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A  hydrid  coating  composed  of  dicalcium  phosphate  dihydrate  (DCPD)  and  poly(lactic-co-glycolic  acid)
(PLGA)  is  prepared  on AZ31  Mg  alloy  to control  the  corrosion  resistance.  The  DCPD  coating  is deposited  on
the  AZ31  substrate  by  electrochemical  deposition  and  subsequently  covered  by the  PLGA coating.  Poten-
tiodynamic  and  electrochemical  impedance  spectroscopy  (EIS)  tests  conducted  in  simulated  body  fluid
vailable  online 19 October 2015

eywords:
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at  37 ◦C  indicate  that  the  corrosion  resistance  of  the  AZ31  is improved  significantly  by this  hybrid  coat-
ing.  The  deposition  time  influences  the  morphology  and  structure  of the  DCPD  coating  and  consequently
affects  the  corrosion  resistance  of  both  the DCPD  and  DCPD/PLGA  coated  samples.

© 2015  Elsevier  Ltd. All  rights  reserved.
.  Passive films

. Introduction

Magnesium (Mg) and its alloys are attractive biomaterials
n tissue reconstruction [1–5] due to their unique advantages
ver conventional biomaterials such as stainless steels, titanium
lloys, and CoCr alloys including natural biodegradability [6,7],
echanical properties similar to those of natural bone [8,9], and

iocompatibility [10,11]. In addition, Mg  in the proper concentra-
ion range promotes the growth of new bone tissues [12,13]. Many
ypes of Mg-based alloys such as Mg–Ca [14], Mg–Zn [15], Mg–Sr
16], Mg–Si [17] and Mg–Zr [18] have been developed and have

linical potential in screws for therapy of hallux valgus [19], and
tents for vascular remodeling [20,21], as well as bone implants
22].

∗ Corresponding author at: Hubei Collaborative Innovation Center for Advanced
rganic  Chemical Materials, Ministry-of-Education Key Laboratory for the Green
reparation and Application of Functional Materials, Hubei Province Key Labora-
ory of Industrial Biotechnology, School of Materials Science & Engineering, Hubei
niversity, Wuhan, China. Fax: +86 27 88665610.

E-mail addresses: shuilin.wu@gmail.com, sxwsl1976@163.com (S. Wu).

ttp://dx.doi.org/10.1016/j.corsci.2015.10.010
010-938X/© 2015 Elsevier Ltd. All rights reserved.
However, the degradation rates of Mg  alloys tend to be quite
high at pH of less than 11.5 [23] and the presence of chloride ions
accelerates corrosion of Mg  alloys in chloride-containing solutions
such as the human body fluid or blood plasma [24]. Fast degrada-
tion leads to premature loss of mechanical integrity of the implants
before tissues have adequate time to heal. In addition, rapid corro-
sion causes excessive secretion of lytic protein BMP which leads
to the lytic phenomenon [25], and a large amount of hydrogen
is generated to delay bone healing. The high local alkalinity may
also induce inflammation and allergic reactions [26]. Therefore, it
is crucial to control the corrosion rate of Mg alloys and different
strategies have been proposed, for example alloying [27], mechan-
ical deformation [28], hybridization of Mg  alloy and biopolymers
[29], and surface modification [30]. In particular, surface treatment
is very attractive, because it is applicable to all types of alloys and
only alters selective surface properties such as the bioactivity [31],
antibacterial performance [32], and cell functions [33,34], while the

favorable bulk attributes like mechanical properties are preserved.

The biocompatibility and surface biological functions are
important considerations for biomaterials. Owing to the similar
chemical composition with hydroxyapatite that is the inorganic

dx.doi.org/10.1016/j.corsci.2015.10.010
http://www.sciencedirect.com/science/journal/0010938X
http://www.elsevier.com/locate/corsci
http://crossmark.crossref.org/dialog/?doi=10.1016/j.corsci.2015.10.010&domain=pdf
mailto:shuilin.wu@gmail.com
mailto:sxwsl1976@163.com
dx.doi.org/10.1016/j.corsci.2015.10.010
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ig. 1. Surface morphologies of magnesium alloys electrochemically deposited for d
d)  EDS spectra corresponding to image (c), (e) 10 min, (f) high magnification of im
For  interpretation of the references to color in this figure legend, the reader is refe

omponent of natural bone, calcium phosphate (Ca–P) coatings are
ften deposited on biomaterials [35,36]. Common techniques to
odify Mg  alloys include plasma spraying [37], micro-arc oxidation

38], electrochemical deposition [39], sol–gel technique [40], chem-
cal conversion coating [41], hydrothermal method [42], magnetron
puttering [43], and ion implantation [44]. Among these tech-
iques, electrochemical deposition has received much attention
ecause of the simplicity, low cost, and high efficiency. Further-
ore, the structure and chemical composition of the coatings
an be easily controlled by adjusting the electrochemical param-
ters. Ca–P coatings prepared by electrochemical deposition have
een observed to suppress leaching of metallic ions from titanium
lloys, enhance the osteoinductivity of metallic implants [45,46],
nt time at earlier stage, (a) substrate, (b) 5 min, (c) high magnification of image (b),
), (g) EDS spectra corresponding to image (f), (h) high magnification of image (e).

 the web  version of this article.)

and  improve the corrosion resistance of Mg  alloys [47,48], but
defects, cracks, and poor adhesion can be drawbacks [49]. In order
to improve the corrosion resistance to allow sufficient time for tis-
sue healing, organic species can be incorporated into Ca–P coatings.
Polymer coatings can also be utilized as drug carriers to deliver
drugs and genes [50,51] while improving the corrosion resistance,
wear, and abrasion properties of Mg  alloys [52]. In particular,
poly(lactic-co-glycolic acid) (PLGA) has good biocompatibility, and
biodegradability and is non-toxic [53]. The corrosion rate of PLGA

can be controlled by adjusting the ratio of the two co-monomers.
Ostrowski et al. and Li et al. have reported that PLGA with different
monomer ratios and concentrations enhances the corrosion resis-
tance of Mg–Zn alloy and in vitro studies have revealed improved
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iocompatibility of PLGA coated AZ31 [54,55]. In this work, the
tructure and morphology of PLGA/Ca–P hybrid coatings as well
s their effects on the corrosion resistance of AZ31 Mg  alloys are
ystematically investigated.

.  Experiment details

.1.  Materials preparation

Commercial  AZ31 Mg  alloy (wt%: 3% Al, 1% Zn, 0.2% Mn,

e < 0.005%, balanced Mg)  with dimensions of ϕ16 × 5 mm were
round with SiC paper with different grit size (240, 600, 800,
200, and 2400) successively, ultrasonically rinsed with acetone
nd ethanol for 15 min, and dried by flowing warm air.
n, (a1) high magnification of image (a), (b) 60 min, (b1) high magnification of image
 of image (d). (For interpretation of the references to color in this figure legend, the

2.2.  Electrochemical deposition

The  electrolyte used to form the Ca–P coatings contained
0.042 mol/L Ca(NO3)2·4H2O, 0.025 mol/L NH4H2PO4 and 0.1 mol/L
NaNO3 and the pH was  4.5. The side of each sample was connected
to copper wires and the whole sample except the polished surface
was sealed with silica gel. Electrochemical deposition was carried
out on the electrochemical analyzer (IT6500) at a constant cathodic
voltage of 2.5 V with a graphite plate as the anode and the exposed
surface of AZ31 as the cathode immersed in the electrolyte. By

means of magnetic stirring (SZCL-4A), Ca–P deposition was per-
formed at room temperature for different time durations between
5 and 240 min.
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ig. 3. XRD patterns of Mg  alloys with different depostion time, (A) substrate, (B)
0 min, (C) 60 min, (D) 120 min.

.3. Spin coating

The  PLGA solution was prepared by dissolving the PLGA
owder (average molecular weight MW = 120,000, co-polymer
atio = 85:15) in chloroform and the PLGA concentration was  4%
w/v). Spin coating was conducted on the spin coater (KW-4A) at
oom temperature. One milliliter of PLGA was dropped onto the
urface of the Ca–P coated sample at a rotating speed for 10 s to
ake sure that the solution reached the edge of the sample and

fterwards, spinning was conducted at 5000 rpm for 30 s so that
he solution spread to all the exposed area. The spin coating pro-
ess was repeated three times followed by drying under N2 and
torage in an oven at room temperature.

.4. Surface characterization

The  morphology and composition of the coatings were deter-
ined on a scanning electron microscopy (SEM, JEOL-820 and

SM6510LV) equipped with energy-dispersive spectroscopy (EDS).
he phase structure of the Ca–P coatings was analyzed by X-
ay diffraction (XRD, D/MAX-IIIC, Rigaku) using a Cu K� radiation
� = 0.15406 nm)  at 40 kV and 30 mA.  The measurement was  per-
ormed at diffraction angles between 10◦ and 80◦ in 2� at a step size
f 0.02◦. The composition and structure of PLGA were determined
y Fourier transform infrared spectroscopy (FT-IR, Nicolet570).

.5.  Electrochemical tests

The  corrosion tests were carried out in simulated body fluid
SBF) at 37 ◦C on the CHI660E electrochemical analyzer using a
-electrode cell configuration with the pre-treated specimen as
he working electrode, platinum plate as the auxiliary electrode,
nd saturated calomel electrode as a reference electrode. The area
xposed to SBF was 0.64 cm2. The change in the open-circuit poten-
ial (OCP) was first monitored as a function of immersion time for
bout 4000 s. The potentiodynamic polarization tests were car-
ied out at a scanning rate of 2 mV/s. The degradation rate was
etermined by the corrosion current (icorr) obtained from the
olarization curves by extrapolating the cathodic branch of the

olarization curve to the corrosion potential (Ecorr). After soaking

n SBF for different time periods, the specimens were removed
nd dried at room temperature. The SBF with a pH of 7.4 was
omposed of 8 g/L NaCl, 0.35 g/L NaHCO3, 0.25 g/L KCl, 0.2 g/L
 102 (2016) 209–221

K2HPO4·3H2O, 0.3 g/L MgCl2·6H2O, 0.28 g/L CaCl2, 0.07 g/L Na2SO4,
and 6 g/L NH2(CH2OH)3 [56].

Electrochemical impedance spectroscopy (EIS) was conducted
at the open circuit potential by applying a sinusoidal potential of
5 mV  in the frequency range from 105 to 10−2 Hz. The software
Zsimpwin 3.21 was used to simulate the impedance and study
the corrosion mechanism. The EIS measurements were conducted
three times to improve the statistics.

2.6. Hydrogen evolution

Both  the coated and uncoated samples were immersed in Hank’s
solution at 37 ◦C to measure the hydrogen evolution rate. The ratio
of the Hank’s solution volume (mL) to the exposed area (cm2) of
the sample was 25:1. Hydrogen evolution was monitored for 240 h
and the data were recorded at 2 h intervals in the first 12 h and then
every 24 h.

3. Results and discussion

3.1.  Microstructure evolution of Ca–P coatings

Fig. 1 shows the surface morphology of the Ca–P coated AZ31
magnesium alloys in the early stage. As shown in Fig. 1a, there are
some scratches on the mechanically polished magnesium alloys.
After deposition for 5 min  in SBF, precipitates appear sparsely on
the surface (Fig. 1b) and the high-magnification image discloses
the flake-like structure (Fig. 1c). EDS shows that these precipitates
consist of mainly Ca, P and O and no Mg  signal is detected (spec-
trum 1 in Fig. 1d). The spectrum obtained from the scratched area
without precipitates show intense Mg  signal as well as those of
Al and Zn from the substrate. Weak Ca and P peaks can also be
detected (spectrum 2 in Fig. 1d) indicating nucleation and growth
of Ca–P on the surface. In comparison with Fig. 1b, the size of the
precipitates after deposition for 10 min  increases (Fig. 1e). The high-
magnification image reveals that the flake-like precipitates grow
preferentially along the axis in the initial stage as shown by the
red arrows in Fig. 1f. EDS shows the presence of Ca, P and O in the
plate-like precipitates (spectrum 1 in Fig. 1g) and a trace of Mg
from the substrate. Some initially nucleated Ca–P plates are very
thin and almost transparent as marked the red arrow in Fig. 1h.
The EDS spectrum (spectrum 2 in Fig. 1g) obtained from the area
without precipitates shows stronger signals of Ca and P than those
in Fig. 1d. Compared to Fig. 1d, the intensity of Mg  decreases and Al
and Zn are not detected. It suggests that 10 min  deposition induces
the formation of a thicker Ca–P film on the exposed area compared
to 5 min.

As  the deposition time is increased, the plate-like Ca–P phase
continues to grow as shown in Fig. 2. In comparison with the
samples deposited for 20 min  and 60 min  shown in Fig. 2a and b,
respectively, when the deposition time reaches 120 min, the sur-
face is fully covered by the compact Ca–P coating (Fig. 2c and c1).
However, when the time is further increased to 240 min, some areas
are not covered by the flake-like Ca–P phases (indicated by red
arrows in Fig. 2d1) possibly due to the decrease in the Ca and P
concentrations in the solution in this stage. There appears to be
a dynamic balance between electrochemical deposition and Ca–P
coating dissolution and our results reveal an optimal deposition
of 120 min  and further deposition actually accelerates dissolution
of the coatings. Besides the size and distribution, the evolution of
the coating is quite different from that in the early stage (Fig. 1).

The Ca–P phases grow from the center toward two sides in the
early stage (Fig. 1f) while there are many small branches with
new centers diverging from the center toward the periphery as the
deposition time is increased (marked by red circles in Fig. 2a1).
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Fig. 4. SEM images of hybrid coatings before corrosion. (a) 20 min DCPD deposition; (b) high magnification image of (a); cross section of hybrid coating with different DCPD
deposition, (c) 20 min, (d) 60 min, (e) 120 min, (f) 240 min.
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Fig. 5. FTIR spectra of DCPD/PLGA hybrid coatings.
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Fig. 6. Open circuit potentials evolution for (a)

urthermore, small cracks occur on the surface after deposition for
0 min  (indicated by red arrows in Fig. 2a1) and become larger as
he deposition time is increased (marked by red arrows in Fig. 2b1
nd d1). It may  be due to the local reaction between metallic Mg
nd water in the solution leading to release of hydrogen and crack
ormation.

The phase composition of the electrochemically deposited coat-
ngs is characterized by XRD. As shown in Fig. 3, the substrate
hows the typical XRD pattern of Mg–Zn alloys [11,57,58]. The
a–P coatings are composed of predominantly CaHPO4·2H2O crys-

al and dicalcium phosphate dihydrate (DCPD) but no other Ca–P
hases are detected. Mg  peaks are observed clearly from the DCPD
oated alloys indicating that DCPD coatings are quite thin. As shown
n Fig. 3, the intensity of the Mg  peaks, i.e., Mg  (0 0 1), (1 0 0),
 coatings, and (b) DCPD/PLGA hybrid coatings.

and  (1 1 0), decreases gradually with deposition time because the
newly formed DCPD coatings cover the surface and become thicker.
The increasing intensity of DCPD peaks (0 2 0), (1̄21), (0 4 0) and
(1̄12)provides addition evidence and is in accordance with the EDS
results in Fig. 1d and g.

3.2.  Characterization of DCPD/PLGA hybrid coating

As shown in Fig. 4a, after spinning, the DCPD coating almost
cover the PLGA layer fully. Some of the cracks, pores, and space

between the DCPD plates and even the DCPD plates are filled with
PLGA (Fig. 4b). Fig. 4c–f show the cross-sectional images of the
hybrid coating deposited for different time.As the time is increased,
the coatings become thicker. Similar to the morphology in Fig. 4a,
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LGA not only covers the surface of the DCPD plates, but also pen-
trates into the bottom and even the surface of the Mg  alloy. The
TIR result acquired from the DCPD/PLGA coating is depicted in
ig. 5. The characteristic absorption peak of PLGA at 1748 cm−1 is
elated to C O stretching of the ( COO−) group and those at 1184,
121, and 1050 cm−1 are attributed to the C O group. The peak at
454 cm−1 is attributed to CH2 stretching and that at 3520 cm−1

orresponds to O H stretching. The results demonstrate that PLGA
s fabricated on the DCPD coated samples by spin coating.
.3. Electrochemical measurements

The  open circuit potentials (OCPs) of AZ31 with the DCPD and
ybrid coatings are determined in SBF at 37 ◦C. As shown in Fig. 6a,
in SBF coated with (a) DCPD, and (b) DCPD/PLGA.

the initial OCP values fluctuates in the early stage (0–1000 s) for
all the DCPD coated samples while this only lasts for 600 s for the
DCPD/PLGA coated AZ31 (Fig. 6b), implying that the latter becomes
stable sooner. Generally, the DCPD coating enhances the OCP of
the alloy. The drop in the OCP implies film breakdown (curve 2 in
Fig. 6a) whereas the slight increase (curves 3–5) in the OCP indicates
formation of a new layer, i.e, corrosion products, deposit, or precip-
itate in SBF. Fig. 6b shows small fluctuations (shown in curves 2–5)
even in this stable state possibly caused by swelling and ruptur-
ing of the PLGA film and formation of corrosion products because

water can penetrate the PLGA film to the substrate. With regard to
the untreated Mg  alloy, curve 1 in Fig. 6 increases gradually up to
3000 s and then is nearly constant afterwards, suggesting that the
untreated Mg  alloys corrodes rapidly initially and then are covered
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Fig. 8. Surface morphologies of corroded Mg  alloys with different deposition time: (a) substrate, (b) high magnification image of (a), (c) 120 min, (d) high magnification
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eferred to the web  version of this article.)

y the corrosion products. In general, the DCPD/PLGA hybrid coat-
ngs show higher and more stable OCP values than the DCPD coated
nes as well as untreated Mg  alloys.

In comparison with weight loss test, electrochemical potentio-
ynamic polarization tests can accelerate the corrosion process
nd can evaluate the corrosion resistance or degradation rate in

 relatively short time. Fig. 7a shows the potentiodynamic polar-
zation curves of the Mg  alloys in SBF. The measured icorr of the
ntreated Mg  alloy is 5.4 × 10−4 A/cm2, whereas the icorr values
f all the DCPD coated Mg  samples are reduced by almost an
rder of magnittue, indicating that the DCPD coatings significantly
nhance the corrosion resistance of the Mg  alloy. In particular,
40 min  deposition results in the smallest icorr of 1.19 × 10−5 A/cm2.
he degradation behavior depends on the surface structure. The
ncoated Mg  alloy is exposed directly to SBF and Mg  reacts with
2O resulting in rapid degradation of Mg.  In principle, samples
eposited for a longer time should exhibit much better corrosion
esistance because more DCPD crystals precipitate but in reality,
racks become larger (marked by red arrow in Fig. 2b1) undermin-
ng the protection rendered by the DCPD.Therefore, the icorr values
re similar. The slight enhancement in the Ecorr is due to the thicker
oating after a longer deposition time. There is a slight difference
etween the Ecorr and icorr of the DCPD-coated samples. The 60 min
ample has an Ecorr of −1.37 V whereas the 120 min  sample shows
n icorr of 7.86 × 10−5 A/cm2 due to the limitation of the polariza-
ion technique to evaluate the in vitro corrosion rate of Mg  alloys
ecause the anodic polarization curves of Mg  and its alloys do not
bey the Tafel Law [59,60].

Fig.  7b presents the potentiodynamic polarization curves of
he different DCPD/PLGA coated samples in SBF. In comparison

ith the uncoated and DCPD-coated magnesium alloys, the hybrid

oatings (except 240 min  coating) show lower icorr indicating that
LGA enhances the corrosion resistance of the DCPD-coated sam-
les to some extent. Meanwhile, the corrosion resistance of the
d by red rectangle in (d), (f) 240 min, (g) high magnification image of area marked
f). (For interpretation of the references to color in this figure legend, the reader is

DCPD/PLGA  hybrid coatings can be regulated by the deposition
time. The PLGA minimizes the defects in the DCPD coatings to
enhance the corrosion resistance and it is in good agreement with
the observation shown in Fig. 4. Similar results have been obtained
by Gnedenkov et al. [53].

Fig.  8 shows the surface morphology of the corroded Mg  alloys
after electrodynamic polarization tests in SBF at 37 ◦C. The uncoated
Mg alloys are subjected to severe corrosion and cracks and island-
like structure emerge from almost the entire surface (Fig. 8a and
b). The crack has an average size of about 10 �m.This phenomenon
is caused by the chemical reaction between Mg  and the solution as
shown in the following [1,15]:

Mg  + 2H2O → Mg(OH)2 + H2 ↑ (1)

Potentiodynamic polarization accelerates release of hydrogen
and formation of cracks and so the untreated Mg  alloys has the
highest degradation rate. In contrast, the DCPD coating (120 min) is
relatively intact in spite of scattered corroded pits (marked by red
circles in Fig. 8c). As shown in Fig. 8d, the compact DCPD retains
the original flake-like structure and the 120 min DCPD coating is
quite thick even after the electrochemical corrosion tests. No cor-
rosion can be observed from the debonded area except cracks in the
residual coating (Fig. 8d). The high-magnification image in Fig. 8e
shows the remaining plate-like phases on the intact substrate that
is quite different from the corroded substrate as shown in Fig. 8a
and b. It is consistent with the potentiodynamic polarization tests.
The corroded surface of the 240 min  sample is displayed in Fig. 8f.
Unlike the 120 min  sample, cracks can be observed from the entire
surface (Fig. 8f and i) and a part of the substrate is exposed and
degraded during the corrosion tests due to the exfoliation of coat-

ings as confirmed by the mechanical scratches indicated by red
arrows in Fig. 8g. However, new materials are formed on the cor-
roded area. The high-magnification images reveal that these newly
formed materials are one dimensional nanowires (Fig. 8h and i)
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Table 1
Fitting results of EIS plots using EC1.

RS(� cm2) C1(�−1 cm−2 s−n) R1(� cm2) R2(� cm2) C2(�−1 cm−2 s−n)

-5 −4
ig. 9. Surface and cross section images of corroded DCPD/PLGA coatings with diffe
f  (e) 20 min, (f) 240 min.

ossibly playing a self-repairing function during the corrosion pro-
ess.

Fig. 9 shows the surface morphology and cross section of the
orroded Mg  alloys with DCPD/PLGA hybrid coatings after elec-
rodynamic polarization tests in SBF at 37 ◦C. Regardless of the
CPD depotision time, unlike the pure DCPD coating (Fig. 8), all

he hybrid coatings retain the original surface morphology with-
ut the appearance of corrosion pits after the corrosion tests. For
nstance, the 240 min  hybrid coating shows fewer corroded areas
nd cracks than the DCPD-coating in Fig. 8f, indicating that PLGA
nhances the corrosion resistance significantly.

EIS is employed to assess the corrosion performance of the
ncoated, DCPD, and DCPD/PLGA coated samples in SBF as shown

n Fig. 10. The EIS behavior of the coated samples is distinctly dif-
erent from that of the untreated specimen. For both the DCPD
nd DCPD/PLGA coated samples, larger capacitive loops are shown
n Fig. 10a and b, indicating that the corrosion resistance of the
oated Mg alloy is much higher than that of the untreated sam-
le. In addition, compared to the capacitive loop of the DCPD
oated sample (Fig. 10a), the diameter of the capacitive loop of
he DCPD/PLGA coated specimen increases significantly (Fig. 10b),
ndicating that both the DCPD and DCPD/PLGA hybrid coatings can

rotect the Mg  alloy from corrosion and the latter can enhance the
orrosion resistance more effectively. Shi et al. have studied the
orrosion resistance of poly-lactic acid (PLA)/micro-arc oxidation
MAO) composite coatings by electrochemical tests and immersion
4.57 1.02 × 10 210 46.6 1.4 × 10

tests in SBF and found that the composite coating is a good choice
to prevent the Mg  alloy from degradation in comparison with the
PLA or MgO  coating [59]. The EIS bode plots of the bare and coated
AZ31 alloy during immersion in SBF are shown in Fig. 11. The values
of the modulus of impedance measured at 0.01 Hz from the DCPD
coating are larger than those of the bare alloy (shown in Fig. 11a)
and the hybrid coating has the largest values (Fig. 11c). Because
of the relaxation reaction of the intermediate products between
the substrate and DCPD coating, an obvious inductive loop appears
from all the curves in the low frequency region between 1 and
0.01 Hz (Fig. 11a and c) and it is consistent with results obtained
from inorganic coatings with a similar structure [30].

The  corresponding equivalent circuit (EC) models for the EIS
spectra are presented in Fig. 12. The EC1 model shown in Fig. 12a is
widely accepted for modeling of a surface film with oxide layers due
to natural oxidation of Mg  during mechanical polishing [61]. Here,

Rs is the SBF resistance, R1 and C1 refer to the resistance and capac-
itance of the out loose layer, respectively, and R2 and C2 are the
resistance and capacitance of the inner barrier layer, respectively.
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Fig. 10. Nyquist plots of AZ31 coated with (a) DCPD, and (b) DCPD/PLGA.

Table 2
Fitting results of EIS plots using EC2.

Time RS (� cm2) C1 (�−1 cm−2 s−n) R1 (� cm2) R2 (� cm2) Q1 (�−1 cm−2 s−n) n RL (� cm2) L (H cm2)

20 min  9.35 1.99 × 10−5 234 1.42 × 103 1.99 × 10−4 0.533 1.99 × 103 1.2 × 105

60 min  9.06 1.93 × 10−5 1.88 × 103 683 1.74 × 10−4 0.8 911 5.55 × 103

120 min  12.8 2.25 × 10−5 503 1.55 × 103 3.55 × 10−2 0.448 834 3.79 × 103

240 min  14.2 7.80 × 10−7 74.1 1.93 × 103 5.26 × 10−5 0.696 3.72 × 103 4.16 × 104

Table 3
Fitting results of EIS plots using EC3.

Time RS (� cm2) R1 (� cm2) Q0 (�−1 cm−2 s−n) n R2 (� cm2) Q1 (�−1 cm−2 s−n) n L (H cm2) RL (� cm2)

20 min  23.1 14.5 1.14 × 10−5 0.658 6.62 × 103 1.29 × 10−5 0.786 6.16 × 104 1.08 × 104

60 min  21.1 5.8 1.25 × 10−5 0.647 2.37 × 103 2.09 × 10−5 0.684 5.07 × 104 5.88 × 103

120 min  23.5 604 1.64 × 10−5 0.539 5.1 × 103 1.73 × 10−5 0.708 1.63 × 104 5.13 × 103

240 min  22.1 84.3 3.05 × 10−5 0.596 3.19 × 103 8.47 × 10−6 0.763 1.54 × 104 3.59 × 103
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Fig. 11. EIS Bode plots obtained for the untreated and coated AZ31 alloy during im

Fig. 12. Equivalent circuits used to fit the EIS diagrams for (a) the untreated
Mg  alloy, R(CR(CR)); (b) DCPD coated, R(CR)(QR(RL)); and (c) DCPD/PLGA coated,
R
(Q(R(QR(RL)))).
mersion in SBF: (a and b) DCPD coating, and (c and d) DCPD/PLGA coating.

The different shape of the EIS spectra of the DCPD and
DCPD/PLGA coated samples (shown in Fig. 10) suggests different
structures. Accordingly, the EIS spectra are fitted with the corre-
sponding models of EC2 and EC3 (Fig. 12b and c), respectively.
The fitted results are listed in Tables 1–3. As shown in Table 1, the
smaller R2 indicates the thin and loose structure of the native oxide
layer on the uncoated samples. In EC2 and EC3, RL and L represent
the resistance and inductance of the species absorbed onto the coat-
ings [61,62] and Q, a constant phase element (CPE), is used instead
of a capacitive element and the admittance, Y, of the CPE element
and can be caculated by the formula (YCPE (ω)= 1/ZCPE = Qa(jω)n)
[63]. In view of the more complicated outer structure of DCPD/PLGA
hybrid coatings, Q1, a CPE in EC3, is used to substitute for the cap-
itance of C1 in EC1 and EC2. During immersion in SBF, the entire
surface of the uncoated Mg  alloys is corroded accompanied by the
formation of corrosion products such as magnesium hydroxide,
carbonate, and phosphate [62]. However, the DCPD coating pre-
vents the penetration of SBF into the sample leading to a larger R2
(Table 2) compared to the bare sample, suggesting the formation
of a compact inner layer of DCPD on the Mg  alloy. The fluctuation
in R1 in Table 2 indicates that the outer structure of the DCPD coat-
ing varies with deposition time (similar to Figs. 1 and 2). The fitted

results of the DCPD/PLGA coated Mg  alloy are shown in Table 3.The
hybrid coatings have smaller Q2 and larger higher R2 than the DCPD
coatings.The smaller Q2 can be attributed to the thicker inner layer
according to the equation of d = �A/C, where � is the permittivity of
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AZ31: the influence of bicarbonate sulphate, hydrogen phosphate and
ig. 13. Hydrogen evolution rates of the untreated, DCPD and DCPD/PLGA coated
Z31  in Hank’s solutions.

he coating and A and d are the area and separation of the coatings,
espectively [64]. A larger R2 means that the inner layer of the coat-
ng becomes more compact after PLGA spin coating. Under the same
onditions, the hybrid coating has larger R2 and smaller Q2, indicat-
ng that the PLGA on the DCPD coated sample further improves the
orrosion resistance. In addition, R2 in Table 3 also varies with depo-
ition time of DCPD, suggesting that the structure of DCPD/PLGA
ybrid coating is influenced by the surface morphology, structure,
nd thickness of DCPD coating. It is suggested that the carboxyl
roups in the PLGA may  react with the hydroxyl groups produced
n the surface of Mg alloy to form Mg  O chemical bonds [60] and
he protective effect of the composite coatings is quite different
rom that of a single film. For instance, the 20 min  DCPD coated Mg
lloy has a sparse film leading to better coverage of PLGA on the
urface. The 240 min  DCPD coating has a branched structure with

 large size resulting in a more complex structure with more pores
nd gaps.Thus, some PLGA particles are not be able to penetrate
he pores. This is the reason why the 20 min  hybrid coating shows

 larger R2 than the 240 min  hybrid coating. EIS demonstrates that
he DCPD/PLGA hybrid coating improves the corrosion resistance
imilar to the polarization results. Based on the data, the degra-
ation mechanism is postulated as follows. Degradation of PLGA
roduces acidic products which can react with Mg(OH)2 to form Mg
lycolates or Mg  lactates [54,65] which can protect the film from
orrosion. The DCPD inner coating acting as a barrier between the
ubstrate and solution plays an important role in the corrosion pro-
ection. If the coating is too thin, the substrate is easily exposed to
he solution and a large amount of OH− is released to react with H+

nducing fast corrosion [66].

.4. Immersion testing

The  hydrogen evolution rates (HERs) of the AZ31 samples are
hown in Fig. 13. Compared to the bare sample, the DCPD and
LGA/DCPD coated Mg  samples show lower HERs. The PLGA coating
educes the HERs and it is in agreement with the aforementioned
esults. In comparison to the electrochemical tests, there is a slight
ifference in the degradation rates of the hybrid coating with depo-
ition time possibly due to PLGA degradation. Electrochemical tests
re conducted for a short time but the hydrogen evolution tests are

erformed for a longer time. For the former, the effects of PLGA
egradation is negligible but for the latter, PLGA degradation may
roduces acidic products that can react with Mg(OH)2 to form Mg

[
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glycolates  or Mg  lactates [54,65] consequently affecting the corro-
sion behavior of the DCPD/PLGA coated Mg  alloy.

4. Conclusion

DCPD and hybrid DCPD/PLGA are prepared on AZ31 Mg  alloy
by electrochemical deposition and spin coating. By changing the
deposition time, the structure and morphology of the coatings in
conjunction with the corrosion resistance can be controlled. EIS
and potentiodynamic polarization tests show that both the DCPD
and DCPD/PLGA coatings reduce the corrosion rate of the Mg  alloy
in SBF a longer deposition time generally leads to better corrosion
protection. PLGA coverage can further enhance the corrosion resis-
tance of DCPD by filling the cracks and pores. The hybrid coating
not only regulates the degradation rate, but also is favorable to cell
and tissue growth as a result of the good biocompatibility of DCPD.
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