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Purpose: The purpose of this study was to investigate the corrosion behaviors of dental implant alloy after micro-
sized surface modification in electrolytes containing Mn ion. 
Materials and Methods: Mn-TiO2 coatings were prepared on the Ti-6Al-4V alloy for dental implants using a plasma 
electrolytic oxidation (PEO) method carried out in electrolytes containing different concentrations of Mn, namely, 
0%, 5%, and 20%. Potentiodynamic method was employed to examine the corrosion behaviors, and the alternating-
current (AC) impedance behaviors were examined in 0.9% NaCl solution at 36.5°C±1.0°C using a potentiostat and 
an electrochemical impedance spectroscope. The potentiodynamic test was performed with a scanning rate of 1.667 
mV s–1 from –1,500 to 2,000 mV. A frequency range of 10–1 to 105 Hz was used for the electrochemical impedance 
spectroscopy (EIS) measurements. The amplitude of the AC signal was 10 mV, and 5 points per decade were used. 
The morphology and structure of the samples were examined using field-emission scanning electron microscopy 
and thin-film X-ray diffraction. The elemental analysis was performed using energy-dispersive X-ray spectroscopy.
Result: The PEO-treated surface exhibited an irregular pore shape, and the pore size and number of the pores 
increased with an increase in the Mn concentration. For the PEO-treated surface, a higher corrosion current density 
(Icorr) and a lower corrosion potential (Ecorr) was obtained as compared to that of the bulk surface. However, the 
current density in the passive regions (Ipass) was found to be more stable for the PEO-treated surface than that of the 
bulk surface. As the Mn concentration increased, the capacitance values of the outer porous layer and the barrier 
layer decreased, and the polarization resistance of the barrier layers increased. In the case of the Mn/Ca-P coatings, 
the corroded surface was found to be covered with corrosion products.
Conclusion: It is confirmed that corrosion resistance and polarization resistance of PEO-treated alloy increased as 
Mn content increased, and PEO-treated surface showed lower current density in the passive region.
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Introduction

Titanium (Ti) and its alloys are suitable materials 
for use in bio-implants owing to their excellent 
chemical stability, mechanical properties and 
biocom patibility, mainly due to the surface oxide 
layer usually formed in air or in aqueous environ-
ments1). Therefore, the properties of the surface 
oxide layer, such as the roughness, topography, 
and composition, play an important role in deter-
mining the biocompatibility of a Ti implant. So far 
a number of techniques have been developed to 
improve the surface properties of Ti implants2,3). 
However, such implants could not be integrated 
in bone due to their bioinertness4,5). Hence various 
surface treatment methods have been attempted 
in order to induce bioactive bone bonding in Ti 
implants6,7). 

Plasma electrolytic oxidation (PEO) is a convenient 
and effective technique for preparing TiO2-based 
coatings on a Ti substrate6-8). PEO coatings generally 
exhibit a porous nanostructure, which has been 
found to be beneficial for the cell environment9). Ca, 
P and Mn ions can be incorporated on the Ti surface 
in the PEO process by controlling the parameters 
used for coating such as the composition of the 
electrolyte, applied voltage, current density, and 
treatment time10). In addition, thick and porous 
PEO films can be used for uniformly coating metal 
surfaces with complex shapes10,11).

For the improvement of the bioactivity of a 
material, the material should support cell attach-
ment and the extracellular matrix containing 
bioactive factors to induce regeneration. Manganese 
(Mn) has recently attracted attention for biological 
applications, particularly in bone formation12-16). 
Mn is an essential trace element in humans, and 
it exhibits a potential for binding to integrins13,14). 
Furthermore, the size of Mn2+ ion (0.80 Å) is closer to 
that of Ca2+ ion (1.0 Å). Hence, Mn2+ ions can easily 
substitute Ca2+ ions on the implant surface used in 

human body. Many studies have investigated Mn to 
improve the osteoconductivity of a bioinert Ti alloy 
substrate via its potent cell adhesion-promoting 
effect15). Although it is known that Mn improves the 
osteoconductivity, the previous studies focused on 
the effect of elemental Mn on the anodic oxidation 
surface of Ti-6Al-4V17,18), and many researchers have 
carried out PEO treatment on Ti-alloy, whereas few 
researches focused on the corrosion behaviors on 
Mn-doped PEO surface of Ti-6Al-4V alloy.

Therefore, in this study corrosion behaviors of Ti-
6Al-4V alloy after micro-sized surface modification 
in electrolytes containing Mn ion were examined by 
employing various experimental techniques.

Materials and Methods

Ti-6Al-4V ELI disks (grade 5, diameter: 10 mm, 
thickness: 3 mm; Timet Co., Pittsburgh, PA, USA) 
were used as substrates for the PEO treatment. The 
samples for the PEO treatment were prepared by 
polishing the disks with 100 to 2,000 grit sandpaper 
and finally with a 0.3 m Al2O3 slurry. The polished 
disk was washed thoroughly with distilled water 
followed by ultrasonication for 10 minutes in ethyl 
alcohol. This material was used as the control 
sample. The prepared samples were used as the 
anode and a Pt rod was used as the cathode in 
equi valent electrolytic baths and electrolytes, as 
shown in Table 1. A pulsed direct-current power 
supply was employed. The applied voltage and 
PEO treatment time were selected to be 280 V17) 
and 3 minutes, respectively. The temperature of 
the electrolyte was maintained below 25°C using 
a cooling system. The PEO films formed on the 
samples were flushed with water after performing 
the PEO treatment followed by drying the samples 
in warm air.

Electrochemical studies were performed by em-
ploying potentiodynamic and electrochemical 
impe dance tests using a potentiostat and an 
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alternating-current (AC) impedance spectroscope 
(EG&G1025; Princeton Applied Research, Princeton, 
NJ, USA) in 0.9% NaCl solution at 36.5°C±1.0°C. 
A conventional three-electrode system with high-
density graphite as the counter electrode and a 
saturated calomel electrode (SCE) as the reference 
electrode was used. The sample was mounted on a 

cold mount made of epoxy resin. The sample edges 
were carefully covered with the epoxy in order to 
avoid possible crevice defects. The electrolyte was 
de-aerated with high-purity Ar gas for 30 minutes 
before performing the experiment. De-aeration was 
conducted at a uniform rate during the experiment, 
and the solution was subjected to mild stirring 

Table 1. The electrolyte conditions used for the plasma electrolytic oxidation (PEO) treatment of Ti6Al4V alloy

Specimens

Electrolyte components

PEO time (min)CA (mol L–1)

Ca(CH3COO)2

CGP (mol L–1)

C3H7CaO6P

MA (mol L–1)

Mn(CH3COO)2

0Mn 0.15 0.02 0 3
5Mn 0.1425 0.02 0.0075 3
20Mn 0.12 0.02 0.03 3

Fig. 1. Fieldemission scanning 
elec tron microscopy images of 
the plasma electrolytic oxida
tion films formed on Ti6Al
4V alloy at 280 V in various 
elec trolytes of (A) 0Mn (1k), (B) 
0Mn (10k), (C) 5Mn (1k), (D) 
5Mn (10k), (E) 20Mn (1k), and 
(F) 20Mn (10k).
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using a magnetic stirrer. The potentiodynamic 
polari zation test was performed with a scanning 
rate of 1.667 mV s–1 from –1,500 to 2,000 mV. A fre-
quency range of 10–1 to 105 Hz was used for the AC-
impedance test. The amplitude of the AC signal 
was 10 mV, and 5 points per decade were used.

The PEO films formed on the Ti-6Al-4V surfaces 
were characterized using a thin-film X-ray diffrac-
tometer (XRD; X’PERT Philips, Amsterdam, 
Netherlands). The surfaces of the Ti-6Al-4V samples 
were examined using an optical microscope (OM, 
BM60M; Olympus, Tokyo, Japan) after performing 
the electrochemical tests. Energy-dispersive X-ray 
spectroscopy (EDS) (INCA; ETAS, Oxford, UK) was 
used to analyze the surface composition of the PEO 
films.

Result and Discussion

Fig. 1 shows field-emission scanning electron 
microscopy (FE-SEM) images of the PEO films 
formed on Ti-6Al-4V at 280 V for 3 minutes in 
different electrolytes containing Ca, P, and Mn 
ions. Fig. 1A and B, 1C and D, as well as 1E and F 
show the surfaces of the PEO films formed in the 
electrolytes containing 0% (0Mn), 5% (5Mn), and 
20% (20Mn), respectively. According to Fig. 1A 
and B, the PEO surface exhibits uniform pores with 
round shapes indicating a stable reaction. The PEO 
surface obtained with the 5Mn electrolyte exhibits 
irregular pore shapes. In this case, the irregularity 
in the pore shape increased with an increase in 

the Mn content, as shown in Fig. 1F. We assume 
that Mn ions hinder the formation of pores and 
cause the stable Ti-oxide layers to remain in the 
electrolyte. The stable Ti-oxide film exhibited the 
stable Ti-oxide film caused an abrupt increase in 
the formation of unstable pores. Hence, larger pores 
with irregular shapes are formed on the surface. 
PEO films formed on Ti-6Al-4V are reported to 
exhibit a porous and unstable structure because of 
the formation of micro discharge channelsduring 
the process11,19). On performing the PEO treatment 
in a solution containing Mn ions, the number of 
pores and pore size increased with an increase in 
the Mn content, as shown in Table 2. 

Fig. 2 shows the XRD patterns of the Ti-6Al-4V 
alloys obtained with different Mn concentrations. 
Fig. 2 show the XRD peaks of the bulk, 0Mn PEO-
treated, 5Mn PEO-treated, and 20Mn PEO-treated 
alloys, respectively. In the case of the PEO-treated 
samples, peaks corresponding to the anatase phase 
(2θ=25.2°) can be observed. Ti-oxide layers are 
formed during the PEO process according to the 
following reaction20): 

Table 2. The number of pores and pore size obtained from 
plasma electrolytic oxidation (PEO) films formed on Ti6Al4V 
alloy

Specimens
The number of 

pores (10 µm)2

Maximum size 

of pores (µm)

Minimum size 

of pores (µm)
0Mn 20.6±1.74 1.49±0.19 0.38±0.05
5Mn 21.3±1.72 1.06±0.17 0.42±0.04
20Mn 23.2±1.17 1.38±0.13 0.53±0.05

Values are presented as mean±standard deviation. 

Fig. 2. Xray diffractometer patterns of plasma electrolytic 
oxidation films formed on Ti6Al4V alloy: (a) bulk, (b) 0Mn, (c) 
5Mn, and (d) 20Mn.
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Ti ↔ Ti4++4e– (1)

In the PEO coating process, Ti and hydroxyl ions 
react to form anatase and rutile phases and rutile 
phases in the micro discharge channels. TiO2 is 
formed by the reaction of Ti4+ and OH– ions during 
the PEO process. After the nucleation of Ti-oxide, 
hydroxyapatite is formed20). The corresponding 
reactions are given below20):

Ti4++2OH– ↔ TiO2+2H+ (2)

3Ti4++4PO4
3– ↔ TiP2+2TiP+8O2 ↑ (3)

Ca2+ and PO4
3– ions react to form a byproduct 

hydroxyapatite, according to the following reac-
tion20,21): 

10Ca2++6PO4
3–+2OH– ↔ Ca10(PO4)6(OH)2 (4)

In the case of the alloy formed with a higher Mn 
content (5Mn PEO-treated alloy), the intensity of the 
peak corresponding to HAp (2θ=27.5°) increases, 
resulting in broad peaks similar to those of an amor-
phous structure. According to the increase in the 
Mn content (20Mn PEO-treated alloy), the intensity 
of the HAp peak observed at 40.4° is higher as 
compared with that of the peak obtained for the 
5Mn PEO-treated alloy. The exchange of Ca ions 
with Mn ions is assumed to cause a small change in 
the HAp peak22). 

(10–x)Ca2++xMn2++6PO4
3–+2OH– → 

The main peaks of HAp are observed at ~27.5° 
and 40.4°. The HAp phase is appeared to be in 
the hydroxyapatite form of [Ca10(PO4)6(OH)2]

23). 
The lattice parameter of the Mn-HAp decreases 
as the Mn concentration increases because Ca is 
continually substituted with metal ions during the 
mineralization process22). The elements with overall 
com positions consist with the nominal composition 
of the Ti-6Al-4V alloys after Mn and Ca-P PEO 
treatment, as shown in Table 3. 

Fig. 3 shows the variation in the Ca/P ratio with 
respect to the Mn content in the electrolytes used in 
the PEO treatment obtained with the EDS analysis. 
As the Mn content increased from 0%, 5%, and 20%, 
the corresponding samples, 0Mn, 5Mn, and 20Mn 
exhibited Ca(+Mn)/P molar ratios of 1.65 (1.65), 
1.54 (2.34), and 1.02 (2.00), respectively, as shown in 
Fig. 3. As the Mn content increases, the Ca/P ratio 
decreases, whereas the Ca+Mn/P ratio increases. 
The reduction in the Ca/P ratio could be attributed 
to the displacement or substitution of Ca and Mn 
sites in the electrolytes occurring during the PEO 
process24). When Mn is exchanged in the HAp 
lattice, the obtained Mn-HA exhibits an attractive 
cellular adhesion property25-27). Thus, it is confirmed 
that the developed PEO-treated surface can be used 
for bone reformation and the addition of Mn into 
the implant surface can be beneficial28). 

Ca(10–x) Mnx(PO4)6(OH)2 (5)

Table 3. Energydispersive Xray spectroscopy analysis results 
for the plasma electrolytic oxidation films formed on Ti6Al4V 
alloy

Specimens
Elements (wt.%)

Total
P Ca Mn

0Mn 37.67 62.33  100
5Mn 29.86 46.11 24.03 100
20Mn 33.28 34.06 32.66 100

Fig. 3. The variation in Ca/P ratio of the plasma electrolytic 
oxidation films formed on Ti6Al4V alloy.
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Fig. 4 shows the anodic polarization curves of 
the PEO films formed on Ti-6Al-4V alloys after 
performing the potentiodynamic test in 0.9% NaCl 
solution at 36.5°C±1.0°C. The corrosion potential 
(Ecorr), corrosion current density (Icorr), current 
density at 300 mV (I300), and current density in the 
passive region (Ipass) obtained from the polarization 
curves are summarized in Table 4. These values 
were obtained from the polarization curves and 
Tafel plots by examining the linear portions of both 
the cathodic and anodic branches of the curves. Icorr 
is higher and Ecorr is lower for the 20Mn surface than 
those of the bulk surface. However, the passive 
regions (Ipass) of the 5Mn and 20Mn PEO-treated 
surfaces are more stable and wider than that of the 
bulk surface. This indicates that the oxide films, 
such as TiO2 and MnO2, are stable29,30). 

Table 4. Electrochemical data obtained from potentiodynamic polarization curves

Specimens Icorr (A/cm2) Ecorr (mV) I300 (A/cm2) Ipass (A/cm2)
Bulk 1.64766×10–7±0.25 –375.355±18.57 1.36945×10–5±0.07 1.15946×10–5±0.13
0Mn 8.03439×10–7±0.33 –760.412±15.52 4.19266×10–6±0.29 3.39985×10–7±0.22
5Mn 3.45674×10–6±0.25 –1,145.451±47.42 7.77440×10–6±0.26 6.27095×10–5±0.49
20Mn 5.21618×10–5±0.28 –1,200.000±41.78 3.05197×10–6±0.24 7.13361×10–5±0.25

Fig. 4. Anodic polarization curves of the plasma electrolytic 
oxidation films formed on Ti6Al4V alloy after performing the 
potentiodynamic test in 0.9% NaCl solution at 36.5°C±1.0°C.
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Fig. 5 shows the Bode plots for the PEO films 
formed on Ti-6Al-4V alloys after performing 
the AC impedance test in 0.9% NaCl solution 
at 36.5°C±1.0°C. To obtain the electrochemical 
parameters by curve fitting based on the electro-
chemical impedance spectroscopy results, equi-
valent circuits obtained for the surface of the PEO 
films formed on the Ti-6Al-4V alloys were used, 
as shown in Fig. 6. CPE, Rs, and Rp correspond to 
the constant phase elements, solution resistance, 
and polarization resistance, respectively, for the 
bulk surface alloy. For the 0Mn, 5Mn, and 20Mn 
alloys, CPE1 and R1 correspond to the constant 
phase element and the polarization resistance of the 
outer layers, respectively, CPE2 and R2 represent 
the constant phase element and the polarization 
resistance of the barrier layers, respectively, and Rs 

represents the solution resistance30). Rw represents 
the Warburg impedance occurring due to the 
diffusion of the chemical reactants in the solution31). 
PEO coatings exhibit a three-layer structure31) 
comprising a thin barrier layer close to the sub-
strate, an intermediate or functional layer with a 
relatively low porosity, and a porous, loose outer 
layer32,33). PEO coatings consist of three layers, and 
the barrier layer has a major impact on corrosion 
protection, while the functional layer exhibits a 
high hardness, which depends on the processing 
conditions and the substrate used, and can provide 
protection against wear33,34). The values obtained by 
performing the curve fitting analysis of the spectra 
are summarized in Table 5. The quality of the fitting 
can be evaluated according to the chi-squared 
values. The chi-squared values in the range 10–4 to 
10–3 were obtained, indicating a good agreement 
between the experimental data and the equivalent 
circuit fits33). In the case of the Bode phase plot, the 
bulk Ti-6Al-4V alloy approaches the phase angle of 
~90° in the middle in a low frequency range because 
of the highly dense passive capacitance30). However, 
the PEO film formed on the Ti-6Al-4V alloy exhibits 
a similar pattern angle, which is reduced from 80° to 
20°35). As the number of pores increases with the Mn 
concentration, the capacitance of the outer porous 
layer (CPE2) decreases, the capacitance of the 
barrier layer (CPE1) decreases, and the polarization 
resistance of the barrier layers increases. It is 
assumed that the polarization resistance of the 
20Mn PEO surface is higher than that of the other 
samples due to the formation of a stable oxide film, 

Table 5. Electrochemical parameters for the plasma electrolytic oxidation films formed on Ti6Al4V alloy from EIS curves

Specimens Rs (Ω)
CPE1

(μF/cm2·Sn)
n

Rp

(MΩ)

CPE2

(μF/cm2·Sn)
n2

R2

(MΩ)

Warbug

(μF/cm2·Sn)
Bulk 9.15 2.62×10–5 0.93 9.77    
0Mn 25.08 2.62×10–6 0.77 1.22×10–4 1.22×10–5 0.84 2.86×104 2.00×10–5

5Mn 23.36 6.57×10–6 0.87 4.81×10–5 6.19×10–5 0.56 1.12×105 3.46×10–4

20Mn 17.78 5.43×10–6 0.84 6.81×10–6 1.46×10–6 0.99 6.06×106 4.77×10–6

Fig. 6. Equivalent circuit for the plasma electrolytic oxidation 
(PEO) film formed on Ti6Al4V alloy. (A) Bulk. (B) PEO treated 
on Ti6Al4V alloys.
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such as TiO2 and MnO2 layers19,30).
Fig. 7 shows FE-SEM images of the surfaces of 

the PEO films formed on the Ti-6Al-4V alloys after 
performing the electrochemical test in 0.9% NaCl 
solution at 36.5°C±1.0°C. Fig. 7A, C, E, and G show 
the bulk alloy, 0Mn, 5Mn, and 20Mn samples, 
respectively. With the addition of Mn, corrosion 
products are predominantly formed at the pore 
site. Thus, as the number of pores and size of the 
pores increase, the formation of corrosion products 
increases. With an increase in the Mn content, the 
area of the pores increases, which causes a decrease 
in the corrosion potential (Ecorr) from –1,200 to –375 
mV, as shown in Table 4. In the case of the 20Mn-
treated alloy, the corrosion resistance improved 
because of the corrosion products that formed 
around the pores. To confirm this, the pore surface 
of the PEO film formed on the Ti-6Al-4V alloys after 
performing the electrochemical test was analyzed 
using EDS (Fig. 8). The EDS spectrum exhibits a 
high intense peak corresponding to Cl, resulting 
from the formation of products such as MnCl2 on 
the pore surface36) that contributed to the corrosion 
resistance. 

Fig. 9 shows FE-SEM mapping images of the 
surfaces of PEO films formed on the Ti-6Al-4V 

alloys after performing the electrochemical test in 
0.9% NaCl solution at 36.5°C±1.0°C. Fig. 9A and E 
show the 5Mn and 20Mn samples, respectively. The 
images in Fig. 9 indicate that the corroded surface is 

Fig. 7. Fieldemission scanning electron microscopy images of the plasma electrolytic oxidation film formed on Ti6Al4V alloy after 
performing the electrochemical test in 0.9% NaCl solution at 36.5°C±1.0°C: (A) bulk (5k), (B) bulk (10k), (C) 0Mn (5k), (D) 0Mn (10k), (E) 
5Mn (5k), (F) 5Mn (10k), (G) 20Mn (5k), and (H) 20Mn (10k).
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Fig. 8. Energydispersive Xray spectroscopy results obtained for 
the plasma electrolytic oxidation film formed on Ti6Al4V alloy 
after performing the electrochemical test in 0.9% NaCl solution 
at 36.5°C±1.0°C: (A) 5Mn and (B) 20Mn.
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covered with corrosion products for the Mn/Ca-P 
coatings. 

Conclusion

The prepared PEO-treated surface exhibited an 
irregular pore shape. As the Mn concentration 
increased, the size and number of pores increased. 
A higher Icorr and a lower Ecorr were obtained with 
the PEO-treated surface than those of the bulk sur-
face; however, the current density in the passive 
regions (Ipass) was found to be more stable for the 
PEO-treated surface. As the Mn concentration 
increased, the capacitance values of the outer 
porous layer and the barrier layer decreased, and 
the polarization resistance of the barrier layers 
increased. In the case of Mn/Ca-P coatings, the 
corroded surface was found to be covered with 
corrosion products.
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