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CORROSION RESISTANCE OF TI6AL4V TITANIUM ALLOY

WITH MODIFIED SURFACES

Corrosion behaviour of biocompatible Ti6Al4V titanium alloy has been investigated by using electrochemical impedance spectroscopy in
Hank’s physiological solution for two modified states of titanium surface. On the basic of type and shape of Nyquist curves obtained from EIS
measurements probable mechanisms of corrosion in a specific corrosion system are assigned.

1. Introduction

Titanium and its alloys are widely used as orthopaedic and
dental implants. They belong among the best biocompatible mate-
rials due to their passivation characteristics and the stability of the
passive films in a biological system [1, 2].

This material has received widespread attention due to its low
density, good strength, ductility corrosion resistance and biocom-
patibility. Titanium alloys have been clinically applied since 1970s
when surgical implants were made with high-strength Ti6 Al4V alloy.
The natural oxide layer on commercially pure titanium is composed
of titanium oxide in different oxidation states (TiO,, Ti,O; and
TiO), while for Ti6Al4V alloy, aluminium and vanadium are addi-
tionally present in oxidized form (Al,O; or V,05). The passive films
on the implant surface act as a barrier against the ion dissolution.
Vanadium can alter the kinetics of the enzyme activity associated
with the inflammatory response cells [2, 3].

With the degradation process metal ions are released, which
accumulate in the tissue around the implant and also enter into
the bloodstream. These ions may be responsible for wide range of
undesirable effects. Various studies from the retrieved hip implants
have established that the local reaction to particulate wear debris
initiates the formation of a granulomatous tissue that ultimately
invades the bone-implant interface and causes aseptic loosening.
The combination of in vivo corrosion and cyclic loading may lead
to the fracture of the implant, which is a serious clinical problem

[4].

One of the biggest advantages of titanium alloys is their good
corrosion resistance. The types of corrosion that have been observed
on titanium and its alloys may be classified under the following
general headings: general corrosion, crevice corrosion, stress cor-
rosion cracking, anodic breakdown pitting, and galvanic corrosion.
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General corrosion is characterised by an uniform attack over the
entire exposed surface of metal. Titanium alloys are very resistant
to almost all salt solution over the pH range of 3 to 11 (pH of the
physiological solution is about 7.4 [5]). The corrosion rate values
for titanium alloys in variety of salt solution are generally less than
0.03 mm/yr [6].

Titanium is mechanically and chemically suitable for use in
orthopedic devices and dental implants, but lacks the bioactivity
needed for bonding to bone tissue. Different surface treatments
have been developed to improve the bioactivity and osteconduc-
tivity of titanium implants [7].

The main goal of presented investigation is evaluation of the
corrosion resistance of the Ti6Al4V alloy surface after electroero-
sion treatment in Hank’s solution.

2. Experimental materials and methods

Ti6Al4V alloy belongs to the most commonly used (o + f3)
titanium alloys. This type of Ti alloy is used as implant because of
its good strength and ductility, being stronger and more resistant
than both o or f alloys and has an excellent corrosion resistance
in biofluids [3].

Titanium and titanium alloys are nontoxic, well tolerated
materials for human body. The implant must have safety stability
(20 years) in the body fluid environment that can be in a fact con-
sidered as the water solutions of salt [8].

2.1. Material preparation
The medical grade TiAl6V4 titanium alloy made by forging was

used for the study. The standardized chemical composition of this
alloy is in Tab. 1 [8].
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Standardized chemical composition (wt %) Tab. 1

of Ti6Al4V titanium alloy

N C H Fe (0] Al Vv Ti

max. | max. | max. | max. | max. | 5.50- | 3.50 -

005 | 008 | 015 | 04 | 02 | 675 | 450 |balance

The specimens were organized into two groups with different
modified surface:
e set I - specimens prepared from the basic state of Ti6 Al4V alloy,
e set Il - specimens prepared of Ti6Al4V alloy with additional
electro-erosion surface treatment (at electric discharge of 29 A).

2.2. Microstructure analysis

Microstructural investigation was done by an optical microscope
Carl ZEISS AXIO Imager.Alm. The microstructure of Ti6Al4V
specimens (Fig.1) is a two-phase structure created by elongated

Fig. 1 Microstructure of Ti6Al4V alloy, etched 2 mL HF+8 mL
HNO; + 90 mL H,0 [9]

Fig. 2 Profile of electroeroded surface of Ti6Al4V alloy
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polyedric grains of o phase (bright grains with the average size of
about 6.25 wm) and intergranular f§ phase (dark/gray grains - 5
um). Detail of the surface profile after electroerosion is in Fig. 2.
Average height of the profile at treated surface is about 190 um.

2.3. Corrosion testing

The electrochemical tests were performed using electrochem-
ical impedance spectroscopy (EIS) in Hank’s physiological solution
(8 g/L NaCl, 0.4 g/1 KCl, 0.14 g/L CaCl,, 0.1 g/L MgSO,.7H,0,
0.06 g/L KH,PO,, 0.05 g/L NaH,PO,.H,0 a 1 g/L D - glucose
[8]) at human body temperature (37 °C). This method allows estab-
lishing the value of polarization resistance of less conductive cor-
rosion systems, for example when a passive layer with good adhesion
is created on the metal surface. The polarization resistance R, is
an electrochemical property characterizing the material properties
in the certain environment. The higher value of R, represents better
corrosion resistance of the material in corrosion environment. The
electrochemical experiments were performed in a conventional
three-electrode cell system with a calomel reference electrode and
a platinum auxiliary electrode using Voltalab 10 corrosion measur-
ing system with PGZ 100 measuring unit. The scheme of circuit
connection and measuring principle is described in detail elsewhere
[10].

The times for potential stabilization between the specimen and
electrolyte, and the measuring frequencies are presented in Tab.
2. The amplitude of AC voltage was 20 mV. DC voltage compo-
nent by which the specimen was polarized during testing was set
to the measured value of free potential after stabilization.

Selected conditions of EIS measurements Tab. 2

Exposure time Measured frequency

5 min. 100 kHz - 5 mHz

land 2 h. 100 kHz - 10 mHz

4 h. 100 kHz - 15 mHz

8 and 16 h. 100 kHz - 25 mHz

3. Results

The results of electrochemical impedance spectroscopy mea-
surements as Nyquist diagrams for Ti6 Al4V alloy with basic surface
and Ti6Al4V alloy with electroeroded surface are in Figs. 3 and
4, respectively.

The procedure and method of polarization resistance calcu-
lating from Nyquist plots is described in [11]. The impedance
spectrum for TiAl6V4 was fitted by EC-Lab Software V9.32 using
equivalent circuit (Fig. 5) [12].
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Fig. 3 Nyquist diagrams for basic state of Ti6AI4V alloy
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Fig. 5 Equivalent circuit for analysis of Nyquist plots, R, - resistance of
testing solution, R, - polarization resistance, CPE - constant phase
element

The results of the Nyquist plots analysis are in Tab. 3 and
Tab. 4 for basic and electroeroded surface of the Ti6Al4V alloy,
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Fig. 4 Nyquist diagrams for electroeroded Ti6Al4V alloy

Electrochemical characteristics values for Tab. 4
electroeroded Ti6Al4V alloy in Hank’s solution
R, CPE R,
[Qem?]  [[10 6 Fsn] " [Q.cm?]
5 min 36.52 44.32 0.7499 195.205
1h 34.34 37.01 0.7744 392.568
2h 40.61 32.61 0.7898 276.640
4h 39.712 33.93 0.7793 408.300
8h 39.73 32.72 0.7772 633.648
16 h 37.08 31.96 0.7759 1,189.000

respectively.

Electrochemical characteristic values for basic state Tab. 3
of Ti6Al4V alloy in Hank’s solution
R, CPE R,
[Qem?]  [[10°Fsn ]| " [Q.cm’]
5 min 35.43 29.77 0.845 132.141
lh 29.96 21.26 0.8932 649.731
2h 30.14 20.19 0.8655 768.760
4h 30.21 20.19 0.8232 1,014.000
8h 28.44 19.32 0.8176 1,387.000
16 h 25.09 18.26 0.8177 2,707.000

4. Discussion

The biggest production problem of a total hip replacement is
not the way how to make an endoprothesis itself, but to find the

best way of its fixation into human body. Nowadays, more methods
are used. The endoprothesis with bioactive properties has the best
prospect due to interacting between its surface and biological tissue.
For example, porous surface of implants leads to tissue ingrowth.
The investigation deals with the evaluation the corrosion resistance
of the surface that had been treated by electro-erosive discharge.
This kind of treatment can provide bioactive properties to the
surface, but it also can cause small cracks due to stress that appears
on the surface during treating process.

The analysis of the measured results shows that the polariza-
tion resistance (R,) of the interface titanium alloy - Hank’s solution
increases with exposure time (Fig. 6). The values of polarization
resistance increase in case of using basic material (black columns
in Fig. 6) and material with modified surface (gray columns in Fig.
6) as well. These values increase due to expansion of the passiva-
tion film on the surface that appears immediately after the inves-
tigated material is immersed into the experimental solution.

Dynamics of polarization resistance increase is affected by
changes on the surface that are caused by modification of the surface
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during electrochemical erosive discharges. The R, values of the
basic material increase uniformly. In a relatively short time, only
16-hour of exposure, R, value increases 20-times, which is equal to
the increase of the corrosion resistance. The measured values of
the basic material surface are considered as reference because the
modification of the implant surface is necessary for cell ingrowth.
The analysis of curves measured on the electro-erosive modified
surface shows that the R, values in case of electro-eroded material
increase during exposure time more slowly than in case of basic
material. At the time of exposure from 2 to 4 hours, it even stag-
nates.

The most likely reason of this polarization resistance behavior
is less stability and greater inhomogenity of the passive layer due
to the residual stresses on the surface after electro-erosive modifi-
cation. This modification may also cause extra layer damage by
creating cracks. Higher inhomogenity of the passive layer on the
electro-eroded material is shown also by lower values of the para-
meter “n” acquired by the analysis of the measured curves. During
the 16-hour of exposure there was an increase of R,, values, but
compared to the basic material, it was relatively low (the reached
value of 1.1 MQ.cm?). Corrosion resistance of electro-eroded
material decreases by more than half in comparison with the basic
material.

The future investigation has to focus on an elimination of the
deficiencies caused by surface modification. One possibility is to
remove the internal stresses on the surface by heat treatment or
chemical, possibly, electrochemical surface treatment.

4. Conclusions

On the basis of electrochemical impedance spectroscopy mea-
surements we concluded the following results:
® The values of polarization resistance of basic and electroeroded
material surface increase with the increase of exposure time.
The R,, values, in case of the basic material, increase after all
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Fig. 6 Influence of exposure time of Ti6Al4V alloy in Hank's solution
on polarization resistance for two types of different modified surface

exposure time. In the case of electroeroded surface, R,, values
increase between exposures of 5 minutes and 1 hour. During 1-
4 hours of exposure, the R, values stagnate and after 8 and 16
hours of exposure time, they increase again.

e Comparison of the R, values shows that the electroeroded mate-
rial reaches lower values of polarization resistance. In this case,
the residual stresses generated on the surface during and just
after the electric discharge reduced not only its mechanical prop-
erties, but also corrosion resistance. The polarization resistance
of the basic material surface, without modifying the surface,
reaches the twofold value (2.7 MQ.cm?) compared to elec-
troeroded material surface (1.1 MQ.cm?).
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