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The tailoring of new corrosion-resistant alloys with specific properties has recently been
performed mostly by the sputter deposition technique. The aim of this work was to
investigate corrosion resistance of aluminum-tungsten (Al-W) amorphous alloys in artificial
saliva solution, pH =5.5, based on the electrochemical methods of cyclic voltammetry and
linear polarization. Thin alloy films were prepared on a sapphire substrate by magnetron
codeposition. Completely amorphous films were obtained in the AlggW,o—Alg7 W33
composition range. Amorphous Al-W alloys exhibit very high corrosion resistance due to
their homogeneous single-phase nature. The passive films spontaneously formed at their
surface are uniform with characteristics of an insulator film and prevent corrosion
progression in the bulk in a very demanding oral environment. The mechanism of increasing
resistivity of Al-W alloys to pitting corrosion and generalized corrosion has been discussed in
the view of increasing tungsten content in the alloy. Considering these exceptional corrosion
properties and microhardness which falls in the range 7.5 + 1.6 Pa, AI-W alloys represent

promising materials for dental applications.
© 2003 Kluwer Academic Publishers

1. Introduction

A wide range of various alloys is used in dental
prosthetics. In choosing the metal materials for mouth
prosthetics, special attention must be paid to their
corrosion resistance — the main condition governing
biocompatibility of materials in the biological surround-
ings of the mouth. Economical reasons are the causes of
expanding use of alloys in everyday applications. The
resistance of these alloys to corrosion is often insuffi-
cient, which negatively influences the durability of the
prosthetic device inside the mouth, and the condition of
the mouth linings. In vitro investigations have shown that
each alloy immersed in saliva releases metal ions,
generating a protective biofilm at the alloy |saliva
boundary, which protects the alloy from further
dissolution (corrosion) [1]. Increasing the concentration
of proteins and glycoproteins in the saliva increases the
rate of generation of the protective biofilm and decreases
the corrosion activity of the metal inside the mouth [2, 3].
The most common is the sulfide biofilm, which forms as
a consequence of metal sulfide generation by the reaction
of the alloy and sulfur from the consumed food and
drinks [4]. In vivo investigations gave different results.
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Due to constant circulation of the saliva, the protective
biofilm gets degraded and dissolution of the metal is
continual. Mastication helps the degradation process of
the biofilm. Lian and Melitis [5] have shown that dental
works exposed to friction forces during mastication
corrode much faster in comparison to those not exposed
to friction. This is why the biofilm does not satisfactorily
protect the metal from further corrosion, rather, it only
slows down its corrosion activity.

This paper investigates the corrosion properties of
amorphous AI-W coatings for dental applications,
deposited on a ceramic substrate in artificial saliva,
pH=15.5. ““Metallic glasses’’, ‘‘glassy metals’’, and
‘‘amorphous metals’’ are synonyms used for amorphous
alloys [6,7]. The term ‘‘metal’’ assumes conductivity
similar to that observed in solid or liquid metals, while
‘‘glass’” refers to the amorphous metal obtained by
sudden cooling of the melt. Of all the chemical
properties, significant attention has been paid to
corrosion resistance, as well as oxidation and catalytic
properties of the amorphous alloys [8]. Due to their
composition and amorphous structure, metallic glasses
exhibit very high corrosion resistance, most of the time
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greater than that exhibited by crystalline alloys of the
same composition [9, 10].

Electrochemical theory describes metal corrosion as a
combination of the anodic metal dissolution reaction
where metal ions are the products, and the cathodic
reduction reaction, such as oxygen ionization and
discharge of hydrogen ions [11]. In order to understand
the corrosion properties of amorphous alloys, it is
important to be familiar with the electrochemical
theory of passivation of metals and alloys. Although
electrochemical passivation is a general phenomenon
which may be observed on all metals, the majority of
investigations related to the passivity of biocompatible
alloys-implants in simulated physiological solutions
deals with titanium and its alloys [12—17], CoCrMo
[18-20] and stainless steel [21,22]. The passivation of
metals and alloys is described as a change in the kinetics
of the electrode reaction (dissolution) due to adsorption
of oxygen species and formation of a new oxide phase
(hydroxide) whose thickness ranges from one monolayer
to several nanometers [23,24]. Nonstoichiometric oxide
films form on the surface of valve metals including Al
and W (in addition to Ta, Ti, V, Zr and others), which are
characterized by the tendency to self-passivate in contact
with the oxygen from air or water. In contrast to the
stoichiometric oxide, which may be represented by the
general formula MO, ,, the nonstoichiometric oxide has
a general formula MO, , , ., where n is the charge on the
metal, and x depends on the contribution of anionic ( — x)
and cationic (4 x) vacancies. According to the point
defect model (PDM), the growth of a passive oxide film
takes place via movement (migration or diffusion) of
anion vacancies, [24], which are positively charged and/
or cation vacancies, Vf\%, which are negatively charged,
through the oxide film.

Thin films of amorphous aluminum and tungsten
alloys represent new perspective materials which exhibit
exceptional chemical and physical properties; stability in
chemically aggressive surroundings and at elevated
temperatures [25-27], adhesion to the substrate, and
hardness.

2. Experimental
2.1. Preparation of amorphous alloys
Thin Al-W films have been prepared by simultaneous
deposition of pure metals sputtered in two independently
controled cyllindrical magnetron sources [28]. The
choice of deposition conditions has enabled the
preparation of a wide range of films of varying chemical
composition, from AlggW,, up to Alg;Ws;. Films of
1 um thickness have been deposited on sapphire disk-
shaped substrates of 1cm diameter. 16 samples have
been prepared and divided intro three groups, depending
on the chemical composition of the film: AlgyW,,
Al;5sW,s and Alg;W;5. Before and after exposure to
corrosive solution, the structure and morphology of
prepared films have been investigated by X-ray
diffraction and optical microscopy.

The measured hardness of amorphous films amounted
to 7.5 GPa, which is greater than that observed for pure
tungsten. The films also exhibited thermal stability of the
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amorphous phase up to the temperatures in the range
from 550 to 650 °C (depending on the composition).

The structure of prepared films has been determined
by X-ray diffraction using a vertical goniometer Philips
PW 1820. The morphology of film surface was checked
by optical microscopy.

Corrosion resistance of protective films was investi-
gated in an artificial saliva solution, pH=5.5 (NaCl
0.4 g/l; KCI 0.4¢g/1; CaCl x2H,0 0.795 g/l; NaH,PO,
0.7g/l; urea 1.0g/l) at a temperature of 20°C, using
electrochemical techniques: cyclic voltammetry and
linear polarization.

2.2. Equipment used in corrosion
measurements

The equipment used in corrosion measurements con-
sisted of an electrochemical cell with computer controled
potentiostat/galvanostat  (Electrochemical Interface,
Solartron SI 1287) using the software: CorrWare,
CorrView, Scribner Associates, Inc. support: Derek
Johnson, 1997.

Electrochemical measurements were performed in a
three-electrode cell, the Corrosion Cell System Model
K47, Princeton Applied Research (PAR). The cell
volume amounted to 1dm?>. The working electrode was
situated in the central opening, the counter electrodes
were symmetrically positioned on each side, and the
reference electrode was diagonally positioned across
from the working electrode.

2.2.1. Working electrode

Amorphous films of composition AlggW,,, Al;5W,5 and
Alg; W35 on a disk-shaped sapphire substrate were nested
in a teflon holder, so that the exposed surface of the
sample amounted to 1 cm?. Prior to each measurement,
the electrodes were degreased with ethanol.

2.2.2. Reference electrode

Saturated calomel electrode (SCE: Hg/Hg,Cl, in
saturated KCI) with the potential 0.224 V more positive
than the potential of the standard hydrogen electrode,
SHE. The reference electrode was placed in a glass tube
filled with saturated KCl solution, with a capillary in the
end. The electrical contact between the electrolyte and
the reference electrode was, established through a porous
sintered piece of glass at the end of the capillary. All
potential values in this paper are referred to the saturated
calomel electrode, SCE.

2.2.3. Counter electrodes

Two graphite rods were employed, situated symmetri-
cally across from the working electrode, in order to
achieve a uniform distribution of the currents.

3. Results

3.1. Time change of the corrosion potential
Prior to the electrochemical tests of corrosion behavior of
Al-W amorphous alloys and their individual compo-
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Figure 1 The time change of the corrosion potential, E ., for
aluminum, tungsten and AI-W alloy in saliva solution (pH =5.5).

nents, it was important to determine the time necessary to
establish the stationary state in the system alloy |
simulated saliva solution, pH=35.5, at the open circuit
potential, Eqcp = E,,. From Fig. 1, which shows the
change in Eqcp with time of exposure of Al, W and AI-W
alloys to the biosurroundings, it is evident that for most
investigated alloys, the corrosion potential attained a
value that did not change during 2000s. It is obvious
from the figure that pure aluminum has the most negative
E.,.» while tungsten has the most positive E ., and that,
with an increase in tungsten contribution in the
amorphous AIl-W coating, the corrosion potential
becomes more positive.

3.2. Determination of the corrosion rate
from polarization resistance
measurements

The method used to determine the rate of corrosion of

investigated materials from polarization resistance,

employed in this work, is the method which suits the
real application conditions of the investigated system,
because the amplitude of the alternating signal amounts
to + 5mV from E_, so the departure of the system from
the stationary state is negligible. The Tafel method, on
the contrary, requires a significantly larger amplitude of
the perturbation signal ( 4 several hundred millivolts
from E_,.), which might influence the accuracy of the
results due to a change in the surface state. The
polarization resistance is a measure of the metal
resistance to corrosion and is defined by the slope of
the potential-current curve in the near vicinity of the
corrosion potential (E = E_,,+5mV). The current—
potential relationship in this region is linear [29]. The
polarization resistance value, Rp is determined from the
equation AE = E — E_,. and the corresponding change
in the current, Al according to the relation:
AE

R,=A Al (1)
where A is the surface of the electrode.

The Stern and Geary equation based on the Wagner—
Traud kinetic principle (2j, = Xj. = j.,, at the potential,
E.,.) enables the calculation of the corrosion current
using experimentally determined values of polarization
resistance, Rp [12,30]:
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Figure 2 The corrosion resistance of aluminum, tungsten and Al-W
alloy in artificial saliva solution (pH=35.5) obtained from the
polarization measurements and calculated according to Equation 1.
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where j. is the corrosion current density, while b, and
b, are the Tafel slopes for the anodic and the cathodic
process, respectively. Their values were taken from our
unpublished results and correspond to: b, = 150mV,
b, =70mV, and B=20mV. From the corrosion current
densities, j.,, determined according to Equation 2, the
rate of corrosion was calculated, v, in terms of the loss
of mass per unit area during one year, according to the
Faraday law:

M

_ Jeorr

Veorr = F (3)
where M is the molar mass of the alloy obtained from
atomic contributions of alloy components, z is the
number of exchanged electrons, and F is the Faraday
constant. Fig. 2 shows histograms representing the
polarization resistance values, Rp, that is, the corrosion
resistance of investigated materials in artificial saliva
solution.

The diagrams in Fig. 3 show the dependence of the
corrosion potential, E .. and the rate of corrosion, v,
on tungsten content in the Al-W alloy in artificial saliva
solution.

The values of kinetic corrosion parameters R, and jio,
calculated using the software CorrView are contained in
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Figure 3 The dependence of the corrosion potential, E. . and the
corrosion rate, v, (calculated according to Equation 3) on the tungsten
content in the alloy immersed in artificial saliva solution (pH =5.5).

607



TABLE I Corrosion parameters obtained on aluminum, tungsten and amorphous alloy Alg; W33, Al;5W,s, Algg W, electrodes in artificial saliva

solution (pH=35.5)

R,/kQcm? Jeorr/1078A cm 2 v/mgem =2y~ ! E,|V E,,/V
Al 8.4 238.00 7.00 —-04 -0.7
Algy Wy 460.0 434 0.16 0.8 03
AlsWas 488.0 4.10 0.13 1.1 0.7
Al Wa, 1590.0 1.25 0.06 1.4 12
w 30.9 64.70 1.08 — —

Table 1. Very small corrosion currents, of the order of
10 ~ 8 AJcm?, may be observed from the table for
amorphous Al-W, as a result of the presence of a passive
oxide film. This film, which spontaneously forms in
contact with the electrolyte, isolates the alloys from the
aggressive influence of the medium (artificial saliva) and
makes them very stable.

3.3. Anodic behavior of amorphous AI-W
alloys; determination of critical pitting
corrosion parameters

Passive films are susceptible to localized damage caused

by mechanical (stretching of the passive film with respect

to the substrate, thermal stress, solution flow, cavitation)
and/or chemical effects. The best known cause of
localized dissolution and localized oxide film breakdown
is initiated by specific adsorption of chloride ions, which

are present in the artificial saliva solution at a

concentration of ¢(Cl ") ~0.8¢l ~ .

The susceptibility of thin amorphous Al-W films to
localized pitting corrosion, as dependent on alloy
composition, was investigated using cyclic voltammetry.
In Fig. 4, the anodic portion of the current cycle recorded
on aluminum and tungsten may be seen, while Figs. 5-7
show the cyclic voltammograms for AI-W electrodes.
Electrochemical behavior of AI-W alloys is character-
ized by a wide passive region (where the current is
independent of potential), which ends with a sharp
increase in current. The potential at which this sudden
change in current and the rate of reaction take place
corresponds to the critical oxide film breakdown
potential, E,, that is, the pitting potential, E;. In the

aluminium

0.4r tungsten /‘
™ =
: 74
= ~
o g
< 0.2F
£
=
=

0.0

=15 =1.0 =05 0.0 0.5

E/V vs SCE

Figure 4 Polarization diagrams recorded on aluminum and tungsten
electrodes in artificial saliva solution (pH = 5.5), at a potential scan rate
of 10mV/s.
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return current cycle, the potential at which the ionic
current of metal dissolution attains a value of zero
corresponds to the repassivation potential, E,,. From the
polarization curves and the results contained in Table I, it
is obvious that with an increase in tungsten content in the
alloy, the pitting and repassivation potentials shift toward
more positive values, and that the potential region in
which the electrode remains passive, expands. Between
the potentials £, and E,, (the surface of the anodic loop),
a stochastic process of pit initiation takes place, and at
potentials more positive than E,, the pits expand and
penetrate deeper into the material, which ends with
generalized corrosion at £ > E,,.

According to the PDM [31-33], Table I, the following
corrosion processes take place at the interphase boundary
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Figure 5 Cyclic voltammogram recorded on the AlgyW,, electrode
in artificial saliva solution (pH=15.5), at the potential scan rate of
10mV/s.
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Figure 6 Cyclic voltammogram recorded on the Al,5sW,s electrode
in artificial saliva solution (pH=35.5), at the potential scan rate of
10mV/s.



Al-W,
o1 67" "33
E,=12V

Lol P

E passivity
E 00
-~

>

=01

-15 -10 -05 0.0 0.5 1.0 1.5

E/V vs SCE

Figure 7 Cyclic voltammogram recorded on the Alg; W35 electrode in
artificial saliva solution (pH=35.5), at the potential scan rate of
10mV/s.

oxide film | electrolyte: (i) the transfer of cations from the
oxide lattice into the electrolyte solution and the
formation of cation vacancies V}; according to reaction
(4) [33], (ii) adsorption of Cl = ions from the solution
into anion vacancies at the interphase boundary oxide
film|electrolyte and the formation of positively charged
CI; chloride ion according to reaction (5). The system
responds to the loss of an anion vacancy by forming a
new pair of the cation and anion (oxygen) vacancies
according to the Schottky reaction (6) [33].

My —M°* (aq) + Vi + (8 — x)e (4)

X~ - nH,0 + Vg(ox)«— X3 (ox) + nH,O  (5)
Mott—Schottky pair reaction:
X7+ nH0 + (Vi - Vi) + Miy" (6)

where X = is a nucleophilic anion (Cl ), X3 is a
positively charged nucleophilic anion adsorbed in the
anion vacancy, V,, and V,’f,,' is the cation vacancy.

The oxygen vacancies formed according to relation (6)
react again with additional Cl ~ ions at the interphase
boundary film|solution (autocatalytic effect), while the
cation vacancies V}; diffuse through the oxide film to the
interphase boundary metal | oxide film, where they
become cancelled by the cations entering the vacancy. If
the rate of cation vacancies diffusion is greater than the
rate of cation cancellation, then the uncancelled cation
vacancies will accumulate at the interphase boundary
metal|oxide, forming condensates, which, upon reaching
the critical value, cause the separation of the barrier layer
from the substrate metal. Film breakdown initiates the
formation of pits and the onset of pitting corrosion. In
this case, the alloy dissolves locally, due to the effects of
small anodic current and a large cathodic surface.

The idea according to which the diffusion of cationic
vacancies through the oxide layer plays the most
important role in the susceptibility of alloys to pitting
corrosion was applied by Urquidi-Macdonald and
Macdonald [34,35] for the prediction of the role of
alloying elements in modifying the corrosion resistance
of the alloys. The assumption of their model of alloying
element interactions with the vacancies (solute-vacancy
interaction model; SVIM) is the formation of pairs
(complexing) between the immobile alloying element

ions in the highest oxidation state and the mobile cation
vacancies. The interaction of the alloying ion and the
mobile cation vacancy may be in general, described by
the ‘‘complexing’’ equation:

S — ’ Kq ’ S —
My 0"+ gV My (Vg ()

The investigation of the composition and structure of
galvanostatically [36,37] and potentiodynamically [37-
40] formed oxide films on AlI-W amorphous alloys, in the
wide pH range of electrolyte solutions, showed that the
passivation process takes place in two stages. In the
initial stage, a pure aluminum oxide (alumina) forms
while tungsten segregates underneath this layer, at the
interphase boundary alloy | oxide film. This may be
explained by a high affinity of aluminum for the oxygen,
that is, by the formation of strong metal-oxygen bonds,
while tungsten strengthens the metal bonds in the alloy
and prevents its dissolution — corrosion [41]. In the
second passivation stage, under the influence of the
electric field, tungsten integrates into the cation
vacancies of aluminum in the form of WO+, according
to the reaction (8):

Wy (m) + Vi Wil + 3e (8)

W3s is formally the carrier of three positive charges,
which forms a neutral complex by electrostatically
interacting with a negatively charged aluminum vacancy:

W3+ Vi (War* Val 9)

It is therefore plausible to expect that with an increase in
tungsten content in the alloy, the concentration of cation
vacancies will decrease and cause an increase in
corrosion resistance of the material. It is obvious from
Table I that the breakdown potential, E, shifts towards
more positive potential values, as well as the repassiva-
tion potential, E,,p. At the same, time, the corrosion
current density and the rate of generalized corrosion
decrease with an increase in tungsten content in the
alloy.

4. Conclusions

On the basis of accelerated corrosion tests performed in
the artificial saliva solution, pH=35.5, using electro-
chemical methods, the following conclusions can be
drawn.

Thin amorphous Al-W films deposited on a sapphire
substrate by magnetron codeposition exhibit excellent
corrosion resistivity in artificial saliva, which is very
demanding for materials used in dentistry.

Exceptional corrosion stability of Al-W amorphous
alloys may be explained by semiconductor character-
istics of the nonstoichiometric oxide film spontaneously
formed or formed via anodic polarization in artificial
saliva solution, pH=5.5. Charge transfer through this
film is achieved via point defects, anion and cation
vacancies. Metal corrosion is related to the transfer of
cations into the solution at the interphase boundary oxide
(passive) film|solution and increased flux of cation
vacancies V,’& in the opposite direction, towards the
film metal interphase boundary. However, after electro-
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static interaction between the negatively charged cation
vacancies and tungsten ions in the highest oxidation state
(W8*), neutral complexes form [Al-W], see Equation 9,
and the material adopts isolator properties with very
small corrosion currents, in the nanoampere range,
and a negligible corrosion rate of the order of
10~ *gem ™~ 2yr— L

Since oxide films on metallic biomaterials are the
fundamental condition governing biocompatibility of
materials for dental (medical) applications, it may be
concluded that amorphous Al-W alloys might find their
application in oral prosthetics due to their durability and
exceptional corrosion resistance.

List of symbols

Rp Polarization resistance, Q cm?

A Surface of the working electrode, cm?

AE Potential change, V

Al Current change, A

Jeorr Corrosion current density, A/cm?

Veorr Corrosion rate, gcm ™2 yr ~!

E Potential, V

E o Corrosion potential, V

B Constant, V

b, Anodic Tafel slope, V

b, Cathodic Tafel slope, V

X Cation vacancy charge

e Unit charge, C

My Metal cation in the oxide

M?%* (aq) Metal cation in the solution

1% Cation vacancy

Vi Anion (oxygen) vacancy

X~ Nucleophilic ion

X7 Halogen ion adsorbed in an anion vacancy
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