found that the
technologies influenced the morphologies and degradation rates; in fact, in the case of cast
alloy, corrosion proceeds more in depth in the sites with the initial surface damage, while
for extruded alloys, corrosion proceeds more in width with an increasing exposure time.
A finer microstructure of the extruded alloys leads to a more uniform corrosion process
in a physiological solution compared to the non-uniform degradation process developed
on the cast alloy, characterized by a coarse microstructure. Xin et al. [68] deeply inves-
tigated the corrosion mechanism of AZ91 in Hanks’ Balanced Salt solution and, among
other things, highlighted the influence of the secondary phase, which, although forming
galvanic couples, blocks the spreading of corrosion along the α-Mg matrix when they form
a continuous distribution around it. Magnesium and calcium phosphate precipitates were
found in addition to the expected corrosion products. In particular, they claimed that both
the increase in the pH, due to the reaction (2), and the high presence of Mg ions in the
physiological solution suppresses the formation of calcium phosphate in the typical ratio of
the hydroxyapatite but stimulate the precipitation of the magnesium phosphate.

In this research, to study corrosion behavior in terms of the corrosion current den-
sity and corrosion mechanism, potentiodynamic polarization tests and electrochemical
impedance spectroscopy analyses, respectively, were performed in Hanks’ Balanced Salt
solution at 37 ◦C. From potentiodynamic polarization curves, it is possible to define good
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corrosion resistance when the curve records high corrosion potential, Ecorr, and a low
current density, icorr. The potentiodynamic polarization scans obtained from analyzing
the samples are displayed in Figure 12. In Figure 12a, the Mg SS curve shows the highest
current density value and a low corrosion potential, Ecorr, of about −1.48 V vs. SCE, also
reported in the literature [69]. The deposition of the polydopamine layer, while recording
a near corrosion potential value to the Mg SS and presenting a cracked surface, reduces
the corrosion rate by about one order of magnitude [70]. Instead, when the micro-arc
oxidation treatment is performed, a decrease of two orders of magnitude in the current
density is possible to detect (Mg-MAO), along with an increase in the corrosion potential
(about −1.32 V vs. SCE), indicating that the physical barrier of the oxide coating can be
an effective pathway for enhancing the corrosion properties. The lack of a passivity range
should not be surprising due to the porosity characterizing the coating, as recorded for
aluminum alloys [71,72]. The dipping in the polydopamine bath after the anodizing (Mg-
MAO-PDA) would seem to compromise the beneficial effect of oxidation in terms of Ecorr
since this parameter was reduced compared to that of the Mg-MAO specimen, probably
due to a catalytic effect explained in the following. However, the current density is the
term that must be considered when evaluating corrosion resistance properties. Looking at
the current density, we find that the Mg-MAO-PDA sample presented a good reduction in
the corrosion current density compared to the untreated and only polydopamine-covered
samples, as shown by the shift in its curve towards lower current densities. In addition, it
presented a behavior like that shown in the pseudo-passivity condition, as reported, for
example, by Jothi et al. [73]. In this case, it was due to the polydopamine layer, which, by
penetrating pores, simultaneously enlarges and seals them, as highlighted by roughness
measurements, conferring good corrosion resistance.
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All the above considerations regarding the corrosion current density can be applied if
the geometrical area is considered (Figure 12a). However, from roughness measurements,
it is possible to consider the real extension of the samples’ area (Figure 12b), which has
never been investigated in the literature. In particular, by considering the Sdr parameter
(see Table 1), which represents the percentage extension of the area, and knowing the
geometrical area on which the roughness measurement was performed, the real area
was estimated through a simple proportion. This allows an impressive reduction in the
corrosion rate evident as the translation of the curves towards lower current densities
(Figure 12b), especially for the anodized samples, i.e., Mg-MAO and Mg-MAO-PDA.
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The lack of an activation mechanism and the quick achievement of a trans-passivity
condition do not allow for the calculation of the corrosion rate using the Tafel approach
specified in the standards of ASTM G102-89 (Reapproved 2015) [74]. In these cases, an
extrapolation of the above-mentioned approach is possible for determining the corrosion
current density, identified as the intersection point between the tangent to the cathodic
branch and the corrosion potential, Ecorr. The Mg SS sample shows a corrosion current
density of 2.65 ± 0.3 × 10−5 A cm−2 [75], a value similar to that obtained considering
the geometrical area. As expected, the anodized sample Mg-MAO records a very low
corrosion current density of 5.99 ± 0.8 × 10−10 A cm−2. The only polydopamine layer
(Mg-PDA) improves the corrosion current density compared to the untreated sample,
1.94 ± 0.3 × 10−7 A cm−2, due to the formation of a rougher surface than that of the un-
treated sample. The Mg-MAO-PDA specimen exhibits a pseudo-passive range, confirming
the sealing of the pores already shown via roughness measurements. Thus, in these cases,
the pseudo-passivity current density is the kinetic better data to consider, which is equal
to 7.35 ± 0.4 × 10−8 A cm−2, instead of the corrosion current density value. Its higher
value than that of Mg-MAO could be due to some effect explained in the EIS analysis,
which confirmed this behavior. The corrosion parameters evaluated from potentiodynamic
polarization curves are summarizedin Table 2.

Table 2. Corrosion parameters evaluated from the potentiodynamic polarization curves.

Specimens
Corrosion
Potential,

V vs. OCP

Corrosion Current
Density,
A/cm2

Passivity Current
Density,
A/cm2

Mg SS −1.48 ± 0.2 (2.65± 0.3) × 10−5 -
Mg-MAO −1.32 ± 0.4 (5.99 ± 0.8) × 10−10 -
Mg-PDA −1.49 ± 0.2 (1.94 ± 0.3) × 10−7 -

Mg-MAO-PDA −1.50 ± 0.3 - (7.35 ± 0.4) × 10−8

The EIS results obtained from all samples allowed to derive interesting considera-
tions about the role played by the various constituents of the three-layer coating studied.
In Figure 13, the Bode plots spectra of the specimens obtained at the beginning of the
immersion in Hanks’ Balanced Salt solution at 37 ◦C are shown.
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The poor corrosion resistance in the presence of chloride ions of the magnesium alloy
is confirmed by the response offered via the Mg SS sample, which presents an impedance
modulus at a low frequency range (0.02–1 Hz) of about 102 Ω cm2. Two constant times in
the phase plot, one at medium frequencies and another at low ones, indicate two electro-
chemical processes [76], the charge transfer, and the absorption of intermediate species,
which are also confirmed through the Nyquist plot magnified in Figure 14b, in which a
capacitive arc and a folliwing inductive loop are shown [62]. Coating the magnesium
substrate with a polydopamine (Mg-PDA) layer shows a slight improvement compared
to the unmodified one. The impedance value at the lowest frequencies is one order of
magnitude higher, equal to about 103 Ω cm2 [77], while the phase angle plot showed
two peaks, one apparent at medium frequencies and another only alluded to in the low
ones, but the Nyquist plot highlighted both and also revealed, in this case, an inductive
loop. The protective effect offered via the anodization treatment (Mg-MAO specimen) can
be clearly highlighted in the Bode plot, where the impedance modulus increases at high fre-
quencies of two orders of magnitude and about four orders of magnitude at low frequencies
(106 Ω cm2) compared to the unmodified sample. The improved electrochemical response
was also revealed through the capacitance behavior recorded in the phase diagram, which,
in the high and medium frequency ranges, shows a value of 90◦. Compared to the previous
samples, a different curve was recorded in the Nyquist plot, characterized by two enlarged
capacitive loops, which are ascribable to the structure of the oxide coating, composed
of an inner compact barrier layer with higher protective properties than the outer thick,
porous layer. However, the behavior exhibited by Mg-MAO-PDA specimen confirms the
potentiodynamic polarization results by showing a reduction in the impedance modulus
by more than two orders of magnitude throughout the frequency range when compared
with the anodized sample. This behavior can be justified by considering that, during the
formation of the polydopamine layer on the anodized coating, a degradation process is
triggered. The porosity of the oxide layer could have two effects: the first is determined by
the increase in the specimen area and the second by the fact that the pores, due to their size,
may behave as occluded cells and thus result in autocatalytic corrosion phenomena. This
could be the reason for the reduced corrosion potential recorded in the potentiodynamic
polarization test. The Nyquist plot showed an enlarged capacitive arc in the high-frequency
range. However, the capacitive arc in the low-frequency range is nearly invisible, and the
inductive loop found on the Mg-PDA sample became almost invisible.
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When the film of polylactic acid was applied on the polydopamine layer or on the
anodic oxide coating, it offered the expected barrier protection. From the Bode plots,
displayed in Figure 13, it was possible to check that the Mg-MAO-PLA and Mg-PDA-
PLA showed very similar values for the impedance modulus of about 109 Ω cm2, with a
capacitive behavior until a value of frequency of 1 Hz, as revealed by −90◦ of the phase
plot. At the lowest frequencies, a resistive behavior was recorded, with a reduction in the
angle phase to a 0 value. On the other hand, the Nyquist diagrams (Figure 15) highlight the
different electrochemical mechanisms when the PLA covered the samples. The Mg-MAO-
PLA revealed a capacitive arc, while the Mg-PDA-PLA sample presented an enlarged but
depressed capacitive arc, as if subtending two arcs, and an inductive loop at the lowest
frequencies, as alluded to in the same sample without the PLA film. These behaviors
suggest an easy penetration of the electrolyte into the PLA film, which is also due to the
very low crystallinity of the latter when it is hot-pressed into the sample, as reported
by Liu et al. [78]. However, the high impedance modulus values recorded suggest an
“electrode block” function of the PLA. The best electrochemical response was conferred
when the polydopamine layer was used as an intermediate layer (Mg-MAO-PDA-PLA
sample) since the impedance modulus reached a value of 1010 Ω cm2, exhibiting a capacitive
behavior until the low frequencies. The different behavior is highlighted in the Nyquist
plot, in which a very large capacitive arc was displayed. It is probably due to the synergistic
action between the porous and thick oxide layer, with its high corrosion resistance, and
the polydopamine coating, which filled the pores and improved the adhesion between the
oxide and the thick PLA film to such a level that the oxide/PLA interface could barely be
distinguished, as shown in Figure 7 above, in contrast to the findings of Alabbasi et al. [79].
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The EIS test was carried out for a prolonged period compared to the previous investi-
gations [80,81], i.e., until 168 h of immersion in the test solution. The spectra are depicted
in Figure 16.

An increase of approximately one order of magnitude (1 × 103 Ω cm2) in the
impedance modulus values at the lowest frequency of the unmodified specimen (Mg SS)
confirmed the presence of a “protective” layer on the surface through the continuous for-
mation and dissolution processes. This latter, attributable to a Mg(OH)2 layer [82], appears
as craters filled with corrosion products in Figure 18, and its presence is highlighted as an
inductive loop in the Nyquist plot in Figure 17. During the long immersion in the solution,
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these deposits become thicker, improving the magnesium’s corrosion properties compared
to the beginning of the immersion test.
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Although the impedance modulus of Mg-PDA seemed not to change after 168 h,
its surface image in Figure 18 shows craters apparently covered by corrosion products
attributable to magnesium and calcium phosphate. The anodized specimen, Mg-MAO,
after long immersion in the solution, presented a significant variation in the impedance
modulus, which reduced its value by two orders of magnitude at the lowest frequencies.
However, its surface appears slightly altered with the formation of small white compounds,
probably made of phosphate and calcium, as investigated by Seyfoori et al. [83]. The
Nyquist plot confirmed the reduction in the protective properties by again showing two
capacitive loops with reduced diameters. Exceptionally, the Mg-MAO-PDA sample seemed
to present insignificant changes in the impedance modulus during the long observation
time but superficially showed some points of degradation, as highlighted by the Nyquist
plot with an increasingly lowered arc, as if it subtended two arcs.
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The effect procured via the presence of the PLA coating is still clear after 168 h in
Hanks’ Balanced Salt solution. Although all samples covered with the PLA film showed
a low-frequency impedance value, lower by 4–5 orders of magnitude compared to those
recorded at the beginning of the analysis, the values were of about 2–3 × 104 Ω·cm2, about
an order of magnitude greater than the values of the specimens without the PLA film. The
impedance modulus values exhibited by these specimens at high frequency remained at
the same order of magnitude, but only the presence of the polydopamine layer involved
the development of the swelling phenomena, as demonstrated in Figure 18 (Mg-PDA-PLA
specimen), due to the cracked surface (see Figure 4b), through which the electrolyte readily
penetrated and triggered rapid corrosion. The only anodic oxide layer presents very small
and few brown points (Mg-MAO-PLA specimen), suggesting a possible initial degradation
process, whereas the contribution of both the anodic coating and the polydopamine layer
continued to decelerate the degradation process of the magnesium substrate. The complex
corrosion mechanism in the presence of the PLA film was highlighted by the Nyquist plot,
in which unavoidable absorption phenomena were observed as inductive loops, suggesting
the formation of by-products for the corrosion phenomena, although the surface appearance
of the Mg-MAO-PDA-PLA sample seemed to be macroscopically unmodified.

4. Conclusions
Samples of AZ31 magnesium alloy were superficially modified via the deposition

of a three-layer coating consisting of an internal layer of anodic oxide obtained through
electrolytic plasma oxidation, an intermediate layer based on polydopamine, and a film of
polylactic acid applied without the use of solvents.

• The electrochemical treatment involved the classical pancake-like morphology, charac-
terized by many small pores, which were enlarged and filled with the polydopamine
layer, whose thickness was nanometric. The thickness of the anodic oxide was of about
13 µm, while the PLA layer showed a thickness of about 25 µm.

• The EDX analysis, in addition to the elements composing the substrate, revealed the
presence of oxygen, silicon, and sodium after the anodization treatment, as well as
the presence of nitrogen and carbon when the polydopamine layer was applied and
carbon and oxygen after the deposition of the PLA film.
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• The XRD analysis showed the crystallographic structure of the oxide coating, revealing
the magnesium oxide and the magnesium silicate as principal compounds.

• The micro-hardness measurements revealed a higher hardness of the oxide coating
compared to the untreated sample. The presence of the polydopamine and the PLA
film did not affect the value.

• The roughness measurement highlighted the great extension of the area after the MAO
treatment due to high porosity, as revealed through the Sdr parameters (very high for
the Mg-MAO specimen), and the smoothing effect of the polydopamine, as attested to
in the Sp and Sv values’ parameters, suggesting the sealing of oxide pores. In addition,
the presence of the PLA film gave the surface neat, square patterning, which could
improve cellular adhesion.

• The beneficial effect of the applied coatings was highlighted in the electrochemical
tests, which showed a better response for surface-modified specimens in terms of
corrosion kinetics. In particular, from the potentiodynamic polarization was observed
an improvement in the corrosion current density and the corrosion potential for the
anodized specimen. Different behavior was apparent after the application of the
polydopamine on the anodic oxide, which reduced the corrosion potential, but it
involved a passivity range by ennobling the corrosion behavior. The EIS analysis
confirmed the results of the potentiodynamic polarization, and during the immersion
time of 168 h, it revealed the best corrosion resistance for the specimen covered with
all coatings.

This research has demonstrated that a careful design of the coating system, in terms
of the morphology and thickness of each layer composing it, may reduce the degradation
process of magnesium alloys, thanks to the sealing of the oxide pores with a polydopamine
layer and the presence of the PLA film, which could potentially improve the healing of the
host tissues for biodegradable implants’ applications due to the tailored pattern that could
be used to apply it.
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