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Abstract. In this study, hydroxyapatite layers (HAp) were formed on a Mg-4 % Y-3 % rare earth
alloy (WE43) by a chemical solution deposition method at various coating times, from 0.5 hours
to 4 hours. The adhesion of the HAp layers was evaluated by the pull-off test method. The
corrosion resistance of these coatings was measured by polarization tests and Nyquist impedance
spectrum performed in a simulated body fluid (SBF) at 37+1 °C. XRD analysis demonstrated that
HAp coating layers were formed in the whole specimens, while the highest intensity of the HAp
peak was recorded for specimens with coating times of 2 and 4 hours. Adhesion test results
showed that the HAp layer coated for 2 hours had the highest adhesion strength of 6.46 MPa,
which is due to the very dense structure and rod-shaped HAp crystals of the outer-coating layer.
The corrosion and formation of Mg(OH), under the HAp layers were responsible for the decrease
in adhesion strength. Polarization tests in SBF at 37+1 °C showed that the corrosion current
density decreased with coating time from 0.5 to 2 hours, and the HAp layer on WE43 was formed
on the specimen with a coating time of 2 hours, resulting in significantly improved corrosion
resistance compared to other coating times.
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1. INTRODUCTION

Classic metallic biomaterials such as pure titanium and its alloys, CoCr alloys, and stainless
steel have been employed extensively in bone replacement and bone fixation devices in recent
years to repair bone fractures or promote healing. However, these types of traditional metallic
biomaterials required secondary surgery in order to remove the implants after healing [1, 2].
Bioabsorbable implants have emerged as an alternative to avoid long-term complications caused
by permanent implants in applications that require a device with a temporary short function, such
as endovascular stents and bone repair implants [3]. Mg and some of its alloys are biocompatible
and have good mechanical properties, which make them good candidates for biodegradable
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applications [3]. The density and elastic modulus of Mg alloys are 1.74-2.0 g/cm?® and 41-45
GPa, respectively, which are well matched with those of human bone. Mg is non-toxic to the
human body and is degradable in the body fluid. Magnesium alloys are potential options for
biodegradable materials because of the benefits listed above [4-6]. Additionally, the Young's
modulus of Mg alloys is similar to that of bone, avoiding stress shielding effect, which occurs for
metallic implant materials with high Young's modulus [2, 4]. In the human body, the
bioabsorbable magnesium devices should keep their original strength until the affected part of the
body has healed [5, 6]. Magnesium is the fourth plenteous element in the body and is necessary
for physiological functions. The byproducts of magnesium in the human body are non-toxic, and
the excess amount of magnesium will be excreted through natural metabolism [7, 8]. Despite all
the advantages, Mg and its alloys rapidly corrode in the physiological environment, with a pH
value in the range of 7.2—7.4, which results in a loss of mechanical strength and causes the
implants to fail early [9]. The corrosion process also produces hydrogen (H,) gas around the
implants [10-14]. This leads to the limitations in Mg applications, and commercial implants are
still unavailable [9]. Therefore, the corrosion process must be slowed down for implant
applications. It is essential to control the degradation rate of Mg alloys for practical applications
in medicine. Among many biodegradable Mg alloy series, Mg-rare earth (Mg-RE) alloys are only
ones which have been used for clinical trials [15]. Numerous investigations have shown that both
the properties and functional activity of any implantable biomaterial can be influenced by surface
modifications, such as polishing, oxidation, passivation, coating deposition, ion-implantation, etc.
Of these techniques, the application of synthetic calcium orthophosphate coatings appears to be
the most effective way of achieving surface modification, and moreover improves the
biocompatibility and osteointegration of metallic implants [16]. The results suggested that HAp
coated WE43 showed the highest corrosion resistance compared with that of all other materials
[15, 17]. Kim et al. [18] applied solution treatment method to form a HAp layer on the surface of
Mg substrate. The research demonstrated that the HAp coating layer significantly improved the
corrosion resistance and biological response including cell attachment, proliferation and
differentiation of osteoblasts [4]. Rahman et al. coated dicalcium phosphate dihydrate
(CaHPO4.2H,0, DCPD) and HAp on the surface of WE43 magnesium alloy and pure Mg by
chemical solution treatment method. According to the results, WE43 coated with HAp possessed
superior corrosion resistance compared with all other tested materials [13]. Our recent research
also demonstrated that HAp-WE43 has a slow degradation rate, making it suitable for temporary
implant applications [15, 19].

In this paper, the effect of coating time on the structure, composition, corrosion resistance
and adhesion of hydroxyapaitite coatings on WE43 material by the chemical solution method is
investigated. The adhesion of HAp layers was measured by the pull-off method. The effect of
coating time on the mophological structure of HAp layers was examined by the SEM method.
The corrosion resistance of HAp coatings is also evaluated by a polarization test and Nyquist
impedance spectrum.

2. MATERIALS AND METHODS
2.1. Material preparation

Extruded WE43 magnesium alloy (Y 4.0 mass%, Nd 2.3 mass%, RE 1.1 mass%, Zr
0.48 mass%, Znt+Ag 0.03 mass%, Cu 0.002 mass%, Mg 0.01 mass%, Fe 0.001 mass%, Li
0.1 mass%, Ni 0.000 mass%, Mg Bal.) supplied by Osaka Fuji Industrial Co., Ltd. was used as a
substrate. The cylindrical alloy rod, 16.7 mm in diameter, was sectioned into disc-shaped samples
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with a thickness of 2 mm. The samples were then polished using SiC papers with grit sizes ranging
from #400 to #1200. Prior to the coating process, the sample surfaces were cleaned with ethanol
and dried. The coating solution in this investigation was formulated with
ethylenediaminetetraacetic acid calcium disodium salt hydrate (CioHi2N>OgNa,Ca), potassium
dihydrogen phosphate (KH>POs), and sodium hydroxide (NaOH). Equal volumes of 0.5 mol/L
Ca-EDTA and 0.5 mol/L. KH,PO4 were combined, and NaOH solution was subsequently added
to adjust the pH of the coating solution to 8.6. The solution was heated to 90 °C. The samples
were immersed in the treatment solutions at 90°C and a range of coating time from 0.5 hours to 4
hours. After the coating process, the samples were taken out, washed with deionized water, and
allowed to air-dry at room temperature prior to analyzed properties of the samples. The samples
coated at coating time of 0.5, 1, 2 and 4hours were named t-0.5h, t-1h, t-2h and t-4h-samples,
respectively.

2.2. Material characterization

The crystal structure of the coated samples was analyzed using X-ray diffractometry (XRD;
Bruker, D2 Phaser). The surface and cross-sectional morphologies were examined with a
backscattered electron microscope (SEM; HITACHI, Miniscope TM-1000) and a field-emission
scanning electron microscope (FE-SEM; FEI, Quanta FEG250) equipped with an energy-
dispersive X-ray spectrometer (EDS; TEAM EDS, EDAX)).

2.3 Electrochemical measurements

The polarization test and Nyquist impedance spectrum were carried out for the t-0.5h, t-1h,
t-2h and t-4h specimens in SBF with its chemical composition such as: 8.00 g/L. of NaCl; 0.40
g/L of KCI; 0.18g/L of CaCl,; 0.35 g/L of NaHCO3; 0.48 g/L of Na,HPO4-2H,0; 0.10 g/L of
MgCl,-6H20; 0.06 g/L of KH2PO4; 0.10 g/L of MgSO4-7H20; 1.00 g/L of glucose at 37 + 1 °C
by a potentiostat (Autolab PGSTAT-302N, Metrohm/Netherlands). The samples were prepared
to fit a 16.7 mm diameter holder electrode. A three-electrode setup was employed, with the
specimen as the working electrode, platinum as the counter electrode, and saturated Ag/AgCl as
the reference electrode. The open circuit potential (OCP) was monitored for 600 s. In addition,
the Nyquist impedance spectra were recorded at the open circuit potential (OCP) over a frequency
range of 100,000 Hz to 0.01 Hz with an amplitude of 10 mV. Polarization curves were obtained
within a potential of —0.25 V to +0.5 V versus OCP at a scan rate of 1 mV/s.

2.4. Adhesion test

In this investigation, the adhesion strength of the HAp coating was evaluated using a pull-
off method with PosiTest® AT pull-off adhesion testers (Quick Guide V.5.2), following the
ASTM D4541-17 standard. An Al dolly with a diameter of 10 mm was glued onto the surface of
the coating using an epoxy resin (Epoxy Adhesives Araldite® 2011-A/B). A preload of 2 N was
applied to the dolly for 24 h at room temperature. The dolly was then pulled off at a crosshead
rate of 4.0 MPa/s until complete detachment from the specimen. Each adhesion test was
performed in triplicate. The adhesion strengths were calculated as the average of three
measurements for each pH of the coating solution, and error bars were generated using
Excel 2016.
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3. RESULTS AND DISCUSSION

3.1. Formation of coating layers on WE43 substrate

Figure 1 shows the XRD patterns of HAp coated WE alloy treated in coating solutions at pH
8.6 with coating times ranging from 0.5 to 4 hours. There are some diffraction peaks originating
from HAp at all coating times indicating that HAp layers had formed on the WE43 alloy.
However, for the t-0.5h and t-1h specimens, the intensity of the HAp peaks is weak at 20 of 26.7
(002)-HAp and the Mg-substrate peaks were observed. For the t-2h and t-4h specimens, the peaks
of HAp appeared with strong intensity of (002)-HAp and some weak intensity HAp peaks of
(102), (213) and (004)-HAp. Simultaneously, small and broad peaks of Mg(OH), appeared due
to the corrosion of the Mg-substrate during the coating process.

The surface morphology of the t-0.5h specimen is illustrated in Figure 2a, showing a hillside-
like structure and small rod-shaped crystals. The surface morphology of the t-1h specimen
showed a rod-shaped crystal structure with larger dimensions. Meanwhile, as the coating time
increased to 2-4 h, a flower-like structure appeared on the surface, with greater density and
uniformity. According to the cross-sectional morphology in Figures 2b-2n, the coatings of all the
specimens had a two-layer structure including an inner solid layer and an outer porous layer.
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Figure 1. XRD patterns of t-0.5h, t-1h, t-2h and t-4h specimens.

Figure 2 shows surface and cross-sectional SEM images of t-0.5h, t-1h, t-2h and t-4h
specimens. The HAp layer of the t-0.5h specimen was composed of an outer sparse layer with
very thin rod-shaped crystals and an inner solid layer. At the boundary between the substrate and
HAp layers was a relatively dark wavy region, indicating that the substrate was corroded during
the coating process, that should be a Mg(OH), intermediate layer as previously reported [20, 21].
The thickness of the inner layers of the t-0.5h specimen was approximately 2 pm. The thickness
of the layers increased with coating time. As a result, both the dense inner layer and the rod-like
outer layer contributed significantly to the thickness of the coatings. The coatings' maximum
thickness was attained with the t-4h specimen, approximately 5 um. In parallel, the thickness of
the Mg(OH); intermediate layer increased dramatically with coating time, as observed in Figures
2(f), 2(k) and 2(n). The cracks and pores in the inner layers in Figures 2(k) and 2(n) were most
likely formed during cross-sectioning and grinding. These nanopores and cracking suggested that
the inner layers were relatively fragile.
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Figure 2. Surface and cross-sectional morphology of HAp coating on WE43: (a) surface morphology;
(b)-(c) cross-sectional morphology of t-0.5h specimen; (d) surface morphology; (e)-(f) cross-sectional
morphology of t-1h specimen; (g) surface morphology; (h)-(k) cross-sectional morphology of t-2h
specimen; (1) surface morphology; (m)-(n) cross-sectional morphology of t-4h specimen.

The mechanism of HAp coating formation is shown in Figure 3 and includes 3 stages:

Firstly, when the WE43 substrate is immersed in the solution prepared as in Section 2.1, the
corrosion reaction of the Mg alloys occurs as described by Egs. (1) and (2):

Mg — Mg** +2¢ (1)
2H,0 +2e — 20H + H, 2)

H, gas is generated and the pH of the surrounding environment increases. The generation of OH
groups from Eq. (2) increases the pH on the surface, leading to the simultaneous acceleration of
the formation of HA nuclei and Mg(OH); according to the reactions described by Egs. (3)
and (4):

Mg?* + 20H" — Mg(OH), 3)
10Ca** +6PO,*+ 20H — Caio(PO4)s(OH), 4)

Secondly, as the coating time increases, the HAp nuclei grow and transform into HAp
crystals, resulting in the formation of a denser inner HAp layer.

Finally, the HAp crystals grow larger and form rods in the outer HAp layer.

According to this mechanism, after a brief coating time, HAp nuclei are formed on the
surface, and then these nuclei gradually develop into “hillside” patterns. As the coating time
increases, the HAp crystals grow larger and form rods as observed in Figure 3, leading to an
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increase in the thickness of the coating. These results are consistent with previous

studies [20, 22].
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Figure 3. Mechanism of HAp coating formation on WE43 substrate.
3.2. Corrosion behavior of HAp-coated WE43 alloy

3.2.1. Polarization behavior

Figure 4 shows the polarization curves of the t-0.5h, t-1h, t-2h, and t-4h specimens in SBF
at 37 °C. The corrosion potential (Ecor) and corrosion current density (icorr) Were determined by a
Tafel extrapolation method using NOV A software version 1.10 and the corrosion rates (RM) were
calculated from the polarization curves. The electrochemical parameters are shown in Table 1.

Table 1. Electrochemical parameters.

No Specimen Ecorr (V) icorr (WA/cm?) CR (mm/year)
1 t-0.5h -1.495 11.355 0.512
2 t-1h -1.420 8.972 0.405
3 t-2h -1.351 4.947 0.223
4 t-4h -1.538 14.313 0.646

The icon value of the t-0.5h specimen was 11.355 pA/cm?. The icon values of the coated
samples at various coating time were 8.972, 4.947, and 14.313 uA/cm? for the t-1h, t-2h, and t-
4h specimens, respectively. The results showed that with 2 hours of coating, the icorr value of the
sample reached its lowest level at 4.947 uA/cm?. The corrosion potential (Ecor) value of the t-
0,5h specimen was -1.495 V while the Ecor values of the t-1h, t-2h, and t-4h specimens were -
1.420, -1.351, and -1.538 V, respectively. The E.or value shifts in the positive direction as the
coating treatment time in the solution increases up to 2 hours. Additionally, the corrosion rate
values of the specimens are in agreement with the icor and Ecorr values. These results confirmed
that the corrosion resistance of the coated specimens increased with the coating treatment time,
up to 2 hours, due to the higher thickness of the dense structure of the inner HAp layer, which
improves the corrosion protectiveness for the specimens. However, at the coating time of 4 hours,

73



Anh Tuyet Thi Ngo, et al.

the coated specimens' corrosion resistance started to decline. Although the coating of the t-4h
specimen was thicker than that of the t-2h specimen, its corrosion resistance was lower. It could
be explained by the formation of an intermediate Mg(OH), layer with a nanoporous structure at a
coating time of 4 hours, which had a higher thickness compared to the t-2h specimen.
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Figure 4. Polarization curves of HAp-coated WE43 alloy specimens in SBF.

3.2.2. Nyquist impedance spectrum

In order to gain a better insight into the Mg alloy corrosion process, electrochemical
impedance spectroscopy (EIS) was used to investigate the electrode corrosion resistance and to
obtain information about the processes occurring at the electrode/electrolyte interface before and
after electrolyte renewal.
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Figure 5. Nyquist impedance spectrum of HAp- Figure 6. Surface images of (a) t-0.5h, (b) t-
coated WE43 alloy specimens in SBF. 1h, (c) t-2h, and (d) t-4h specimens after

polarization tests in SBF.

Figure 5 shows Nyquist impedance spectrum of the specimens. The overall increase in Zre
values of the specimens can be related to the formation of an inner Mg(OH); passive layer and an
HAUp coating with increasing coverage over the coating time up to 2 hours. The smaller Zre values
of the t-4h specimen observed can be related to the occurrence of a localized corrosion process,
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creating surface pitting, with a reduced diffusion resistance due to the nanoporous structure of the
Mg(OH), layer. The t-2h specimen has the highest Zre value, reaching approximately 6000 Ohms.
Thus, the t-2h specimen has the best corrosion resistance. Figure 6 shows images of the HAp-
coated WE43 alloy after polarization tests. The surfaces showed corrosion pits on the entire
surface. The number of pits of the t-4h specimen was the largest, which was consistent with the
high corrosion current density as indicated in Table 1. The number of pits on the t-1h and t-2h
specimens was fewer than that of the t-0.5h and t-4h specimens, indicating that the HAp coatings

with a coating time of 1 to 2 hours provide better protectiveness compared to other coating times.
3.3. Adhesion strength of HAp coatings

Generally, adhesion strength of HAp-coated WE43 alloy specimens increased with the
coating time. However, when increasing the coating time to 4 hours, the adhesion decreased. As
the samples were soaked for too long time in the coating solution, besides the nucleation and
growth of HAp nuclei to form the HAp coating, there is also a corrosion reaction of magnesium,
causing cracking in the dense layer under the WE43 substrate [4, 15]. The corrosion and formation
of Mg(OH), under the HAp layers were responsible for the decrease in adhesion strength. Figure
8 shows the surface SEM images the t-0.5h, t-1h, t-2h and t-4h specimens before and after the
adhesion test. The surface SEM images of dollies after the adhesion test are also shown in Figure
8. Before the adhesion test, the surfaces of the specimens exhibited the leaf-shaped and rod-
shaped structures characteristic of the HAp coating (Figure 2) as mentioned in Section 3.1 of this
investigation. After the adhesion test, no HAp layer was observed on the specimen surface. In
other words, during the adhesion measurement test the whole HAp coating was pulled off from
the WE43 substrate.

Before adhesion test After adhesion test
Sample surface

1-0.5h

5.01

t-1h

t-2h

Adhesion strength (MPa)

t-0.5h t-1h t2h t<4h 58
Coating time (hours)

Figure 7. Adhesion strength of HAp-coated WE43 Figure 8. Surface SEM images of t-0.5h, t-1h,
alloy specimens t-2h, and t-4h specimens.

4. CONCLUSIONS

WE43  magnesium alloy was treated in a coating solution, containing
ethylenediaminetetraacetic acid calcium disodium salt hydrate (Ca-EDTA: CioH2N>,OsNa,Ca),
potassium dihydrogen phosphate (KH,PO4) and sodium hydroxide (NaOH), at pH 8.6 for 0.5 to
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4 hours. The HAp coatings of WE43 consisted of an inner dense layer and an outer coarse layer.
The inner dense layer of WE43 was composed of densely packed, dome-shaped precipitates with
various sizes, and the outer layer consisted of rod-like crystals growing from each dome in a radial
direction. The thickness of the coating increased with the coating time and the structure also
changed from densely rough for the t-0.5h specimen to leaf-shaped and rod-shaped for the t-2h
and t-4h specimens. The highest adhesion was achieved at approximately 6.46 MPa and the best
corrosion resistance was demonstrated for the t-2h specimen.
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