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In this work, a hybrid dual layer surface coating consisting of a silicon (Si) underlayer and poly(ε-caprolactone)
(PCL) overlayer was investigated that was designed to reduce the corrosion rates of magnesium-based biomate-
rials. The Si underlayer was 1.2 μm thick and composed of spherical nanoparticles. The overlayer of PCL was
75.2 μm thick and comprised network of pores. Corrosion-induced reduction of the compressive strength of a
Si/PCL-coatedMg–Ca–Bi alloy was lower than that of the uncoated or Si layer-coated alloys. However, the bond-
ing strength of the Si coating (24.6 MPa) was significantly higher than that of the Si/PCL-coated samples
(6.8 MPa). The Si/PCL coating dramatically enhances the charge transfer resistance of the Mg alloy
(2.11 kΩ cm2) in simulated body fluid when compared with a Si-coated sample (2265.12 kΩ cm2). Si/PCL coat-
ings are considered a promising route to control the corrosion rate and mechanical properties of Mg-based
biomaterials.

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

Recently, magnesium-based alloys applied as biodegradable mate-
rials for implant applications have attracted great attention [1]. Mg-
based alloys are bioactive, enhancing bone growth and havemechanical
properties close to bone [2]. The major drawback of Mg-based alloys as
biodegradable implants is their high degradation rate that results in
production of hydrogen gas and serious local alkalization that may hin-
der the clinical application of Mg alloys [1,3–5]. Numerous attempts to
control the rapid corrosion rate of Mg alloys have been carried out [1,
6–9] through surfacemodification. For example, coating AZ31Bwith sil-
icon (Si) results in reduced corrosion rates and an improved biological
response [1]. As an essential trace element in skeletal development, Si
was shown to increase the proliferation of osteoblast-like cells [1]. Addi-
tionally, the release of Si has been associated with angiogenesis during
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bone regeneration [1]. Si-hydroxyapatite coatings have also been used
to increase the corrosion resistance of Mg alloys [6,10].

Organic coatings are known to reduce the corrosion rate of Mg. For
example, AZ91 can be coated with a polymer to reduce the corrosion
rate of the alloy and maintain the mechanical properties [11]. In addi-
tion, polymer-coated alloys appear to assist in retaining the mechanical
strength of theMg-based implant during immersion testingwhen com-
pared with that of uncoated alloys [11,12]. For example, poly(ε-
caprolactone)(PCL) is a semi-crystalline biopolymerwidely used in bio-
medical applications due to its mechanical strength, flexibility, hydro-
phobicity, biocompatibility and biodegradability [13]. PCL may also
improve cell adhesion, cell function, maintenance of differentiated
cells, and assist in the function of the extracellular matrix [11,12].

Although there are investigations of both Si and PCL for the protec-
tion of Mg substrates, there are no studies on the use of hybrid Si-PCL
coating systems aimed at further improving the degradation andbiolog-
ical characteristics of Mg-based alloys. The main purpose of the present
study was to investigate the synergistic effect of using a hybrid Si/PCL
dual layer coating system to control the loss of mechanical properties
during the in vitro degradation of Mg-1.2Ca-2Bi alloy in a simulated
bodyfluid. Thedual layer Si/PCL coatingwasproduced by a combination
of physical vapour deposition (PVD) and dip coating.



Table 1
Chemical composition of the Kokubo simulated body fluid (SBF).

Solution Ion concentration (mmol/L)

Na+ K+ Ca2+ Mg2+ HCO3
− Cl− HPO4

2− SO4
2−

Kokubo (c-SBF) 142.0 5.0 2.5 1.5 4.2 147.8 1.0 0.5
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2. Experimental procedures

2.1. Preparation of Mg–1.2Ca–2Bi alloy

Magnesium alloyswere prepared bymelting 99.9% puremagnesium
ingots, andMg–32wt.% Ca and pure bismuth (99.99% Bi) in an electrical
resistance furnace under protective gas atmosphere (60%Ar-40%CO2).
The crucible was held at a temperature of 760 °C for 30 min to melt
the materials and further 15 min to allow for homogenisation of the
melt. Melts were cast in a 300 °C preheated stainless steel mould. Sub-
sequently, several Mg–1.2Ca–2Bi specimens, with actual composition
of 0.012 wt.% Fe, 2.12 wt.% Bi, 1.21 wt.% Ca, 0.004 wt.% Cu, 0.003 wt.%
Ni, and 96.651wt.%Mgwere fabricated. The actual compositionwas de-
termined by inductively coupled plasma (ICP). The ingots were then cut
to provide specimens with dimensions of 15 × 10 × 10 mm. The speci-
mens were then wet ground down to 2000 grit SiC paper to remove all
visible scratches.
2.2. Preparation of Si underlayer and PCL overlayer.

A hybrid ion beam deposition system (HVC Penta Vacuum),
consisting of a linear ion source and magnetron sputtering source
with a Si (99.99%) target, was selected to deposit the coatings on the
substrates. The Mg alloys were ultrasonically washed in pure alcohol
for 5 min before placement inside the vacuum chamber. An ion source
with Ar gas was used to clean the surface of the Mg alloys for 40 min.
This pre-treatmentwas performedwhen the base pressure of the cham-
ber was below 2.55 × 10−3 Pa. Physical vapour deposition (PVD) was
performed at room temperature with argon gas as the sputtering gas.
The process used a sputtering pressure of 0.24 Pa, RF sputtering current
of 200 W, deposition time of 90 min, and bias voltage of −150 V.
Fig. 1. Scanning electronmicrographs of the surface of (a) uncoatedMg–1.2Ca–2Bi, (b) Si-coated
B in (b) and (c), respectively. Scanning electron micrographs of the cross-section of (e) Si-coat
The Si-coated alloys were then dipped into a 2.5 wt.% PCL (pellets;
Mw = 80,000 g/mol, Sigma-Aldrich, UK) dichloromethane solution
(DCM; CH2Cl2, Sigma-Aldrich, UK) by stirring for 6 h at room tempera-
ture. The Si-coated sampleswere dipped for 3 times andwithdrawn at a
constant speed of 40mm/min to form a uniform coating and then dried
at room temperature.

2.3. Corrosion testing and analysis.

Rectangular specimens with a surface area of 1 cm2 were mounted
in epoxy resin for electrochemical testing. Electrochemical tests were
conducted at 37 °C in an open-air glass cell containing 350 ml Kokubo
solution with a pH of 7.44, using a PARSTAT 2263 potentiostat/
galvanostat (Princeton Applied Research). The chemical composition
of the Kokubo solution is listed in Table 1 [14]. A three-electrode cell
was used for potentiodynamic polarisation testing. The reference elec-
trode was a saturated calomel electrode (SCE), the counter electrode
was a graphite rod, and the specimenwas theworking electrode. All ex-
periments were carried out at a constant scan rate of 0.5 mV/s, initiated
at−250 mV relative to the open-circuit potential. The polarisation re-
sistance (RP) and corrosion rate (Pi) were calculated according to [10].
The electrochemical impedance spectra (EIS)weremeasured over a fre-
quency range of 0.01 Hz to 100 kHz using a VersaSTAT 3 machine. Each
electrochemical test was repeated to confirm reproducibility of the
results.

Immersion testing was carried out according to ASTM G1-03 [15].
Alloy specimens with a diameter of 10 mm and height of 20 mmwere
immersed in a beaker containing 200 ml of Kokubo SBF [14] for
10 days. The SBF was not replenished during the testing period. The av-
erage pH value of the SBF from three measurements was recorded dur-
ing the soaking experiment after an interval of 24 h. The immersion
tests were repeated at least once to check the reproducibility of the re-
sults. The hydrogen evolution rate of the specimens was also measured
throughout a 10 day immersion period during which the SBF was
replenished daily. Specimens were immersed in a beaker containing
250 ml of SBF. The beaker was covered with a glass and burette
(50 ml) so as to collect the evolved hydrogen. At least two specimens
were tested to confirm reproducibility of the results. Following immer-
sion, the samples were cleaned in a boiling solution of chromium triox-
ide (CrO3) to remove surface corrosion products and then dried inwarm
air prior to further testing.
Mg–1.2Ca–2Bi, and (c) Si/PCL-coatedMg–1.2Ca–2Bi; and (d) EDS analysis of Points A and
ed and (f) Si/PCL-coated Mg–1.2Ca–2Bi. Insets show higher magnification images.



Fig. 2. (a) Transmission electron micrograph of Si/PCL-coated Mg–1.2Ca–2Bi, and (b) X-ray diffractograms of uncoated, Si-coated and Si/PCL-coated Mg–1.2Ca–2Bi.

135H.R. Bakhsheshi-Rad et al. / Surface & Coatings Technology 301 (2016) 133–139
2.4. Materials characterisation.

An X-ray diffractometer (Siemens D5000) was used to evaluate
phase transformations using Cu–Kα radiation (λ=1.5405 Å) generated
at 35 kV and 25 mA, over the 2 θ range of 10–70° with increment steps
of 0.04. Microstructures were analysed with scanning electron micros-
copy (JEOL JSM-6380LA equipped with EDS system, JEOL Inc., Tokyo,
Japan) and transmission electron microscopy (HT7700 Hitachi).
The surface topography and roughness of the coated samples was eval-
uated using atomic-force microscopy (AFM, NanoScope IV, Digital In-
struments). AFM imaging was performed in the tapping mode at room
temperature using a standard silicon nitride probe with a spring con-
stant of 0.58 N/m and a typical radius of 10 nm. The scanning area se-
lected was 10 × 10 μm. Compression testing (Instron 5569, Norwood,
MA, USA) of specimens immersed in SBF was performed at ambient
temperature using 2 replicates and a crosshead speed of 0.5 mm/min.
The Instron load frame was also used to measure the coating-
substrate bond strength according to ASTM F1044 [16], using a cross-
head speed of 1 mm/min and 10 kN load cell. Two rectangular speci-
mens (30 × 10 mm) were tested for each type of sample to obtain an
average value of the bond strength.
3. Results and discussion

3.1. Alloy and coating microstructures

TheMg–1.2Ca–2Bi (wt.%) alloy substrate consisted of primaryα-Mg
phase, andMg3Bi2 andMg2Ca secondary phases (Fig. 1a). The secondary
phases form a eutectic phase that consists of α-Mg, Mg2Ca and Mg3Bi2
located along the grain boundaries. The eutectic phase has a significant
effect on the corrosion behaviour of theMg alloy due to the formation of
micro-galvanic cells between the matrix and secondary phases. Kirk-
land et al. [17] showed that the microstructure of Mg alloys has an ap-
preciable effect on corrosion performance. The Si coatings exhibit
Fig. 3. AFM topography of (b) Si-coated
dimple-like microstructures where the dimples consist of a dense ar-
rangement of nanocrystalline columns (Fig. 1b). Some microscopic
pores and flawswere observed in the Si coating that presumably reduce
the corrosion resistance and associated mechanical properties of the
alloy. It was reported that the type of resulting phases and their mor-
phology depend on the coating method and the operating conditions
[18]. The surface of the Si-coated Mg–1.2Ca–2Bi is composed of Mg,
Ca, O and Si, where Mg, Bi and Ca were detected due to the presence
of high degree of porosity of the Si layer. This porosity allowed penetra-
tion of corrosive materials toward the substrate which led to pit corro-
sion (Fig. 1d). The surface microstructure of the PCL overlayer was
comprised of pore networks (Fig. 1c). While the PCL layer was found
to be highly porous, the Si underlayer was a denser coating that could
act as a barrier to corrosive electrolytes. There was also a significant
amount of C present (64.45 at.%) that originates from the PCL
(Fig. 1d). The cross-sectional SEM image of the Si-coated Mg–1.2Ca–
2Bi was composed of a thin and compact coating with columnar struc-
ture. The Si coating was found to cover theMg–1.2Ca–2Bi substrate ho-
mogeneously (Fig. 1e). Si/PCL coatings formed relatively thick layers
homogeneously over the surface of Mg–1.2Ca–2Bi (Fig. 1f). Si/PCL coat-
ings were composed of distinct PCL and Si layers that were 70–80 μm
and 0.9–1.2 μm in thickness, respectively. Gu et al. showed that the
thickness of the coating layer has a significant effect on the corrosion be-
haviour of the Mg substrate where the thicker coating layer prohibited
further corrosion in Mg during tests in chloride containing solutions
[19].

The microstructure of the Si coating was composed of very fine
nanocrystallites with size of ~30–40 nm. After coating with a PCL
layer as the top layer, dark spherical particles can be observed that are
assumed to be PCL (Fig. 2a). The microstructure of Mg–1.2Ca–2Bi was
determined to consist of α-Mg, Mg3Bi2 and Mg2Ca (Fig. 2b). X-ray dif-
fraction peaks detected at 2θ values of 27.5°, 47.6°, 56.3° and 69.3°
with orientation along (111), (200), (311) and (400) planes also con-
firmed the formation of a Si coating on Mg alloy substrate [20]. The
PCL background spectrum mainly consists of two intense peaks for
; (c) Si/PCL-coated Mg–1.2Ca–2Bi.



Fig. 4. (a) Potentiodynamic polarisation curves, (b)Nyquist plots and (c) equivalent electrical circuit for theuncoated (Model A), Si-coated and Si/PCL-coated samples (Model B) inKokubo
solution.
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PCL at 2θ = 21.6 and 23.8° that can be attributed to (1 1 0) and (2 0
0) planes, respectively. PCL has a crystalline structure with a
polyethylene-like orthorhombic unit cell and lattice parameters of
a = 0.748 nm, b = 0.498 nm and c = 1.727 nm [21].

The topography of the Si and Si/PCL coatingswas observedusing atom-
ic forcemicroscopy. The Si-coatedMg–1.2Ca–2Biwasmainly composed of
granular structures beside small voids which allowed easier contact be-
tween the solution and matrix, accelerating the corrosion of the matrix.
The average surface roughness (Ra) of the Si coating (16.4 nm) is consider-
ably lower than that of the Si/PCL coatings (385.2 nm)(Fig. 3b). The higher
roughness of the PCL overlayer was due to the existence of numerous
poreswithin the PCL layer. Such a rough coatingmay be beneficial for bio-
activity and mechanical bonding with bone [7].

3.2. Corrosion behaviour of Si and Si/PCL coatings on Mg–1.2Ca–2Bi

The electrochemical polarisation curves of uncoated, Si-coated, and
Si/PCL-coated Mg–1.2Ca–2Bi are shown in Fig. 4a. The corrosion poten-
tial (Ecorr) of both Si and Si/PCL coatings shifted tomore positive values,
indicating the protective nature of the coatings. Ecorr of Si-coated and
Si/PCL-coatedMg–1.2Ca–2Bi increased to−1501.2 and−1352.8mVSCE,
respectively, relative to uncoated Mg–1.2Ca–2Bi, indicating that a PCL
layer enhances the corrosion resistance of a Si-coated substrate. The
electrochemical parameters of uncoated and coatedMg alloys in Kokubo
solution are listed in Table 2. The more negative Ecorr of uncoated Mg–
1.2Ca–2Bi compared to the coated specimens is due to the formation
of micro-galvanic cells that exist between the primary α-Mg phase
and secondary phases. The corrosion current density (icorr) of the un-
coated, Si-coated and Si/PCL-coated Mg–1.2Ca–2Bi was 389.7, 32.7
and 0.43 μA/cm2, respectively. Clearly, the Si/PCL-coated specimens
Table 2
Electrochemical parameters of uncoated Mg–1.2Ca–2Bi, Si and Si/PCL coated Mg–1.2Ca–2Bi in

Alloy Corrosion potential,
Ecorr (mV vs. SCE)

Current density,
icorr (μA/cm2)

Cathodic slope,
βC (mV/decade

Mg–Ca–Bi alloy −1602.4 389.7 62.1
PCL coated −1501.2 32.7 87.9
Si/PCL coated −1352.8 0.43 95.8
exhibited a significantly lower icorr compared with the other samples.
The presence of the PCL film as a top layer and Si as an inner layer
caused significant reduction of the corrosion rate although the precise
reason for this is unclear. The samples coatedwith single-layered Si suf-
fer 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 adhesion of the organic layer on the sub-
strate [10,19]. PCL as top layer also over the Si surface could hinder the
hydrogen evolution reaction, and in turn the current densities de-
creased significantly compared to the uncoated sample. There was a
corresponding increase in corrosion resistance (RP) from 0.32 kΩ cm2

for uncoated Mg–1.2Ca–2Bi to 7.58 and 639.01 kΩ cm2 for the Si-
coated and Si/PCL-coated specimens, respectively. The large increase
in Rp values observed for the Si/PCL-coated alloy is due to the additional
coverage of the Si-coated Mg by the thick PCL layer. The dependence of
the corrosion resistance on the thickness of the PCL coating suggests
that the corrosion rate of dual-layered coated Mg can be adjusted by
controlling its thickness [19,22,23]. The corrosion rate of the Si/PCL-
coated alloy (0.09 mm/year) was significantly lower compared to the
Si-coated (0.74 mm/year) or uncoated (8.90 mm/year) alloy. Nyquist
plots of the uncoated and coated samples showed the typical single-
capacitive semi-circle that represents an electrochemical process with
only one time constant (Fig. 4b) [24]. The circuit depicted in Fig. 4c
was used to fit the impedance curves. In this circuit, Re represents the
solution resistance, Cc is the coating capacitance, Cdl is the double
layer capacitance and Rct is the charge transfer resistance which is at-
tributed to the electrochemical corrosion rate. The equivalent circuit
in Model A is employed to characterise the uncoated sample while,
Model B could describe the coated samples. Clearly, the incorporation
of a Si coating increased the charge transfer resistance (Rt) of the PCL
Kokubo solution obtained from the polarisation test.

) vs. SCE
Anodic slope,
βa (mV/decade)
vs. SCE

Polarisation resistance,
RP (kΩ cm2)

Corrosion rate,
Pi (mm/year)

53.1 0.32 8.90
162.4 7.58 0.74
185.7 639.01 0.009



Fig. 5. Scanning electronmicrographs of (a) uncoatedMg–1.2Ca–2Bi, (b) Si-coated and (c) Si/PCL-coatedMg–1.2Ca–2Bi after immersion into Kokubo for 240 h. EDS analysis of (d) Point A,
(e) Point B, and (f) Point C.
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coated sample (2265.12 kΩ cm2), indicating reduced coating porosity
and improved barrier performance for corrosion protection of the sub-
strate. However, the diameter of the semicircle in the Nyquist plots de-
creased to 5.21 kΩ cm2 after Si coating, indicating degradation of the
Fig. 6. Scanning electronmicrographs of (a) Si-coated, (b) Si/PCL-coated after immersion in Kok
1.2Ca–2Bi.
coating. This can be attributed to the ionic transport in the coating in-
cluding for example chloride ion penetration through pinholes [25].
However, the lowest charge transfer resistance is observed for the un-
coated sample (2.11 kΩ cm2). The rate of the electrochemical processes
ubo for 720 h, and corresponding EDS analysis of (c) Si-coated and (d) Si/PCL-coatedMg–



Fig. 8. X-ray diffraction patterns attained from the corrosion products of uncoated Mg–
1.2Ca–2Bi alloy, Si coated and Si/PCL coated specimen after full immersion exposure to
SBF solution for 240 h duration.

Fig. 7. (a) Change in pH value and (b) hydrogen evolution measurements of uncoated Mg–1.2Ca–2Bi, Si coated and Si/PCL coated Mg–1.2Ca–2Bi in Kokubo solution.
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at the substrate/electrolyte interface is controlled by the charge-
transfer resistance which is the key factor in determining the corrosion
resistance [25,26]. This suggests that the dual-layered coating can sig-
nificantly impede the charge-transfer process at the substrate–electro-
lyte interface.

The surface morphologies of the uncoated, single-layer, and dual
layer-coated samples were examined following immersion in SBF for
240 h (Fig. 5). The uncoated alloy exhibited extensive surface cracking
that was accompanied by pitting corrosion (Fig. 5a). Mg and O, and
trace amounts of C were present on the uncoated alloy. Thus, the corro-
sion products were mainly composed of magnesium hydroxide
Mg(OH)2, indicated by the O:Mg molar ratio of ~2.12 (Fig. 5d). The Si-
coated alloy exhibited a less uniform film with more pits, allowing the
solution to make contact with the substrate and accelerating the corro-
sion reaction (Fig. 5b). The EDS analysis of the precipitate morphology
indicates the presence of Mg, Si, Ca, P, O, and C elements with Ca/P
atomic ratio of ~1.23 that implies the formation of calcium phosphate
(Fig. 5e). Cracks are clearly observed in the structure of dual layer coat-
ing that would enhance corrosion of the substrate (Fig. 5c). The EDS
analysis of dual layer coating revealed the presence of Mg, Ca, O, and C
(Fig. 5f).

Elemental maps of the surface of the Si-coated and Si/PCL-coated
Mg–1.2Ca–2Bi were collected following 30 days of immersion (Fig. 6).
The Si-coated alloy exhibited large, deep, elliptically-shaped corrosion
pits (Fig. 6a). Mg and O were the main constituents of the corrosion
products on the sample surface (Fig. 6c). The existence of Mg on the
sample surface implies that the corrosion medium easily infiltrated
through the defects of the Si coating to the substrate. The pore structure
of the hybrid Si/PCL coating system was damaged and parts had ap-
peared to burst apart (Fig. 6b) which may have been due to a build-up
in pressure beneath the coating due to the evolution of H2. It would ap-
pear that the gas permeability of the polymer is insufficient to release
the H2 at the rate at which it is being produced, leading to sufficient
pressure to burst through the PCL layer [27]. The EDS spectra of the
Si/PCL coated alloy indicated that the film composed of Mg, C, O, Ca
and P (Fig. 6d).

Fig. 7a shows the pH variation of SBF for uncoated Mg-Ca-Bi, Si and
Si/PCL coated specimens as a function of immersion time in the Kokubo
solution at 37 °C for 240 h. The pH of uncoated Mg–Ca–Bi and Si coated
initially increases with the immersion time, however, it stabilised at a
longer immersion time. It is believed that the primary increase in pH
is due to the accumulation of OH− ion in the form of Mg(OH)2 on the
surfaces of the specimens [24]. The pH values of Si/PCL coated speci-
mens gradually decreased from 7.4 to 6.96 due to the acidic products
of polymer degradation. Cumulative hydrogen gas evolution plots for
the uncoated and coated samples are shown in Fig. 7b. The results
showed that cumulative hydrogen amount released from uncoated
Mg–Ca–Bi and Si coated is significantly higher compared with both Si
and Si/PCL coated samples. Uncoated Mg–Ca–Bi and Si coated shows
the highest hydrogen evolution (32.86 ml/cm2) and (19.20 ml/cm2),
respectively during the immersion, while the hydrogen volume of
the Si/PCL coated samples is 0.16 ml/cm2. This indicated that the un-
coated Mg–Ca–Bi and Si had undergone severe corrosion in the SBF.
However, Si/PCL films could effectively inhibit the degradation of un-
coated sample. In addition, it can be observed that the degradation
rate amplified after 120 h for the dual-layered Si/PCL coated sample,
respectively. This indicates that dual-layered coating remarkably
suppressed thehydrogen evolution (0.16ml/cm2) over the long immer-
sion period, considerably lower compared to all the other samples.

The XRD pattern of uncoated, Si underlayer and PCL overlayer in SBF
for 10 days are shown in Fig. 8. The XRD pattern confirmed the presence
ofMg(OH)2 (PDFNo. 44-1482) [28] as themain corrosion product of the
uncoated and, clearly, no common types of calcium phosphate was ob-
served in this diffraction pattern. Strong peaks of Mg(OH)2 were also
observed, indicating severe corrosion attack that occurred due to the
fact that the uncoated sample directly exposed to SBF solution
[29–31]. However, the corrosion products of single layer Si and dual-
layer Si/PCL coated include hydroxyapatite (HA) and Mg(OH)2. Low in-
tensity of Mg(OH)2 in single layer and dual-layer coated samples were
observed, confirming the existence of a thick PCL coating on an interme-
diate Si coating.

3.3. Mechanical properties as a function of corrosion protection

The compressive strength of the uncoated, Si-coated and Si/PCL-
coated alloy before and after immersion in Kokubo solution for
10 days was measured (Fig. 9). As expected, the Si and Si/PCL coatings
did not affect the bulk compressive properties of the alloy. The compres-
sive strengths of Si/PCL-coated and Si-coated alloy decreased from
263MPaprior to immersion to 258 and 201MPa, respectively, following
10 days of immersion in the SBF. Therefore, the compressive strength of



Fig. 9. Compressive stress–strain curves for uncoated Mg–1.2Ca–2Bi, Si-coated and Si/PCL
coated Mg–1.2Ca–2Bi before and after immersion in the Kokubo solution.
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the specimens was comparable to that of human cortical bone (100–
230 MPa) [14]. In contrast, the compressive strength of the uncoated
alloy decreased to 178 MPa following 10 days of immersion in the SBF.
The presence of extensive corrosion pitting is likely to be the cause of
the decrease inmechanical properties. Interestingly, the results here in-
dicate that the PCL coating is able to delay the loss of the mechanical
properties of the substrate. The strength of the bond between substrate
and Si coating was ~24.6 MPa. In contrast, the bond strength between
the PCL and Si layer was only ~6.8 MPa. The higher strength of Si is
due to the formation of thin filmswhichwere produced by physical de-
positionmethod. As a result of the poor bonding strength between poly-
mer and silicon further corrosive medium infiltrate to the substrate and
subsequently debonding of the coating [32,33]. In view of this, Degner
et al. showed [23] that although PCL coating has low bonding strength
to the magnesium substrate, it can effectively protect of the substrate
if the polymer film thickness is sufficient.

4. Conclusions

This study investigated the effectiveness of synthesising dual layer
Si/PCL coatings on Mg–1.2Ca–2Bi via a combination of PVD and dip-
coating methods. The microstructure of the PCL layer consisted of pore
networks,while the Si underlayer provided theMg–1.2Ca–2Bi substrate
with a denser barrier to SBF. A greater retention of themechanical prop-
erties of Mgv1.2Cav2Bi following exposure to SBF is also provided by
using a hybrid Si/PCL coating (σc = 258.2 MPa) when compared to
that of the Si coating (σc = 201.3 MPa) or uncoated alloy (σc =
178.1 MPa). The Si coating exhibited significantly higher coating-
substrate bond strength when compared to the adherence of the PCL
layer to the Si bond coat. The immersion and hydrogen evolution results
demonstrate that a hybrid Si/PCL coating provides improved resistance
to degradation of Mg–1.2Ca–2Bi when compared to the uncoated Mg
alloy substrate or a Si-coating.
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