
ORIGINAL PAPER

John O'M. Bockris áá Yongku Kang

The protectivity of aluminum and its alloys with transition metals

Received: 18 November 1996 /Accepted: 17 February 1996

Abstract The mechanism of the protectivity of alumi-
num and supersaturated aluminum alloys containing
W, Mo, Ta and Cu has been investigated in chloride
environments. The potential of zero charge (PZC) of
the passive ®lm was evaluated by a method based on
impedance spectroscopy. The chloride ion adsorption
on the passive ®lm was measured by means of an in situ
radiotracer technique. Constituents of the passive ®lm
as a function of depth were investigated by means of ex
situ spectroscopic techniques including XPS, ISS and
SIMS. The PZCs of the passive ®lms of Al and Al alloys
were calculated from the ¯atband potentials. A linear
correlation between pitting potential and the PZC was
found. Adsorption of the chloride ion on the Al-Ta
surface starts at more anodic potentials than those of
pure Al, and this shift is in agreement with the anodic
shift of the PZC. A constant surface concentration of
chloride ion was observed during the induction time for
breakdown. A signi®cant decrease of OHÿ concentra-
tion in the passive ®lm of Al and its alloys has been
found after the passive ®lm has undergone breakdown.
The mole fraction of the alloying elements in the surface
region of the passive ®lm is ca. 1±8%. The adsorption of
the chloride ion on the surface of the passive ®lm is
in¯uenced by the anodic PZC shift, which varies with
the alloying element. However, retardation of the
chloride penetration into the passive ®lm by blocking of
the entry site by oxide ions of the alloying element
controls the rate of breakdown.
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Introduction

Aluminum supersaturated with transition metals (ca.
10%) has been found to provide an anomalously high
protectivity towards corrosion in chloride environments
[1, 2]. Several models have been proposed to explain this
protectivity.

Natishan et al. have found that the pH of zero
charge �pHZC� of the alloying element oxides is corre-
lated to the pitting potential [1±4]. These authors pro-
posed that the protectivity of supersaturated aluminum
alloys towards corrosion is due to a decrease of the
pHZC of the passive ®lm by means of alloying.

Moshier et al. found an enrichment1 of the alloying
elements in the passive ®lms by means of XPS analysis
[2, 5±7]. The authors suggest that the oxidized alloying
elements in the passive ®lms restrict the transport of
aggressive anions through these ®lms by the formation
of barrier layers of alloying elements.

Smialowska et al. [8, 9] suggest that the rate-deter-
mining step for pitting corrosion is the establishment of
a solution pH within the pits which allows active dis-
solution of the metal oxides. The solubility of the oxide
at this pH determines the protectivity of the alloys. The
solubilities of the oxides of the alloying elements were
found to be less than that of aluminum oxide.

Bockris and Minevski suggested on the basis of XPS
and SIMS studies that the passive ®lm of Al consists of
Al2O3, Al�OH�3 and a certain content of AlOOH in
®bril form [10]. The authors proposed that the chloride
ion di�uses into the passive ®lm via the AlOOH ®bril. A
Ta-containing species (e.g. Ta2O5) blocks entry of the
AlOOH ®brils by the chloride ions.
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1``Enrichment'' for the surface concentration of the alloying
elements is considered only in respect to the metal cations in the
surface. In the present paper, the mole fraction of film constituents
has been calculated taking into account the surrounding oxide ion
so that enrichments in the surface compared with the bulk is small
or zero



Davis et al. [11, 12] explained the protectivity of the
Al-Ta and Al-W alloys in terms of an alleged concen-
tration of the alloying elements near defects in the ®lm
at which the pitting corrosion is initiated. The oxides of
the alloying elements are known to have a pHZC which
is lower than that of aluminum oxide. In a neutral so-
lution pH, this would mean that a defect near the sur-
facewould have a negatively charged surface, and hence
chloride ion would be repelled from this important site.

None of these models of the protectivity of the su-
persaturated Al alloys have been con®rmed. In the
present study, the nature of the protectivity has been
studied by a comprehensive series of electrochemical,
radiochemical and spectrochemical studies.

Experimental

Electrodes

The aluminum electrode was prepared by means of vacuum
deposition of a pure aluminum �Alfa, 99:999%� on polished sili-
con wafers. Aluminum alloys used in this study were Al-W, Al-
Mo, Al-Ta and Al-Cu. These were prepared by Martin Marietta
Laboratory (Denver, Colo). The alloys were deposited on polished
Si wafers by means of an RF magnetron co-sputtering method.
The concentrations of the alloying elements were ca. 8 at%, and
the thickness was ca. 1lm.

The Al and the Al alloys were cut, and the back and edge sides
of the electrode were covered by epoxy resin. The electrical con-
tacts to a Cu wire were made by means of silver epoxy. These
electrodes were mounted on a Te¯on holder.

Electrolytes

Solutions were prepared from deionized water of resistivity less
than 12MX cm and were made up with 0.275 mol/l of sodium
tetraborate mixed with 0.15M boric acid. The solution pH was 8.4.
The chloride concentration was adjusted in the range 10ÿ4±10ÿ2
mol/l by adding NaCl to the borate bu�er solution. The solution
was purged with argon gas �Airco, 99:995%� through the fritted
glass gas bubbler for 30 min to reduce the oxygen concentration.
During electrochemical measurement, argon gas was passed over
the solution to minimize oxygen contamination.

Electrochemical measurements

Electrochemical measurements were performed by means of an
EG&G Princeton Applied Research potentiostat (PAR model
273). The current changes with respect to potential and time were
recorded by means of a Hewlett Packard X-Y-t recorder (model
7044B). The electrochemical cell used in the study was a conven-
tional three-compartment cell. Aluminum and aluminum alloys
were used as the working electrode. Pt gauze was used as a
counterelectrode and saturated calomel electrode (SCE) as a ref-
erence electrode. The counter-electrode was separated from the
working electrode compartment by means of a fritted glass disc.
The reference electrode was connected to a Luggin capillary to
minimize the IR drop and chloride contamination.

Impedance measurements

Impedance measurements were performed on anodically grown
passive ®lms on Al and Al alloys in 0.1 M K2SO4 with the use of a

Solartron model 1250 Frequency Response Analyzer and Solart-
ron model 1186 Electrochemical Interface. The passive ®lms were
all grown at 1.0 V (vs NHE) for 30 min in the same electrolyte. A
small-amplitude sine wave modulation signal (10 mV rms) from
the analyzer was applied to the potentiostat (Solartron model
1186), and the resulting a.c. current was analyzed. The phase shift
and amplitude changes of the a.c. current gave real and imaginary
impedance values. The resulting impedance data were converted to
digital signals and transferred to an IBM PC computer through an
IEEE-488 standard signal bus for further calculation.

Radiotracer measurements

The radiotracer method used in this study was a thin foil method
developed in this laboratory. A description of the experimental
setup and procedures has previously been published [13±15].

The Al and the Al-Ta alloy were directly deposited onto the
glass scintillator in a manner similar to that described above. The
thickness of the metal layer was ca. 1lm. The glass scintillator was
purchased from Nuclear Enterprises (Plaineview, N.Y., model
NE901). The roughness factor was estimated by a method initiated
by Zelenay [13]. Thus, a potentiostatic current was measured at the
same potential and substrate, except that aluminum was deposited
in the one case on an Si wafer and in the other case on a glass
scintillator. The roughness factor for Al and the Al-Ta alloy was
found to be ca. 30. Borate bu�er of pH 9.2 consisted of 0.0125 M
sodium tetraborate and 9:0� 10ÿ4 M NaOH. Chloride was
labeled with 36Cl (supplied by ICN Radiochemical). The radio-
nucleide is a soft b emitter with energy 0.714 MeV and was diluted
by means of non-labeled compounds. The speci®c activity was 2±5
Ci/mole.

Ex situ spectroscopic measurements

A PHI model 5500 ESCA system (Perkin Elmer) was used for XPS
and ISS analysis. The analyzer chamber pressure was maintained
at less than 1� 10ÿ8 Torr. The spectral acquisition, signal aver-
aging, deconvolution of the spectrum, and peak area calculation
were performed by means of a computer equipped with an ap-
propriate software package.

In the XPS analysis, samples were irradiated with a mono-
chromated Mg Ka X-ray source. The acquired spectrum was
calibrated with a C 1s peak (284.6 eV). The depth analysis was
carried out by sputtering the sample. A 4 kV Ar� ion gun
(5� 10ÿ8 Torr Ar pressure) was used for sputtering the sample.
The ion gun was rastered over the sample of area 0:5 cm� 0:5 cm
to minimize the edge e�ects. The sputtering rate was ca. 10 ÊA/min.

ISS studies were carried out at the surface, which had been
examined by means of XPS to compare the data. A 3He� ion gun
with 2-kV energy beam was used as probe ion in this study. The
scattering angle was 134.5�.

Negative SIMS studies were performed on a KRATOS/3M
model 535BX at Advanced R&D (Lake Elmo, Minn.). A 40Ar�

ion gun with 0.5-keV energy beam was used as primary ion.
The sensitivity of the elements for the XPS study was accepted

to be that provided by the manufacturer of the instrument. Sen-
sitivity factors of Al and O for ISS were calibrated from thermally
grown aluminum oxide, whose composition was con®rmed by
XPS analysis. Sensitivity factors of Cu, Mo, Ta and W for ISS
were calculated from the scattering cross sections of these ele-
ments.

The samples were prepared in a dry box ®lled with nitrogen
gas. The passive ®lms were grown in pH 8.4 borate bu�er without
chloride in solution. The changes of passive ®lm composition with
depth were examined before and after breakdown in chloride-
containing borate bu�er solution. After electrochemical experi-
ments, the sample was thoroughly washed with deionized water,
dried in an argon gas atmosphere overnight and then transferred
to the vacuum test chamber.
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Results

Electrochemical measurements of passive-®lm
breakdown for Al and its alloys

The breakdown rates of Al and the Al alloys were
measured in pH 8.4 borate bu�er containing 0.01 M
NaCl. Passive ®lms were grown potentiostatically in
borate bu�er solution without chloride at 1.0 V (vs
NHE) for 30 min. A predetermined amount of NaCl
was then added into the solution to make a solution of
0.01 M, and the solution was purged with Ar for 30
min. After the purging, a given potential was applied
and the current measured as a function of time. A
typical current-time transient curve is shown in Fig. 1.
The rate of the passive ®lm breakdown �vbd� was taken
as the inverse of the time of breakdown �sbd�.

vbd � 1

sbd
�1�

The log�vbd� for the Al passive ®lm as a function of the
applied potential is shown in Fig. 2. It is shown that

log�vbd� linearly depends on the applied potential, the
slope �d log�vbd�=dE� being 2:84Vÿ1.

Rates of passivity breakdown of the supersaturated
Al alloys were measured at 0.6 V (vs NHE). Average
breakdown rates are listed in Table 1. The breakdown
rates of the Al alloys were ca. 100±200 times slower than
that of the pure aluminum. The polarization curves for
Al alloys in pH 8.4 borate bu�er containing 0.01 M
NaCl solution are shown in Fig. 3. The pitting poten-
tials for the alloys were signi®cantly shifted in the an-
odic direction compared to that of the pure aluminum.
The pitting potential became more anodic in the
sequence : Al < Al-Cu < Al-Ta < Al-Mo < Al-W.

Flatband potential measurements

The ¯atband potential �Efb� can be determined by
measuring the space charge capacitance �Csc� with po-
tential. The space charge capacitance is given by

1

C2
sc

� 8p
eeNsc

� �
E ÿ Efb ÿ kT

e

� �
�2�

where e is dielectric constant, Nsc is carrier density and E
is applied potential. Thus, a plot of 1=C2

sc versus E, a
Mott-Schottky plot, gives a straight line. It is extrapo-
lated to zero and the intersection on the potential axis
gives the ¯atband potential �Efb�.

The semiconductor/solution interface under dark
condition (majority carrier condition) has been modeled
so that the surface states capacitance and space charge
capacitance are placed in parallel (Fig. 4a) [16, 17].
However, this equivalent model has raised a number of
di�culties in comparison with the requirements of the

Fig. 1 Typical current-time transient curve for Al in pH 8.4 borate
bu�er, �Clÿ� � 0:01 M. Applied potential is )0.2 V vs NHE

Fig. 2 Variation of the breakdown rate of Al as a function of the
applied potential in pH 8.4 borate bu�er containing 0.01 M NaCl

Table 1 Breakdown rates of the A1 and A1 alloy passive ®lms

A1 A1-Cu Al-Ta Al-Mo

Vbd�sÿ1� 0.69a 1.33 ´ 10±2 2.98 ´ 10±3 4.97 ´ 10±3

Relative rateb 1 1.96 ´ 10±2 4.38 ´ 10±3 7.20 ´ 10±3

a Estimated value from Fig. 2
b Relative rate compared with Al

Fig. 3 Polarization curve for Al and Al alloys in pH 8.4 borate
bu�er, �Clÿ� � 0:01 M. Sweep rate = 1 mV/s
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real interface. Firstly, under d.c. conditions, electrons
cannot pass through the surface states. Secondly, elec-
trons can transfer from the bulk of the electrode to the
surface states without passing through the space charge
region, whereas it seems reasonable to have the elec-
trons passing from the bulk of electrode into the space
charge region, surface states and solution, and vice
versa. Thus, the equivalent circuit for this semicon-
ductor/solution interface was chosen to be as repre-
sented in Fig. 4b. Also, the semiconductor/solution
interface under dark condition has been modeled with
the space charge, surface states and Helmholtz layer in
series. Each is a Warburg impedance. Similar equivalent
circuits have been used for the semiconductor/solution
interface [18, 19]. Knowing the equivalent circuit, the
space charge capacitance can be numerically calculated
when the other components of the equivalent circuit are
known. The values of the equivalent circuit components
were estimated by means of a semiempirical approach
[20]. The estimated values of the equivalent circuit
components are listed in Table 2.

Mott-Schottky plots of the passive-®lm-covered pure
Al and its alloys are shown in Fig. 5. The plots show a
linear relationship to applied potential. The Mott-
Schottky plots show positive slopes. This indicates that

the passive ®lms of the Al and Al alloys are n-type
semiconductors. Measured ¯atband potentials were
found to be ÿ0:674;ÿ0:514;ÿ0:418;ÿ0:317 and
ÿ0:136V (vs NHE) for Al, Al-Cu, Al-Ta, Al-Mo and
Al-W, respectively. The carrier density of the passive
®lm, which was calculated from the slope of the Mott-
Schottky plot, was found to be ca. 5� 1019 cmÿ3.

Chloride adsorption and absorption on Al
and Al-Ta surfaces

The surface coverages of the chloride ion on Al and Al-
Ta surfaces were studied in pH 9.2 borate bu�er solu-
tion containing NaCl. The chloride concentrations were
1:0� 10ÿ4, 3:0� 10ÿ4 and 1:0� 10ÿ3 mol=l. The sur-
face concentration-potential dependence curves of the
Al and Al-Ta are shown in Figs. 6 and 7.

The surface concentration of chloride on Al starts to
rise at ca. ÿ1:5V (vs NHE). The curve is sigmoidal. The
maximum surface concentration �Cmax� is reached at ca.
)0.6 V (vs NHE). After reaching Cmax, there is little
further variation with potential. The potential depen-
dence of the surface concentration of chloride on the
Al-Ta surface was similar to that on Al. However, the
surface concentration started to increase at ca. )1.1 V
(vs NHE), and this potential was 0.4 V more positive
than that of pure Al.

The dependence of the surface concentration on the
chloride concentration at di�erent potentials is shown
in Fig. 8 for Al and Fig. 9 for Al-Ta. Both Al and Al-Ta
showed a logarithmic dependence of the surface cov-
erage on the solution concentration of the chloride
(Temkin-type adsorption). The slopes �d logC=d log c�

Fig. 4a, b Equivalent circuit models for passive ®lm covered Al
electrode: a conventional equivalent circuit; b equivalent circuit used
in this study

Table 2 The estimated value for equivalent circuit components

RH �X cm2�CH �lF/cm2� RSS �X cm2�CSS �lF/cm2� RSC �X cm2�
5 ´ 103 50 5 ´ 105 18 560

Fig. 5a, b Mott-Schottky
plots for passive-®lm-cov-
ered Al and Al alloys: a
frequency dependance for
Al; b di�erent Al alloys at a
frequency of 5 kHz
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for Al were in the range 0.94±1.0 and for Al-Ta were in
the range 1.45±1.56.

In Fig. 10, the time dependence of the surface con-
centration of the chloride on Al-Ta is shown in the

presence of 3� 10ÿ4 mol=l chloride ion. The surface
concentration of chloride reaches steady values after
about 15 min for applied potentials of )0.4 V and )0.6
V (vs NHE). Thereafter, the surface concentration
changes little with time when the applied potential is
less than the pitting potential. However, if the potential
is more positive than the pitting potential, the surface
concentration abruptly increase with time after an in-
duction time. The surface concentration of chloride and
the corresponding current for Al-Ta in 0.01 M NaCl
containing borate bu�er is shown in Fig. 11. The ap-
plied potential was 0.5 V (vs NHE). The surface con-
centration reaches a plateau for the ®rst 20 min. The
surface concentration at this region was ca.
7� 10ÿ10 mol=cm2. After this induction period, the
surface concentration increases with time. The break-
down current increases in parallel with the surface
concentration. The shape of the surface concentration
transient curve is similar to that of the current transient.
In Fig. 12, the surface concentration and current tran-
sient curves for pure Al surface is shown in 0.01 M

Fig. 6 Adsorption of the chloride ion on Al as a function of applied
potential in pH 9.2 borate bu�er containing di�erent chloride
concentrations. �Clÿ� � 1� 10ÿ3 M�D�; 3� 10 M (h), and 1�
10ÿ4 M (s)

Fig. 7 Adsorption of the chloride ion on an Al-Ta surface as a
function of applied potential in pH 9.2 borate bu�er containing
di�erent chloride concentrations. �Clÿ� � 1� 10ÿ3 M�D�; 3� 10ÿ4
M (h), and 1� 10ÿ4 M (s)

Fig. 8 Concentration dependence of chloride ion adsorption for Al
in pH 9.2 borate bu�er. Applied potential isÿ1:2 V���; ÿ0:8 V�D�;
and ÿ0:2 V (s)

Fig. 9 Concentration dependence of chloride ion adsorption for
Al-Ta in pH 9.2 borate bu�er. Applied potential is ÿ0:8 V���;
ÿ0:4 V�D�; and 0.0 V (s)

Fig. 10 Time dependence of chloride ion adsorption for Al-Ta in pH
9.2 borate bu�er at applied potential of ÿ0:4 V (s) and
ÿ0:6 V�D�: �Clÿ� � 3� 10ÿ4 M
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NaCl containing a borate bu�er. The applied potential
was 0.2 V (vs NHE). The induction time for the Al was
less than 2 min. This induction time for the pure Al is
about 10 times smaller than that of the Al-Ta alloy. The
surface concentration and current for an Al surface
increases faster than that for an Al-Ta surface in
this region. After the induction time, the slope for
the surface concentration increase with time is
2:47� 10ÿ12 mol=cmÿ2secÿ1 for Al-Ta and 6:07� 10ÿ12
mol=cmÿ2secÿ1 for Al.

Ex situ spectroscopic measurements

A three-dimensional XPS depth pro®le of the passive-
®lm-covered pure Al is shown in Fig. 13. The Al 2P
peak has two peaks at about 72 eV and 75 eV, which
correspond to metallic Al and oxidized Al �Al3�� [21].
The relative intensity of the metallic Al peak gradually
increases as a function of sputtering depth. The O 1S
peak has a maximum at ca. 533 eV. The peaks does not
show any appreciable shift as a function of sputtering.
The O 1S peak was deconvoluted into two peaks, 531.6
eV and 533.3 eV. These peaks can be identi®ed with
oxygen in an aluminum oxide lattice �O2ÿ in Al2O3�
and oxygen in hydroxyl �OHÿ in Al�OH�3, AlOOH or
bound water] [21].

It has been shown that the metallic aluminum signal
is due to the substrate aluminum (see Appendix). Thus,
the atomic concentration pro®les of the passive ®lm
constituents as a function of depth were calculated,
neglecting the metallic aluminum signal intensity. The
dependence of the passive ®lm constituents of Al as a
function of the sputtering depth is shown in Fig. 142.
The OHÿ concentration decreases with increasing
sputtering depth. The OHÿ concentration at the surface
is ca. 15 at% and sharply decreases to ca. 8% over the
®rst 5 AÊ . After that, the OHÿ concentration changes
little with further sputtering. The �O2ÿ�=�Al3�� ratio is
ca. 1.5 and remains almost constant in the passive ®lm.
The �OHÿ�=�Al3�� ratio is 0.41 at the surface of the ®lm.
This ratio decreases to ca. 0.2 at a sputtering depth of
5 AÊ and changes only slightly with further sputtering.

Depth pro®les of the passive ®lm constituents for Al
alloys are shown in Fig. 15. Concentration variations
with sputtering depth of the Al3�, O2ÿ and OHÿ were
similar to that of pure Al. The concentration of the
alloying elements for passive ®lms of Al-W, Al-Mo and
Al-Ta at the surface region (0±15 AÊ ) were ca. 5 at%.
However, the Cu concentration in the passive ®lm of
Al-Cu at the surface was very small (about 0.1 at%). In

Fig. 11 Time dependence of surface concentration and current on
Al-Ta in 0.01 M NaCl containing pH 9.2 borate bu�er at applied
potential of 0.5 V vs NHE: C (d) and current (n)

Fig. 12 Time dependence of surface concentration and current on Al
in 0.01 M NaCl containing pH 9.2 borate bu�er at applied potential
of 0.2 V vs NHE: C (d) and current (n)

Fig. 13 Three-dimensional depth pro®le of Al passive ®lm

2 The XPS signal intensity decreases exponentially with increasing
depth, and ca. 64% of the signal intensity emanates within the
depth of 16 AÊ from the surface of the sample. Therefore, if one
makes, an approximation that the concentration of the passive
film constituents is not varying within this depth range, the
concentration being calculated here may be considered as the
concentration of 8 AÊ below the sputtering depth
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Fig. 16, the concentration variations of OHÿ in the
passive ®lm of pure Al and its alloys before and after
breakdown in chloride solution are shown. A signi®cant
decrease of the OHÿ was observed after passive ®lm
breakdown.

Typical ISS spectra for pure Al and the Al alloy as a
function of sputtering are shown in Fig. 17. The peaks
can be seen at E=Eo � 0:52, 0.68 and 0.9, and corres-
pond to oxygen, aluminum and alloying elements, res-
pectively. The dependence of the �O�=�Al� ratio on the
sputtering depth for Al passive ®lm before and after
breakdown is shown in Fig. 18. The �O�=�Al� ratio is ca.
1.95 at the surface of Al passive ®lm and decreases with
increasing sputtering depth. The �O�=�Al� ratio of the Al
passive ®lm reaches 1.5 after a sputtering depth of ca.
30 AÊ and changes little with further sputtering. The
ratio in this range is close to the �O�=�Al� ratio for pure
Al2O3. The variation of the �O�=�Al� ratio with sput-
tering depth for the passive ®lm after breakdown is

Fig. 14 XPS atomic concentration pro®le of the passive ®lm of Al as
a function of sputtering depth. Passive ®lm formed in borate bu�er at
1.0 V (vs NHE)

Fig. 15a±d XPS atomic concentration pro®le of the passive ®lm of Al alloys as a function of sputtering depth:aAl-Mo, bAl-Ta, cAl-W, dAl-
Cu. Passive ®lm formed in borate bu�er at 1.0 V (vs NHE)
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similar to that of the passive ®lm before breakdown.
However, the absolute values of the �O�=�Al� ratio are
less after breakdown in the Al passive ®lm. In Fig. 19,
the atomic concentration of the alloying elements
measured by means of ISS is compared with that
measured by XPS. The concentrations of the alloying
elements in the surface region of the passive ®lm (0±
15 AÊ ) are ca. 2±3 times larger than that in the bulk of
the passive ®lm (15±60 AÊ ). The concentration variation
of the alloying elements measured by means of XPS is
similar to that measured by ISS.

In Fig. 20, the ratios of �OH�=�O� measured by SIMS
for Al and its alloys are compared with those measured
by XPS. The XPS results are in good agreement with
the SIMS results. The ratio in the surface region (0±1 AÊ )
is ca. 0.45±0.5. However, this ratio decreases signi®-
cantly to 0.15±0.25 at the depth of 10±15 AÊ and remains
almost constant in the inner region of the passive ®lm
(15±60 AÊ ). In the surface region, the passive ®lm con-
tains a relatively large concentration of OH) that may
be due to hydrated aluminum oxides such as Al�OH�3
and AlOOH. The concentration of the hydrated alu-
minum oxides signi®cantly decreases in the inner region
of the passive ®lm. Even though the concentration is
small �5±7 at.%�, OHÿ still exists in the inner region.
This result indicates that the inner layer of the passive
®lm consists of aluminum oxide but also contains 5±7%
of a hydrated oxide.

Fig. 16a±d Depth pro®le of
the concentration of OHÿ for
Al and Al alloys: a Al, b Al-
Mo, c Al-W, d Al-Ta

Fig. 17a, b ISS spectrum of passive ®lm of a Al and b Al-Mo as a
function of sputtering depth

b
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Fig. 18 The variation of [O]/
[Al] ratio with sputtering depth
for passive ®lm of Al: a (h) as
grown, b (D) after breakdown
in 0.01 M NaCl

Fig. 19a±d The concentration
of the alloying elements as a
function of depth measured by
means of XPS and ISS: a Al-
Mo, b Al-W c Al-Ta, d Al-Cu
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Discussion

Flatband potential and PZC

Estimation of PZC from ¯atband potential

For the passive-®lm-covered metal electrode, the excess
charge is distributed both on the surface of the electrode
and in the space charge layer. At the ¯atband potential
in the ideal case, if there is no speci®c adsorption, there is
no potential drop across the space charge region. Cor-
respondingly, the potential drop across the passive ®lm/
solution interface is negligible. Therefore, the ¯atband
potential is the same as the PZC of the passive-®lm-
covered metal electrode. However, speci®c adsorption
must be considered for an actual passive-®lm electrode/
solution interface. Thus, the potential drop across the
Helmholtz layer is not zero at the ¯atband potential
because of surface states induced by speci®c adsorption
(Fig. 21). At the PZC, the charge density of the space
charge layer �qSC� must be equal to but opposite in sign

to that of the surface states �qSS�, i.e. qSC � ÿqSS.
Therefore, the PZC can be determined by the following
equation when the potential drop of the space charge
layer due to the speci®c adsorption is known.

EPZC � EFB � jD/SCj �3�
where EPZC, EFB and D/SC are the potential of zero
charge, the ¯atband potential and the potential drop
across the space charge layer, respectively. The poten-
tial drop across the space charge layer can be calculated
from Eq. 4 [22] when the excess surface charge density
�qSC� is known.

qSC � eNSCkT
2p

� �1=2
exp

eD/SC

kT

� �
ÿ 1ÿ eD/SC

kT

� �1=2
�4�

The most signi®cant entities a�ecting the speci®c ad-
sorption of the passive-®lm-covered electrode are H�

�or OHÿ� adsorption due to the acid-base reaction and
chloride-speci®c adsorption.

The excess surface charge density due to acid-base
properties of aluminum oxide depends on the pHZC and

Fig. 20a±e The ratio [OH]/[O]
as a function of depth measured
by means of XPS and SIMS:
a Al, b Al-Mo, c Al-W, d Al-Ta,
e Al-Cu
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hence the pH of solution and is known to be 2:0 lC=cm2

per pH unit [23]. Thus, excess charge due to the acid-
base property of the passive ®lms can be calculated
when the pHZC is known. The pHZC of the passive-®lm-
covered Al and Al alloys can be estimated to a ®rst
approximation by the use of an ideal mixing equation:

pHZC;alloy � �1ÿ f �pHZC;AlOX � fpHZC;OX �5�
where f is the mole fraction of the alloying oxide in the
passive ®lm and pHZC;alloy, pHZC;AlOX and pHZC;OX are
the pHZC of alloy, aluminum oxide and alloying ele-
ment oxide, respectively. The mole fractions of the al-
loying elements oxide are estimated from XPS and ISS
results. The mole fraction, pHZC of oxides, estimated
pHZC;alloy and excess charge density in the space charge
layer �qSC� due to acid-base properties of passive ®lm
are listed in Table 3.

The surface concentration of chloride on the passive
®lms of Al and Al-Ta was measured in NaCl solution in
this study (see Results), and that on Fe [15] and Ni [29]
has been reported. The surface concentration of chlo-
ride on the passive ®lms at the ¯atband potential is
linearly correlated with the bond strength of metal-
chloride (Fig. 22). Thus, the surface concentration of
chloride ion on the passive ®lms of the Al alloys could
be estimated from the bond strength of metal-chloride
and an ideal mixing law.

CClÿ,alloy � �1ÿ f �CCl
ÿ,AlOX � f CCl

ÿ,MOX �6�
where f is the mole fraction of the alloying oxide in the
surface of the passive ®lm of Alloy, CClÿ;alloy, CClÿ;AlOX
and CClÿ;MOX are surface concentrations of chloride on
the passive ®lm of alloy, the passive ®lm of aluminum
and passive ®lm of pure alloying element, respectively.

The potential drop across the space charge layer
�D/SC� can be calculated from Eq. 4 for the estimated
surface charge density. The determined ¯atband po-
tential, the charge density of the space charge layer due
to the solution pH �qSC;acid-base� and the chloride ad-
sorption �qSC;Clÿ�, the total charge density of the space
charge layer �qSC;total�, the potential drop across the
space charge layer �D/SC� and the estimated PZC from
Eq. 3 are all listed in Table 4.

Fig. 21a±c PZC and ¯atband potential

Table 3 Excess charge density
in space charge layer �qSC� due
to acid-base properties of pas-
sive ®lm in pH 8.4 solution

Oxides of Mole
fraction

pHZC,OX pHZC,alloy pH-pHZC qSC�lC/cm2� Ref.

Al NA 8.6 (Al2O3) 8.6 )0.2 0.4 [24, 25]
Al-W 0.20 0.50 (WO3) 6.98 1.42 )2.82 [25, 26]
Al-Mo 0.15 2.0 (MoO3) 7.61 0.79 )1.58 [27]
Al-Ta 0.12 2.9 (Ta2O5) 7.92 0.48 )0.96 [28]
Al-Cu 0.01 9.5 (CuO) 8.61 )0.21 0.42 [25]

Fig. 22 Correlation between bond strength of M-Cl and surface
concentration of chloride
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Correlation between PZC and pitting potential

The correlation between the determined PZC and the
pitting potential is shown in Fig. 23. Thus, a linear re-
lationship between pitting potential and PZC has been
established. As the PZC of the passive-®lm-covered
electrode shifts in a more anodic direction, the pitting
potential also shift in the same direction. The adsorp-
tion of the chloride ion is strongly correlated with the
applied potential and the PZC of the electrode. When
the applied potential is more positive than the PZC, the
surface of electrode has a net positive charge, and
chloride ion is thus increasingly electrostatically at-
tracted to the surface and adsorbed. The alloying ele-
ment oxide in the passive ®lm of the supersaturated
aluminum alloy evidently shifts the PZC in a more
anodic direction.

PZC and work function of the passive ®lm

It is known that the PZC of the metal electrodes is
linearly correlated with the work function [30, 31].
Thus, the change of the PZC of passive ®lms can be
estimated if the work function of the alloy passive ®lm
is known. The Fermi energy of an n-type semiconductor
�EF� can be expressed as [32]

ÿUOxide � EF � EF;Intrinsic � 1

2
Eg �7�

where EF;Intrinsic is the Fermi energy of the intrinsic
semiconductor, and Eg is the bandgap energy. The Fe-
rmi energy of the intrinsic metal oxide semiconductor
can be estimated [33±36] as the geometric mean of the
atomic work function of the oxide constituents. Thus,
the work function of the metal oxide has been calcu-
lated from the band gap energy of the semiconductor,
the work function of the elements, and the mole fraction
of alloying elements. The work function of the metal
element, the calculated Fermi energy of the intrinsic
metal oxide �EF;Intrinsic�, the band gap energy of the
metal oxide, the calculated work function of the n-type
metal oxide, the mole fraction of the alloying oxides,
and the calculated work function of the alloy passive
®lms are all listed in Table 5. A linear correlation be-
tween the calculated work function of the passive ®lms
and the PZC was found (Fig. 24). Thus, the anodic shift
of the PZC of alloy passive ®lms can be rationalized as
the result of an increase in the work function of the
passive ®lms.

Chloride adsorption isotherm

A modelistic approach to the adsorption isotherm of
inorganic ions on the electrode surface has been devel-
oped by Bockris et al. by utilizing the Floy-Huggins

Fig. 23 Correlation between pitting potential and PZC

Table 5 Calculated work func-
tion of n-type metal oxide
semiconductors

Passive
®lms of

EF;intrinsic

(eV)
Band gap
energy (eV)

Work function
of pure oxide
(eV)

Mole fraction
of alloy oxide

Work function
of passive ®lm

Al )5.94 6.0 2.94 (Al2O3) NA 2.94
Al-Cu )5.96 1.4 5.16 (CuO) 0.01 2.96
Al-Ta )6.31 4.6 4.01 (Ta2O5) 0.12 3.07
Al-Mo )6.56 2.97 5.08 (MoO3) 0.15 3.26
Al-W )6.55 3.1 5.00 (WO3) 0.20 3.35

Table 4 PZC of passive-®lm-
covered Al and Al alloys Efb qSC;acid-base qSC;Clÿ qSC;total jD/SCj EPZC

(Volts vs NHE) lC/cm2 lC/cm2 lC/cm2 (Volts) (Volts vs NHE)

Al )0.674 0.4 )338.0 )337.6 0.331 )1.005
Al-Cu )0.514 0.42 )338.0 )337.6 0.331 )0.845
Al-Ta )0.418 )0.96 )392.0 )393.0 0.338 )0.756
Al-Mo )0.317 )1.58 )334.0 )335.6 )0.330 )0.648
Al-W )0.136 )2.84 )345.0 )347.8 0.333 )0.469
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isotherm and Nikitas's ``uniform distribution'' of ad-
sorption energy [37]. The isotherm is given by3

h � 1

f
ÿDGo

Ch;i

kT
ÿ DGo

Ch;w

kT
ÿ DGo

E

kT
ÿ DGo

L

kT
� f
2
� Incion

cw

� �
�8�

where f is a parameter related to the Nikitas's uniform
distribution energy �Uo� and is de®ned as f � ÿ2Uo=kT ,
and DGo

Ch;i and DGo
Ch;w are standard free energies due to

chemical interactions between the surface ion and sur-
face water, respectively, DGo

E is the free energy to bring
an ion from the outer Helmholtz (OHP) to the inner
Helmholtz layer (IHP), DGo

L is the free energy change
due to lateral interaction between adsorbed ions, cion is
the concentration of adsorbate in the solution and cw is
the concentration of water in the solution. DGo

L only
depends on the surface coverage �h�. Thus, Eq. 8 can be
written as:

f h� DGo
L

kT
� a� Incion �9�

where a � �ÿDGo
Ch;iÿDGo

Ch;wÿDGo
E�=kT�f =2ÿln �cw�:

A plot of �f h� �Go
L=kT � against �ln cion� gives a

straight line with unit slope. Thus, f can be obtained
form Eq. 9 when DGo

L is known. However, DGo
L can be

calculated from the surface coverage [37]. The details of
this calculation for the chloride on the Al and Al-Ta
surface has been reported elsewhere [20]. The factor f is
determined by changing its values until the slope of
Eq. 8, d� f h� DGo

L=kT �=d�ln cion�, is unity. In Fig. 25,
the ®tted plots of �f h� DGo

L=kT � against �ln cion� for
adsorption of chloride on the passive layers of Al and
Al-Ta are shown. The best ®t f value was ca. 21 for
both Al and Al-Ta surfaces. These results indicate that

the modelistic isotherm using Nikitas's approximation
[37] successfully represents the adsorption of chloride
on Al and Al-Ta electrodes. The f value for chloride on
a polycrystalline platinum electrode was reported to be
12 [38]. The f values of the chloride on the Al and Al-
Ta determined in this study are larger than that on
platinum. However, the f value of chloride on an alu-
minum electrode has been estimated using average
surface M-M bond which is obtained from the Wolf-
Klaproth equation [10]. The estimated f value of
chloride on an aluminum surface was 27. The experi-
mental f value in this study is reasonably matched by
this estimated value.

The free energy of adsorption D�Go
ads� is expressed

according to, DGo
ads � DGo

ch;i � DGo
ch;w � DGo

E � DGo
L.

The lateral interaction energy (DGo
L) can be determined

from the measured surface coverage, and other inter-
action energies can be calculated form Eq. 10. Thus,
DGo

ads is given by

DGo
ads � DGo

L ÿ kT �aÿ f
2
� ln cw� �10�

The calculated values of DGo
ads for Al and Al-Ta at

di�erent potentials are listed in Table 6. The free energy
of adsorption of chloride over the potential used in this
study is ÿ7:7 toÿ 6:6 kJ/mol on Al and ÿ6:9 toÿ 5:3
kJ/mol on Al-Ta. These adsorption energies are similar
to those measured for chloride adsorption on a passive-

Fig. 24 Correlation between PZC and work function of the passive-
®lm-covered Al and its alloys

Fig. 25a, b Plots of �f h� DGo
L=kT � against �ln c� for the adsorption

of chloride on a Al, b Al-Ta

3In this model, DGo
E is a function of the charge density of the

electrode and DGo
L is a function of the surface coverage. Thus,

these two terms are related to the electrode potential
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®lm-covered iron electrode which were reported to be
ÿ13:5 toÿ 18:5 kJ/mol [15].

Structure of the passive ®lm

The XPS studies reported in this study show that the
OHÿ concentration in the passive ®lm of aluminum
strongly depends on the depth of the ®lm. The con-
centration of the OHÿ at the surface region of the
passive ®lm �0±15 ÊA from solution/passive ®lm inter-
face) is 15±20%. However, the concentration of OHÿ in
the inner region �15±60 ÊA� signi®cantly decreases and is
ca. 5%. The ISS studies show that the [O]/[Al] ratio is
1.8±2.0 at the surface region (0±20 AÊ ), and then the
ratio signi®cantly decreases to 1.5 in the inner layer of
the passive ®lm �20±40 ÊA�. The SIMS study also indi-
cates the decrease of the [OH]/[O] ratio from ca. 0.5 to
0.25 in the thickness range of 0ÿ 15 ÊA.

The passive ®lm of aluminum is known to be not a
simple aluminum oxide but to be composed of a mix-
ture of aluminum oxides and hydrated aluminum oxides
[39, 40]. Utilizing spectroscopic techniques, it has been
found that the passive ®lm of aluminum is composed of
a two-layer structure, with an amorphous hydrated
outer layer and a dense inner layer between the amor-
phous outer layer and the metal [10, 41±43]. The
probable composition of the outer layer is a mixture of
Al2O3 and hydrated Al2O3 such as Al(OH)3 and Al-
OOH. However, the inner layer is mostly composed of
Al2O3 and small amounts of hydrated aluminum oxide.
Recently, the appearance of AlOOH in the aluminum
passive ®lm has been shown by X-ray absorption
spectrum studies [44±46]. It is suggested that the Al-
OOH can also exist in the inner layer of the passive ®lm
and this AlOOH can align itself into polymeric groups
or ®brils (chain-like structures) [10, 47]. Thus, the
structure of the inner layer of the aluminum passive ®lm
is composed of Al2O3 linked to the polymeric chain of
AlOOH groups.

The ex situ spectroscopic results are consistent with
the two-layer model. The structure of the passive ®lm of
aluminum can be qualitatively represented as Fig. 26.

The AlOOH ®bril concentration in the Al and Al
alloys can be estimated from the OHÿ concentration in
the inner layer of the passive ®lm. If one assumes that
the density of the passive ®lm is the same as that of pure
Al2O3, the density of the ®bril is estimated to be

2:3� 1014 cmÿ2; 2:2� 1014 cmÿ2; 1:6� 1014 cmÿ2; 1:8�
1014 cmÿ2 and 1:4� 1014 cmÿ2 for passive ®lms of Al,
Al-Cu, Al-Ta, Al-Mo and Al-W, respectively. Thus,
signi®cantly, the density of the ®bril decreases with the
increase of the protectivity of the alloys.

Built-in electric charge

A possible electric charge in the passive ®lm due to non-
stoichiometry can be calculated when the concentra-
tions of the passive ®lm constituents are known. The
built-in charge density (q; coulomb/cm2) in the passive
®lm can be obtained as follows:

q � RniziF �11�
where ni is concentration of passive ®lm constituents
�mol/cm2�, zi is the charge on the ionic constituents and
F is Faraday's constant. The XPS study gives the
atomic concentration of the ®lm constituents, and thus
the molar concentration �ni; mol/cm2� can be calculated
as

ni � fi � Rnj �12�
where fi is the atomic mole fraction of the ®lm con-
stituent and Rnj is total atomic concentration �mol/cm2�
in the passive ®lm.

The calculated charge in the aluminum passive ®lm
before and after breakdown is shown in Fig. 27. The
passive ®lm carries a more negative charge after the ®lm
has been broken down in chloride solution. The calcu-
lated charge for various alloys is shown in Fig. 28. The
charge in the passive ®lms of aluminum alloys are of the

Table 6 Free energy of ad-
sorption of chloride on Al and
Al-Ta

Al Al-Ta

1.2 V )0.8 V )0.2 V )0.8 V )0.4 V )0.2 V

a 9.664 9.722 9.831 9.504 9.700 9.616
p 20.5 20.5 20.5 20.6 20.6 20.6
DGo

L=kT 0.307 0.612 0.852 0.433 1.083 1.182
ÿDGads (kJ/mol) 7.74 7.40 6.61 6.91 6.50 5.33

Fig. 26 The structure of the passive ®lm of aluminum

30



same order of magnitude as that of the pure aluminum
passive ®lm. The built-in charge is ca. 50±100 lC/cm2.
This value is similar to that reported by Bockris and
Minevski [10].

However, the charge due to nonstoichiometry is
compensated by the creation of charge-compensating
defects such as high-valent cations or positively charged
holes [48], and thus the net charge on nonstoichiometric
oxides is seen as negligible. The concentration of
charge-compensating defects is calculated to be ca. 2±5
mol% of the ®lm, considered (as a ®rst approximation)
to consist of Al2O3. Such an interpretation must remain
speculative because of the absence of detection of these
entities in XPS.

Model of protectivity for supersaturated Al alloys

The main question for this study is how the small
concentration of the alloying elements (ca. 8 at% ) can
enhance the protectivity ca. 100 times in a chloride
environment compared to that of pure aluminum. In
this section, several models will be proposed.

The breakdown of the passive ®lm in the chloride
environment involves the following steps [15, 49]: (a)
adsorption of the chloride ion at the passive ®lm-solu-
tion interface, (b) di�usion of chloride to the entry site,
(c) chemical reaction of the adsorbed ion with materials
at the entry site on the passive ®lm surface, (d) pene-
tration of the chloride ion into the passive ®lm, (e) re-
action of the chloride ion with the underlying
aluminum, (f) passage of an Al-Cl entity through the
®lm to the solution.

The model of the protectivity of the aluminum alloys
will involve all of these steps, but one will be rate-de-
termining.

Comparison of the previously published
protectivity models

It has been proposed that chloride adsorption can be
prevented by a decrease of the pHzc of aluminum alloys
[1, 3, 4]. Thus, H� and OHÿ are equal adsorbents on the
electrode at pHzc. If this condition of neutrality occurs
at low pH values and the solution pH remains relatively

Fig. 27 Calculated built-in electrical charge for the passive ®lm of
aluminum as a function of depth

Fig. 28a±d The calculated
built-in electrical charge for the
passive ®lms of Al alloys as a
function of depth: a Al-Mo, b
Al-W, c Al-Ta, d Al-Cu
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high, an excess of OHÿ ions adsorb on the electrode and
therefore prevent the chloride adsorption. However, the
electrode potential is a more important parameter in the
control of the adsorption of the chloride ion than is the
pHzc. Moreover, it has been shown (see discussion of
¯atband potential and PZC and Table 3) that pHzc

change due to alloying is negligible (ca. 1 pH unit).
Thus, the pHzc cannot be the dominant parameter in
the control of chloride adsorption.

An increase of alloying elements in the metal surface
has been suggested as causing a decrease of pHZC near
the defects [11, 12]. This is seen as happening because of
the relatively rapid dissolution of aluminum, thus
leaving behind a higher concentration of alloying ele-
ment with lower pHZC. However, no increase of the
alloying elements at the passive ®lm/alloy interface has
been found in our experiments (see ex situ spectroscopic
measurements).

It is suggested the chloride penetration through the
AlOOH ®bril by means of a place exchange mechanism
is the rate-determining step of passive ®lm breakdown
[10]. However, this model presents di�culties when one
considers how the large chloride ion di�uses through
the passive ®lm.

Anodic PZC shift model

The ®rst step of the passive ®lm breakdown in a chlo-
ride-containing solution is the adsorption of chloride
ion onto the surface of the passive ®lm. The adsorption
of chloride ions onto the surface of the ®lm strongly
depends on the electric charge of the electrode. An
important parameter in determining the excess electrical
charge at a given electrode potential is the PZC. If the
applied potential is more anodic than the PZC, the
electrode is charged positively and chloride ions can be
easily adsorbed. However, if the electrode is more ca-
thodic than the PZC, the electrode is charged negatively
and the adsorption of chloride ions is largely prohibited
(there is some speci®c adsorption).

It has been shown (see discussion of ¯atband po-
tential and PZC and Fig. 23) that the PZCs of the
passive ®lm of aluminum alloys are shifted in a more
anodic direction compared to that of the passive ®lm of
pure aluminum, and the PZC is linearly correlated with
the pitting potential. Moreover, it has been shown (see
discussion of ¯atband potential and PZC and Fig. 24)
that the anodic shift of the PZC can be modeled by the
work function variation of the passive ®lm due to the
alloying elements.

Therefore, the protectivity of the supersaturated alu-
minum alloy can be explained in terms of the adsorption
of the chloride which would be retarded by the anodic
PZC shift of the passive ®lm due to the alloying elements.

Another aspect which one may consider is the elec-
trical ®eld change in the passive ®lm due to the anodic
PZC shift. The electrical ®eld �V � in the passive ®lm can
be calculated by

V � Eapp ÿ EPZC

d
�13�

where Eapp is the applied potential, EPZC is the potential
of zero charge and d is the thickness of the passive ®lm.
The PZCs of the passive ®lm and the calculated electric
®elds in the aluminum alloy passive ®lms at 0.0 V vs
NHE are listed in Table 7. The electrical ®eld in the
passive ®lm of alloys, as exempli®ed by the electrical
®eld in the passive ®lm of Al-W, is about one half that
of the passive ®lm of pure aluminum at a given potential.
Adsorbed chloride ions migrate into the passive ®lm
with the assistance of the electrical ®eld [50]. Thus, the
migration of the chloride into the alloy passive ®lm may
be retarded for the alloys because of the decrease of the
electrical ®eld within the passive ®lm.

Therefore, the protectivity of the supersaturated
aluminum alloys can be modeled according to the ad-
sorption of the chloride and its change with the PZC of
the alloys as well as the lessening of the electrical ®eld
within the passive ®lm as a result of a shift of the PZC
of the passive ®lm.

Blocking the entry site model

One possible rate-determining step for the passive ®lm
breakdown in a chloride environment is the rate of the
adsorbed chloride ion's penetration into the passive
®lm. The surface of the passive ®lm may be modeled
as a non-uniform surface, and there may exist high
energy sites (called special ``entry sites'') at which the
chloride can be more strongly adsorbed and can sub-
sequently penetrate into the passive ®lm. The possible
entry sites could consist of defects on the surface of
the passive ®lms such as dislocations, kink sites, grain
boundaries and/or emergence points of the AlOOH
®bril. One may speculate that the penetration rate of
the chloride through one of these entry sites is faster
than that at the other sites on the surface, and thus the
rate of the passive ®lm breakdown would depend upon
the chloride ion penetrating through these entry sites
only.

Richardson and Wood suggested that the possible
entry site is an internal ¯aw which exists in the passive
®lm [51, 52]. Recently, Bockris and Minevski proposed
that the entry site is made of an AlOOH ®bril which
exits in the passive ®lm [10]. Thus, the AlOOH ®bril can

Table 7 Calculated electrical ®eld at 0.0 V (vs NHE)

Passive ®lm of EPZC�Volts vs NHE�Electrical ®eld (V/cm)a

Al )1.005 1.67 ´ 106

Al-Cu )0.845 1.41 ´ 106

Al-Ta )0.756 1.26 ´ 106

Al-Mo )0.648 1.08 ´ 106

Al-W )0.469 0.78 ´ 106

a The thickness of the passive ®lm is assumed to be 60 A
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be considered as the crystal imperfection in the passive
®lm. These crystal imperfections are mechanically
stressed and may form small cracks (see Appendix).

It has been found that the surface energy of the
passive ®lm/solution interface decreases with the ad-
sorption of chloride [53] and the critical stress for the
extension of the crack may be reduced in the presence of
chloride ion. Thus, the chloride ion at the top of the
®bril may thus cause the fracture of the passive ®lm
along the ®bril and hence the formation here of cracks
at this point. Once the crack is formed, chloride ions
can easily penetrate through it into the passive ®lm.
Thus, the formation of the crack due to the chloride
adsorption would be the rate-determining step of pas-
sivity breakdown.

During the formation of the passive ®lm, oxidized
alloying elements �Mo6�; W6�; Ta5�� can di�use into
the solution/passive ®lm interface region, and some of
them may remain in the double layer region in the form
of tungstate, molybdate and tantalate. These anions are
more likely to be deposited at the crystal imperfection
sites which act as the entry sites for the chloride ions
because of the high surface energy. Thus, the top of the
entry site may be blocked by the alloying oxides. The
lattice energy of the oxides of the alloying elements has
been found to be ca. 1.5±2 times that of aluminum oxide
[54]. The surface energy of the alloying oxide is expected
to be signi®cantly higher than that of aluminum oxide,
and thus the fracture of the passive ®lm may be pro-
hibited. Therefore, the protectivity of the supersatu-
rated aluminum alloys can be modeled as the blocking
of the entry site by the alloying oxides and the pro-
hibiting of the formation of a crack, which is the rate-
determining step of the chloride penetration.

Comparison of the protectivity models
with experimental results

The ``anodic PZC shift'' model is in good agreement
with the following experimental results:

(a) The potential dependence of the passive ®lm
breakdown rate. (b) Linear correlation between
measured PZC and pitting potential. (c) Anodic shift of
the potential of the chloride adsorption of the Al-Ta is
in good agreement with the anodic PZC shift of the
Al-Ta alloy passive ®lm.

However, this model cannot explain why the rate of
the passive ®lm breakdown of Al-Ta is ca. 10 times as
slow as that of pure aluminum at the same electrical
®eld with respect to the PZC. The adsorption of chlo-
ride ion on the surface of the passive ®lm is the primary
and essential step of the passive ®lm breakdown. The
rate of passivity breakdown may be a�ected not only by
the adsorption of the chloride but also by other steps in
the mechanism which are related to the structure of the
passive ®lms, such as chloride migration or penetration,
chemical reaction with chloride, dissolution etc. Thus,

the structural e�ects have to be considered fully to
understand the protectivity of the alloys.

The ``blocking the entry site'' model is in good
agreement with following experimental results:
(a) a constant surface coverage of chloride ion during
the induction time (Fig. 11), (b) increase of the pro-
tectivity of the various alloys under conditions in which
the electrical ®eld in the passive ®lm is the same (Figs.
11 and 12), (c) the AlOOH ®bril structure in the alu-
minum passive ®lm, (d) decrease of the OHÿ concen-
tration after the breakdown of the passive ®lm, (e)
enhancement of the protectivity of the alloys even
though there is a very small concentration of alloying
elements in the passive ®lm .

However, this model cannot predict the potential
dependance of the rate of the passive ®lm breakdown
and the linear relationship between the PZC and the
pitting potential.

These two models do not contradict but support
each other. The ``anodic PZC'' model can predict the
potential dependance of the passive ®lm breakdown and
the ``entry site'' model can predict the structural de-
pendance of the passive ®lm breakdown. Thus, the
protectivity of the supersaturated aluminum alloys can
be modeled by combining these two models.

Brie¯y, the protectivity of the aluminum alloys is
greatly enhanced by the anodic shift of the PZC of the
aluminum alloy passive ®lm and by blocking the entry
site of the chloride penetration by means of a deposition
of alloying elements oxides. Thus, adsorption of the
chloride on the surface of passive ®lm as well as chloride
penetration into the passive ®lm of the supersaturated
alloys are greatly retarded by the presence of the
alloying element.

Conclusions

The rates of passive ®lm breakdown of supersaturated
aluminum alloys in chloride-containing solutions are ca.
100 times as slow as that of pure aluminum at constant
potential with respect to the hydrogen scale. Corre-
spondingly, the rates of passive ®lm breakdown of al-
loys are ca. 10 times as slow as that of pure aluminum at
constant electrical ®eld with respect to the PZC.

A signi®cant anodic shift of the PZC of the alumi-
num alloys has been found. The PZC shifts of alloys can
be rationalized by changes of the work function of the
passive ®lm due to the alloying elements. The PZCs of
aluminum and its alloys are linearly correlated with the
pitting potential in the chloride solution.

The potential at which the chloride starts to adsorb
on the Al-Ta surface is shifted by ca. 400 mV in the
anodic direction compared to that of pure aluminum.
This shift is in agreement with the anodic shift of the
PZC. The surface concentration of chloride on the Al-
Ta passive ®lm is similar to that of pure Al when the
potential is less positive than the pitting potential. The
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heat of adsorption of the chloride on the surface of Al
and Al-Ta was ÿ6:6 toÿ 7:7 kJ/mol and ÿ5:3 toÿ 6:9
kJ/mol, respectively. Adsorption energies depend little
on the applied potential.

The structure of the passive ®lm of aluminum is
modeled as two layers. The top layer is composed of
aluminum oxide and hydrated aluminum oxide, prob-
ably Al(OH)3 together with ®bril-like AlOOH. The in-
ner layer consists mostly of aluminum oxide and small
amounts of hydrated aluminum oxide, probably a ®bril
form of AlOOH.

The protectivity of the aluminum alloys is enhanced
by the anodic shift of the PZC of the aluminum alloy
passive ®lm and by blocking the entry site of the chlo-
ride penetration by means of a deposition of oxides of
alloying elements. The adsorption of the chloride ion on
the surface of the passive ®lm is in¯uenced by the an-
odic PZC shift, which varies with the alloying element.
However, retardation of the chloride penetration into
the passive ®lm by prohibiting the crack formation by
blocking the entry site of the chloride seems to be the
rate-determining step in the mechanism of the protect-
ivity of the supersaturated aluminum alloys.
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Appendix i: XPS metallic aluminum signal

For the thin passive-®lm-covered aluminum electrode with thick-
ness d, the signal intensity due to the passive ®lm for each element
�Ij� can be expressed as follows:

Ij � Sj sin h Nj�x� exp 1ÿ d
k sin�h�

� �
�14�

where Sj is the sensitivity factor for element j; Nj�x� is the number
of atoms at a depth x; k is the mean free path and h is the take-o�
angle. The signal intensity due to aluminum substrate �IAl�M�� also
can be expressed as

IAl�M� � SAl sin hNAl�M��x� exp d
k sin�h�
� �

�15�

Thus, the apparent atomic concentration of metallic aluminum
due to the substrate can be calculated as follows

CAl�M� �
IAl�M�=SAl

IO=SO � IAl�OX�=SAl � IAl�M�=SAl
�16�

where IO and IAl�OX� are XPS signal intensities due to oxygen and
aluminum ions in the passive ®lm, respectively, and SO and SAl are
sensitivity factors of oxygen and aluminum, respectively. Thus,
from Eqs. 16, 17 and 18, the apparent metallic Al concentration
due to substrate (CAl(M)) can be expressed as

CAl�M� �
NAl�M� exp ÿ d

k sin�h�
� �

NO exp 1ÿ d
k sin�h�

� �
� NAl�OX� exp 1ÿ d

k sin�h�
� �

� NAl�M� exp ÿ d
k sin�h�

� �
�17�

where NAl�OX� and NO are the numbers of atoms in the passive ®lm
for aluminum and oxygen, respectively, and NAl�M� is the number
of aluminum atoms in the substrate. The NAl�OX� and NO can be
obtained from the density of the aluminum oxide. Thus, the ap-
parent metallic aluminum concentration can be calculated when
the thickness of passive ®lm �d�, take-o� angle �h� and mean free
path �k� are known using Eq. 19. The take-o� angle is 45� and the
mean free path is ca. 20 AÊ in aluminum oxide.

The calculated apparent metallic aluminum concentration and
experimental concentration as a function of the sputtering depth is
shown in Fig. 30 when the thickness of the passive ®lm is assumed
to be 65 AÊ . The experimental apparent concentration of metallic
aluminum concentration is in good agreement with the calculated
concentration.

Appendix ii: Stress for critical crack formation

If one considers the AlOOH ®bril as an inclusion in the Al2O3

crystal, the critical stress �rcrit� for crack extension is given by Eq.
18 using the Gri�th model [55]:

rcrit �
��������������������

2Y c
p�1ÿ m�h

s
�18�

where Y is Young's modulus, c is the surface energy, m is Poisson's
ratio and h is the length of the crack. Young's modulus, surface
energy and Poisson's ratio of aluminum oxide are given respec-
tively as 3:6� 1012 dyne/cm2; 6000 dyne/cm and 0.26 [56, 57]. The
length is assumed to be the same as the thickness of passive ®lm, 60
AÊ . The critical stress is calculated to be 1:7� 1011 dyne/cm2.

The hydrostatic stress �rh� at an edge dislocation is given by
[58]

rh � sb�1� m�
3p�1ÿ m�

sin h
r

�19�

where s is the rigidity modulus, b is Burger's vector, h is the angle
with respect to the glide plane, and r is the distance from the center
of the dislocation. The rigidity modulus for aluminum oxide is
given as 1:6� 1012 dyne/cm2 [58]. Taking r � b and h as 45�, the
hydrostatic stress is calculated to be 2:0� 1011 dyne/cm2. Thus,
the stress due to dislocations introduced by the presence of ®brils
is of the same order of magnitude as the critical stress of the crack
extension for the aluminum passive ®lm due to the AlOOH ®bril.

Fig. 29 Comparison between measured and calculated apparent
metallic aluminum concentration in the passive ®lm of Al
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