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The poor corrosion resistance of biodegradable magnesium alloys is the dominant factor that limits their
clinical application. In this study, to deal with this challenge, fluoride coating was prepared on Mg—Zn
—Ca alloy as the inner coating and then hydroxyapatite (HA) coating as the outer coating was deposited
on fluoride coating by pulse reverse current electrodeposition (PRC-HA/MgF;). As a comparative study,
the microstructure and corrosion properties of the composite coating with the outer coating fabricated
by traditional constant current electrodeposition (TED-HA/MgF,) were also investigated. Scanning
electron microscopy (SEM) images of the coatings show that the morphology of PRC-HA/MgF, coating is
dense and uniform, and presents nano-rod-like structure. Compared with that of TED-HA/MgF-, the
corrosion current density of Mg alloy coated with PRC-HA/MgF, coatings decreases from 5.72 x 107> A/
cm? to 4.32 x 1077 A/cm?, and the corrosion resistance increases by almost two orders of magnitude. In
immersion tests, samples coated with PRC-HA/MgF, coating always show the lowest hydrogen evolution
amount, and could induce deposition of the hexagonal structure-apatite on the surface rapidly. The
results show that the corrosion resistance and the bioactivity of the coatings have been improved by
adopting double-pulse current mode in the process of preparing HA on fluoride coating, and the PRC-HA/
MgF, coating is worth of further investigation.
© 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

1. Introduction

coating and bioactive coating as an outer coating to modify the
surface of magnesium [13]. H.R. Bakhsheshi-Rad manufactured HA

According to previous in vitro and in vivo research, magnesium
alloys are considered as promising bone implant materials for the
similarity to sclerotin in mechanical properties and its degradable
nature [1—4|. However, early clinical trials report that the rapid
degradation rate results in Mg alloy losing mechanical integrity
potentially during implantation period [5—7]. Thus, fabricating
protective coatings is a promising approach to enhance the corro-
sion resistance and biological compatibility of Mg alloy [8—11].

Magnesium fluoride (MgF,) coating has been selected as the
protective coating due to the non-toxicity, chemically inertness and
its simple preparation process [12]. In order to enhance the
corrosion resistance and bioactive property of magnesium alloys,
many researchers use magnesium fluoride as the intermediate

* Corresponding author.
E-mail address: skguan@zzu.edu.cn (S. Guan).
Peer review under responsibility of KeAi Communications Co., Ltd.

http://dx.doi.org/10.1016/j.bioactmat.2017.05.001

on magnesium fluoride coating by traditional constant current
electrodeposition, and the corrosion resistance is improved as
compared with that of separate HA coating [14]. However, during
the experimental process, it is found that HA coating prepared on
magnesium fluoride coating by TED was loose, uneven and defec-
tive. Magnesium fluoride coating has a relatively poor electrical
conductivity, which may lead to the uneven distribution of the
charges during the preparation process of HA. In addition, con-
centration polarization in the TED process may aggravate the un-
even phenomenon of HA coatings. According to previous research,
pulse reverse current (PRC) is capable of generating coating with
higher density and stronger anchoring strength compared to con-
stant current electrodeposition [15—17]. Furthermore, if adopting
the PRC for depositing HA on fluoride coating, the fluoride coating
may be slightly decomposed, and the released F~ would affect the
nucleation and growth of HA [18,19]. It is reported that F~ ions
doped in hydroxyapatite could provide better degradation
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property, better protein adsorption, better cell attachment and
improved alkaline phosphatase activity in cell culture [18,20].
Therefore, it is expected that fabricating HA coating on fluoride
coating by PRC could improve the biocompatibility and corrosion
resistance of the specify Mg-2.1Zn-0.22Ca alloy.

In this study, we succeed in depositing PRC-HA on fluoride
coatings supported on Mg-Zn-Ca alloys by PRC electrodeposition.
The surface characteristics and the corrosion resistance of PRC-HA/
MgF; coatings are studied. For comparison, TED-HA/MgF, coatings
and bare Mg-Zn-Ca alloy substrate are also evaluated.

2. Experimental
2.1. Preparation of fluoride coatings

As-cast Mg-2.1Zn-0.22Ca alloy prepared in our laboratory was
extruded with an extrusion ratio of 25, cylindrical specimens of
5 mm in height and 12 mm in diameter were machined from the
extruded material. The samples were grounded and polished with
successively finer SiC papers up to 1000 grit, ultrasonically cleaned
in acetone and ethylalcohol mixed solution for 10 min. For con-
version treatment, the samples were immersed vertically in a
plastics bottle containing HF of concentration 40% at room tem-
perature for 24 h. Then the treated samples were rinsed with
deionized water and dried in air. During the experiment, appro-
priate personal protection equipment, including gloves and mask,
should be worn while handling the material to avoid the harmful
effects of HF.

2.2. Synthesis of Ca—P coatings

Ca—P coating was prepared using the electrochemical work-
station (RST5200, KeRui Instruments, Gongyi, China). A graphite
plate was used as the anode and the samples coated with the
fluoride coating served as the cathode. The electrolyte was pre-
pared by dissolving calcium nitrate (Ca(NOs3),-4H0, 0.042 mol/L),
ammonium dihydrogen phosphat (NH4H,PO4, 0.025 mol/L) and
sodium nitrate (NaNOs, 0.1 mol/L) in deionized water. Nitric acid
(HNO3) solution and trihydroxymethyl —aminomethane
((CH,0H)3CNH;) were used to adjust the pH to 5.0. The electro-
deposition was carried out at 80 °C in a water bath for 20 min. PRC
parameters for the deposition process was optimized in previous
studies in our laboratory [21]. The TED process was carried out in
galvanostat mode and the cathodic current density was maintained
at 1 mA/cm? for 20 min. Magnetic stirring was controlled at 25 rpm
to keep the concentration uniform. After deposition, the specimens
were rinsed in distilled water, and then dried in air.

2.3. Coating characterization

The crystalline phase of the fluoride coating and composite
coatings were identified with X-ray diffractometer (XRD philips
1700X, philips, Netherlands) using Cu Ka.1 radiation (at a scan rate
of 2°/min). The morphologies of the coatings and the cross-section
of the composite coating were examined by scanning electron
microscope (SEM Quanta-200, FEI, Netherlands) equipped with
EDS (energy dispersive X-ray spectroscopy). The growth morphol-
ogies of the Ca-P coating were identified by another scanning
electron microscope (SEM JSM-6700F, JEOL, Japan). The functional
groups of the coatings were analyzed using a fourier-transformed
infrared spectrophotometer (FTIR 5700, Nicolet, America).

2.4. lon chromatography

In order to investigate the effect of different electrodepositon

mode on fabricating HA on fluoride coating, the electrolyte nearby
the working electrode was collected after deposition for 10 min and
the ion concentration of F~ of the electrolyte was measured with
ion mass spectroscopy (ICS1500, DIONEX, America).

2.5. Electrochemical studies

Electrochemical tests were carried out using a classical three
electrodes cell with a platinum rod as the auxiliary electrode, a
saturated calomel electrode as the reference electrode and the
samples as the working electrode. The simulated body fluid (SBF)
was prepared according to previous studies [22]. The electrolyte
was buffered at pH = 7.4 using tris-hydroxymethyl aminomethane
((HOCH2)3CNH3) and hydrochloric acid (HCI), kept at 37 °C. The
sample area exposed to the solution was 1 cm?. The measurements
were carried out at a scan rate of 0.5 mV/s using an electrochemical
station and the sample was kept in the solution for 1 h before po-
larization tests to establish the open circuit potential.

2.6. Immersion test

Different kinds of samples were carefully embedded into silica
gel with only one side of 1 cm? exposed. Then samples were
immersed in 20 ml SBF in sterilized bottle in a water bath at 37 °C
for 15 days. For hydrogen evolution test, the record time interval
was lengthened with the proceed of immersion test. After immer-
sion, the samples were rinsed with distilled water and dried in
vacuum drying oven for 2 h. The morphologies of the Ca-P coating
after immersion for 10 days were observed by scanning electron
microscope (SEM, Quanta-200).

3. Results and discussion
3.1. Microstructure and composition of the coatings

The SEM image and EDS result of the fluoride coating are shown
in Fig. 1. The fluoride coating is uniform and compact, and no micro-
crack is detected, which plays a very crucial role in the enhance-
ment of corrosion resistance [23—25]. According to the EDS spectra
of the fluoride coating in Fig. 1(b), four elements are detected in the
coating: magnesium, fluorine, oxygen and a small amount of Au. Au
element was intentionally sprayed on the surface of samples before
scanning process. O element may originate from the oxide of
magnesium generated during the fluorination process. The pres-
ence of fluorine element indicates that fluoride coating has been
successfully coated on Mg alloy surface.

SEM images of HA on fluoride coating prepared by different
power sources are shown in Fig. 2. Because of the concentration
polarization, hydrogen evolution and poor conductivity of fluoride
coating, the TED-HA/MgF, coating is uneven. The surface presents
to be micro-flake-like structure, and many agglomerated parts
appear on the surface with pores in the center. In biological envi-
ronment, body fluid would infiltrate into the pores and induce fast
corrosion of the substrates. The agglomerated parts are compara-
tively easy to shed off, which may result in inflammation during
implantation periods [26]. By contrast, the PRC-HA/MgF, coating
shows compact nano-rod-like structure and covers the fluoride
coating surface completely. The diameter of rod-like crystals is
ranging from 50 to 80 nm. Compared to flake-like coating, the rod-
like coating would provide much better protection to the substrate
due to the dense and uniform structure, and it may be more
favorable for the deposition of apatite owing to the increased
contact area with the surrounding fluid after implantation. More-
over, It is reported that nano-sized HA is more beneficial for bone
cell adhesion and proliferation [27]. Fig. 3 shows the corresponding
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Fig. 1. The morphology and characterization of the fluoride coating: (a) SEM image; (b) EDS result.

EDS results of the coatings. The Ca/P ratio of TED-HA/MgF, coatings
is ranged from 1.21 to 1.29, and the Ca/P ratio of PRC-HA/MgF,
coatings is about 1.50. Both outer coatings are composed of
calcium-deficient HA, which may poss excellent biodegradation
and induce the precipitation of bone-like apatite after implantation
[28—30]. Higher atomic ratio of Ca to P of nano-rod-like HA coating
may result from the fluoride coating. In the PRC process, more F~
jons release from fluoride coating and combine with Mg?* ions
released from the substrate. In that case, fewer Mg?* jons could

occupy the positions of Ca®* ions in the HA lattice. Thus, the cal-
cium content in HA lattice increases relatively [31]. The silicon
comes from silica gel, which is used to cover the non-work area of a
sample. Na* ions from NaNOs in the electrolytes could substitute
Ca* ions in the crystal structure of HA. In Fig. 3(b, a) small amount
of F element is detected, which can prove the existence of F~ ions in
PRC-HA structure. In the PRC mode, Mg alloys coated with fluoride
coating are used as the anode for a few seconds. At this moment,
MgF, coating is slightly decomposed and F~ ions are released from

Fig. 2. The SEM images of HA coating on fluoride coating prepared by different power source pattern: (a, c) TED; (b, d) PRC.
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Fig. 3. The EDS results of HA on fluoride coating prepared by different power source pattern: (a) TED; (b) PRC.

the fluoride coating. The released F~ ions was diffused into the
electrolyte and act as good nucleation agent, which can enhance
the degree of crystallinity, the lattice symmetry and make grain
refining. Meanwhile, in the TED mode, Mg-alloys with the fluoride
coating are always used as the cathode, and no or fewer F~ ions
participate in the nucleation of HA, so the morphology of the Ca-P
coating still presents flake-like structure similar to separate HA
coating prepared by electrodeposition. Moreover, after PRC depo-
sition experiment, the electrolyte was a little turbid while the
electrolyte of the TED was still clean. It may be because F~ ions
existed in the electrolyte of PRC combined with Mg?* ions and
formed poor solubility MgF, suspended in the electrolyte. As it is
shown in the ions chromatography results, after deposition for
10 min, F~ ion concentration of the PRC electrolyte near the sub-
strate is 85.196 pg/L and the F~ ion concentration of the TED elec-
trolyte is 18.288 pg/L. It demonstrates that more F~ ions release
from the fluoride coating, which affects the nucleation and growth
of HA in PRC process.

XRD diffraction patterns of the samples coated with fluoride
coating, TED-HA/MgF, coating and PRC-HA/MgF, coating are
shown in Fig. 4. As is shown in curve A, the XRD peak appeared at
40.4° is corresponding to the crystal plane of tetragonal (110),
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Fig. 4. XRD patterns of different coatings: (a) fluoride coating, (b) TED-HA/MgF,
coating and (c) PRC-HA/MgF, coating.

which proves the existence of MgF, (JCPDS No. 70-2269). Oxygen
detected in EDS originates from hydroxides of Mg, because OH™
could replace some F~ ions in MgF, structure [32]. The fluoride
coating is mainly composed of MgF, and a small amount of
Mg(OH);, and the existence of Mg(OH), can reduce the ratio of F to
Mg as expected from stoichiometric MgF». The quantity of Mg(OH),
may be too little to be detected by XRD. The peaks from both
composite coatings match well with the HA pattern (JCPDS No. 09-
0432). It is apparent that the peak at 25.8° of PRC-HA/MgF, XRD
pattern which is related to the (002) plane of HA is higher than that
of TED-HA/MgF, coating, suggesting the nano rod-like crystal
preferred to be oriented along the c-axis [001] direction [33]. In
Fig. 5, FT-IR is used to identify the functional group of the two kinds
of coatings. As it is shown that the functional group of the PRC-HA/
MgF, coating is similar with that of TED-HA/MgF, coating. The
vibrational wide bands of 3434 cm™! can be confirmed as the
typical peak of OH™ [31]. The absorption peaks at 563 cm™,
603 cm~', 1030 cm™! prove the existence of PO3". The band of CO%
at 862 cm~! is due to CO5, which is dissolved in the electrolyte and
substitute the positions of P03 in the HA structure. The wide band
between 1600 cm~! and 1700 cm~! was caused by H»0 included in
the sample.
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Fig. 5. FTIR spectrum of different coatings: (a) TED-HA/MgF, and (b) PRC-HA/MgF,
coating.
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The cross-section photographs of the PRC-HA/MgF, and TED-
HA/MgF, coating are shown in Fig. 6. In Fig. 6 (a), the thickness of
fluoride coating is about 1.2 pm, and the thickness of HA coating is
about 1.5 pm. The fluoride coating combines with the Mg alloy
substrate and the HA coating tightly, and no visible cracks are
observed on the two interfaces. Compared with that of PRC-HA/
MgF; both the thickness of fluoride coating and HA coating of TED-
HA/MgF; are slightly thicker. In the electrodepositon process, MgF,

CSEl 100KV

S[eISA10 [enIur
9y} UO UOHIBI[INN

c-axis [001]

coating is slightly decomposed when Mg alloys coated with fluo-
ride coating are used as the anode, thus the thickness of the fluoride
coating was decreased. In addition, F~ ions can change the lattice
parameters of HA and decrease the crystalline sizes, therefore, the
thickness of outer HA coating of PRC-HA/MgF, was also decreased.

The growth steps of flake-like HA coating have been studied
[21]. The morphologies of PRC-HA/MgF, coating in different
deposition periods are shown in Fig. 7. It is apparent that the

Fig. 7. SEM images of the PRC-HA/MgF, coating after deposition for (a) 5 min, (b) 10 min and (c) the Schematic drawing of coating growth.
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Table 1
Values from the polarization curve of different samples in SBE.

Samples Ieorr (AJcm?®) Ecor(V) Rp (Q)

Substrate 323 x10°% -1.68 1.11 x 10?
TED-HA/MgF, coating 581 x 107> ~1.60 7.36 x 10%
PRC-HA/MgF, coating 7.84 x 1077 -1.53 3.70 x 10%

surface is completely covered by bamboo leaf-like crystals after
deposition for 5 min and the crystals present a random orientation
to the substrate. However, after deposition for 10 min, the
morphology changes into typical nano rod-like crystals, and rela-
tively grows along the c-axis. The formation mechanism of the rod-
like HA is mainly as follows: in the initial period of the electro-
chemical deposition, very small amounts of F~ ions existed in the
electrolytes, which could not effectively influence the nucleation
and growth of HA. As the electrochemical deposition proceeds, the
more time the substrate works as the anode, the more F~ ions are
released from the fluoride coating. Thus a large number of F~ ions
in the electrolytes alternatively occupy the hydroxyl site in the -
axis of HA lattice and make the a-axis dimension contract owing to
the smaller size of F~ ions [31]. Therefore, HA crystals grow along
the concentration gradient of the electrolyte. Additionally, owing to
the influence of F~ ions, the rod-like crystals could nucleate on the
initial bamboo leaf-like crystals and relatively oriented along the c-
axis (Fig. 7(a)). Fig. 7 (c) simply shows the schematic drawing of
coating growth.

3.2. Corrosion properties

3.2.1. Electrochemical test and hydrogen evolution test

Electrochemical test is a general method to evaluate the corro-
sion resistance of a sample. Fig. 8 (left) shows typical polarization
curves of different types of samples in SBF. Corrosion potential
(Ecorr), corrosion current density (Icorr) and corrosion resistance
(Rp) are summarized in Table 1. Ecorr and Icorr are derived directly
from the polarization curves and Rp is calculated according to the
reported equation [34]:

__ babe (1)
2.303icorr(ba + be)

(a)

Ry

—— PRC-HA/MgF2 coating
—+— TED-HA/MgF, coating
149 —e—substrate
O
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o 47
-1.84
_1_0

N N T
Logl/cm?, Alcm

Research indicates that the corrosion resistance of a sample with
coating is determined by its corrosion current density and resis-
tance [35]. Compared with the TED-HA/MgF, coating, the nano-
rod-like coating effectively improves the corrosion resistance of
the Mg-Zn-Ca alloy, with the corrosion current density decreases
from 5.81 x 10~ to 7.84 x 10~/ A/cm? and the resistance is
improved by nearly two orders of magnitude. As is shown in
Fig. 1(a), TED-HA/MgF; coating is loose and defective. In biological
environment, body fluid may seep into the cracks and pores of TED-
HA/MgF, surface and corrode the substrate. Cracks on the surface
would propagate under the stress and lead to coating shedding
from the substrate, ultimately, accelerates the corrosion of the
substrate. Meanwhile, as compared to TED-HA/MgF,, the surface of
PRC-HA/MgF, coating is compact and uniform, which may provide
better protection for the substrate, thus inhibiting corrosive ions
from entering into the inner substrate.

The hydrogen evolution results of different specimens in SBF
solution for a period of 15 days are shown in Fig. 8 (right). The
volume of Hy released from the magnesium substrate increases
rapidly with the extension of immersion time. Compared with that
of substrate, the released rate of H, volume of coated samples
seems to be constant and less. Compared with TED-HA/MgF,
coated samples, the PRC-HA/MgF, coated samples perform better
and always show the lowest hydrogen evolution amount. By
approximate calculation, the corrosion rates of the substrate, TED-
HA/MgF, coated samples and PRC-HA/MgF, coated samples are
8.97 mm/y, 2.21 mmy/y, and 0.96 mm/y, respectively. The evolved Hy
from the samples coated with PRC-HA/MgF, seems to be tolerated
by the human body [36]. The hydrogen evolution results indicate
that PRC-HA/MgF, could effectively prevent the substrate from
rapid corrosion.

3.2.2. Immersion test

Fig. 9 shows SEM images of TED-HA/MgF, and PRC-HA/MgF,
coatings immersed in SBF for 10 days. The samples coated with
TED-HA/MgF, have been corroded seriously, leaving cracks and
visible bare Mg alloy part on the surface, while the PRC-HA/MgF,
coating retains integrity. In Fig. 9(a), aggregation phenomenon of
TED composite coating (Fig. 2(a)) is not observed after 10 days
immersion, and apparently, the bare Mg alloys part (Fig. 9(a)) may
be covered by the aggregation part before immersion test. The poor

(b)
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Fig. 8. Polarization curves (left) and hydrogen evolution test (right) of different coatings: (a) as-extruded Mg alloy, (b) TED-HA/MgF, coating and (c) PRC-HA/MgF, coating in SBF.
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Fig. 9. SEM photographs of (a) TED-HA/MgF, coating and (b) PRC-HA/Mg coating immersed in SBF for 10 days.

bonding strength and loose structure both result in the aggregation
parts peeling off the substrate during the immersion process. In
Fig. 9 (b), the PRC-HA/MgF, coating presents hexagonal structure,
which is slightly different from the coating structure before im-
mersion test, but is similar to typical HA structure. It means that
PRC-HA/MgF, coating could absorb Ca?*, PO~ from SBF solution
rapidly, which can form hexagonal structure-apatite on the surface.
According to the photographs, the hexagonal structure-apatite
seems to in-situ grow on the top of nano-rod-like HA. It can be
attributed to the effect of nano-sized HA, which highly increases
the area of interface between PRC-HA structure and SBF, thereby
highly enhanced the absorption of Ca?*, PO3~ in SBF solution.
Meanwhile, no visible precipitates appears on TED-HA/MgF, sur-
face after immersion. That is because the submicron scale coating
provides fewer interface for the deposition of apitite compared
with the nano scale coating. In addition, previous research has
demonstrated that the large amount of Mg?* could restrain the
precipitation of apitite [36—38], which provides evidence that TED-
HA/MgF, coated samples have suffered serious corrosion during
the immersion period.

4. Conclusions

In this work, HA coating is successfully prepared by PRC on
fluoride coating supported on Mg—Zn—Ca alloys and the compo-
sition, microstructure and corrosion resistance properties of PRC-
HA/MgF; coatings are evaluated. Compared with the TED-HA/MgF,
coating, PRC-HA/MgF, coating was dense and uniform and the
surface presents nano-rod-like structure with the rod diameter
ranging from 50 nm to 80 nm. The nano-rod-like coating enhances
the corrosion resistance of the as-extruded Mg alloy, and the
corrosion current density decreases by nearly two orders of
magnitude. The results of immersion tests indicate that the PRC-
HA/MgF, coating presents better biological activity and higher
corrosion resistance. Thus, compared with TED-HA/MgF; coating,
the PRC-HA/MgF, composite coating has greater potential to be
used as biological materials.
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