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Abstract

In this study, we prepared magnesium ion containing oxide films formed on the Ti-6Al-4V using plasma
electrolytic oxidation (PEO) treatment. Ti—-6A1—4V surface was treated using PEO in Mg containing electrolytes
at 270V for 5 min. The phase, composition and morphology of the Mg ion containing oxide films were
evaluated with X-ray diffraction (XRD), Attenuated total reflectance Fourier transform infrared (ATR-FTIR)
and filed-emission scanning electron microscopy (FE-SEM) with energy dispersive X-ray spectrometer (EDS).
The biocompatibility of Mg ion containing oxide films was evaluated by immersing in simulated body fluid
(SBF). According to surface properties of PEO films, the optimum condition was formed when the applied
was 270 V. The PEO films formed in the condition contained the properties of porosity, anatase phase, and
near 1.7 Ca(Mg)/P ratio in the oxide film. Our experimental results demonstrate that Mg ion containing oxide
promotes bone like apatite nucleation and growth from SBF. The phase and morphologies of bone like apatite

were influenced by the Mg ion concentration.
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1. Introduction

Titanium (Ti) and Ti-6Al-4V ELI (extra low inters-
titial) are the most extensively used orthopedic and
dental implant materials that are currently on the
market. They have good biocompatibility, corrosion
resistance and mechanical properties [1, 2]. However,
being bio-inert metallic implants, they cannot bond to
living bone directly after implantation into a host
body [3, 4]. Therefore, various surface modifications
have been attempted to improve the bioactive bone-
bonding ability of Ti implant [5-7].

The plasma electrolytic oxidation (PEO) produces
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thick, hard and strong oxide coatings on valve metal
(Ti, Mg, Al, Zr and their alloys) by electrochemical
oxidation process [8, 9]. The PEO technique is also
called as micro arc oxidation (MAO), anodic spark
oxidation or micro plasma oxidation. The PEO forms
anodic oxidation of light metals and alloys in
aqueous electrolyte solutions under a condition of
plasma discharge at exceeding the critical values of
the polarization potential [10, 11]. PEO process
shows the possibility of incorporating Ca and P ions
on the Ti surface by controlling the coating para-
meters such as composition of the electrolyte, applied
voltage, current density and treatment times [12, 13].
The Ca*™ and PO, ions, which occur at high
temperatures in micro discharge channels during
PEO process, react with each other to form the
hydroxyapatite (HAp) phase in the coating [7, 14,
15]. In addition, the PEO flims which are uniformly
coated on complex shaped metal surfaces are thick
and porous [16].
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Mg ion plays a key role in bone metabolism, since
it influences osteoblast and osteoclast activity. From
previous studies, it has been found that Mg ions
improve the bone formation on Ti alloys [17].

Therefore, in this study, a series of Mg ion
containing porous oxide layer are produced on Ti-
6Al-4V using PEO treatment, with the substitution
degree at 5, 10, and 20%, respectively. This study
evaluated the morphologies and bone formation
properties on Mg ion containing porous oxide layers.

2. Experimental procedures

2.1. PEO treatment

Ti-6A1-4V ELI disk (grade 5, Timet Co., USA;
diameter, 10 mm, thickness, 3 mm) were used as
substrates for PEO treatment. The substrate surface was
polished with a series of SiC abrasive papers. The
polished disk were washed thoroughly with distilled
water and ultrasonicated for 10 min in ethyl alcohol
and used as control group. Samples were used as
anodes and Pt rod was used as cathode in different
electrolytic bathes which are shown in Table 1. A
pulsed DC power supply was employed. The
optimum applied voltage and PEO treated time were
conducted to at 270 V (180~400V) and 5 min
respectively. The temperature of the electrolyte was
kept below 25°C by a cooling system. The PEO
films formed on samples were flushed with water
after the treatment and dried in warm air.

2.2. Bone like apatite formation in simulated body
fluid (SBF)

To examine the bioactivity, the PEO films formed
on samples and untreated Ti-6Al-4V samples (control)
were immersed in SBF for 7 days. The SBF was
prepared by dissolving the ion concentrations such as
Na“ 142.0, K" 5.0, Ca*" 2.5, Mg"" 1.5, CI" 147.8, HCO;

42, HPO, 1.0, and SO,* 0.5 mM nearly equal to those
in human blood plasma. The pH and temperature of
SBF were adjusted at 74 and 36.5°C with tris-
hydroxymethyl-aminomethane ((CH,OH);CNH;) and
hydrochloric acid.

2.3. Surface characterization

The PEO films formed on the Ti-6Al-4V surfaces
were characterized by a thin film X-ray diffractometer
(TF-XRD, X'pert Philips, Netherlands). The surfaces
of the SBF-immersed Ti-6Al-4V samples were observed
by a field emission scanning electron microscopy
(FE-SEM, S-4800 Hitachi, Japan). Energy dispersive
X-ray spectroscopy (Inca program, Oxford, UK) was
used to analyze the Mg, Ca and P spectra after
process of Mg ion containing PEO films surfaces and
process of bone like apatite formation in the SBF for
7 days. Attenuated total reflectance Fourier transform
infrared (ATR-FTIR, IFS66V/S & HYPERION 3000,
Bruker Optiks, Germany) was used to test the
possible bonding before and after immersing in SBF.
The spectra were recorded form 4000 to 750 cm™,
with a resolution of 8 cm™ and ATR attachment was
used to single reflection diamond crystal.

3. Results and Discussion

TF-XRD analysis demonstrated the presence of
TiO, (anatase and rutile) using PEO films formed on
Ti-6Al-4V at 180 ~ 400 V in 0.15 M calcium acetate
monohydrate and 0.02 M calcium glycerophosphate
solution. The results were shown in Fig. 1. At the
below 260 V, PEO films formed on Ti-6Al-4V
surface showed the strong peak of the anatase phase
(ICDD file no. 84-1286), whereas the intensity of o
(Ti-6Al-4V) peaks decreased. When the above 260 V,
rutile phase (ICDD file no. 88-1175) began to
appeared. After further increasing the voltage, the

Table 1. The electrolyte compositions used for PEO treatment of Ti-6Al-4V.

Electrolyte code

Electrolyte components concentration

Applied voltage (V) time (min) | Temp. ("C)

0.15 M Calcium acetate

Ell 0.02 M Calcium glycerophosphate

180 ~ 400 5 <25

0.1425M Calcium acetate
EI2 0.0075 M Magnesium acetate
0.02 M Calcium glycerophosphate

270 5 <25

0.135M Calcium acetate
EI3 0.015 M Magnesium acetate
0.02 M Calcium glycerophosphate

270 5 <25

0.12M Calcium acetate
El4 0.03 M Magnesium acetate
0.02 M Calcium glycerophosphate

270 5 <25
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Fig. 1. XRD patterns of PEO films formed on Ti-6Al-
4V at various voltages in EI1.

intensity of rutile phase increased, while that of
anatase decreased steadily.

Figure 2 shows FE-SEM image of PEO films
formed on Ti-6A1-4V at 180~400 V. Pore shape and
numbers depend on the applied voltage. The PEO
films formed on Ti-6Al-4V which have porous
structure were very rough due to existence of the
micro discharge channels during process. Many
visible sparks are seen on the coating surface when
the applied voltage exceeds the critical value
necessary for breaking of barrier layer. A hole
structure like a crater occurs on the surface with
spraying of molten materials after a spark is
extinguished during PEO process. At the above 260
V, the size of pore increased, and crack occurred
around the pore, whereas pore numbers decreased.
The cracks occur on the PEO films with the effect of
thermal stresses in the plasma discharge channels
because the molten oxide is rapidly solidified by
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Fig. 3. Variation of Ca/P ratio in PEO films formed on
Ti-6Al-4V at various voltages in EI1.
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electrolyte [18]. Also, the concentrations of Ca/P
molar ratio increased with increasing applied voltage.
At applied 270 V, the coated surface and layer
showed the uniform pore formation and showed Ca/P
ratio of near 1.7 from energy dispersive X-ray
spectroscopy analysis, respectively at Fig. 3.

Figure 4 shows the surface morphologies of PEO
films formed on Ti-6Al-4V at 270 V in various
electrolytes. Mg ion containing PEO films showed
the uniformly porous surface. No microcrack was
observed in all the PEO films. EDS results showed
that condition of Ell, EI2, EI2, EI3, and El4 exhibits
a molar Ca(Mg)/P ration of 1.7, 1.68(0.032), 1.62
(0.073)and 1.53(0.16), respectably (not shown).

Figure 5 shows the FE-SEM images of the bone
like apatite obtained after 7 days immersion in SBF
solution on the PEO-treated surfaces of Ti-6Al-4V in
various electrolytes. Fig. 5(a) shows that deposits are
rarely present on the Ell surface. For the Mg ion

Fig. 2. FE-SEM images of PEO films formed on Ti-6Al-4V at various voltages in El1: (a)180 V, (b) 220 V, (c) 260 V,

(d) 300 V, () 350 V, and (f) 400 V.
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Fig. 4. FE-SEM images of PEO films formed on Ti-
6Al-4V at 270V in various electrolytes of (a) El1, (b)
El2, (c) EI3, and (d) El4.

Fig. 5. FE-SEM images of the bone like apatite
obtained after 7 days immersion in SBF solution on
the PEO-treated surfaces of Ti-6Al-4V in various
electrolytes of (a) El1, (b) EI2, (c) EI3, and (d) El4.

containing PEO films samples, Mg ions play a role
in formation and growth of bone-like apatite, so thick
film like precipitates are observed compared to Ell
sample (Fig. 5(b), (c) and (d)). In addition, presence
of Mg ions is thought to increase the concentration
of Mg ions in the SBF solution adjacent to the
surfaces of specimens, which, in turn, results in
elevated Ca’ concentration [19], namely improved
super-saturation level. The enhancement of super-
saturation level leads the improvement of Ca-P
precipitation on the surfaces of Mg ion containing
PEO films. This mechanism has also been reported
by Pham et al. [20]. Furthermore, the promotion of
the ability to form bone like apatite as a result of Mg
ion containing PEO films can be explained as
follows: As mentioned above, Mg(OH), is formed on
surface of the Mg ion containing PEO films.

T : tanium
H : HAp
A : TiO, (anatase)

Intensity [arb.units]

T T T T T T T
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Fig. 6. XRD patterns of the bone like apatite obtained
after 7 days immersion in SBF solution on the PEO-
treated surfaces of Ti-6Al-4V in various electrolytes of
(a) EI, (b) El, (c) EI3, and (d) El4.

Mg(OH), is slightly dissolved in SBF where CI ion
are present, forming highly soluble MgCl, and
hydrogen gas [21]. Formation of hydrogen gas
increases the pH in SBF and promotes the bone like
apatite nucleation by the ionic activity of apatite [22].

Figure 6 shows XRD patterns of the bone like
apatite obtained after 7 days immersion in SBF
solution on the PEO-treated surfaces of Ti-6Al-4V in
various electrolytes. The diffraction peaks of HAp
were observed in the all samples. The peaks are
clearly indicative of HA throughout the pattern with
2 0 values that correspond closely to those observed
in the ICDD file #09-0432 for HAp. The charac-
teristic peaks of HAp crystals suggested that HAp
crystals are formed on the PEO-treated surface.

Figure 7 shows the ionic interface between PEO
film formed Ti-6Al-4V and bone-like apatite formed
PEO films containing Mg ion was estimated from
ATR-FTIR measurement of the immersed in SBF for
7 days. The spectrum of PEO film formed Ti-6Al-4V
showed a major peak at 1135cm™ stretching vibration
of the P-O-H groups in the main chain. In spectrum
of the immersed in SBF 7 days on Ell, EI2, EI3 and
El4 samples, a broad peak appeared at around 1035
cm’ vibration of ionized Ca and Mg ions interacting
with phosphate ions on the surface in SBF solution.
A broad absorption band at 3450 cm™ is attributable
to the stretching mode apatite OH groups. ATR-FTIR
results further confirm that bone like apatite are
grown on the PEO films containing Mg ion.
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Fig. 7. ATR-FTIR spectra of (a) PEO film formed on
Ti-6Al-4V in EI1, the bone like apatite obtained after 7
days immersion in SBF solution on the PEO-treated
surfaces of Ti-6Al-4V in various electrolytes of (b) El1,
(c) EI2, (d) EI3, and (e) El4.

4. Conclusion

This study demonstrated that PEO films containing
Mg ion on Ti-6Al-4V was prepared by PEO
treatment in various electrolytes. In case of PEO
treated Ti-6Al-4V at applied 270 V, porous TiO,
layers mainly consisted of anatase phase, without
microcrack, produced on the surface of Ti-6Al-4V.
The EDS results showed (Cat+Mg)/P ratio of 1.7,
regardless of Mg ion concentrations.

Depending on the Mg concentration, bone like
apatite formed nano plate-like precipitate on PEO
films containing Mg ion, uniform and thinner coating
layers were formed on inner pore surfaces. The phase
and morphologies of bone like apatite deposits were
influenced by the Mg ion concentration. The
promising results successfully demonstrate the
immense potential of PEO films containing Mg ion
for dental and biomaterials applications.
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