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Abstract This paper describes an investigation of the
corrosion behavior of Ti-based dental materials with Au,
CrNi and CoCr in Ringer solution by the use of Tafel plots,
Evans diagrams and EIS Nyguist diagrams. The galvanic
potentials and currents obtained for various implant cou-
ples are as follows: For, Ti6Al4V/CrNi couple —0.030 V
(Ag/AgCl (3 M NaCl)) and 7.94 pA cm™?; for Ti6AI4V/
CoCr couple —0.020 V (Ag/AgCl (3 M NaCl)) and
7.08 pA cm™2; for Ti6Al4V/Au couple —0.020 V (Ag/
AgCl (3 M NaCl)) and 5.62 pA cm 2. The Ti6Al4V/Au
couple was found to be the most suitable one against gal-
vanic corrosion according to both the Tafel method and
mixed potential theory. The corrosion behaviors of
Ti6Al4V/CoCr and Ti6Al4V/CrNi couples were found to
be similar.
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1 Introduction

Titanium and its alloys have been widely used in restorative
surgery such as dental and orthopedic prostheses, pace-
makers and heart valves [1] due to their excellent
mechanical properties, good corrosion resistance and bio-
compatibility in biological fluids [2]. The contact between
the metallic implant and the receiving living tissues is made
through the oxide layer on the implant surface, which
allows the osseointegration process [3]. Titanium is a rel-
atively new material used for surgical purposes [4, 5].
Titanium undergoes an allotropic transformation from a hcp
structure (o-phase) to a bece structure (fSphase) at 882 °C [6].

The corrosion of the in vivo implant materials may be
the source of harmful material in the body and deterioration
of the biomaterials [7]. CoCr, CrNi, and Ti are the most
widely used materials in dental implants. Among these are
Ti alloys which are particularly popular due to their
chemical inertia [8], mechanical strength [9], low toxicity
and lightness [10], and excellent biocompatibility [7].

The Ti-based implant materials owe their high corrosion
resistance to the passive layer formed on their surfaces
which contain mainly amorphous titanium dioxide [11-13].
The physico-chemical and electrochemical properties of
this film and its long-term stability in biological environ-
ments play a decisive role for the biocompatibility of
titanium implants [14].

This layer dissociates according to the following
mechanism [15]:

TiO; + H,O + H" — Ti(OH);
The dissolved oxygen present in body tissues also
promotes corrosion of the implant material as a result of

two different cathodic reactions according to the pH of the
medium:
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0O, + 2H,0 + 4e — 40H™
02 —+ 4HJr —+ 46 — 2H20

The complexity of the electrochemical processes
involved in the implant-suprastructure joint is linked to
the phenomena of galvanic coupling and pitting corrosion
[16]. The CI” and F~ anions present in the medium
increase the corrosion rate to a significant extent by the
dissolution of the passive layer. This is especially
important for dental materials due to fluoride in
toothpastes [17].

It was established by Tomashov [18] that anodic dis-
solution in the active—passive transition state of the biphase
Ti—Mo alloys (and it is reasonable to presume that this
phenomenon takes place for all the alloys) takes place by a
selective dissolution of the a-phase and simultaneous
reprecipitation of the f-phase.

It has been reported [7] that the surface film in the
human body changes in thickness and composition with
time. So, simulation of long-term exposure of implants
using various electrochemical techniques could be a help
for prediction of in vivo behavior. Despite the high cor-
rosion resistance of titanium and its alloys, in vivo
experiments showed accumulation of titanium ions in tis-
sue adjacent to implants [19, 20].

One important fact which must be taken into account in
the use of implant materials is galvanic corrosion as a result
of contact with two different materials. There are various
techniques employed for the investigation of corrosion of
implant materials such as Tafel method [21] and electro-
chemical impedance spectroscopy (EIS) [22, 23]. The high
resistance implies a high corrosion resistance C,, i.e., a low
rate of titanium release and oxide growth.

The decrease in size of the capacitive semicircle
indicates increased dissolution. The rate of the overall
process depends on the rates of the following processes:
(i) formation of oxide at the metal/oxide interface; (ii)
transport of either metal or oxygen vacancies across the
film; (iii) generation or consumption of vacancies at the
oxide/electrolyte interface; (iv) chemical or -electro-
chemical dissolution process [24]. Noble metals catalyze
the reduction of oxygen and water causing an increase in
the cathodic efficiency. This shifts the potential to the
positive direction and the formed oxide film will be
thicker [25]. The addition of beneficial alloying elements
that facilitate cathodic depolarization by providing sites
of low hydrogen overvoltage will cause the potential of
the alloy to shift to the noble direction where oxide film
passivation is possible [26]. There is substantial evidence
that oxide film on Ti metal and its alloys in many
exposure conditions exhibit a two-layer structure, one
dense inner layer and a porous outer layer [27, 28]. The
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passive films on Ti were characterized by EIS as follows
[29-31]:

Circuits I and II (shown in Fig. 1) have been proposed to
represent the unsealed and sealed anodic oxides respec-
tively [32]. For the unsealed anodic oxide film it is
generally agreed that the pores in the outer porous layer are
filled with electrolyte while for the sealed oxide the pores
re filled with the hydrated oxide. In the latter case the
hydrates inside pores need to be taken into account in the
equivalent circuit and the inner layer may be approximated
as a capacitance.

In this study the corrosion of the Ti6Al4V jaw material
and porcelain substructure materials such as CoCr, CrNi,
Au were investigated in Ringer’s solution at 37 °C
(Table 1) [33]. The corrosion potentials and currents of the
jaw material and porcelain substructure materials were
compared to find galvanic potential (Ecoupie) and galvanic
current (Ieoupie) values of galvanic couple. For each alloy
relevant equivalent circuits have been proposed.

2 Materials and methods
2.1 Corrosion tests

All the corrosion tests were carried out at 37 °C in Ringer’s
solution (0.31 g Sodium lactate, 0.02 g Calcium chloride,
0.6 g Sodium chloride and 0.03 g Potassium chloride in
100 mL water). The temperature of the solution was con-
trolled by the use of a Nuve thermostat (Ankara/Turkey).
The corrosion cell was purged with purified N, for ten
minutes prior to each experiment in order to remove the
residual oxygen. The solution was stirred with a magnetic
stirrer.

2.2 Samples

The corrosion behavior of five different types of dental
implant material was investigated. The surface areas of the
specimens were almost the same and their compositions are
given in Table 1.

The working electrodes were prepared by covering the
edges with polyester exposing a certain surface area. The
surfaces were firstly polished with 500, 700, and 1,200 grit
emery paper and 0.5 pm alumina to a mirror finish and
washed with de-ionized water before being placed in the
corrosion cell.

2.3 Electrochemical measurements

All the electrochemical measurements were made using a
computer controlled CH Instruments 660 B Electrochemical
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Fig. 1 Equivalent circuits
representing unsealed and
sealed oxides
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Table 1 Composition of working alloys

Types of Compositions % (max)

the alloys

Ti implant N:0.05, C:0.08, H:0.012, Fe:0.25, 0:0.13,
Al:5.5-3.5, V.3.5-4.5, Ti: remaining

Au alloy Fe:0.25, 0:0.20, N:0.06, C:0.08, H:0.013,
Au: remaining

Co—Cr alloy Co:64.8, Cr:28.0, Mo:5.0, Si, Mn, C,
Ni and N < 1.0 (each)

Cr-Ni alloy Ni:63.0, Cr:24.7, Mo:10.8, Si:1.5, Mn:0.01, C:0.03

Analyzer using a three electrode cell with a 1 cm? Pt plate
auxiliary and Ag/AgCl (3 M NaCl) reference electrodes.
The anodic and cathodic Tafel slopes were plotted between
—300 mV to +300 mV from the equilibrium potential at a
scan rate of 2 mV s~ after the initial potential of the system
reached equilibrium.

EIS plots were taken with an electrode brought to open
circuit equilibrium potential by applying a sinusoidal wave
with a frequency ranging from 0.02 to 10,000 Hz and the
data were represented as Nyquist diagrams taking the
surface areas into account. The data collected were simu-
lated by the use of Zsimpwin software giving the relevant

=— Solution (R . )

or hydrates 'Rbo , cho)

)

Circuit 1

1

Precipitaes

Circuit Il

equivalent circuits. The values of the electrical components
are tabulated in Table 2.

2.4 Determination of galvanic corrosion using
polarization curves

In order to find galvanic corrosion potentials and currents
the anodic polarization curves of the dental material
obtained by the Tafel method were superimposed onto each
other. The difference in the corrosion potentials and the
corrosion currents of the superimposed curves are directly
proportional to the magnitude of the galvanic corrosion. In
order to find the quantitative value of the galvanic corro-
sion the coincidence point of the anodic polarization curve
with the more negative corrosion potential and the cathodic
polarization curve with more positive corrosion potential
was determined. The current and potential at this point
represent the galvanic corrosion current (Icoupie) and the
galvanic corrosion potential (Ecoupic)-

2.5 Galvanic corrosion by application of the mixed
potential theory

As described in Sect. 2.4 the Tafel slopes of each material
were separately determined and the coincidence point of
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Table 2 Values of electrical

components of the equivalent Ti alloy Au alloy CoCr alloy CrNi alloy
circuits drawn according to EIS R,/ohm cm~2 20 21 3.8 34
data Ro/ohm cm™2 5.60 x 10° 3.22 40.0 207.9
Rs/ohm cm ™2 1.13 x 10° 2,640 5 x 1012 1.61 x 10°
R4/ohm ¢cm ™2 7.70 x 10° - - -
C/F cm™ 535 x 1073 6.60 x 1077 - 1.85 x 107>
Qy, Yo/S 2 ecm™2 1.47 x 10710 238 x 1074 5.62 x 1073 473 x 107
n=0.99 n = 0.62 n = 0.80 n = 0.80
Q,, Yo/S s'? ecm™2 5.43 x 107° - 5.0 x 107° -
n = 0.66 n=0.90
Wi, Yo/S s em™? - - 7.27 x 107° -
W, Yo/S s2em™2 - - - -
the anodic section of the material with the more negative 35 N
corrosion potential with the cathodic section of the material -40 b
with more positive corrosion potential corresponds to gal- 451 3
vanic corrosion current (icouple)» and galvanic corrosion e7‘5 50 1 couple E
potential (Ecouple)- i 55 1 1.92 pAcm2 3
% 60 1 E
. . - 651 Et:ouple 3
3 Results and discussion 701 0474V b
e Ti ]
3.1 Galvanic corrosion of the metal couples by the use 50 .

of anodic polarization method 04 0% 0 02 00 015 00 006 0 005 010 015 020
Potential Ag/AgCI(3M KCI)/V
As seen from Figs. 2, 3, 4 Ti6Al4V and CrNi alloys are . . . . . .

. ; . . . Fig. 3 Galvanic corrosion current (icoupie) and galvanic corrosion
extremely resistant against corrosion and their corrosion  potential (Ecoupte) for Ti6A14V and CoCr implant materials by the use
potentials are highly positive. Ti6Al4V owes this corrosion  of Tafel method
resistance to the passive oxide surface layer (TiO,).

However when it is in contact with CrNi alloys the cor-

rosion potential shifts negatively and the materials become i
much more susceptible to corrosion. The galvanic corro- 5'0 ;
. . . . oY couple F
sion potential and current of Ti6Al4V and CrNi alloys are 65 i2un 2
. PR 2 A cm™ F
tabulated in Table 3. T o 1
s 6‘5
< 657 3
S E
= 701 couple b
>
35 . . . . . 1 1 L . . . S 751 E
40 ] 1 801 L
85 Au 2
_ 459 3 90 . . . . . ; . .
ST ; 3 030 024 018 012 006 0 006 012 018 024
5 °°"'"',‘f Potential Ag/AgCI(3M KCI)/V
i 55 1 2.03 pAcm™ L
= 50 ] b Fig. 4 Galvanic corrosion current (icouple) and galvanic corrosion
S Ecouple potential (E¢oypie) for Ti6AI4V and Au implant materials by the use of
85 1 2719V F Tafel method
70 1 Ti L
75 i 3.2 The galvanic corrosion results by the application

040 035 030 025 020 015 040 005 0 005 010 015 020 of the mixed potential theory
Potential Ag/AgCI(3M KCI)/V

Fig. 2 Galvanic corrosion current (icoupre) and galvanic corrosion The galvanic corrosion currents and potentials obtained by

potential (Ecoupie) for Ti6AI4V and CrNi implant materials by the use ~ the application of mixed potential theory are similar to
of Tafel method
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Table 3 Galvanic corrosion currents and potentials of various implant materials

Galvanic couples

Corrosion parameters obtained with the Tafel method

Corrosion parameters obtained with the mixed potential theory

2

Ecoupte/V vs Ag/AgCI(3M) Leoupte/HA cm™

2

Ecoupte/V vs Ag/AgCI(3M) Leouple/HA cm™

Ti—CoCr —0.174 1.92 —0.020 7.08
Ti—CrNi —-0.179 2.03 —-0.030 7.94
Ti—Au —0.119 1.20 0.020 5.62
Potential Ag/AgCI(3M KCl)/V Potential Ag/AgCI(3M KCI)/ V
s 06 04 02 : Do 02 04 06 as Vv 04 02 b~ 02 04 ol
) £ -1 e ——Ti, cathodic slope
24 & g —=Ti, anodic slope
3] 2 21« —+ Au, cathodic slope
% % —=— Au, anodic slope
] i i -]
—e— Ti, cathodic slope k=]

- Ti, anodic slope
—&— CrNi, cathodic slope
—— CrNi, anodic slope

]

Fig. 5 Galvanic corrosion potential (Ecoupie) and current (icouple) for
Ti6Al4V and CrNi implant materials by the use of mixed potential
theory

Potential Ag/AgCI(3M KClI)/V

02 04
—e— Ti, cathodic slope
-&- Ti, anodic slope

—&— CoCr, cathodic slope
—+— CoCr, anodic slope

04

-06

-02 O|6

log(i/nAcm2)

Fig. 6 Galvanic corrosion potential (Ecouple) and current (icoupie) for
Ti6Al4V and CoCr implant materials by the use of mixed potential
theory

Fig. 7 Galvanic corrosion potential (Ecoupie) and current (icoupie) for
Ti6Al4V and Au implant materials by the use of mixed potential
theory

those found with Tafel plots (Figs. 5, 6, 7). The galvanic
potentials and currents are tabulated in Table 3. The
Ti6Al4V/Au couple has the highest resistance to galvanic
corrosion according to both the Tafel method and mixed
potential theory.

3.3 The electrochemical impedance spectroscopy (EIS)
data of the materials

The EIS data are depicted as Nyquist diagrams in Figs. 8§—11.

Fig. 8 Experimental and
simulated Nyquist diagrams of
Ti6Al4V alloy in Ringer
solution
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The Nyquist diagram of the Ti6Al4V alloy (Fig. 9)
gives a full capacitive loop with two time constants. This is
indicative of a two layered oxide film with a compact inner
layer and a porous outer layer. The complexity of the
associated equivalent circuit with two time constants shows
that the pores are sealed with the hydrated material. The
correlation between the experimental and simulated loops
is well over 95%

A non-closing capacitive loop (Fig. 9) is an indication
of the oxide layer dissolution. The reaction is diffusion
controlled as indicated by the addition of a Warburg
impedance to the charge transfer resistance corresponding
to mass transfer and diffusion limitations. This is due to the

28,000 { [ = Theoretical °
| | * Empirical
24,000
20,000 W l °
a§ .
g 16,000 N
£ ° .
S a
= 12,000 o *
N ae
8
8,000 - K
4.000 ¥
g&
0 . " r v v T
0 5000 10,000 15000 20,000 25000 30,000
Z' ohm cm™2

Fig. 9 Experimental and simulated Nyquist diagrams of CoCr in
Ringer solution
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o
3
>
10,0001 o
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Fig. 10 Experimental and simulated Nyquist diagrams of CrNi alloy
in Ringer solution

@ Springer

8,000
= Theoretical .
7,000 + Empirical
6,000 .
& .
qE 5,000 Ry m o’
=) R, o *
£ R o
£ 4,000 .
= .
N 3,000 S
LS
-
2,000 e
-
1000{ &
0
2,000 4,000 6,000 8,000 10,000
2Z'1 ohm cm2

Fig. 11 Experimental and simulated Nyquist diagrams of Au in
Ringer solution

fact that the oxide is not strongly bound to the surface and
shows rapid dissolution.

The capacitive loop tends to close up in the Nyquist
diagram of CrNi alloy (Fig. 10). This verifies the presence
of a compact non-conductive surface film.

The EIS data of Au alloy (Fig. 11) are almost the same
as those of the Cr Ni alloy indicating the formation of a
compact non conducting oxide layer. The fact that Au
gives the best result with Ti6Al4V alloy can be explained
by the better covering nature of the oxide layer formed.

According to Tafel and EIS data the best couple for
dental applications is Ti—Au. The corrosion parameters of
Ti—CrNi and Ti—CoCr couples are very close to each other.
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