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a b s t r a c t

Objectives. The purpose of this study was to investigate the corrosion behavior of Ti–Ag alloys

in artificial saliva solutions.

Methods. The corrosion behavior of experimental Ti–Ag alloys in artificial saliva was exam-

ined by means of potentiodynamic polarization measurements. The surface passive film

formed was analyzed by means of X-ray photoelectron spectroscopy (XPS) and X-ray diffrac-

tion (XRD) methods.

Results. The alloys were found to develop surface passive films after immersion for 1.8 × 103 s.

In comparison with commercially pure Ti, the Ti–Ag alloys exhibited better corrosion

resistance with lower anodic current densities, larger polarization resistances, and higher

open-circuit potentials. The passive film formed was predominantly composed of TiO2, as
Artificial saliva solution

Corrosion

Electrochemical characterization

X-ray photoelectron spectroscopy

determined by XPS. When fluoride ions were added in the solution, the TiO2 passive film

was destroyed and Na2TiF6 was formed.

Significance. Addition of Ag was found to be effective in reducing the corrosion current density

and increasing the open circuit potential of titanium in artificial saliva environment. Addi-

tion of fluoride ions in the solution severely reduced the corrosion resistance of Ti–Ag alloys.

emy

resistance of Ti in acidic fluoride-containing saliva. Yokoyama
© 2008 Acad

1. Introduction

Corrosion resistance is an important property for dental
materials. Titanium and its alloys have been widely used
in biomedical applications because of their excellent corro-
sion resistance and biocompatibility [1–3]. These alloys derive
outstanding corrosion resistance from their protective films
mainly of TiO . However, it has been reported that the corro-
2

sion resistance of these alloys may be significantly reduced in
environments containing fluoride ions [4–8], and fluoride ions
often exist in oral environments. Therefore, it is necessary to
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characterize the corrosion behavior of Ti and its alloys in oral
fluid.

Recently, Ti alloys with noble alloying elements have been
studied. Brossia and Cragnolino [9] reported that corrosion
resistance of Ti–0.2Pd is significantly reduced when fluoride
ions are added in NaCl solution. Nakagawa et al. [10] reported
that the addition of Pd or Pt (≥0.5%) improves the corrosion
ering, Harbin Engineering University, No.145, Na-Tong-Da Street,
6 451 82518644.

et al. [11] reported that hydrogen absorption was suppressed
by Pd in Ti–0.2Pd alloy in acidulated phosphate fluoride (APF)
solution, lowering the risk of hydrogen embrittlement.

blished by Elsevier Ltd. All rights reserved.
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are practically identical. The passivation current density,
as determined at 1 V anodic over-potential from Ecorr, is
about 18 �A cm−2 for the two Ti–Ag alloys and approximate
77.3 �A cm−2 for the CP Ti. It is also evident that the two Ti–Ag
d e n t a l m a t e r i a l s

Ag has excellent corrosion resistance in many aqueous
olutions, and good in vivo biocompatibility. Some dental
malgams added with Ag have been successfully used as
ental materials [12]. Takahashi et al. [13,14] reported that
dding ≤20 wt.% Ag can improve the strength and grindabil-
ty of cast titanium alloys while retaining high elongation
≥19%). They attributed the effect to Ti2Ag intermetallic pre-
ipitates. Shim et al. [15] reported that Ti–Ag alloys with low Ag
ontents (≤5 at.%) have better corrosion resistance than pure
itanium and predicted that Ti–Ag alloys with higher Ag con-
ents are less sensitive to fluoride ions. As a noble element,
g is expected to enhance the corrosion resistance of Ti, sim-

lar to the effects of Pd or Pt. However, little is known in the
iterature of the corrosion behavior of Ti–Ag alloys of high Ag
ontents.

The purpose of this study is to investigate the effect of high
g contents on the corrosion behavior of Ti–Ag alloys in arti-
cial saliva environment, thereby to develop new Ti–Ag alloys
ith good mechanical properties and biocompatibility.

. Materials and methods

wo Ti–Ag alloy ingots containing 7 and 10 at.% Ag were pre-
ared from grade zero pure titanium and 99.9% purity Ag by
eans of arc melting in vacuum. The alloy buttons were re-
elted four times for homogeneity. The buttons were hot

olled at 950 ◦C into plates of 1 mm in thickness. Specimens
ere cut using electro-discharge machining. The surfaces
f the cut samples were mechanically polished. Then the
pecimens were encapsulated in quartz tubes under 10 Torr
ressure of Ar and solution treated at 950 ◦C for 1.8 × 103 s,
ollowed by quenching in water. After the heat treatment, the
pecimens were mechanically polished with 2000 grid silicon
arbide paper and ultrasonically washed in acetone and alco-
ol.

The test solution was Fuayama Mayer artificial saliva (NaCl
.4 g/L; KCl 0.4 g/L; CaCl2 0.6004 g/L; NaH2PO4·2H2O 0.78 g/L;
SCN 0.300 g/L; Na2S·9H2O 0.005 g/L; urea 1.000 g/L). A second
uayama Mayer artificial saliva solution was added with 0.2%
aF for comparative testing. The pH of the test solutions was
djusted to 4.0 by adding lactic acid.

A SCE reference electrode and a platinum counter electrode
ere used for the corrosion test. A potentiostat (SOLARTRON

287A, England) was used to perform the potentiodynamic
olarization test and corrosion potential test. The test temper-
ture was maintained at 37 ◦C and the scan rate was 1 mV/s.

For the potentiodynamic polarization test, the specimens
ere submerged into the electrolyte without any impressed
otential for 1.8 × 103 s to stabilize the passive film prior
o measurement. Corrosion parameters, including corrosion
otential (Ecorr), corrosion current density (Icorr), polariza-
ion resistance (Rp) and passivation current density (Ipass),
btained from the potentiodynamic polarization curves were
sed to evaluate the corrosion resistance of the alloys. Three
pecimens were used for every corrosion test condition. Cor-

osion potential was measured with the immersion time of
.5 × 103 s.

The chemical structure of the surface films formed on the
lloys after the potentiodynamic polarization testing was ana-
( 2 0 0 9 ) 672–677 673

lyzed by means of X-ray photoelectron spectrometry (XPS)
using an AXIS Ultra instrument from Kratos Analytical and
by means of X-ray diffraction (XRD) using a X’pert Pro from
PANalytical. The specimens were polished, then immersed in
artificial saliva for different times, then washed in distilled
water; the morphology of the surface films was examined
using a Quanta 200 FEI scanning electron microscope.

3. Results

Fig. 1 shows the potentiodynamic polarization curves of
the commercially pure Ti (CP Ti) and the Ti–Ag alloys in
the artificial saliva solutions. In the fluoride-free solution
(Fig. 1(a)), both CP Ti and the Ti–Ag alloys show simple
passivation behavior with increasing current density with-
out obvious active–passive transition. This implies that the
samples are readily passivated in the testing solution. The
potentiodynamic polarization curves of the two Ti–Ag alloys
Fig. 1 – Potentiodynamic polarization behavior of
commercially pure Ti and Ti–Ag alloys in artificial saliva
solutions.
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Table 1 – Corrosion parameters of pure Ti and Ti–Ag alloys in artificial saliva without/with 0.2% NaF dynamic polarization
test.

Artificial
saliva

Material Rp (́� cm2) Ecorr (mV) Icorr (�A cm−2) Ipass (�A cm−2) at different passive potentials (mV)

0 500 1000 2000

Without NaF CP Ti 13,903 ± 6102 −68 ± 36 2.11 ± 0.88 4.9 ± 4.5 34.2 ± 12.2 77.3 ± 19.7 76 ± 46
Ti–7Ag 107,210 ± 62370 −87 ± 33 0.33 ± 0.16 1.9 ± 0.26 11.8 ± 2.32 19 ± 4 40 ± 11
Ti–10Ag 103,639 ± 38661 −143 ± 7 0.29 ± 0.99 2.1 ± 0.38 11.5 ± 0.9 17.1 ± 4.2 33 ± 5

4
22
5

With NaF CP Ti 334 ± 14 −980 ± 24 78 ±
Ti–7Ag 535 ± 79 −870 ± 50 46 ±
Ti–10Ag 540 ± 120 −830 ± 80 73 ±

alloys exhibited much reduced corrosion current density,
demonstrating an increased corrosion resistance.

In the solution containing 0.2% NaF (Fig. 1(b)), the open-
circuit potentials of both CP Ti and Ti–Ag samples decreased
and the passivation current densities increased, relative to
the fluoride-free condition. These imply a reduced corrosion
resistance. In comparison with CP Ti, the Ti–Ag alloys exhibit
better corrosion resistance in both solutions. It is interest-
ing to note that, in contrast to the fluoride-free condition,
the pure Ti sample exhibited clear active–passive transition
behavior in the fluoride-containing solution. The onset over-
potential for passivation current density, I∗pass, is also obviously
increased compared to the situation of fluoride-free solution,
suggesting that the presence of F− in the solution retarded the
formation of passive films on the surface of the Ti. In compar-
ison with the fluoride-free condition, Ecorr has decreased and
Icorr and Ipass have increased significantly, clearly demonstrat-
ing an increased corrosion activity. The corrosion parameters
obtained from the potentiodynamic polarization measure-
ments, including Ecorr, Icorr, Ipass and Rp, are summarized in
Table 1.

Fig. 2 shows the evolution of the corrosion potentials of the
alloys as functions of immersion time in the two solutions.
The corrosion potentials of the alloys showed clear contrast

between the two solutions. In the artificial saliva solution,
corrosion potentials of the three samples all increased mod-
erately during initial immersion and stabilized after ∼500 s.
After 4.5 × 103 s of immersion, the Ti–Ag alloys had almost the

Fig. 2 – Changes in the corrosion potential of pure titanium
and Ti–Ag alloys in artificial saliva with or without NaF.
276 ± 30 367 ± 19 469 ± 30 685 ± 43
182 ± 32 245 ± 49 296 ± 56 363 ± 84

1 94 ± 44 265 ± 41 320 ± 26 407 ± 13

same corrosion potential, which was higher than that of CP
Ti. In the solution containing 0.2% NaF, the corrosion poten-
tials of the alloys decreased significantly, in two stages, to
minima below −1 V within 1 × 103 s. The first stage is a pro-
gressive decrease of corrosion potential with time, signifying
the progress damage to the natural protective surface of the
alloys. The second stage is a sudden loss of corrosion poten-
tial, signaling a sudden destruction of the original protective
surfaces. Following this initial activation, the corrosion poten-
tial of the alloys recovered moderately before stabilizing after
∼1.2 × 103 s of immersion. The saturated corrosion potential
values after prolonged immersion were −770 mV for the two
Ti–Ag alloys and −980 mV for the CP Ti. The observation of
higher values of the stabilized corrosion potential of the two
Ti–Ag alloys than that of the CP Ti is consistent with that for
the fluoride-free solution. The clear contrast between the two
solutions indicates the detrimental effect of F− to the protec-
tive surfaces and the passivation behaviors of the alloys.

Fig. 3 shows XPS spectra of the surfaces of Ti–7Ag (Fig. 3(a))
and Ti–10Ag (Fig. 3(b)) alloys after potentiodynamic polariza-
tion test in the fluoride-free solution. It is evident that the
surface of the samples consisted of TiO2 and Ag2O. The insets
show enlarged views of the sections of the spectra for Ti at
460 eV. The enlarged views indicate that the binding energy
spectrum for Ti in the two Ti–Ag alloys is the same, showing
that the passive films have the same structure.

Fig. 4 shows the X-ray diffraction patterns of the Ti–Ag
alloys before and after potentiodynamic polarization test in
artificial saliva with 0.2% NaF. Spectra (a) and (b) show the
phase constitutions of the surface of the Ti–7Ag alloy before
and after the test, respectively. Spectra (c) and (d) show the
phase constitutions of the Ti–10Ag alloy before and after the
test, respectively. The original surfaces of the Ti–Ag alloys are
found to consist of �-Ti and intermetallic TiAg. After the elec-
trochemical measurements in the solutions, the surfaces of
the alloys developed Na2TiF6 in addition to �-Ti and TiAg, as
identified by the JCDPS card # 15-0581.

Fig. 5 shows SEM images of the samples after immersion
in the artificial saliva containing 0.2% NaF for different times.
Micrograph (a) shows the surface of the CP Ti sample after
0.5 h of immersion. It is seen that some localized corrosion has
occurred. After 12 h of immersion, the entire surface of the CP
Ti sample has become roughened and many corrosion micro-

pits have developed, as seen in micrograph (b). Micrographs
(c) and (d) show the surface of the Ti–7Ag alloy. After 0.5 h
of immersion (micrograph (c)), the surface of the sample was
slightly roughened, but without any sign of localized damage
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Fig. 3 – XPS surface chemical analyses of Ti–7Ag alloy (a)
and Ti–10Ag alloy and (b) after applying a potentiodynamic
p
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Fig. 4 – X-ray diffraction patterns of Ti–7Ag alloy and
Ti–10Ag alloy after a potentiodynamic polarization test in
artificial saliva with 0.2% NaF: (a) Ti–7Ag before testing, (b)
olarization test in artificial saliva.

s that observed in the CP Ti sample. After 12 h of immersion
micrograph (d)), the surface was roughened, but still without
ny obvious sign of pitting attack. Micrographs (e) and (f) are
f the Ti–10Ag alloy. This sample showed even less sign of
orrosion damage to its surface after the immersion.

. Discussion

.1. Effect of Ag addition

t is evident in this study that the addition of Ag is effective
n increasing the corrosion resistance of Ti, as reflected in
he increase in polarization resistance (Rp), corrosion poten-
ial (Ecorr), decrease in corrosion current density (Icorr) and
ecrease in passivation current density (Ipass). These effects
revail in both fluoride-free and fluoride-containing artifi-

ial saliva environments. The errors of Ecorr and Icorr may be
aused by surface conditions [16]. Similar deviations had been
bserved in cast titanium alloys [17] and other dental materi-
ls [18].
Ti–7Ag after testing, (c) Ti–10Ag before testing and (d)
Ti–10Ag after testing.

Increased corrosion resistance is expected for the addition
of Ag, which is a nobler element than Ti. The corrosion poten-
tial of the Ag-containing alloys is expected to be between those
of pure Ti and Ag. On the other hand, because of the high cor-
rosion resistance of Ag, in the process of corrosion, on the
surface of the Ti–Ag alloys Ag atoms may accumulate because
of the loss of Ti. A higher Ag content further increases the elec-
trode potential of the Ti–Ag alloys. This is believed to be the
reason of the increase of the open-circuit corrosion potential
of the alloys shown in Fig. 2.

There have been reports of increased corrosion resistance
of titanium alloys due to the addition of platinum group ele-
ments [10,13,19]. Tomashov et al. reported that addition of 2%
Pd in pure Ti resulted in better corrosion resistance in H2SO4

solution [20]. They attributed this effect to two reasons [19].
Firstly, Pd shifts the corrosion potential of Ti in the noble direc-
tion. Secondly, initial corrosion will selectively leach out Ti in
preference to Pd, thus causing enrichment of Pd on the surface
[21]. The accumulation of Pd on the surface further shifts the
electrode potential of the alloy towards more positive values.

4.2. Effect of fluoride

The experimental evidences shown in Figs. 1 and 2 and in
Table 1 clearly demonstrate that the corrosion activity of the
alloys is much higher in the fluoride-containing solutions than
in the fluoride-free solution, as manifested in the drastically
decreased corrosion potential, increased corrosion current
density and passivation current density, and much reduced
polarization resistance. The XRD results shown in Fig. 4 indi-
cate that Na2TiF6 formed after immersion and polarization
testing in the fluoride-containing solution, the protective TiO2
surface film was not detected by XRD. In the immersion test,
EDS analysis also confirmed that the oxygen content is no
more than 3% (at.%) at the surface, this indicates the absence
of TiO2.
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imm
h, (e
Fig. 5 – SEM micrographs of the CP Ti and Ti–Ag alloys after
0.5 h, (b) Ti–7Ag for 0.5 h, (c) Ti–10Ag for 0.5 h, (d) CP Ti for 12

These observations are consistent with Brossia and Crag-
nolino’s [9] work. Brossia and Cragnolino explained that F−

shifts the anodic dissolution curve to higher currents and pro-
motes active Ti dissolution by forming TiF6

2−, which is more
stable than TiO2. However, TiF6

2− is not protective, so the cor-
rosion resistance of titanium alloys is greatly reduced.

4.3. Alloy structure

The microstructure of the two Ti–Ag alloys consists of �-Ti
and intermetallic TiAg. The maximum solubility of Ag in Ti is
7.6 at.% at 850 ◦C and the solubility decreases with decreasing
temperature [22]. The amount of TiAg in the Ti–10Ag alloy is

expected to be higher than that in the Ti–7Ag alloy. However,
these two alloys exhibit similar corrosion behavior, indicating
that the TiAg does not reduce the corrosion resistance of Ti–Ag
alloys.

r

ersion in artificial saliva containing 0.2% NaF: (a) CP Ti for
) Ti–7Ag for 12 h and (f) Ti–10Ag for 12 h.

5. Conclusions

The addition of Ag to titanium is found to be effective in
reducing the corrosion current density and increasing the
open-circuit potential of titanium in an artificial saliva envi-
ronment. Under anodic over-potentials, the Ti–Ag alloys also
exhibit reduced passivation corrosion densities compared to
the commercially pure Ti. The presence of fluoride leads
to higher corrosion current densities and lower open-circuit
potentials for the alloys.
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