
Materials Science and Engineering C 60 (2016) 526–537

Contents lists available at ScienceDirect

Materials Science and Engineering C

j ourna l homepage: www.e lsev ie r .com/ locate /msec
Deposition of nanostructured fluorine-doped hydroxyapatite–
polycaprolactone duplex coating to enhance the mechanical properties
and corrosion resistance of Mg alloy for biomedical applications
H.R. Bakhsheshi-Rad a,b,c,⁎, E. Hamzah a, M. Kasiri-Asgarani c, S. Jabbarzare c, N. Iqbal b, M.R. Abdul Kadir b

a Department of Materials, Manufacturing and Industrial Engineering, Faculty of Mechanical Engineering, Universiti Teknologi Malaysia, 81310 Johor Bahru, Johor, Malaysia
b Medical Devices & Technology Group (MEDITEG), Faculty of Biosciences and Medical Engineering, Universiti Teknologi Malaysia, 81310 Johor Bahru, Johor, Malaysia
c Advanced Materials Research Center, Materials Engineering Department, Najafabad Branch, Islamic Azad University, Najafabad, Iran
⁎ Corresponding author at: Department of Materials,
Engineering, Faculty of Mechanical Engineering, Univer
Johor Bahru, Johor, Malaysia.

E-mail addresses: rezabakhsheshi@gmail.com, bhamid
(H.R. Bakhsheshi-Rad).

http://dx.doi.org/10.1016/j.msec.2015.11.057
0928-4931/© 2015 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 30 July 2015
Received in revised form 31 October 2015
Accepted 20 November 2015
Available online 22 November 2015
The present study addressed the synthesis of a bi-layered nanostructured fluorine-doped hydroxyapatite
(nFHA)/polycaprolactone (PCL) coating on Mg–2Zn–3Ce alloy via a combination of electrodeposition (ED) and
dip-coating methods. The nFHA/PCL composite coating is composed of a thick (70–80 μm) and porous layer of
PCL that uniformly covered the thin nFHA film (8–10 μm) with nanoneedle-like microstructure and crystallite
size of around 70–90 nm. Electrochemicalmeasurements showed that the nFHA/PCL composite coating present-
ed a high corrosion resistance (Rp = 2.9 × 103 kΩ cm2) and provided sufficient protection for a Mg substrate
against galvanic corrosion. The mechanical integrity of the nFHA/PCL composite coatings immersed in SBF for
10 days showed higher compressive strength (34% higher) compared with the uncoated samples, indicating
that composite coatings can delay the loss of compressive strength of the Mg alloy. The nFHA/PCL coating
indicted better bonding strength (6.9 MPa) compared to PCL coating (2.2 MPa). Immersion tests showed that
nFHA/PCL composite-coated alloy experienced much milder corrosion attack and more nucleation sites for
apatite compared with the PCL coated and uncoated samples. The bi-layered nFHA/PCL coating can be a good
alternative method for the control of corrosion degradation of biodegradable Mg alloy for implant applications.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Magnesium (Mg) and its alloys have been considered a potential
material for fabricating biodegradablemetallic stents and several ortho-
paedic applications in recent years [1]. Magnesiumpossesses low densi-
ty and high specific strength, and has an elasticmodulus closer to that of
natural bones when compared with other implant metallic materials
such as stainless steel, titanium alloys and cobalt chromium alloys
[2–4]. However, the use of magnesium is hindered by its poor corrosion
resistance, which causes the mechanical properties of the implant to
decrease significantly, resulting in the inability of tissue to heal [5–7].
Furthermore, the Mg corrosion process involves evolution of hydrogen
gas, which accumulates in vivo adjacent to the implant. The H2 gas
and subsequent formation of hydrogen bubbles can noticeably
impair the clinical applications of Mg [5,8]. Apart from alloying, sur-
face modifications such as plasma electrolytic oxidation (PEO), ion
implantation, pulsed laser deposition, Ca-P coatings and polymer
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coatings have been widely applied in order to reduce the initial deg-
radation rate of Mg alloys [9–12]. Polymer-based biodegradable ma-
terials such as poly(L-lactic acid) (PLLA), poly(lactic-co-glycolic
acid) (PLGA) and polycaprolactone (PCL) have been widely used in
clinics to help with the repair of human tissues, for example as ab-
sorbable bone screws, plates and pins [13,14]. Among these, PCL,
(−[(CH2)5COO]n–) is a promising polymer because of its significant
toughness and good biocompatibility aswell as remarkablemechanical
properties, such as 80% elongation at break point [15,16]. PCL is a semi-
crystalline aliphatic polymer that has a slower degradation rate and
higher fracture energy than most biocompatible polymers [15–17]. In
addition, PCL is hydrophobic, which is desirable for a coating applied
on magnesium because magnesium shows a high corrosion rate when
exposed to physiological media containing Cl− [1,16]. However, PCL
has several disadvantages when used alone because of insufficient
strength and a lack of the desired bioactivity [13]. To address this prob-
lem, fluorine-doped hydroxyapatite (FHA; Ca10(PO4)6(OH)2–xFx, where
0 b x b 2)filmsbeneath organic coatings appear to have excellent poten-
tial to obtain both corrosion protection and surface stability without
adversely affecting mechanical properties [18,19]. FHA was reported
to be a promising candidate for replacement of hydroxyapatite (HA)
because of its low solubility and similar biocompatibility compared
with HA [18,20]. FHA coatings could provide lower dissolution, better
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Table 1
Chemical composition of the Kokubo simulated body fluid (SBF) compared to the human
blood plasma.

Solution Ion concentration (mmol/L)

Na+ K+ Ca2+ Mg2+ HCO3
− Cl− HPO4

2− SO4
2−

Plasma 142.0 5.0 2.5 1.5 27.0 103.0 1.0 0.5
Kokubo (c–SBF) 142.0 5.0 2.5 1.5 4.2 147.8 1.0 0.5
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apatite-like layer deposition, better protein adsorption and improved
alkaline phosphatase activity in cell cultures [21]. Hence, it is reasonable
to deduce that a composite material of polymer and calcium phosphate
may combine the advantages of the twomaterials for the enhancement
of corrosion resistance of Mg alloys [14]. In this study, a combination of
two methods was used for the synthesis of fluorine-doped HA and PCL
on the surface ofMg alloys. An initial electrodeposition (ED)was carried
out to deposit a fluorine-doped HA layer on the surface of the Mg
substrate. Subsequently, dip coating was performed to deposit a PCL
film on the surface of the Mg substrate. These techniques have been se-
lected because of their simple operation, ease of particle-size control,
compact coating, low temperature processing and low cost [22,23]. Var-
ious studies have reported that polymer and ceramic-polymer coatings
can increase the corrosion resistance of Mg alloys in SBF [16,24–26].
Abdal-hay et al. [27] reported a Ti–O/PLA composite coating on Mg
alloy for adequate corrosion protection and the production of Mg-
based implant materials with good biocompatibility. In this regard,
HA-doped poly(lactic acid) porous film was coated on AZ31 Mg alloy
for improvement of the bioactivity and corrosion behaviour of the
alloy [28]. Zomorodian et al. [29] showed that a composite polymeric
coating on biodegradable AZ31 Mg alloy can slow the corrosion rate of
the alloys in Hank's solution. However, there are very few reports on
the corrosion behaviour of ceramic (FHA)-polymer (PCL) coatings in
simulated bodyfluid (SBF) and, in particular, dependence ofmechanical
properties on the degradation behaviour of composite coatings in
orthopaedic implants. Thus, the main approach of the present study
is the synthesis of a mono-layered PCL and bi-layered nFHA/PCL
composite coating on Mg–Zn–Ce alloy by ED followed by dip coating.
In addition, the degradation mechanism of the bi-layered nFHA/PCL
composite in the SBF solution was evaluated.

2. Experimental details

2.1. Sample preparation

Magnesium alloyswere prepared bymelting 99.9% puremagnesium
ingots, pure zinc (99.99%), andMg-30wt% Ce. Themelts, with a constant
concentration of Ce (3 wt%) and Zn (2 wt%), were then cast in a 300 °C
preheated stainless steel mould to produce an ingot. In preparation for
further experiments, several Mg–2Zn–3Ce specimens with composition
of 0.047% Si, 0.034% Mn, 2.261% Zn, 0.021% Al, 0.012% Fe, 3.124% Ce and
94.501% Mg with dimensions of 15 mm × 10 mm × 10 mm, were cut
from the ingot. The specimens were then mechanically wet ground
with 320–2000 SiC grit paper until all visible scratches were removed.

2.2. Deposition of nFHA/PCL coatings

To coat nFHA using the ED method, a conventional cell was fitted
with a graphite rod as the anode and the Mg–2Zn–3Ce sheet
(15 × 10 × 10 mm3) as the cathode. The electrolyte was prepared
by dissolution of Ca(NO3)2 (0.04 mol/L), NH4H2PO4 (0.02 mol/L),
NaNO3 (0.1 mol/L) and H2O2 (10 mol/L). The addition of 2 mM NaF to
the electrolyte ensured a crystallized apatite structure in the nFHA coat-
ing. The addition of NaNO3 leads to an increase in the ionic strength. The
pH value of the solution was adjusted to 5.0 by adding HNO3 and
(CH2OH)3CNH2 at room temperature. Prior to dipping the nFHA coated
sample, 2.5 wt.% PCL pellets (Mw=80× 103 g/mol, Sigma-Aldrich, UK)
were dissolved in dichloromethane (DCM; CH2Cl2, Sigma-Aldrich, UK)
by stirring for 6 h at room temperature. The coated samples were
dipped for 30 s and withdrawn at a constant speed to form a uniform
coating and then dried at room temperature.

2.3. Microstructural characterization

An X-ray diffractometer (Siemens-D5000) was used to evaluate the
phase transformation, using Cu-Kα radiation (λ=1.54 Å) generated at
35 kV and 25mA. The crystallite sizewas determined using the Scherrer
equation [30]:

tc ¼ 0:89 λ= β cosθð Þ ð1Þ

where tc is the average crystallite size (nm), λ is theX-raywavelength,β
is the diffraction peakwidth atmid-height and θ is the Bragg diffraction
angle. Fourier-transform infrared (FTIR) spectroscopy was used to
determine the surface functional groups of the coated sample. The
FTIR spectra were recorded in the spectral range 4000–400 cm−1.
Microstructural observation was performed using a scanning electron
microscope (JEOL JSM-6380LA), equipped with an energy dispersive
spectroscopy (EDS). The average pore size and uniformity of the coated
layers were analysed using ImageJ software version 1.47.

2.4. Electrochemical impedance measurements

Potentiodynamic polarization is the most commonly used electro-
chemical technique for evaluating in vitro corrosion of Mg alloys. Elec-
trochemical impedance is another technique with a small perturbative
signal and very little surface damage which widely used for studying
corrosion of biomaterials. Thus, the corrosion resistance of the uncoat-
ed, mono-layered PCL and bi-layered nFHA/PCL coated was evaluated
by means of potentiodynamic polarization tests and electrochemical
impedance spectroscopy in SBF solution. Rectangular specimens, with
a surface area of 1 cm2, were mounted in epoxy resin for electrochemi-
cal tests. The test was conducted at 37 °C in an open-air glass cell con-
taining 350 ml Kokubo solution with a pH of 7.44, using a PARSTAT
2263 potentiostat/galvanostat (Princeton Applied Research). A three-
electrode cell was used for potentiodynamic polarization tests. The
reference electrode was a saturated calomel electrode (SCE), the coun-
ter electrode was a graphite rod, and the specimen was the working
electrode. The samples were immersed in the SBF for 1 h prior to the
electrochemical test to establish the open-circuit potential. All experi-
ments were carried out at a constant scan rate of 0.16 mV/s, initiated
at−250 mV relative to the open-circuit potential. The electrochemical
impedance spectra (EIS) were measured over a frequency range of
1 Hz to 100 kHz and the data were analysed using the ZsimpWin
software [31]. The EIS test was also performed using a VersaSTAT 3
machine. Each electrochemical test was duplicated to examine the re-
producibility of the results.

2.5. Immersion test

Immersion test including weight loss, pH monitoring and hydrogen
evolution are simplest, inexpensive, and most fundamental measure-
ment for studies of the corrosion behaviour. The immersion test proce-
dure was carried out based on the ASTM: G1–03. The specimens were
then immersed in a beaker containing 200 ml of Kokubo SBF with a
chemical composition as listed in Table 1. The SBF was not replenished
during the testing period. The average pH of the SBF from three mea-
surements was recorded during the soaking experiment after every
24 h interval for duration of the 30 days. The immersion tests were re-
peated at least once to check the reproducibility of the results. Corroded
surfaces were analysed using scanning electron microscopy (SEM) and
EDS following immersion testing. The beakers were sealed with a
pH value of 7.4 and incubated at a constant temperature of 37 °C for
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3-, 7-, and 14-day duration. Afterwards, the specimenswere rinsedwith
acetone and deionized water and corrosion products were removed be-
fore weightmeasurement. The corrosion ratewas calculated as follows:

CR ¼ W=Atd ð2Þ

where CR is the corrosion rate, W is the mass loss, A is the surface
area exposed to the corrosive media, t is the exposure time, and d is
the density. The hydrogen evolution rate of the specimens was also re-
corded in order to measure the cumulative corrosion evolved during
30 days of immersion in a Kokubo solution. Specimens were immersed
in a beaker containing 250 ml of SBF, where a funnel was located over
the sample to collect evolved hydrogen in a burette (50 ml) placed
above the funnel. The SBF was renewed every 24 h after recording the
hydrogen evolution rate (ml/cm2/day). At least two specimens were
used to verify the reproducibility of the measurements.

2.6. Mechanical properties

For the compressive test, the standard samples were prepared ac-
cording to ASTM E9 and immersed in Kokubo solution for 10 days,
and then cleaned in a boiling solution of chromium trioxide (CrO3) to
remove the surface corrosion product. The specimens were then dried
in warm air. Compressive tests were performed using an Instron-5569
universal testing machine at a displacement rate of 0.5 mm/min, at
ambient temperature. For each testing condition, two specimens were
examined. The bonding strength of the PCL-coated and nFHA/PCL
composite-coated specimens was measured according to ASTM F1044
standard using a universal testing machine (Instron 5569). Rectangular
specimenswith the dimensions of 30mm× 10mmwere prepared. The
cross-head displacement rate was 1 mm/min with a 10-kN load cell.
Three composite coated specimens were tested and the average value
was reported.

2.7. Biocompatibility evaluation

Biocompatibility evaluationwas performed using normal human os-
teoblast (NHOst) (CC-2538, USA, Lonza) cells. Osteoblast cells were cul-
tured in Osteoblast Basal Medium (OBM, 500 mL, Lonza) with OGM
Bulletkit (OGM™ single quots®, Lonza) containing 0.5 mL of ascorbic
acid, 50 mL of FBS, and 0.5 mL of GA-1000, at 37 °C in a humidified 5%
CO2 incubator. The confluent cellswere trypsinized. For all experiments,
the 8th passage of normal human osteoblast (NHOst) was used. The
samples were sterilized in under ultraviolet (UV) irradiation, for 1 h
on each side. In vitro cell adhesion of osteoblasts cells on sample sur-
faces were assessed in individual wells in a 12-well culture plate. The
cells were seeded on the samples at a density of 5.4 × 104 cells/sample.
The seeded test samples were incubated in OBM at 37 °C in a CO2 incu-
bator under standard culture conditions. The culture medium was aspi-
rated after a 3-day interval and fresh culture medium was carefully
added to eachwell to avoid detachment of cells. After 7 days, the samples
were washed twice with phosphate buffered saline (1 × PBS, pH 7.4),
fixed overnight in 4% glutaraldehyde in a PBS solution, and post-fixed
for 1 h in 1% aqueous osmium tetroxide. After fixation, the specimens
were washed and dehydrated with graded ethanol (30–100% (v/v)).
The dehydrated samples were dried in 1:1 and 1: 3 (v/v) alcohol-
hexamethyldisi-lazane (HMDS) solution and pure HMDS for 10 min,
respectively. The dried samples were sputter-coated and the morpholo-
gy of the cells was examined under scanning electron microscope.

3. Results and discussion

3.1. Microstructure and composition

Fig. 1 shows SEM images of the uncoated, mono-layered PCL and
bi-layered nFHA/PCL coated Mg–2Zn–3Ce alloy. As can be seen, the
microstructure of Mg–2Zn–3Ce alloy consists of α-Mg and a number
of intermetallic particles that are distributedmainly along grain bound-
aries (Fig. 1a, b). The corresponding EDS analysis suggests that the
marked area is composed of Mg, Zn and Ce, indicating the formation
of Mg2Zn3 and Mg12Ce phases (Area A). The presence of secondary
phases has a significant effect on the corrosion behaviour of the Mg
alloy due to the formation of micro-galvanic cells between the matrix
and secondary phases. Fig. 1c–f show that the surfaces of the PCL and
nFHA/PCL coating were composed of interconnected pores. The coating
pore structures of bothmono-layered PCL and bi-layered nFHA/PCL had
a relatively uniform distribution andwere free of defects on the surface.
However, these pores have presumably reduced the corrosion resis-
tance and associatedmechanical properties of the alloy. Thepore forma-
tionwasmainly due to the process of phase separation, inwhich solvent
evaporation in the polymer solution acted as a driving force for phase
separation because the polymer solution became thermodynamically
unstable during solvent evaporation [32]. This resulted in the formation
of either a polymer-rich or polymer-poor phase [33], where the
polymer-rich phase would be solidified, whereas the polymer-poor
phase led to pore formation [16]. This kind of distribution provides ad-
hesion between the organic coating andMg substrate [25]. EDS analysis
results also detected C, O, Ce, Zn and Mg in this sample, indicating
formation of PCL (Area B). The oxygen is suspected to originate from
hydroxides on the Mg substrate and/or from hydrocarbons in the envi-
ronment. Therewas a large amount of C (62.75 at.%), the origin ofwhich
could be related to the PCL coating. However, the nFHA/PCL coating
showed a larger pore size (7.1 ± 0.6 μm) than the PCL coating (3.5 ±
0.3 μm) because of the incorporation of nFHA as an inner layer, which
may affect the porosity of the PCL-coated layer in the top layer, and en-
larges the pore diameters, as they might be embedded inside these
pores (Fig. 1g, h). It has been reported [16] that the size of the pores is
related to the concentration of the polymer solution, where a more
concentrated polymer solution results in smaller pores because of the
presence of less polymer-poor phase. Although the nFHA particles
were embedded inside the PCL, the pore walls of the polymer were
perfectly smooth. The good interfacial bonding strength of nFHA with
the polymer matrix can be explained by the hydrogen bonding formed
between the –OH groups of FHA and the _O sites of the PCL polymer
[25]. EDS analysis clearly identified only the elements Mg, Ce, Zn, P,
Ca, Na, F, C and O, indicating that the nFHA/PCL composite coating on
the Mg alloy is free of any impurities (Area C). The presence of fluorine
showed that substitution of OH− by F− ions occurred during the coating
process, which is beneficial to the mineralization and crystallization of
calcium phosphate in the new bone-forming process [34].

Fig. 2 shows EDS elemental maps of the cross-sectional PCL- and
nFHA/PCL-coated specimens, indicating formation of thick layers
(75.2 μm) that homogeneously cover the surface of the Mg–2Zn–3Ce
alloy (Fig. 2a). This thick layer acts as a barrier for the metal dissolution
(activity) and can reduce the corrosion rate. The mapping of the ele-
ments result of the PCL-coated sample in Fig. 2c shows that the coating
was composed of C, Mg, Zn, Ce and O. The distributions of carbon and
oxygen are relatively uniform in the coating, and the carbon- and
oxygen-rich layer is visible in the layer near the Mg substrate. The Mg,
Zn and Ce were from the substrate because the electron interaction
volume contained part of the substrate as well as the PCL coating. The
nFHA/PCL composite coating indicated two distinct layer structures,
the PCL layer (70–80 μm) at the top and nFHA with a thickness of
around 8–10 μm underneath it (Fig. 2b). There is strong adhesion be-
tween the deposited coating and the underlying substrate. Highmagni-
fication images show the longitudinal growth of needle-like crystals of
FHA, which grew along their (001) direction. However, there are some
micropores in the film because the nFHA layer is generally porous,
which can provide pathways for infiltration of the aggressive solution
into the coating during corrosion. The microstructure of the nFHA/PCL
coating is denser than that of the mono-layered PCL, which can delay
initiation of the corrosion processes. Themapping of the elements result



Fig. 1. SEMmicrographs of (a, b) uncoatedMg–Zn–Ce alloy, (c, d) PCL-coated, (e, f) nFHA/PCL-coated, and the pore size frequency distribution of (g) PCL-coated, (h) nFHA/PCL-coatedMg
alloy samples.
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Fig. 2. Cross-sectional SEMmicrograph of (a) PCL coating, (b) nFHA/PCL coating and its X-ray map with the scale of 40 μm from (c) PCL coating, (d) nFHA/PCL-coated Mg alloy samples.
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showed that the coatingwas rich in Ca, P, C and O besidesMg, Ce, Zn, Na
and F (Fig. 2d). The atomic ratio of Ca/P in the coatings was about 1.25.
As can be seen, the accumulation of Na, F, Ca and P was preferentially
distributed in the inner layer, whereas the distribution of C and O was
evident throughout the coating.

Fig. 3 shows TEM micrographs of nFHA/PCL-coated specimens. The
TEM images show that after nFHA/PCL coating, needle-like particles of
FHA formed on the pore structure of PCL. It can also be seen that the
needle-like particles are about 40–70 nm in diameter and 1–1.5 μm in
length (Fig. 3a). The diffraction of the FHA nanosized crystallites
shows continuous ring patterns. The long axis of the needle was along
the [001] axis of FHA, indicating that the needle-like FHA crystals
grew along the [001] axis (Fig. 3b). FHA also has a very similar atomic
Fig. 3. (a) TEMmicrographs of nFHA/PCL coating and (b) selected-area diffraction pattern of n
fluorine-doped hydroxyapatite and SADP of nFHA.
structure and belongs to the same space group as HA (space group:
P63/m; parameters: a = b = 9.462 Å and c = 6.849 Å, α = β = 90°,
γ = 120°) [35]. After coating with a PCL layer as the top layer, dark
spherical particles can be observed (Fig. 3b), which we assumed to be
the PCL.

Fig. 4a shows the XRD patterns of the as-cast Mg–2Zn–3Ce alloy,
PCL- and nFHA/PCL composite-coated specimen. The XRD spectrum
shows that the main phases in the Mg–2Zn–3Ce alloy are α-Mg
and Mg12Ce. It has been reported [36] that the Mg12Ce phase has
an elliptical shape, about 180 nm for the short axis and 220 nm for
the long axis with the space group I4/mmm and tetragonal crystal
structure (a = b = 1.03 nm and c = 7.75 nm). The PCL background
spectrum mainly consists of two intense peaks at 2θ = 21.6° and
FHA/PCL-coated specimen. The image in framed area represented the nanostructured
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Fig. 4. (a) X-ray diffraction patterns and (b) FTIR absorption spectra of uncoated Mg–Zn–Ce alloy, PCL-coated and nFHA/PCL-coated Mg alloy specimens.
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2θ=23.8°, that account for diffraction on the (1 1 0) and (2 0 0) planes,
respectively (PCL has a crystalline structure with polyethylene-like or-
thorhombic cell disposition, with lattice parameters a = 0.75 nm,
b = 0.49 nm and c = 1.73 nm) [37]. The XRD pattern of FHA/PCL
showed the characteristic peaks for crystalline FHA at 32.1°, 32.7° and
34° with additional strong peaks at 21.4° and 23.7°, which were attrib-
uted to PCL. The average crystallite size of the FHA coating specimens
was determined by Scherrer's method. In this method, the (211)
peaks are the most obvious peaks for which the average particle size
of the HA is about 82 nm. Fig. 4b shows that the FTIR spectrum of the
nFHA/PCL composite sample contained C_O, C–O and C–H bands
corresponding to PCL, while the P–O and O–H bands were attributed
to FHA [38]. It can be seen that the absorption band at 1689 cm−1 is
due to the O–H stretching vibration, which indicates the presence of
water molecules in the nFHA structure. The phosphate (PO4

3−) group
was detected around 821 cm−1 for the v1 mode and 578 cm−1 for
the v2 mode. The characteristic group contributions identified to be
consistent with PCL structure include: (1) –(CH2)– skeletal group
in the range of 2978–2812 cm−1 and 1465–1226 cm−1; (2) C = O
band centred at 1612 cm−1; and (3) C–O groups in the range
1253–1114 cm−1. The strong absorption of the C = O bond was in-
dicative of an aliphatic ester of PCL on the surface [13,39]. The FTIR
spectrum has further confirmed the formation of FHA and PCL in
the bi-layered film.
Fig. 5. Potentiodynamic polarization curves of uncoated Mg–Zn–Ce alloy, an
3.2. Electrochemical measurement

Fig. 5 shows the cathodic and anodic polarization curves of the un-
coated, PCL- and nFHA/PCL-coated specimens in the Kokubo solution.
The corrosion potentials (Ecorr) of the uncoated Mg–2Zn–3Ce, PCL and
nFHA/PCL-coated specimens were −1.60, −1.26 and −1.25 VSCE,
respectively. The more negative corrosion potential of the uncoated
Mg–2Zn–3Ce compared with the coated alloy is due to the formation
of a microgalvanic cell between the α-Mg phase and the secondary
phases, which resulted in increasing the corrosion rate of the uncoated
sample. The difference in behaviour observed for themono-layered PCL
coating and bi-layered nFHA/PCL coating could be due to the porosity
and thickness of the coating. In general, it is believed that Ecorr depends
on the relative reaction rate between anodic and cathodic reactions dur-
ing a potentiodynamic polarization test andhas noproportional relation
to the corrosion resistance [40]. However, in the nFHA/PCL-coated spec-
imen, the presence of a PCL film as the top layer and nFHA as an inner
layer caused a significant reduction in the corrosion rate. The samples
coated with mono-layered PCL suffer from a high level of attack by
water molecules. Water diffusion through tiny micro- or nano-defects
on the coating layer deteriorated the coatings and destroyed the adhe-
sion of the organic layer to the substrate [25]. The potentiodynamic
curves also show that both PCL and nFHA/PCL coatings show a
breakdown potential; however, the nFHA/PCL coating exhibits a higher
d PCL- and nFHA/PCL-coated Mg alloy specimens in Kokubo solution.
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breakdown potential than the mono-layered PCL coatings. This phe-
nomenon indicates that incorporation of nFHA into PCL shifts the break-
down potential to nobler potentials. The presence of an extended
passive region suggests that the bi-layered nFHA/PCL composite coating
is significantly more protective in Cl− solution. The corrosion current
densities (icorr) of the uncoated, PCL- and nFHA/PCL-coated specimens
were 232.6, 0.08 and 0.01 μA/cm2, respectively. Both PCL- and nFHA/
PCL-coated specimens exhibit a significantly lower corrosion current
density than FHA-coated specimens (5.5 μA/cm2) [19]. The lower icorr
values of the PCL- and nFHA/PCL-coated samples indicate lower corro-
sion rates. The result indicates that the nFHA/PCL composite coating is
more protective than the mono-layer PCL and FHA [19] coatings. The
porous layer of the mono-layered PCL coating fabricated via dip coating
could not efficiently protect the substrate during exposure to the
aggressive solution. The corrosion current density (icorr), corrosion
potential (Ecorr), cathodic Tafel slopes (βc), anodic Tafel slopes (βa)
and the corresponding corrosion rate (Pi) of the specimens extracted
from the polarization curves are shown in Table 2. Pi of the samples,
obtained from the corrosion current density, was calculated according
to [41–43]:

Pi ¼ 22:85 icorr ð3Þ

According to Eq. (2), nFHA/PCL coating showed a lower corrosion
rate (2 × 10−4 mm/year) than the PCL-coated (2 × 10−3 mm/year),
FHA-coated (0.12 mm/year) [19] and uncoated Mg–2Zn–3Ce alloy
(5.3 mm/year). This is because the nFHA/PCL composite coating
prevented interaction between the electrolyte solution and Mg
substrate during the first immersion period [27]. The linear polarization
resistance, Rp, which is inversely proportional to the value of the corro-
sion current density, was calculated according to [19,44]:

RP ¼ βaβc

2:3 βa þ βcð Þ icorr ð4Þ

The polarization resistances of the PCL and nFHA/PCL coatings were
5.4 × 102 kΩ cm2 and 2.9 × 103 kΩ cm2, respectively. These values are
significantly higher than that of the uncoated alloy (1.7 kΩ cm2). The
PCL coating as top layer can modify the microstructure of the nFHA
layer by the formation of a densely packed and crack-free coating,
which noticeably decreased the corrosion rate of the Mg–2Zn–3Ce
substrate.

Electrochemical impedance is a technique with a small perturbative
signal and the surface damage of the sample is very small. The Nyquist
curves of the uncoated Mg–2Zn–3Ce, PCL- and nFHA/PCL-coated
samples immersed in Kokubo solution are presented in Fig. 6. As can
be seen, coated and uncoated specimens showed a single capacitive
loop at all high frequencies, while the loops of bi-layered nFHA/PCL
andmono-layered PCL coating have significantly larger diameters com-
pared with the uncoated Mg–2Zn–3Ce alloy. The presence of only one
capacitive loop in coated samples indicated that the electrochemical re-
action area at metal/coating interface was still small in this immersion
period. This phenomenon caused the difficulty to separate the time re-
laxation of physical impedance of the coating from that of electrochem-
ical reaction impedance at Mg alloy/coating interface [45]. The EIS
spectra of uncoated sample can be fitted well using a simple equivalent
circuit (Model A) as shown in Fig. 6b which is composed of the double
layer capacitance, Qdl in parallel to the charge transfer resistance, Rct.
Table 2
Compression test results of the uncoated Mg–Zn–Ce alloy, PCL- and nFHA/PCL-coated Mg alloy

Specimen Uncoated Mg alloy
before immersion

FHA/PCL coated alloy after
10 days of immersion

Compression strength –UCS
(MPa)

307 ± 17 265 ± 14
However after coating, Model A is not able to provide good fitting,
thus Model B was employed to characterize coated samples which are
well fitted as shown in the plots (Fig. 6a).

In this circuit, Re represents the solution resistance, Qc is the coating
capacitance, Rp is the coating pore resistance and Rct is the charge
transfer resistance which is attributed to the electrochemical corro-
sion activity at the interface. In general, the high charge transfer re-
sistance indicates that the sample has good corrosion resistance.
The charge transfer resistance (Rct) of the bi-layered nFHA/PCL coat-
ing (2.6 × 103 kΩ cm2) is significantly higher than that of the mono-
layered PCL coating (2.1 × 103 kΩ cm2) and the uncoated sample
(2.3 kΩ cm2). This can be attributed to the formation of a thin apatite
layer as underlayer, which provides sufficient protection for the sub-
strate against corrosion when it passes through from the top layer
(PCL) [46].

3.3. Immersion test

Fig. 7 also shows the surface morphology of uncoated, PCL- and
nFHA/PCL-coated samples immersed for 240 h in SBF. The surface of
the uncoated samples (Fig. 7a) displays dips, cracks and pits. The crack
formation can be due towater loss of the corrosion products and surface
shrinkage [47]. The occurrence of severe corrosion attack in the uncoat-
ed sample is due to the higher corrosion current density and lower elec-
trochemical impedance of the uncoated sample. According to the EDS
analysis, the corrosion product is mainly composed of Mg, O and Cl
(Point A). The existence of Cl and O suggested that MgCl2 always coex-
ists with Mg(OH)2 in the corrosion product. However, MgCl2 is more
soluble inwater than isMg(OH)2, so it was difficult to collect a sufficient
amount of MgCl2 for XRD detection. This result is consistent with the
findings of Wang et al. [48].

In the mono-layered PCL coating, pore structures with small cracks
and a few pin holes were observed. These pinholes can provide path-
ways for infiltration of aggressive solution into the coating during corro-
sion (Fig. 7b). Hence, corrosion spreads underneath the coatingwith the
formation of corrosion products thatmay reduce resulting adhesion and
cause coating failure [49]. On the surface of the polymer, small amounts
of white precipitate were also found. The EDS analysis of the precipitate
morphology indicates the presence of Mg, Ca, P, O and C, which implied
the formation of calciumphosphate (Ca-P) (Point B). The FHA/PCL coat-
ing showed a larger pore structure because of the nFHA particles em-
bedded inside the PCL, which cause enlargement in pore diameters. In
the composite coating, formation of additional fine white particles can
be observed on the specimen surface (Fig. 7c). EDS analysis of the
nFHA/PCL coating shows that the coating layers consisted of Mg, Ca, O,
C and P with Ca/P atomic ratio of around 1.27, which is higher than for
the PCL coating (1.18), indicating that more carbonate and phosphate
ions can be absorbed by the nFHA/PCL coating (Point C). A significant
amount of Ca/P might cause the formation of calcium phosphate
(Ca-P). Higher formation of calcium phosphate on the surface of the
nFHA/PCL coating suggested better bioactivity and osteoconductivity
of the composite coating compared with the single PCL coating. This
result indicates that the uncoated sample suffers from more severe
corrosion attack and fewer nucleation sites of apatite compared with
the nFHA/PCL composite-coated sample. In the bi-layered nFHA/PCL
coating, FHA formed as an inner layer in SBF, which is more stable
compared with Mg(OH)2 and MgO, and can effectively resist attack by
Cl−. In addition, the presence of nano-FHA particles with needle-like
s before and after immersion in SBF.

PCL coated alloy after
10 days of immersion

FHA coated alloy after
10 days of immersion [15]

Uncoated Mg alloy after
10 days of immersion

228 ± 12 203 ± 12 175 ± 8



Fig. 6. (a) Nyquist plot and (b) equivalent electrical circuit for uncoated (Model A) and coated samples (Model B).
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morphology in the inner layer strengthens the barrier effect of the coat-
ing, which would further improve the corrosion resistance for the com-
posite coating as the outer layer (PCL) reduces corrosion attack and the
inner layer (nFHA) protects the substrate from the corrosive medium
when it passes through from the outer layer [6]. Therefore, bi-layered
coated sample experienced much milder and more uniform corrosion
attack compared to uncoated specimens.

Fig. 8 shows a schematic illustration of the degradation mechanism
of PCL-coated Mg–2Zn–3Ce alloy. When coated specimens are im-
mersed in SBF, the SBF penetrated from the pore structure of the PCL
coatings to theMg–2Zn–3Ce substrate. As soon as the corrosivemedium
reached the substrate, galvanic reactions between α-Mg and the
secondary phases occurred (Fig. 8a). As a result of this galvanic cell,
the anodic reaction occurred according to the following reaction [8,50]:

Mg→Mgþ2 þ 2e� Anodic reactionð Þ ð5Þ

2H2Oþ 2e� →H2 þ 2OH� Cathodic reactionð Þ ð6Þ
Fig. 7. SEMmicrograph of (a) uncoatedMg–Zn–Ce alloy; (b) PCL-coated; (c) nFHA/PCL-coated s
(e) point B and (f) point C.
The metal Mg was transformed into insoluble Mg(OH)2 film due to
ready reaction with OH− (Eq. (7)) and thereforemagnesium hydroxide
(brucite) starts forming at the interface coatingwith the alloy. This stage
is also accompanied by hydrogen evolution. The generation ofMg(OH)2
subsequently leads to an increase in the pH of the solution. The generat-
ed hydrogen tends to release and push away the PCL films during its re-
lease, which weakens the adhesion between the Mg substrate and PCL
coatings. The accumulation of gas underneath the coating also leads to
formation of cracks and bursting of the polymer film and failures in
the PCL coating (Fig. 8b). However, the presence of aggressive chloride
ions in SBF can destroy the protective layer by transforming the
Mg(OH)2 into more soluble MgCl2 (Eq. (8)) [1]. Thus, the surface film
would be easily dissolved and the newly exposed active surface will
be prone to pit nucleation.

Mgþ 2H2O→Mg OHð Þ2↓þH2↑ ð7Þ

Mg OHð Þ2↓þ 2Cl� →MgCl2 þ 2OH� ð8Þ
pecimens after immersion into Kokubo for 240-h duration and EDS analysis of (d) point A;

Image of &INS id=
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Fig. 8. Schematic illustration of the degradation mechanism of the coated specimens after immersion into Kokubo SBF solution.
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When a large amount of Mg(OH)2 accumulated underneath the PCL
coatings, the polymers near theMg(OH)2 layer gradually becameunsta-
ble and began to degrade to acids. These acids dissolve the Mg(OH)2
layer and at the same time release to the surrounding solution to
neutralize OH− and decrease the pH of the solution [1].

R1COOHþ OH� → R1COO
� þ H2O ð9Þ

Mg OHð Þ2 þ 2 R1COOH→ R1COOð Þ2 Mgþ 2 H2O ð10Þ

Dissolution of the Mg(OH)2 layer and consumption of OH− by the
released corrosion product of the PCL coating in the SBF solution result-
ed in acceleration of penetration of the solution in theMg substrate and
Fig. 9. (a) Change of pH value and (b) hydrogen evolution of uncoated Mg–Zn–Ce allo
decrease in the corrosion resistance of the Mg alloy. Ca-P is formed on
the PCL coatings' layer with spherical morphology because of the disso-
lution of high amounts of Mg2+ and reaction of phosphate ions (HPO4

2−

or PO4
3−) and Ca2+ in the solution with OH− ions to form Ca-P (Fig. 8c).

At this stage, enlargement of the defects slows down and formation of
Ca-P improves; however, some fragments of coating experienced de-
lamination and corrosion products under the coating are exposed to
the SBF (Fig. 8d). However, in bi-layered nFHA/PCL, due to the presence
of nFHA as an inner layer, formation of Mg(OH)2 resulted in reaction
with other constituents in the SBF and the local alkalization leads to for-
mation of several precipitates.

Fig. 9a shows the pH variation of SBF for uncoated, PCL- and nFHA/
PCL-coated specimens as a function of immersion time in the Kokubo
ys; PCL- and nFHA/PCL-coated Mg alloy specimens in Kokubo solution for 30 days.

Image of &INS id=
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Fig. 10. (a) Corrosion rate and (b) X-ray diffraction patterns of uncoated Mg–Zn–Ce alloys, PCL-coated and nFHA/PCL-coated Mg alloy specimens after immersion in SBF solution.
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solution at 37 °C for 30 days. The pH of uncoated Mg–2Zn–3Ce initially
increases with the immersion time, but after 12 days, it has become
stabilised. It is believed that the primary increase in pH is due to the ac-
cumulation of OH− ion in the form of Mg(OH)2 on the surfaces of the
specimens [51,52]. In contrast, the pH of solutions corresponding to
the mono-layered PCL coating decreased slightly from the initial value
of 7.4 to 6.95. This phenomenon can be attributed to the acidic products
of polymer degradation [53]. The pH values of nFHA/PCL-coated speci-
mens less significantly increased from 7.4 to 7.76 due to the release of
alkaline ions. It is obvious that the presence of nFHA as an inner layer
alleviated the local alkalization and reduced the acidification of the
medium due to acidic products of the PCL degradation. This buffering
behaviour could be another benefit of using nFHA in bi-layer composite
coating with the aim of avoiding a possible inflammatory response due
to acidic degradation of the polymers [53]. Cumulative hydrogen gas
evolution plots for the uncoated, PCL, and nFHA/PCL coated samples in
the SBF solution for 30 days are shown in Fig. 9b. The results showed
that cumulative hydrogen released from uncoated alloy is significantly
higher compared with both PCL and nFHA/PCL coated samples. This re-
sult agreed with the pH of solutions change (Fig. 9a). Uncoated alloy
shows the most hydrogen evolution (1.27 ml/cm2/day) during the im-
mersion, while the hydrogen volume of the nFHA, PCL, and nFHA/PCL
coated samples are 0.9 [54], 0.27, and 0.12 ml/cm2/day, respectively.
This indicated that the uncoated alloy had undergone a severe corrosion
in the SBF. However, both PCL and nFHA/PCL films could effectively in-
hibit the degradation of uncoated sample. In addition, it can be observed
that the degradation rate gradually amplified after 19 days for the single
layered PCL coated and double layered nFHA/PCL coated sample, re-
spectively. However, there were nearly no hydrogen released for both
polymer and bioceramic/polymer coated samples in the SBF solution
until 18 days. This indicated that the double layered composite coating
could retard the corrosion for a longer time.

Fig. 10a shows the averagemass loss of uncoated, PCL, and nFHA/PCL
coated in Kokubo solution for durations of 3, 7, and 14 days at 37 °C. As
shown in the figure, the PCL-coated samples showed a dramatically low
weight-loss rate at the initial stages of exposure. It is clear that the
weight loss rate was further decreased because of the deposition of
nFHA/PCL and PCL on theMg substratewhich inhibits further corrosion.
The weight loss of PCL and nFHA/PCL coated samples were about 0.31
and 0.08 mg/cm2/day, respectively, for the first 7 days of immersion.
Table 3
Electrochemical parameters of uncoated Mg–Zn–Ce alloy, PCL- and nFHA/PCL-coated Mg alloy

Alloy Corrosion potential, Ecorr
(V vs. SCE)

Current density, icorr
(μA/cm2)

Cathodic slop
(mV/decade)

Mg–Zn–Ce alloy −1.60 232.6 308
PCL coated −1.26 0.08 671
FHA coated [15] −1.56 5.52 387
FHA/PCL coated −1.25 0.01 667
However upon increasing the exposure time to 14 days, the weight
loss rate of the coated samples increased, indicating that the low
adhesion of coating layers on magnesium substrates does not provide
satisfactory protection for a longer immersion time. As can be also ob-
served, single-layered PCL coated samples presented higher weight-
loss rates which can be due to blasting of the PCL layer in a longer
immersion time. Uncoated alloy showed the highest weight loss rate.
The corrosion rate of uncoated alloys significantly increasedwith the in-
creasing immersion time in the first 3 days (2.57mg/cm2/day). This can
be due to the fact that in the first few days of the exposure time, a larger
surface area was exposed to the solution, resulting in more exothermic
reactions thus increasing the corrosion rate. The other reason can be at-
tributed to the presence of high concentration of chloride in Kokubo so-
lution [55]. Increasing the exposure time to 7 days increased the weight
loss rate for the uncoated alloy with a reduced slope compared to the
3 days exposure (3.62 mg/cm2/day). The weight loss rate of uncoated
alloys indicated a drop with prolonged exposure to 14 days. This can
be ascribed to the reduced surface area of the alloy for corrosion pro-
cesses to take place after prolonged exposure times. However, the cor-
rosion rate of both coated samples significantly increased because of
the delamination of the protective layers after prolonged exposure to
the SBF. The XRD patterns of the uncoated, PCL- and nFHA/PCL-coated
samples immersed in SBF for 240 h show the existence of Mg(OH)2
peaks as the main corrosion product of uncoated Mg–2Zn–3Ce alloy
(Fig. 10b). No common types of calcium phosphate were observed in
this diffraction pattern. However, the XRD pattern indicated higher in-
tensities of the α-Mg phase with significantly lower intensities of
Mg(OH)2 phases from the PCL- and nFHA/PCL composite-coated sam-
ples compared with the uncoated sample, indicating that a smaller
amount of Mg(OH)2 corrosion product formed on the surface of nFHA/
PCL-coated alloy, an acceptable result because it has a lower corrosion
rate than that of the uncoated alloy. Sachdeva et al. [56] suggested
that the existence of hydroxides in the corrosion products indicates a
pitting type of corrosion attack because hydroxide-based corrosion
products can form deep inside the pits, and fall off when the corrosion
products covering the pits disintegrate and fall off the surface. The
X-ray study further confirmed the results of the polarization and im-
mersion tests, and indicated that less corrosion product was formed
on the surface of the coated samples, which is expected, because these
samples exhibited lower corrosion rates than the uncoated samples.
s in Kokubo solution obtained from the polarization test.

e, – βC

vs. SCE
Anodic slope, βa

(mV/decade) vs. SCE
Polarization resistance,
RP (kΩcm2)

Corrosion rate, Pi
(mm/year)

232 1.75 5.31
87 5.4 × 102 2 × 10−3

69 4.61 1.2 × 10−1

61 2.9 × 103 2 × 10−4

Image of Fig. 10


Fig. 11. Compressive stress–strain curves for uncoated specimen, PCL- and nFHA/PCL-
coated Mg alloy specimens before and after immersion in Kokubo solution.
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3.4. Mechanical properties

Table 3 shows the compressive strength of the uncoated Mg–2Zn–
3Ce, PCL and nFHA/PCL-coated specimens before and after immersion
in SBF for 10 days. The compressive strength of the uncoated
Mg–2Zn–3Ce specimen significantly decreased from 307 MPa to
175 MPa after immersion in Kokubo solution due to the presence of
pits and cracks caused by the high corrosion rate. The compressive
strengths of the FHA, PCL- and nFHA/PCL-coated samples remained
around 203 MPa [19], 228 MPa and 265 MPa, respectively, which are
high compared with the uncoated specimens after 10 days of immer-
sion (Fig. 11) [16]. These values are comparable to the compressive
strength of human bones (100–230 MPa) in the cortical bone. It is
Fig. 12. SEM images of normal human osteoblast (NHOst) cells adhered to a) uncoate
reported [16] that the mechanical integrity of an orthopaedic implant
is very important because it is used to fix fractured bones, therefore,
the implant must provide enough mechanical support to the bone
throughout the healing process. However, the mono-layered PCL-
coated sample shows higher degradation rates compared with the
nFHA/PCL composite-coated sample. This can be attributed to low
bonding strength at interface between coat/Mg alloy, which allowed
more body fluid to pass through and make contact, resulting in higher
corrosion rates in PCL as compared with nFHA/PCL composite coating.
This can be attributed to the compact and uniform structure, with
fewer pores and cracks in the coating. Hence, the composite coating
can effectively delay the decrease in compressive strength of the
Mg–2Zn–3Ce alloy, and provide sufficient support for post-fracture
bone healing.

The bonding strength between the coating and the substrate is one
of the important factors for implant materials. Xu et al. [57] show that
PCL films show poor bonding strength which may be attributed to the
molecular structure of the polymer. PCL has a low ratio of O in its
weight, which resulted in less electrostatic interaction on the Mg sub-
strate surface. It has been reported [58,59] that the bulging of PCL
films can be found after 7 days of immersion in an immersion experi-
ment. Therefore, it is necessary to improve the bonding strength be-
tween the polymer coating and the Mg substrate. To address this
issue, Abdal-hay [49] showed that the magnesium surface has an elec-
tropositive charge and is very active. The existence of oxygen in the
polymer chain leads to strong electrochemical attraction between Mg
substrate and PCL molecules. Bonding strength depends on oxygen as
an active element. The bonding strength of the single-layered PCL coat-
ing attained was about 2.2 MPa. However, bonding strength between
the nFHA and PCL layerwas about 6.9MPa. The good interfacial bonding
strength of nFHA with the polymer matrix can be explained by the hy-
drogen bonding formed between the −OH groups of nFHA and the
d, b) PCL coated and c and d) nFHA/PCL coated sample after incubation of 7 days.
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_O sites of the PCL polymer [34]. Furthermore, nano-needle like mor-
phology of FHA crystals resulted in decreases of porosity of PCL and in-
creased in the bonding strength of the nFHA/PCL composite coating
compared to the PCL-coated specimen.

3.5. Biocompatibility evaluation

Biocompatibility of uncoated and PCL coated and nFHA/PCL coated
samples were determined by cell adhesion using normal human osteo-
blast cells (NHOst). Fig. 12 showed the growth of (NHOst) cells on the
surfaces of uncoated and coated samples after 7 days of incubation. All
the surfaces were able to support cell growth and metabolic activity of
(NHOst) cells. In the case of uncoated samples, cells did not appear to
be as fully adhered as those on PCL and nFHA/PCL coated samples. In
this regards Zomorodian et al. [29] showed that that cell adhesion was
similar on the PCL and the PCL-containing HA coatings and that cells
proliferated with a high growth rate. Their result also revealed that
cells were more randomly distributed over the PCL/HA coating with
higher PCL concentrationwhile theyweremore agglomerated inprefer-
ential areas of the sample with lower PCL concentration. In view of this,
Diba et al. [53] showed that cells attached onto the surface of PCL scaf-
fold andminorfilopodiawas observed. However, addition of bioceramic
to PCL scaffold resulted in improvement of cell adhesion and the gener-
ation of higher cellular activity. SEM images revealed that the osteoblast
cells were attached and spread on the samples as well as the flattened
morphology of cells was observed at 7 days after seeding. Although an
increase in the number of cells was noted in nFHA/PCL coated speci-
mens. These results demonstrated that coating of nFHA as top layer on
an intermediate PCL coatingmay support the cell growth and prolifera-
tion of normal human osteoblast cells (NHOst).

4. Conclusions

A bi-layered nFHA/PCL composite coated on Mg alloy that consisted
of the nFHA film as an inner layer and PCL film as an outer layer de-
posited by ED followed by dip coating was studied. The FHA film
contained nanoneedle-like microstructure with crystallite size of
around 70–90 nm that occupied the porous PCL outer layer and
formed a homogeneous nFHA/PCL film. The mechanical studies
showed that incorporation of nFHA as an inner layer into the PCLmatrix
increased compressive strength compared with those of the uncoated
samples during an immersion test. The electrochemical measurements
show that the corrosion resistance of this film improved significantly
(2.9 × 103 kΩ cm2) compared with that of the uncoated (1.75 k
Ω cm2) because of the bi-layer coating. An immersion test showed
that the nFHA/PCL composite coating can effectively reduce diffusion
of the corrosive medium into the Mg−2Zn−3Ce substrate. This can
be attributed to formation of a dense and uniform nFHA coating and ex-
cellent barrier properties of the homogeneous PCL coating. In addition,
the cell adhesion result showed that the nFHA/PCL composite coated
Mg alloy had good biocompatibility.
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