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Anodic oxidation has been successfully used for surface modification of the titanium alloys. TiO,
layers formed by anodization were modified the structure, apatite-forming ability and corrosion
resistance of TA2 titanium alloy, in tartaric-sulfuric-oxalic acid system. Effects of different anodizing
voltages and duration on the microstructure and performances of titania surface were investigated for
anodizing TAZ titanium. The results showed that the TA2 titanium surface was covered with porous
anatase and rutile after anodization which the thickness of the oxide layer achieved about 500nm. The
corrosion resistance has been largely improved because the corrosion current density (2.044x10°
*Alcm? and 2.725x10°A/cm?) decreased a magnitude compared with untreated TA2 titanium
(2.725x10*Alcm? ), when the TAZ2 titanium was anodized under the condition of 40V for 40 min.
After soaking in SBF, apatite formed on the TiO, layers and it covered the most parts of the surface
when anodized at 40V for 10 min. Also, the EDS results revealed that Ca/P of the apatite films which
demonstrated that the TiO; layers were short of calcium compared to hydroxyapatite.
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1. INTRODUCTION

As is well-known, titanium alloys with excellent corrosion resistance, biocompatibility, low
elastic modulus and good mechanical properties[1-5], are largely used as metallic implants applied in
orthopedic, dental and maxillofacial fields[6-8]. It was also known that if the implant was harmful to
human body, it might cause inflammation and allergic reactions, that meant it was an unsuccessful
implant [9]. The implant might also bring some released metal ions to the body which could as well
result in allergic and poisonous reactions [10]. Therefore, the better biocompatibility and higher
corrosion resistance of the implants should be required. Investigations showed that, amorphous TiO,
layers on the titanium alloy displayed inferior biocompatibility than crystalline TiO,, which might
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cause failure in implanting [11-13]. Piazza et al.[14] pointed out that the anodic oxide conditions
(applied voltage, the used electrolyte and annealing) played an important role in determining the layer
crystallinity, additionally, annealing could induce forming the anatase and rutile phase. Chung et
al.[15] proposed that the anatase phase could lead to better biocompatibility and corrosion resistance,
also studied the Ti—TiO—anatase via anodizing and annealing. In addition, the HAp films was a
necessary candidate to measure the biacompatibility of the materials [16].

In view of the above problems, anodizing for titanium alloys is an effective surface treatment to
improve the biocompatibility and corrosion resistance, which can also enhance the stability of the
titanium implants by fabricating porous oxide layer on the surface of titanium alloys [17-25]. In the
process of the anodic oxidation of titanium or titanium alloy, TiO, layer grew both on the
substrate/oxide and on the oxide/solution at the same time. The thickness of TiO; layers grown on the
substrate/oxide depended on the migration of titanium ions to oxide/solution interface through oxide
layers; thus, the growth on the interface of the oxide and solution determined by the transportation of
titanium ions to substrate/oxide interface [26].

By anodization, the titanium surface could be modified to achieve better performances. Yang et
al.[27] studied that titanium alloys anodized in H,SO, solution with different concentrations,
performed better apatite-forming abilities when soaked in SBF for 6d, which also showed that heat
treatment could induce the apatite formation on the surface. Hsu et al.[28] investigated self-organized
TiO, nanotubes fabricated in NH4F/NaCl electrolyte, using commercially pure titanium anodised at 5V
or 10V. The study found that the thickness of the Ca-P layer increased as the anodized potential and
the average thickness of the Ca-P layer on Ti anodized at 5V and 10V with the thickness of 170nm and
190nm when immersion in simulated body fluid for 14 days, respectively. Lee et al.[29]studied the
corrosion resistance and biocompatibility of anodized titanium and found that the anodized titanium
improved the bioactivity when the HA films were deposited on the surface of the anodized titanium to
enhance the anticorrosion compared with untreated titanium. Yue et al.[30] studied the bioactive
surfaces of titanium plates treated with anodic oxidation (AO-Ti), alkali-heat (AH-Ti) and acid-alkali
(AA-Ti) methods and found that anodic oxidation was an effective method which could endow the
surface bioactivity and antimicrobial property, consequently, in favour of increasing the successful rate
of clinic implants. So far, the anodic oxidation for titanium alloys was applied as a good method to
obtain some certain microstructures and improve the biocompatibility and corrosion resistance.

Our work aimed to prepare porous TiO, layer on the surface of the TA2 titanium alloys using
anodic oxidation by changing the applied voltages and anodized durations from tartaric-sulfuric-oxalic
acid system to obtain better anti-corrosion properties and biocompatibility. The apatite-forming ability
by soaking in SBF[31] and corrosion resistance in Hank's solution were investigated.

2. EXPERIMENTAL

TA2 titanium alloy Samples were cut into 26x8x1mm. Before anodization, the TA2 surfaces
were polished on metallographic emery paper with different granulations (from 600 to 2000 mesh);
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After that, the samples were polished on the polisher to make the surfaces more bright and flat, then
cleaned in acetone and deionized water.

The electrolyte consisted of tartaric acid, sulfuric acid and oxalic acid with different
concentrations (Table 1). Pure titanium sheet was used as cathode and TAZ2 titanium alloy as anode;
Anodizing of titanium alloys were anodized at different DC voltages (from 10V to 50V) for 20 min.
Different anodized durations (from 10 min to 60 min) at 30V. The temperature was controled to 25C
during the whole anodization. After the anodization, the samples were cleaned in deionized water and
dried by hair dryer. Anodic oxidation experiment equipment was showed in Fig. 1.

Table 1. Composition of electrolyte (in 200mL deionized water)

Chemicals Specifications Content
C4HeOg AR 7g
H,C,0, AR 69

H,SO, AR 10 vol.-%

Power Supply

aa oo
O o O o

TN

Figure 1. Anodic oxidation experiment equipment:(1)power supply;(2)sample;(3)titanium sheet
cathode;(4)thermostatic water bath;(5)thermometer;(6)stirrer
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The anodized samples were put into SBF with the volume of 25mL for 7d for biological
activity tests. The SBF was composed of Na* 142, K* 5.0, Mg** 1.5, Ca®* 2.5, CI" 147.8, HCO® 4.2,
HPO,* 1.0, and SO,* 0.5 mM, which was near human blood plasma. In addition, the pH of SBF were
adjusted to 7.45 at 37°C.

The anticorrosion tests were carried out in Hank's simulated physiologic solution[32] under the
conditions of the pH=7.45 and t=37°C through PARSTAT 2273 compatible with PowerSuite software.
The Hank's simulated physiologic solution was prepared by sodium chloride(NaCl) 8, potassium
chloride (KCI) 0.4, sodium bicarbonate (NaHCO3) 0.35, potassium dihydrogen phosphate (KH,PO,)
0.06, anhydrous calcium chloride (CaCl,) 0.14, magnesium chloride hexahydrate (MgCl,-6H,0) 0.1,
magnesium sulfate heptahydrate (MgSO,4-7H,0) 0.06, twelve-hydrated disodium hydrogen phosphate
(NazHPO4-12H,0) 0.1 and gluose 1 g/L, which was near human blood plasma. Cyclic polarization
measurement was made through three-electrode system. The anodized TA2 titanium alloy with
working areas of 0.5x0.5cm?® was used as the working electrode, which the reference electrode and
counter electrode were saturated calomel electrode (SCE) and platinum plate in the process of the
cyclic polarization. The cyclic scan started from -1.0V (vs OCP) to 6.0V (Esw, vs OCP). The potential
scan rate was 1mV/s.

The scanning electron microscopy (SEM: HITACHI SU 8010) and X-ray diffraction (XRD: D2
PHASER) were used for measuring microstructure of the anodized TA2 titanium, after soaking in
SBF.The atomic ratios on the surface after soaking were analysed by EDS.

3. RESULTS AND DISCUSSION

3.1 The formation of porous film

In the initial stage of anodic oxidation, compact film(barrier layer) formed on the TAZ2 titanium
surface due to the larger current density; with the rapid decrease of the current density, microscopic
fluctuation on the surface of the substrate would cause that current density distributed unevenly on the
barrier layer, and electric field would focus on depression of anodized surface, so that the dissolution
rate of depression increased, finally resulting in the porous structure.

Chemical equation of titanium anodized layers’ formation:

cathode reaction:

H"+2e'—2H, Equ. (1)

anode reaction:

Ti—Ti*"+4e" Equ. (2)

H,0—2H'+0*  Equ. (3)

Ti*+0* ->TiO;  Equ. (4)

Ti**+H,0/OH > Ti(OH),—TiO,  Equ. (5)

Chemical equation of film dissolution:

TiO+4H*>Ti**+2H,0 Equ. (6)
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3.2 Effects of anodized voltage on the microstructures of TA2

Figure 2 showed the XRD patterns of TA2 titanium alloy anodized under the condition of
different voltages. Rutile and anatase titania formed on the anodized TAZ2 titaniun alloy surface.
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Figure 2. XRD patterns of TA2 anodized at different voltages: (a) 10V; (b) 20V; (c) 30V; (d) 40V; (e)
50V. Samples were anodized in the electrolyte exhibited in Tab.1 at 25°C for 20 min.

The peaks of rutile and anatase titania were weaker, the other peaks of TA2 were stronger, and
the peaks of Ti did not change with voltages increasing which may because the anodized voltage was
low. According to Yang et al.[27], the titanium metals was anodized at 90V, 155V and 180V, found
that the peaks of Ti decreases with the voltage increasing, and disappeared when anodized 180V.
Figure 3 showed that the SEM morphology of anodized TA2 titanium alloy. The surface existed
porous structures. The porosities and roughness of the anodized films increased with the anodized
voltages increasing. The thickness of the layer achieved about 500nm, when anodized under DC 30V
showed in Figure 3(h), while which was 250nm anodized at DC 10V and 20V. However, when the
applied voltage continued to increase, the thickness of the anodized layers maintained about 500 nm
and the thickness had not been shown in this figure.
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Figure 3. SEM microgarph of TA2 titanium alloy anodically oxidized at different voltages: (a) 10V;
(b) 20V; (c) 30V; (d) 40V; (e) 50V; (f)10V for cross-sectional morphology; (g)20V for cross-
sectional morphology; (h)30V for cross-sectional morphology. Samples were anodized in the
electrolyte exhibited in Tab.1 at 25°C for 20 min.
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3.2.1 Apatite formation of anodized TA2 titanium under the condition of different voltages

Anodized TA2 titanium alloy with the area of 1x1cm? was cleaned in deionized water and
dried by hair dryer. One of the side sealed by adhesive tape and another side was soaking with no tape.
The prepared anodized TA2 titanium was soaked in SBF for 7d at 37°C. The SBF was changed every
day.

Apatite formed on the surface of TA2 titanium anodized at various voltages when they were
soaked in the SBF for 7d (Figure 4). Some of them presented spherical, and others presented sheet
appearance, which may be due to the different roughness of the surfaces. As discussed in Wei [33] ,
the larger surface roughness, the more formation of active sites when soaking in the simulated body
fluids. Apatite nucleation was widely distributed, aggregation phenomenon was not obvious, the
average particle size of the formed apatite polycrystalline nuclei was small. The roughness of the
surfaces related certainly to the polished in pre-treated process. What's more, different areas of the
same titanium alloy plate and apatite layer depositions were also different. When anodized at DC 10V,
40V and 50V, obviously, different sizes of spherical apatite formed. Some were petals shapes (figure
4d), and others were nubbly (Figure 4a.e). The apatite layers were flaky anodized at DC 20V and 30V
(Figure 4b.c). The apatite covered most parts of the surface anodized at DC 40V which means there
was a higher period of apatite formation under this circumstance. Table 2 showed that the atomic ratio
(Ca/P) of TA2 titanium alloys soaked in SBF for 7d after they were anodically oxidized at different
voltage which measured by EDS. The atomic ratio of Ca/P achieved 1.27 anodised at DC 40V,
compared with the ideal atomic ratio of Ca/P of hydroxyapatite (1.67). It was short of calcium. As
discussed in Ref,[34] the surface chemistry of the titanium substrates played an important role in
inducing apatite formation.

1.00pum

Magn.30.0k 1.00um [Magn.30.0k N 1.00um

Figure 4. Surface morphology of samples soaked in SBF for 7d after they were anodically oxidized at
different voltages:(a)10V;(b)20V;(c)30V;(d)40V;(e)50V. Samples were anodized in the
electrolyte exhibited in Tab.1 at 25°C for 20 min.
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Table 2. Ca/P of samples soaked in SBF for 7d after they were anodically oxidized at different

voltages
Voltage(V) Ca/P
10 0.90
20 0.88
30 0.80
40 1.27
50 0.90

3.2.2 Corrosion resistance of anodised TA2 titanium alloy films under different voltages

For the sake of stability as well as corrosion resistance of the implant materials in the human
body environment, it was necessary to conduct circular polarization test in Hank's solution nearly
human blood plasma.

Cyclic polarization measurements which revealed that the chronic corrosion behavior would
take place under human environment[1], forced the material from its steady state by sweeping the
potential in the anodic direction and stoped at predetermined switching potential (Esw). Then the
polarization continued in the cathodic direction in reverse. Among them, the switching potential was
6.0V, Ecorr and E'corr represented the corrosion potential of the first polarized and returned.
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Figure 5. Cyclic polarization curves measured in Hank's solution (pH 7.45, t=37°C) anodically
oxidized at different voltages:(a)TA2; (b)10V; (c)20V; (d)30V; (e)40V; (f)50V. Samples were
anodized in the electrolyte exhibited in Tab.1 at 25°C for 20 min.
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Table 3. Corrosion parameters measured in Hank's solution (pH 7.45, t=37°C) anodically oxidized at
dlfferent V0|tage, AE=(Esw'Ecorr) al’ld AE'=(Esw'E'corr)

Voltage(V) Ecorr(V) icorr(A/CM?) E'corr(V) AE(V) AE'(V)
Untreated -0.422 2.725%x10™ -0.252 6.422 6.252
10 -0.376 6.160x10° 0.204 6.376 5.796

20 -0.811 8.617x10° 0.139 6.811 5.861

30 -0.797 5.119x107° 0.213 6.797 5.787

40 -0.572 2.044x107° 0.158 6.572 5.842

50 -0.752 4.846x10° 0.078 6.752 5.922

The cyclic polarization curves for TA2 measured in Hank's solution anodically oxidized at
different voltage and untreated were presented in Figure 5, and the corresponding corrosion parameters
were also presented in Table 3. It could be observed that the corrosion current density of anodised TA2
titanium alloy decreased a magnitude which demonstrated the anticorrosion improved. With the
oxidation voltage increasing, the corrosion current density were the same magnitude, but the values
were different, that took the minimum (2.044x10°A/cm?) when anodically oxidized at DC 40V. The
corrosion resistance achieved the best while the oxidation voltage was DC 40V. The values of AE and
AE' indicated that the stability of the films in the cyclic polarization scanning process, and the larger
the values, the better the stability; which discussed in detail in research of Cotolan et. al[1]. It could be
see that anodizing at different voltage for TA2 was not obvious for stability improvement in the
scanning process.

3.3 Effects of oxidation duration on the microstructures of the films
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Figure 6. XRD patterns of TA2 titanium alloy anodically oxidized for different oxidation durations:
(@)10min; (b)20min; (c)30min; (d)40min; (e)50min; (f)60min. Samples were anodized in the
electrolyte exhibited in Tab.1 under 30 V at 25°C..
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Figure 6 revealed the XRD patterns of TAZ2 titanium alloy anodically oxidized at different
anodized durations.
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Figure 7. Surface morphologies of TA2 titanium alloy anodically oxidized for different oxidation
durations:(a)10min;(b)20min;(c)30min;(d)40min;(e)50min;(f)60min. Samples were anodized in
the electrolyte exhibited in Tab.1 under 30 V at 25°C.

Rutile and anatase titania, whose the peaks were weaker, appeared on the surface after the
anodization; and the peaks of Ti did not change with voltages increasing; which was the same as
Figure 2. Figure 7 showed that SEM photos of TA2 titanium alloy after the anodization. The oxide
films were typically porous membranes which was similar with the films anodized at high
voltages[27]. With the oxidation duration increasing, the surfaces with more porosities performed
rougher. However, while the TA2 titanium alloy anodically oxidized for 60 min, hardly any porosity
was observed on the surface.

3.3.1 Apatite formation of anodised TA2 titanium alloy film for different oxidation durations

The soaking test in SBF for 7d was on the same as 3.1.1. Apatite formed on the TA2 titanium
alloy anodised for 10-40min when they were soaked in the SBF for 7d (Figure 8a.b.c.d), while hardly
any apatite formation was on the films anodised for 50min and 60min (Figure 8e.f). It could be
observed that there was a higher period of apatite formation when anodised for 10min and 40min, and
most regions of the films anodically oxidized for 50min and 60min were eroded by SBF and peeled
off, which resulted in bare substrates and caused substrates eroded[33]. Table 4 showed that the atomic
ratio (Ca/P) of TAZ2 titanium alloys soaked in SBF for 7d after they were anodically oxidized for
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different oxidation durations which measured by EDS. The atomic ratios of Ca/P were mainly about
0.9, compared with the ideal atomic ratio of Ca/P of hydroxyapatite (1.67), it was short of calcium. It
might due to the surface chemistry of the substrates[34].

Magn.30.0k
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Figure 8. Surface morphology of samples soaked in SBF for 7d after they were anodically oxidized for
different oxidation times:(a)10min;(b)20min;(c)30min;(d)40min;(e)50min;(f)60min. Samples
were anodized in the electrolyte exhibited in Tab.1 under 30 V at 25°C.

Table 4. Ca/P of samples soaked in SBF for 7d after they were anodically oxidized for different
oxidation times

oxidation time(min) Ca/P
10 0.91
20 0.90
30 0.90
40 0.91
50 0.89
60 0.90

3.3.2 Corrosion resistance of anodised TA2 titanium alloy films for different oxidation durations

Cyclic polarization measured on the same with 3.1.2. The cyclic polarization curves for TA2
measured in Hank's solution anodically oxidized for different oxidation durations were presented in
Figure 9, and the corresponding corrosion parameters were also presented in Table 5.
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Figure 9. Cyclic polarization curves measured in Hank's solution (pH 7.45, t=37°C) anodically
oxidized for different durations:(a)10min;(b)20min;(c)30min;(d)40min;(e)50min;(f)60min.
Samples were anodized in the electrolyte exhibited in Tab.1 under 30 V at 25C.

Table 5. Corrosion parameters measured in Hank's solution (pH 7.45, t=37°C) anodically oxidized for
dlfferent duratlons; AE:(ESW_ECOW) and AE':(Esw'E|CQ”)

Time(min) Ecorr(V) icor(AlCM?)  E'con(V) AE(V) AE'(V)
10 -0.461 4.842x10°  -0.000757 6.461 6.000757
20 -0.740 7.728x10° 0.0500 6.740 5.9500
30 -0.809 9.103x10° 0.0415 6.809 5.9585
40 -0.751 2.725x10° 0.0488 6.751 5.9512
50 -0.782 5.558x10™ 0.0177 6.782 5.9823
60 -0.794 7.113%x10° -0.0736 6.794 6.0736

The corrosion current density of anodised TA2 titanium alloy decreased a magnitude compared
with untreated TA2 titanium which demonstrated the anticorrosion improved (Table 4). With the
oxidation duration increasing, the corrosion current density were the same magnitude, but the values
were different, that took the minimum (2.725x10°A/cm?) when anodically oxidized for 40min. It
meant the corrosion resistance achieved the best while anodised for 40min. The values of AE and AE'
indicated that the stability of the films in the cyclic polarization scanning process, and the larger the
values, the better the stability[1]. It could be also seen that anodizing for different oxidation durations
for TAZ2 titanium was not obvious for stability improvement in the scanning process.

4. CONCLUSIONS

In summary, porous anatase and rutile has been fabricated on the TA2 titanium alloy surface
via anodic oxidation. The porosities of the anodized films increased with the anodized voltages and
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oxidation durations increasing. The thickness of the oxide layer achieved about 500nm. After
anodizing, experimental results exhibited that the corrosion resistance has been largely improved, due
to that the corrosion current density (2.044x10°A/cm? and 2.725x10°A/cm?) decreased a magnitude
compared with untreated TA2 titanium (2.725x10*A/cm? ), when the TA2 titanium was anodized
under the condition of DC 40V for 40 min. After soaking in SBF, apatite formed on the TiO; layers
grown with different shapes and it covered most parts of the surface when anodized at DC 40V for
10min. In addition, the atomic ratio (Ca/P) of the apatite films which demonstrated that the films were
short of calcium compared to hydroxyapatite.
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