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Abstract
Titanium and its alloys (Ti-6Al-4V) are considered to be among the most promising engineering
materials due to a unique combination of high strength to weight ratio, melting temperature,
corrosion resistance, and biocompatibility. Anodizing is one of the coating methods that increases
corrosion resistance and wear resistance and provides better adhesion of paint primers mostly
applied to protect Al, Ti, Mg, and their alloys. The novel Plasma Electrolytic Oxidation (PEO)
technique is gaining increased attention for depositing thick, dense, corrosion resistant, and hard
ceramic coating on valuable metals (Al, Ti, and Mg). The aim of this research is a comparison
between the corrosion behavior of anodized and plasma electrolytic oxidized Ti-6Al-4V at different
voltages. The surface morphology, thickness, and phase composition of coatings were investigated
using a scanning electron microscope and X-ray diffraction. The potentiodynamic polarization test
was used to determine the corrosion behavior of the specimens. Results indicated that increasing of
corrosion resistance by tests anodized sample at 50 V at 15 minutes and PEO sample at 375 V at 10
minutes.
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1. Introduction
Titanium and its alloys have been widely used in many fields, due to their high strength, nonmagnetism, corrosion resistance, and other characteristics. Due to a unique combination of high
strength-to-weight ratio, melting temperatures and corrosion resistance, interest in the application of
titanium alloys to mechanical and tribological components are growing rapidly in a wide range of
industries, e. g. the aerospace, marine and biomedical fields. In such an application, components
made from Ti-alloy are often in tribological contact with different metals and media, under
stationary or dynamic loading and at various temperatures. These contact loads can cause damage to
the thin native oxide film which passivates the titanium surface; and the metal, which has a strongly
negative standard electrode potential (- 1.63 V), can undergo intensive interactions with the
counterface material and/or the surrounding environment [1]. Moreover, by surface engineering, the
application of titanium alloys can be increased further through the improvement of some inherent
weaknesses, such as inadequate wear behavior and poor biocompatibility [2, 3]. Ti-6Al-4V has a
poor wear resistance, which can cause significant release of Al and V [4]. The release of Al and V
from the implant into the body is most undesirable due to the element’s toxic effects [5].
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The commonly adopted surface engineering techniques include physical vapor deposition
(PVD)/chemical vapor deposition (CVD) [6-9], laser nitriding [10, 11], anodizing [12-14], sol-gel
method [15-18], etc. Among these techniques, plasma electrolytic oxidation (PEO) [19-22], and
emerging environmentally friendly technology for preparing ceramic coatings on valve metals (such
as Ti, Al, Mg), has been widely studied in recent years.
Recently, there has been a great interest in the PEO technique because of the promising application
prospects of this technique in the surface treatment of metals. The process of PEO treatment
involves reactions caused by electric breakdown on the metal surface, and the coating material in
crystalline or amorphous phases, forms at breakdown sites, usually contains constituent species
derived from the substrate and electrolyte. This character reveals that PEO coatings have excellent
bonding strength to the substrate due to its in-situ growth process. Moreover, by adjusting the
composition of the applied electrolyte, various desired elements can be introduced into PEO
coating.
Anodic oxidation, which is carried out in various solutions providing passivation of the titanium
surface, generates thin films of amorphous hydrated oxide or crystalline TiO2 in the anatase form
[23].
This work aimed to study the effect of voltage on the corrosion properties of plasma electrolyte
oxidized and anodized Ti-6Al-4V under DC power. The surface morphology and the element phase
compositions of the coatings were characterized by SEM, energy-dispersive X-ray spectroscopy
(EDS) and X-ray diffraction (XRD), respectively. The corrosion resistance of the PEO coating was
evaluated by a potentiodynamic polarization technique in a 3.5% NaCl solution.
2. Material and methods
Disc samples made of the Ti-6Al-4V (6% aluminum, 4% vanadium, 0.25% (maximum) iron, 0.2%
(maximum) oxygen, and the remainder titanium) alloy with a diameter of 20 mm and thickness of 6
mm were ground using SiC abrasive paper sequentially to #2000 and then were degreased with
ethanol and dried in air. The samples were then anodically treated in 0.1 M H2SO4 at room
temperature at a constant current density up to various maximum voltages of 10, 20, 30, 40, 50 and
55 V for 15 minutes. The PEO treatment was carried out at constant voltages of 325, 375, 425 and
475 V for 5 minutes. The working electrolyte was 0.04 M calcium acetate hydrate
((CH3COO)2Ca.H2O) with the addition of 0.1 M sodium dihydrogen phosphate hydrate
(NaH2PO4.H2O). During the PEO process, the electrolyte was mixed and cooled to prevent heating
over 35 ºC. Coated samples were rinsed with water after the treatment and dried in warm air.
A qualitative study of oxide film appearance was carried out visually. The scanning electron
microscopy technique (by CamScan MV2300) was employed to observe the surface morphology of
samples. The semi-quantitative chemical composition of coatings was analyzed by an energydispersive X-ray spectrometry (Oxford) incorporated into scanning electron microscopy. Film
Phase Composition was estimated using a Phillips X’pert Pro X-ray diffractometer (Cu Kα
radiation) by scanning in the 2θ=20º-100º range with 0.02 steps at a grazing angle of 5º.
Linear polarization measurements were performed in a standard three-electrode cell with
silver/silver chloride reference electrode and platinum counter electrode by µ AUTO LAB type III
instrument. The electrodes were sealed in epoxy resin (exposed surface area 1 cm2). The
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Electrochemical measurement was performed at the open circuit potential in 3.5% sodium chloride,
aerated test solution at room temperature (25 oC). Corrosion measurements consisted of stabilizing
the working electrode in the corrosion test electrolyte at open circuit potential (OCP) for 1 hr with a
scan rate of 0.2 mV.S-1.
3. Results and Discussion
The effect of anodizing voltage on the coating color is shows Figure 1. As shown in Figure 1(a), the
Ti-6Al-4V alloy is a gray shiny metallic after polishing and cleaning. Anodizing at different
voltages produced different colors on the sample surfaces (Figure 1), containing yellow, blue, and
gold. Different color of anodized surfaces is apparently due to the formation of oxide layers with
different thickness caused by anodizing conditions.

Figure1. Optical micrograph of anodized samples: (a) polished sample prior to anodizing; anodized sample at (b) 10 V,
(c) 20 V, (d) 30 V, (e) 40 V, (f) 50 V and (g) 55V.

Figure 2 shows the formation of coating surfaces with increasing anodizing voltage from 10 to 50
V. Small and discrete pores exist in coating surfaces. It can be seen that with increasing anodizing
voltage, the number and size of surface pores decreased. Anodizing voltage in 50V was an
increased density of the surface coating. Coating surface formation in the anodizing process is an
interaction between oxide formation and oxide solution in Sulfuric acid electrolyte. The rate of
oxide formation increases with increasing anodizing voltage and caused more stable and uniform
oxide coating. This phenomenon will cause the oxide layer to form a stable and uniform coating.
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Figure2. Formation of oxide surface on anodized samples at different voltages of (a) 10 V, (b) 20 V, (c) 30 V, (d) 40 V
and (e) 50 V.

The anodized oxide layer on the sample surface was broken by increasing anodizing voltage to 55
V, (Figure 3). The anodized oxide layer has consisted of coating islands about 50µm apart. This
leaves uncoated Ti base alloy exposed to the outer atmosphere. If the anodizing process is carried
out at voltages above the breakdown limit, the oxide will no longer be resistive enough to prevent
corrosion by corrosive media [24].

Figure3. SEM micrograph of the anodized sample at 55 V into magnifications of (a) 250 x and (b) 1000 x.

The polarization curves show that corrosion resistance will be increased by increasing below the
breakdown limit (Figure 4). Likewise open circuit potential is nobler for high anodizing voltage
samples with respect to other samples. The corrosion resistance of the samples is mainly the result
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of oxide coating uniformity and lack of uncoated base Ti alloy, beside corrosion resistance nature of
oxide structures.

Figure4. Potentiodynamic polarization curves conducted in a 3.5% NaCl solution for the anodized samples prepared at
different voltages.

Figure 5 demonstrates the evolution of surface morphologies of PEO coatings at different voltages.
PEO is based on the modification of the growing anodic film by spark/arc micro discharges, which
are initiated at potentials above the breakdown voltage of the growing oxide film and move rapidly
across the anode surface. Since they rapidly develop and extinguish (within 10-4-10-5 s), the
discharges heat the metal substrate to less than 100-150ºC. At the same time, the local temperature
and pressure inside the discharge channel can reach 103-104 K and 102-103 MPa, respectively,
which is high enough to give rise to plasma thermochemical interactions between the substrate and
the electrolyte. These interactions result in the formation of melt-quenched high-temperature oxides
and complex compounds on the surface, composed of oxides of both the substrate material and
electrolyte-borne modifying elements [25].
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Figure5. Morphologies of the oxide coatings prepared for 5 min at (a) 325 V, (b) 375 V, (c) 425 V and (d) 475 V.

The effect of increasing PEO voltage on oxide coating formation for 5 min in different voltages
from 325V to 475V is shown in Figure 5. All samples contain round discreet pores distributed on
the coating surface. By increasing PEO voltage, pore size increased and the number of pores per
surface area decreased. By increasing PEO voltage, the spark/arc micro discharge energy increased.
These results show that in more material melting on the anode surface lead to large pores formation
on the oxide surface. Increasing pore size was caused by interconnected pores that show by the
arrows in Figure 5–c. shows PEO treated surface at 375 V (Figure 5-b) higher coating formation
with no large or interconnected pores.
Variation of PEO coating morphology by increasing the PEO treating time from 1 to 20 min was
examined at 375 V (Figure 6). By increasing PEO treating time, the number of pores per surface
area decreased. The pores formed at higher treating time (10 and 20 min) were about twice bigger
than pores at less treating times of 1 and 5 min. PEO treated sample for 10 min, contains more
inform oxide film than 20 min treated sample. Increasing pore size is caused by the necessity of
higher energy arcs for the destruction of thicker films formed on the surface. Studying oxide film on
20 min treated sample at higher magnification (4000X) shows the formation of microcracks in PEO
coating which connects adjacent pores (Figure 7). Film cracking in this sample is caused by local
high energy arcs and the release of a high amount of energy near existing arcs. This effect leads to
high local mechanical stresses and the beginning of oxide file destruction by PEO treatment.
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Figure6. Morphologies of the coatings prepared at 375 V for (a) 1 min, (b) 5 min, (c) 10 min and (d) 20 min.

Figure7. Surface morphology of PEO coating at 375 V for 20 min.
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Figure8. Potentiodynamic polarization curves conducted in 3.5% NaCl solution for the PEO samples prepared at 375 V
for different times.

Investigating the effect of PEO treating time on corrosion resistance behavior of samples treated at
375V at different treating time is shown in Figure 8. Increasing treating time from 1 to 10 min has a
distinctive effect on increasing the corrosion resistance of samples. Increasing film thickness by
increasing PEO treating time improves the corrosion of samples. Less improvement in corrosion
resistance of 20 min treated sample can be the result of large pores with interconnected cracks
(shown in Figure 7).
4. Conclusions:
Effect of anodizing and PEO voltage and time on the corrosion properties of Ti-6Al-4V was
examined and compared with the corrosion resistance of thermally oxidized Ti-6Al-4V. Evaluation
of corrosion properties of the specimens by potentiodynamic polarization tests indicated that
anodized sample at 50 V at 15 minutes and PEO sample at 375 V at 10 minutes shows the best
corrosion resistance. Also from the comparison of the oxidized sample, it is concluded that
increasing the time and temperature of oxidation thickness and hardness of the oxidized layer
increased. Formation of the oxide layer increased the corrosion resistance and 600°C is the
appropriate oxidation temperature for improvement of corrosion resistance of titanium alloy. By
comparison of results, the best corrosion resistance is for thermally oxidize samples.
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