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ABSTRACT: Magnesium and its alloys are promising biomaterials due to their
biocompatibility and osteoinduction. The plasticity and corrosion resistance of
commercial magnesium alloys cannot meet the requirements for degradable biomaterials
completely at present. Particularly, the alkalinity in themicroenvironment surrounding the
implants, resulting from the degradation, arouses a major concern. Micro-arc oxidation
(MAO) and poly(lactic acid) (PLA) composite (MAO/PLA) coating on biomedical Mg--
1.21Li--1.12Ca--1.0Y alloy was prepared to manipulate the pH variation in an appropriate
range. Surface morphologies were discerned using SEM and EMPA. And corrosion
resistance was evaluated via electrochemical polarization and impedance and hydrogen
volumetric method. The results demonstrated that the MAO coating predominantly
consisted of MgO, Mg2SiO4 and Y2O3. The composite coating markedly improved the
corrosion resistance of the alloy. The rise in solution pH for the MAO/PLA coating was
tailored to a favorable range of 7.5--7.8. The neutralization caused by the alkalinity of MAO
and Mg substrate and acidification of PLA was probed. The result designates that MAO/
PLA composite coating on Mg--1.21Li--1.12Ca--1.0Y alloys may be a promising biomedical
coating.

KEYWORDS: magnesium alloy; micro-arc oxidation (MAO); poly(lactic acid) (PLA);
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1 Introduction

In recent decades, the most metallic bone implants for
clinic applications are stainless steels and titanium alloys
which are non-biodegradable [1]. Since the metallic
implant is a foreign body to human tissues, the risk of
adverse effects or local inflammation may increase after a
long-term implantation. In this case, the second surgery is
necessary to remove the implants. However, the repeated
surgery improves the morbidity rate of the patients and
results in an increase in hospitalization cost and time. The
applications of biodegradable metallic implants may
reduce such complications [2–4].
To serve as the orthopaedic implants, one desirable

demand of biomedical materials is their biodegradability
[5]. Magnesium and its alloys are the most suitable metal
among all the metallic materials. The first study of the
application of magnesium alloys as medical implant
materials has been recorded early in the last century [6].
However, the major obstacles of magnesium alloys in
clinical applications are the lower corrosion resistance and
higher hydrogen release rate as well as the rapid alkalinity
of solution. Therefore, the corrosion rate of magnesium
alloys must be accommodated to the request of implanta-
tion [7].
Usually, the corrosion resistance of magnesium alloys

can be enhanced by alloying with the elements such as Zn,
Ca, Li, and rare earth elements (REs) as well [8–12], and
surface modification [13]. Ca is a major component of
human bone, which may refine the grains in the
microstructure and improve the strength of Mg alloys [14].
The addition of Li can reduce the c/a ratio of the

hexagonal closed packed (HCP) structure of magnesium,
cause better malleability and impact resistance [15]. Our
previous study shows that Mg–Li–Ca alloys have both
corrosion resistance and mechanical properties superior to
Mg–Ca alloys [16–17]. For example, LAE442 served as
degradable bone lamellas and cardiovascular stents with
suitable biomechanical properties [18].
Yttrium also leads to the refinement in microstructure,

the improvement in plasticity and tensile strength, and
corrosion resistance of Mg alloys [18–19]. Meanwhile, the
oxide Y2O3 in the naturally formed oxide film on

magnesium–yttrium alloy possesses a favorable Pilling–
Bedworth ratio (PBR) of 1.13. Therefore, the Mg–Li–Ca–
Yalloy is expected to exhibit a good ductility and corrosion
resistance.
However, the alloying of magnesium alloys cannot

completely satisfy the clinical demand. Surface modifica-
tion, i.e., micro-arc oxidation (MAO) coating [20–21],
chemical conversion coating [22] and polymeric coating
[23], can further improve the corrosion resistance and
biocompatibility of magnesium alloys [24]. Particularly,
the MAO coating, with high hardness, adhesion to the
substrate and superior corrosion resistance, gets a wide
application.
Nevertheless, MAO can be prone to be attacked by the

electrolyte containing Cl– ions because of the porous
surface. MAO coating is comprised of ceramic phases such
as magnesium oxide. When these ceramic phases hydro-
lyzed in vivo, local pH value would be raised to a
detrimental level to tissues [25]. Thus, MAO coating would
be not suitable for replacement implants without sealing or
post treatment.
The degradable polymeric coatings, containing poly

(lactic acid) (PLA), poly(ε-caprolactone) (PCL) [23,26]
and poly(glycolic acid) (PGA) [27], can reduce the
corrosion rate and meet the clinical requirement, concern-
ing the biomedical application of magnesium alloys. The
in-vitro studies on the polymeric coating, fabricated by
PCL and dichloromethane onto magnesium alloys, indi-
cated its good cytocompatibility [28]. It is demonstrated
that PCL coating on the AZ31 and Mg4Y alloys provides
better protection at the initial stage. Nevertheless, it does
not maintain a reduction in corrosion rate in the subsequent
immersion [29]. This scenario is attributed to the pure
polymeric coating peeling from the substrate.
Generally, polymeric coating swells in aqueous solution

and thus detaches from the substrates. As the polymer
coating fractured locally, galvanic corrosion would occur
between the substrate and its coating, and thus accelerated
the corrosion. Accordingly, bonding force between the
polymer layer and its substrate explicitly influences in vivo
service time of the coating [21].
Interestingly, the polymeric coating prepared on the

porous MAO coating, leading to an interlocking MAO/
PLA composite coating, reduces the corrosion rate of
magnesium alloys [30–31]. In the composite coating
polymer permeates into the porous MAO coating and
protects it from the attack by electrolyte ions. Hereby, the
porous structure of MAO coating provides a favorable
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bond in long-term immersion test.
Nevertheless, it is noted that the decrease in solution pH

ascribed to the degradation of PLA is rarely discussed in
the literature [26]. The alkalization caused by the corrosion
of magnesium and the acidification by the degradation of
PLA might tailor the local pH in the microenvironment of
the implanted location. Thus, fabricating a PLA coating on
the MAO coating may be a promising approach to reducing
the corrosion resistance, manipulating the pH at an
appropriate level and improving the biocompatibility of
magnesium alloys.
The study aims to fabricate a PLA/MAO composite

coating, and to have further insight into the degradation
mechanism of the MAO/PLA composite coating on Mg–
Li–Ca–Y alloy.

2 Materials and methods

2.1 Materials

Mg–Li–Ca–Y alloy was supplied by Institute of Metals
Research, Chinese Academy of Sciences (Shenyang,
China). The chemical composition of the alloy was 1.21
wt.% Li, 1.21 wt.% Ca, 1.0 wt.% Y, and balance Mg.
The samples for tests was machined to the dimensions of

20 mm � 20 mm � 5 mm. Prior to the preparation of the
coating, the samples were ground to 2400 grit, degreased in
ethanol, rinsed in de-ionized water and dried in warm air.

2.2 Preparation of coating

The MAO treatment device consisted of a pure titanium
plate served as the cathode, a power supply unit controlled
by single chip micyoco (SCM) and a stirring/cooling
system. The MAO procedures were conducted in a silicate
electrolyte, containing 20 g/L NaOH, 20 g/L Na2SiO3, 15
g/L NaB4O7 and 10 g/L C6H5Na3O7 and 7.5 g/L phytic
acid as well [32]. The MAO coating was treated at a
constant voltage of 130–140 V for 10 min at room
temperature. All solutions used in the process were
prepared with A.R. chemicals and distilled water.
In practice, the degradation rate of PLA/MAO composite

coating can be adjusted by changing PLA concentration in
dichloromethane [23,26]. A low concentration of PLAwas
chosen to accelerate the degradation rate, since complete
degradation time of PLA depends on its molecular weight
[33]. To prepare the PLA coating on the MAO surface,
PLA with a molecular weight of 60,000 and dichloro-

methane were firstly mixed in a concentration of 1% (w/v),
and then stirred at room temperature for 1 h and dispersed
in ultrasonic for 15 min. The samples with the MAO
coating were dipped in the mixed solution of PLA and
dichloromethane under ultrasonic vibration for 15 min, and
then taken out, finally dried in a dry furnace at 65°C for 10
h to make the organic solvent evaporate completely.
Similarly, PLA coating was prepared on a plate of

polytetrafluoroethylene (PTFE) in order to investigate the
influence of PLA on solution pH during degradation.

2.3 Surface analysis

Scanning electron microscopy (SEM, KYKY-2800B) was
employed to discern the surface morphology of the MAO/
PLA coating and the corrosion morphologies after
immersion in Hank’s solution for 72 h. The average pore
size and the total pore area were analyzed using Image-
PRO plus program (Media Cybernetics Company, USA).
The elemental distribution of the composite coating was
analyzed by electron microprobe analysis (EMPA, JXA-
8230). The structure of MAO coating and MAO/PLA
coating soaked in Hank’s solution for 72 h were probed by
X-ray diffraction (XRD, D/Max2500PC).

2.4 Electrochemical measurement

An electrochemical workstation (PARSTAT 2273) con-
nected to a three-electrode cell was used for the electro-
chemical measurements. The working electrode was the
test material with an exposed area of 1.00 cm2. A pure
platinum electrode and a saturated calomel electrode (SCE)
were used as the counter and reference electrodes,
respectively. The electrolytic solution was Hank’s solution
at a pH of 7.4 and room temperature (25°C). At the
beginning of electrochemical measurements, the samples
were held in the Hank’s solution for 15 min to establish the
surface steady state. Potentiodynamic polarization curves
derived at a sweep rate of 1 mV/s. In electrochemical
impedance spectroscopy (EIS) measurements, the fre-
quency ranged from 100 kHz to 10MHz and the amplitude
of the sinusoidal potential signal was 10 mV. The repeated
measurements were performed to ensure reproducibility of
the results.

2.5 Hydrogen evolution and pH monitor

The hydrogen evolution rate (HER) and pH value were
measured to evaluate the corrosion behavior of the
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substrate and its coatings during immersion in Hank’s
solution at 37.5°C. The ratio of the sample-surface-area to
medium-volume was 40 mL to 1 cm2. The method for HER
is reported in our previous literature [17]. A pH meter
(Alalis pH400) was used to monitor the variation in
solution pH value. The solution was not changed during the
whole immersion test. All tests were repeated in triplicate.

3 Results

3.1 Morphology observation

The MAO coating on Mg–1.21Li–1.12Ca–1.0Yalloy has a
variety of pores and cracks (Fig. 1(a)). The “crater-like”
pores are the results of plasma discharges. The number and
size of the pores of the MAO/PLA coating markedly
reduced (Table 1 and Fig. 1(b)).
Moreover, a stratified structure was easily observed in

cross-section (Fig. 2). The MAO coating consist of two
clearly pronounced sublayers: a denser inner sublayer or
barrier layer and a loose porous outer sublayer. The PLA
coating with a bright layer in the outmost layer has several-
micrometer thickness. The cracks existed between the PLA
coating and epoxy resin because of their different
contraction rates as the resin cured. It is noting that
considerable microvoids exist in the PLA coating.

3.2 Surface elements analysis

The elemental distribution mapping of the MAO coating
(Fig. 3) demonstrates the element enrichment and removal
because of high temperature during MAO process [34]. Mg
and Ca were predominantly distributed in the substrate, the
barrier layer of the MAO coating [35]; while O and Si were
completely scattered in the MAO coating; and trace of P,
originating from phytic acid, was also found in the MAO
coating. These elements indicated the possible existence of
MgO, Mg2SiO4, and some calcium phosphates such as
CaHPO4 and/or Ca3(PO4)2 [21] in the MAO coating.

3.3 Electrochemical measurements

The both coatings, with lower one order of magnitude of
current densities than the substrate, indicate the effective

Fig. 1 SEM images of (a) MAO coating and (b) MAO/PLA
coating on Mg–1.21Li–1.12Ca–1.0Y alloy.

Table 1 Pore size of the coatings on Mg–1.21Li–1.12Ca–1.0Y alloy

Sample dmax
a) /μm dmin

b) /μm dmean
c) /μm Standard deviation Number of pores

MAO 60.56 ~1 8.61 18.81 15332

MAO/PLA 31.42 ~1 2.26 2.58 3489

a) The maximum diameter. b) The minimum diameter. c) The mean diameter.

Fig. 2 SEM image of the MAO/PLA coating on cross-sectional
view.
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protection for the substrate (Fig. 4). The corrosion current
density for the substrate is 1.045�10–5 A/cm2, while for the
MAO coating and the MAO/PLA coating 6.313�10–6 and
1.702�10–6 A/cm2, respectively. It is clear that the current
density of the MAO/PLA coating was insignificantly
reduced compared to the MAO coating due to the
numerous microvoids in the PLA coating with a lower
molecular weight.
The Nyquist plot (Fig. 5(a)) shows similar components:

one capacitive reactance in high frequency range, a smaller
capacitive reactance following in the middle frequency, and
an inductance reactance arc in the low frequency range.
The MAO and MAO/PLA coatings lead to an obvious
improvement in the corrosion resistance in comparison to
the substrate (Fig. 5).
There are two major capacitive reactances existing in the

EIS curve of the MAO coating, which is in accordance with

Fig. 3 Elemental mapping of (a) the MAO coating on cross-section: (b) Mg; (c) Ca; (d) O; (e) Si; (f) P.

Fig. 4 Polarization curves of the substrate and its coatings in
Hank’s solution.
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that of the MAO coatings reported in Refs. [20,35].
Polymer sealing slightly improved the corrosion resistance
according to the Bode plot (Fig. 5(b)).
For the EIS of the substrate (Fig. 5), capacitive reactance

arc in the high frequency (HF) region corresponds to
electrical double layer at the interface of the solution and
the substrate alloy; and capacitive reactance arc in the
medium frequency (MF) region corresponds to oxidation
layer formed in air; and the inductive reactance arc in the
low frequency (LF) corresponds to the initiation of pitting
corrosion. For the MAO and MAO/PLA coatings,
capacitive reactance arc in the first HF region corresponds
to the porous outer layer and the second arc corresponds to
the denser barrier layer. Impedance reactance arc in LF
region implies the absorption of products. The PLA coating
cannot change the electrochemical corrosion characteristic
of the composite coating because PLA still contains a high
porosity (Figs. 1–2 and Table 1). The EIS plots were fitted
by the equivalent circuit shown in Fig. 6. For the Mg
substrate (Fig. 6(a)), Rs represents the solution resistance,

Rct represents the charge transfer resistance. Generally, the
higher Rct value implies the lower dissolution rate. The
MAO coating improved Rct obviously from 176.1 to
354.8 Ω$cm2, while the PLA coating gave rise to
1894Ω$cm2. The Rf and Cf designate the second capacitive
reactance arc in MF region. Constant phase element (CPEf)
is used to replace capacitance Cf in MAO coating. CPEf

indicates the deviation of Cf to theoretical value due to the
considerably porous structure of MAO coating. A
dimensionless coefficient, n was introduced to fix this
deviation. Because the surface roughness of the composite
coating was reduced by the PLA, n was removed. The
second capacitive reactance arc is related to the denser sub-
layer of the coating. The Rf value increases in the order: Mg
substrate < MAO < MAO/PLA. The fitting results of EIS
of the substrate and its coatings in Hank’s solution are
summarized in Table 2. The fitting quality was evaluated
by the chi-squared values, which was the order of 10–4,
indicating that the obtained data was consistent with the
proposed equivalent circuit [35].

Fig. 5 (a) Nyquist plots and (b) Bode plots of the substrate and its coatings in Hank’s solution.

Fig. 6 Equivalent circuit of EIS: (a) the substrate and MAO/PLA composite coating; (b) the MAO coating in Hank’s solution.
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4 Discussion

4.1 Change in corrosion rate

The HER as a function of immersion time in Hank’s
solution is showed in Fig. 7. It is clear that the HER of the
MAO/PLA coating was the lowest. The Mg–Li–Ca–Y
substrate was subjected to attack and kept the HER at a
high level at the beginning of soaking. While in the initial
stage, the MAO coating showed a favorable corrosion
resistance. However, as time increased, the HER of the
MAO coating continuously accelerated. At the immersion
time of 9 h, the HER of the MAO coating was almost equal
to that of the substrate. And in the subsequent immersion,
the HER of the MAO coating finally surpassed that of the
substrate in Hank’s solution. This scenario was out of the
expectation. There was large discrepancy between the HER
and the corrosion resistance obtained from the polarization
curves and EIS. This was ascribed to the influence of the
immersion time and thus the surface change in solutions.
Particularly, the HER of the MAO coating surpassed that of
its substrate in subsequent immersion. Further investiga-
tion on pH measurement was made to understand the
corrosion mechanism of the coating. The immersion test
merely lasted 30 h and demonstrated a preliminary
comparison of corrosion rate; a long-term corrosion
evaluation is needed in further research.

4.2 Change in pH value

The variation in pH value of the solution is a major concern
for the applications of biomedical magnesium alloys. Thus,
the change in pH values versus immersion time in Hank’s
solution was monitored (Fig. 8). It is noted that the pH
value of the MAO coating was slightly lower than that of
the substrate before 6 h, and vice versa after. This situation
was similar to the change in HER.
At the first stage, the lower pH value of the MAO coating

than the substrate was ascribed to the hydration of the
ceramic oxide MgO by chemical reaction as follows:

MgOþ H2O ! MgðOHÞ2 (1)

Simultaneously, the substrate was protected from the
denser barrier layer against the solution, as illustrated in
Fig. 9(a). The PBRs of MgO and Mg(OH)2 are 0.8 and
1.80, respectively [17]. Therefore, the hydration of MgO
led to an increase in volume of the precipitate of Mg(OH)2.
As a result, the pore of the MAO coating was partially
sealed by the precipitate, which was partially protective. T
ab
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Once the oxide transformed completely into Mg(OH)2,
then the solution would penetrate into the substrate.
At the second stage, the magnesium substrate was

subjected to electrochemical corrosion from the aggressive
medium, as represented in Fig. 9(b).
Anodic reaction

Mg ! Mg2þ þ 2e – (2)

Cathodic reaction

2H2Oþ 2e – ! 2OH – þ H2 " (3)

Total reaction

Mgþ 2H2O ! MgðOHÞ2 þ H2 " (4)

The hydrogen evolution would cause a continuous
increase in pressure beneath the MAO coating and the
Mg(OH)2 precipitate with increasing time. However, the
precipitate Mg(OH)2 can be dissolved by chloride ions:

MgðOHÞ2 þ 2Cl – ! MgCl2 þ 2OH – (5)

Consequently, the partial MAO coating and dissolution
of Mg(OH)2 precipitate would break up and collapse under
such a pressure that resulted in more areas exposed to the
solution, and thus accelerated the corrosion of the MAO
coating.
The linear decrease in solution pH for the PLA coating

on the PTFE plate disclosed that the acidic products were
developed during its degradation (Fig. 8). The pH result
demonstrated that the acidification of the degradation of
PLA neutralized the alkalinity of degradation of magne-
sium, and thus resulted in the pH value maintaining at a
much lower level than the substrate. The slow rise in pH
value (Fig. 8) for the MAO/coating in the initial immersion
of 7 h was related to the fast absorbent feature of the porous
PLA coating during its degradation and corrosion of
magnesium. In the following period, the occurrence of the
acidic resultants, resulting from the polymer degradation,
gave rise to the decrease in pH value [36].
Figure 10 shows the cracked surface morphologies of

Fig. 9 Schematic illustration of the corrosion mechanism of the MAO coating: (a) at the first stage; (b) at the second stage.

Fig. 7 HER of the substrate and its coatings in Hank’s solution.

Fig. 8 Variation in pH values for the substrate and its coatings
on the Mg–1.21Li–1.12Ca–1.0Y alloy and PLA coating on PTFE
in Hank’s solution.
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MAO/PLA composite coating soaked in Hank’s solution
for 72 h. This morphology implies that the long chain of the
polymeric coating degraded into short chain [27]. In the
subsequent period, the PLA coating gently swelled and
blocked the migration paths of water molecular and the
ions into the MAO coating.

Figure 11 designates the XRD patterns of the MAO
coating and the MAO/PLA composite coating soaked in
Hank’s solution for 72 h. There were no new phases
formed besides the original components: MgO, Mg2SiO4,
α-Mg, and Y2O3 in the MAO coating. The formation of the
phases in the MAO coating can be attributable to the
reactions through [37–38]:

MgðOHÞ2 ! MgOþ H2O (6)

2Mg2þ þ SiO2 –
3 þ 2OH – ! Mg2SiO4 þ H2O (7)

2Y3þ þ 6OH – ! 2YðOHÞ3 ! Y2O3 þ 3H2O (8)

This result also verified the previous elemental analysis,
even though the peaks of calcium phosphates were
imperceptible because of lower content in MAO coating.
The element enrichment of yttrium was conducive to
improve corrosion resistance of MAO coating. The
addition of phytic acid decreased the solution conductivity
and increased the values of breakdown voltage [32]. The
species of calcium phosphate could be CaHPO4 or
Ca3(PO4)2 or amorphous calcium phosphate [21].
As a result, the pH value of the PLA-coated samples

stabilized in the range from 7.5 to 7.8, which was fairly
close to the ideal pH value in human body. Further
comparison disclosed that the pH values of the MAO/PLA
coating on Mg–Li–Ca–Y alloy was lower than the
polymeric coating poly(L-lactic acid) (PLLA) on pure
Mg (Fig. 8) [26]. This consequence also indicated the
MAO/PLA coating has advantages over the pure polymeric
coating.

5 Conclusions

1) The MAO coating on the Mg–1.21Li–1.12Ca–1.0Y
alloy was characterized by MgO, Mg2SiO4, traces of Y2O3

and calcium phosphates.
2) The corrosion resistance of the Mg–1.21Li–1.12Ca–

1.0Y alloy was markedly improved by MAO/PLA coating.
The hydrogen evolution rate of the MAO-coated alloy
accelerated gradually and surpassed that of the substrate
after 6-h immersion, while that of the MAO/PLA coating
remained at a lower value.
3) The MAO/PLA coating tailored the solution pH,

which ranged from 7.5 to 7.8 in 3 d. This characteristic may
prevent tissue subjected to the alkalization on the
magnesium surface. The MAO/PLA coating may be a
promising coating for biomedical Mg–1.21Li–1.12Ca–
1.0Y alloys.

Abbreviations

Fig. 11 XRD patterns of MAO and MAO/PLA coatings after
immersion in Hank’s solution for 72 h.

Fig. 10 SEM images of MAO/PLA coating soaked in Hank’s
solution for 72 h.

CPE constant phase element
EIS electrochemical impedance spectroscopy
EMPA electron microprobe analysis
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