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1
GENERAL INTRODUCTION

Present State of Knowledge on Pitting Corrosion
Aluminum has a passive oxide layer on its surface which protects the metal from
corrosion. The role of the passive layer on the metal surface is to reduce the transport
rate of reactant species through the layer, therefore, to decrease the corrosion rate (1).
Most important technological problems in corrosion involve localized corrosion such as
pitting corrosion. Pitting corrosion of passive metals such as aluminum is caused by a
local breakdown of the passive oxide film, which exposes the metal to aqueous solution
containing aggressive anions (see Figure 1). Usually, the rate of pit initiation is
measured by the induction time, that is, the time it takes to form the first pit on a passive
metal exposed to a solution containing aggressive anions (e.g., CI"). The induction time
depends on CI" concentration, electrode potential and the quality of the passive film.
During the past three decades, a great deal of work concerning the process
leading to the breakdown of passivity has been published. This section will briefly
describe the present state of knowledge on localized breakdown of the passive film and
pit initiation. Complete reviews of the localized corrosion literature can be found in the
works of Galvele (2), Strehblow (3), Szklarska-Smialowska (4) and Bohni (5).
The pitting potential, i.e., the potential at which the passive film begins to break
down locally, is one of the most important features characterizing the susceptibility of
metals to pitting corrosion. Internal and environmental factors which affect the pitting
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Figure 1. Schematic representation of passive metal in CI" ions containing solution.
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potential, and therefore pit initiation, have been widely reported in the literature (2-6).
Among these factors, halide ions, pH, and nature of passive oxide film have received
considerable attention. A simple relationship between pitting potential, E^, and the
concentration of aggressive anion [C^] has been reported (11-13),
E^=A~B-\o%[C^

[11

where B is an empirical constant dependent on the electrolyte composition, the
measurement technique and the type of metal involved. The dependence of the pitting
potential on chloride concentration indicates that chloride ions participate in the film
breakdown process. Possible roles for chloride ions include adsorption at the
film/solution interface, followed by reaction with the film. Recently, a new variable,
prior cathodic polarization, which influences pit initiation on aluminum foil has been
studied by Lin and Hebert (7,8). The nucleation rate and the early growth rate of pits
are found to be dramatically accelerated by prior cathodic polarization. The role of
cathodic charging is to chemically or structurally modify the surface film in some way
which promotes anodic pitting. A chemical mechanism, i.e., a cathodic reaction product
serving as an anodic reactant, was suggested by the authors for the observed cathodic
enhancement.
There have been several models proposed for film breakdown and pit initiation
based on observations of effects of various environmental conditions on pitting. The
most common mechanisms proposed for pitting are: (a) ion penetration mechanism, (b)
mechanical film breakdown mechanism, (c) competitive adsorption theory, (d) flaw and
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oxide film defect model and (e) point defect model. These models have been reviewed
in detail in the literature (4,5). No complete agreement exists on the essential causes and
mechanisms of pit initiation (4), and especially for aluminum, the mechanism of pit
initiation is a matter of controversy (9). Recently, a vacancy diffusion mechanism for
pitting corrosion of aluminum has been proposed by Wiersma and Hebert (10) to explain
observations about early growth of pits during anodic etching of aluminum. This
mechanism is able to explain the equivalence between cathodic charge and pit volume
found by Lin and Hebert (7).

Cathodic Polarization of Aluminum
It is necessary to investigate the reactions occurring and products produced during
cathodic polarization of aluminum before the mechanism of the subsequent anodic pitting
can be inferred.
Cathodic hydrogen evolution from acidic solutions has been studied extensively
(11-15), and the mechanism has been considered (II) as an initial discharge step
(step 1),

H^O+e+M-MH^H^O

(21

followed by electrochemical desorption (step 2),
HpUe
or by atomic recombination (step 3),

PI

5
MH+MH-2M+H^

[4]

Vijh (11) has studied hydrogen evolution on aluminum in acidic solutions and concluded
that the initial discharge step is the likely rate determining step.
The mechanism of the hydrogen evolution reaction on aluminum covered by a
"natural" surface oxide film in neutral solutions has been studied by Vijh (16). Tafel
slopes much larger than 2.3x2RT/F was obtained by short polarizations, while on long
polarizations, some cathodic "activation" is manifested, which also reduces Tafel slops to
2.3x2RT/F approximately. Vijh suggested that the high Tafel slopes observed on
oxide-covered aluminum are, most likely, values of 2.3x2RT/F which have been
modified by the presence of oxide. A Tafel slope of 0.325V for A1 in 0.5N NaCl at pH
5 has been reported by Kunze (17). Kunze has also reported for this system that, at a
potential of ~-l,6V, the current increased rapidly while the potential remained appreciably
constant. Recently, Tafel slope of 0.1 IV for potentials more negative than -1.75V vs.
SCE in neutral solutions of 2M NaCl was reported by Radosevic et al. (18), which was
attributed to be due to hydration of the oxide layer at potentials more negative than
-1.7V, whereupon hydrogen is evolved at the metal/film interface. These authors also
concluded that substance other than gaseous hydrogen are produced at cathodic
potentials, which are then involved in an oxidation reaction upon return to the original
open-circuit potential.
Cathodic polarization of aluminum has received wide attention (19-23) mainly in
relation to corrosion of aluminum occurring in the potential region below the open circuit
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potential. In this negative potential region, hydrogen evolution due to hydrogen ion
reduction and water reduction takes place.

[51

2 ''

L

2

[61

-

resulting the increase of pH at metal surface. Kasesche (19) has observed an increase of
aluminum corrosion in sulfate solution caused by the cathodic polarization. Van de Ven
and Koelmans (20) have studied the cathodic corrosion of aluminum in NaCl solution
and found that the rate of corrosion is limited by the chemical dissolution reaction,

AhOH' ^Hp-AlO, +1^2

17)

Part of the OH" ions produced are carried away from the cathode surface into the
electrolyte by diffusion and electrical migration (19). It should be noted that the authors
stripped the oxide films before weighing the aluminum, and thus could not distinguish
solid and dissolved reaction products.
On the other hand, Vedder and Vermilyea (21) studied the oxidation of aluminum
in water, and found that the oxidation reaction is continuous and a layer of aluminum
hydroxide is formed. In the case of a large cathodic current applied (1 mA/cm^), the
rate of hydroxide formation increases, as measured by both weight change and the OH
bend of the infrared spectrum of the oxide film. This result shows that a solid corrosion
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product is produced under cathodic polarization. It is possible that cathodically
generated hydroxide or water can also participate in the subsequent anodic metal
dissolution reaction in the cathodic-anodic etching experiments considered in the present
research.
Recently, Radosevic et al. (18) have studied the cathodic processes occurring on
aluminum in neutral 2M NaCl solution. The authors claimed the presence of some
substances other than gaseous hydrogen, formed at potentials more negative than -1.7V
vs. SCE. The substance, assumed to be aluminum hydride, AIH3, would possibly
participate in the anodic oxidation reaction when the potential was returned to potentials
more anodic than -1.7V (18). Despic et al. (27) have also studied the cathodic and
anodic potential transients of aluminum in 2M NaCl. The observed anodic potential
transients after cathodic polarization were attributed to the presence of a substance inside
a bulk phase. The substance is concluded to be aluminum hydride whose concentration
increases, in a relatively low yield, with the square root of the total amount of cathodic
charge passed.

Effect of AC Etching on Nucleation and Early Growth of Pits on Aluminum
AC etching of aluminum is characterized by a high density of pits, uniform depth
of corroded metal, and by the presence of a film of oxide or hydroxide within this etched
layer. Thompson and Wood (28) have studied the pitting behavior of aluminum in HCl
solution under applied alternating voltage. A high density of pits was produced rapidly
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(>10^ cm"^) and a thin discontinuous film of hydrated aluminum was present on the
metal surface. According to these authors, the film is probably produced on the cathodic
half cycle by a dissolution/precipitation mechanism brought about by the local increase
in pH due to hydrogen evolution.
Dyer and Alwitt (29) have examined the surface changes during AC etching of
aluminum and found that the frequency of an alternating current has a great influence on
the size of etch pits. The relationship between the side length of pit (s) and the AC
frequency (co) is found to be 5 x

over the frequency range of 5-100 Hz. Also, the pit

density on aluminum under AC etching is found to increase remarkably with decreasing
frequency (29). These observations indicate that the applied current waveform
determines the initiation and early growth of pits. According to Dyer and Alwitt, the
active pits are nucleated during the anodic half-cycle, and are then passivated during the
subsequent cathodic half-cycle due to the deposition of a surface oxide film. Thus, for a
given anodic charge, a larger total number of pits was obtained for AC etching as
opposed to DC etching. On the other hand, a different role of cathodic polarization was
reported in the study of anodic pitting on aluminum (7,8), as will be described in the
following.
Lin and Hebert (7) have studied the initiation and early growth of pits on
aluminum foil through one cycle of cathodic-anodic polarization. The application of
only one cycle of AC etching allowed increased fundamental understanding the anodic
pitting behavior induced by the prior cathodic process. The pit density on aluminum
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during the first 20 ms of anodic etching was found to be as large as 10 /cm

with a

preceding cathodic charge of 10"^-10"^ coul/cm^ in IM HCl solution at 65"C. About
half of the pits are nucleated in the first ms of anodic etching indicating that prior
cathodic polarization leads to a burst of pit nucleation within 1 ms. The pit growth rates
in the first 20 ms are also enhanced relative to those measured during DC etching. Also,
an equivalence between the cathodic charge and the measured anodic pit volume at 20
ms was observed. These observations suggested that the first 20 ms of anodic
polarization can be considered as a period during which the initiation and growth of pits
are enhanced by preceding cathodic process.
A period of open circuit between cathodic and anodic polarization was found to
decrease the cathodic enhancement. The cathodic process had only a slight effect on
anodic pitting with an interruption period of one second. The cathodic products may be
removed through reaction or by mass transfer during the interruption period. Stirring of
the electrolyte solution during interruption had no effect on the anodic current transient
suggesting that solution mass transfer is not the cause for the "deactivation" of the
electrode surface during the interruption period.
Cathodic-anodic polarization experiments were also carried out at ambient
temperature. Similar to the results at 65°C, prior cathodic polarization brought on higher
pit initiation rates and early growth rates of pits relative to those during DC anodic
etching. However, at ambient temperature, the cathodic polarization is much less
efficient in enhancing anodic pitting. It is concluded from the results of ambient
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temperature as well as of 65*^C that, regardless of temperature, the rate of anodic pit
initiation is greatly increased by a preceding cathodic polarization.
The tentative conclusion about the mechanism of cathodic enhancement of pitting
made by Lin and Hebert was that cathodic reaction produce species such as hydroxide
which is an anodic reactant. The anodic oxidation of aluminum atom would release
vacancies into metal which would then diffuse toward localized metal dissolution sites.
The rate of pit initiation and growth would then be determined by the rate of vacancy
diffusion. Cathodic reactions and products as well as their effect on anodic processes,
will be studied directly in the proposed work. The mechanism of pit initiation will also
be investigated.

Statement of Purpose
This work attempts to understand the profound effect of prior cathodic
polarization on the initiation of pits on aluminum (7,8). Environmental factors affecting
pitting behavior have been studied extensively in the literature. However, study of
cathodically induced pit initiation has been lacking though AC etching can produce high
pit densities on aluminum. The effect of cathodic polarization on pitting is of particular
interest because no pits are produced during the cathodic polarization itself; instead, the
role of cathodic charging is apparently to modify the surface film in some way which
promotes anodic fiilm breakdown. It is believed that study of the effect of prior cathodic
polarization on pitting of aluminum will furnish information important to the
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understanding of the pitting mechanism. Thus, the objectives of this work are to study
the effect of cathodic charging on the composition and structure of surface film, and the
effect of surface fihn modification on the pitting corrosion resistance of aluminum.

Explanation of Dissertation Format
This dissertation is composed of papers prepared for publication. The study of
the effect of cathodic charging on natural oxide film on aluminum is contained in
Paper I, entitled "The Effect of Cathodic Polarization on the Surface Composition of
Aluminum in Acid Solution," Infrared spectroscopy study of the cathodic reaction
products is contained in Paper H, entitled "Infrared Spectroscopy of Cathodically
Produced Surface Films on Aluminum." The work on cathodically-induced oxidation
reaction and mass change, at potentials below the pitting potential, is contained in
Paper HL, entitled "Study of Cathodically-induced Reactions on Aluminum in Acid
Solutions." The study of cathodically-induced pitting corrosion at potentials above the
pitting potential appears in Paper IV, entitled "The Effect of Cathodic Charging on
Pitting Corrosion Resistance of Aluminum in Acid Solution." Quartz crystal
microbalance frequency transients observed during pitting corrosion are presented in
Paper V, entitled "Quartz Crystal Microbalance Frequency Transients during
Cathodically-induced Pitting Corrosion of Aluminum." Following the last paper is the
General Conclusions and that references cited in the General Introduction are listed
following the General Conclusions. A thermodynamic model which relates the
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relationship between overpotentials is contained in the Appendix. Papers I, m, IV and V
under the authorship of Ching-Feng Lin and Kurt R. Hebert, and Paper n under the
authorship of Lin, Hebert, and Marc. D. Porter. The investigations were conducted and
the manuscripts were written primarily by the Ph.D. candidate, with the advice of the
major professor. Dr. Kurt R. Hebert. The style used for each section follows that of
Journal of the Electrochemical Society.
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PAPER I.

THE EFFECT OF CATHODIC POLARIZATION ON THE SURFACE FILM
COMPOSITION OF ALUMINUM IN ACID SOLUTION
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The Effect of Cathodic Polarization on the Surface Film Composition of Aluminum in
Acid Solution

Ching-Feng Lin and Kurt R. Hebert

Department of Chemical Engineering

Iowa State University
Ames, lA 50011
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ABSTRACT

Cathodic polarization was found to reduce the hydrogen transport resistance of
the surface oxide film on aluminum, at potentials around -1.65V vs. Ag/AgCl/4M KCI
in 0.1 M HCl solution. Five minutes immersion of samples in the electrolyte solution
prior to polarization was also necessary for the increase of cathodic current. Reduction
of film resistance was shown to be due to change of film composition as a consequence
of cathodic charging. Formation of surface film was also found at potentials where the
film resistance was reduced. The film, which was shown to contain appreciable
amounts of water, was found to be an ohmic proton conductor with the conductivity at
the same order of magnitude as precipitated aluminum hydroxide. The mechanism
through which the oxide film resistance reduced during cathodic charging in acid
solution is discussed.
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INTRODUCTION

Cathodic polarization of aluminum has received wide attention mainly in relation
to corrosion of aluminum occurring in the potential region below open circuit potential
(1-10). Cathodic corrosion is reported to occur on aluminum thin films used as
conductors on integrated circuits (10). When hydrogen is cathodically evolved at a
metal surface in electrolyte solution, an increase of hydroxide anion concentration at the
electrode results. This alkalization effect is thought to be responsible for the cathodic
corrosion of an amphoteric metal like aluminum (10).
Cathodic polarization is also found to increase the susceptibility of aluminum
surfaces to pitting corrosion (11). Pit densities approaching 10^/cm^ have been
observed after single cycles of cathodic and anodic polarization on aluminum.
Apparently, cathodic charging of aluminum modifies the oxide film surface in a way
which greatly increases the susceptibility of the metal to pitting. An understanding of
the nature of this surface modification may yield important insight into the mechanism
of passive film breakdown in pitting corrosion.
The mechanism of hydrogen evolution reaction on aluminum covered by a
"natural" surface oxide film in neutral solutions has been studied by Vijh (6). Tafel
slopes much larger than 2.3x2RT/F were obtained in short polarizations, while on long
polarizations, some cathodic "activation" is manifested, which reduces the Tafel slope to
2.3x2RT/F approximately. Vijh suggested that the high Tafel slopes observed on
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oxide-covered aluminum are, most likely, values of 2,3x2RT/F which have been
modified by the presence of oxide. A Tafel slope of 0.325 for A1 in 0.5N NaCl at pH 5
has been reported by Kunze (4). Kunze has also reported for this system that, at a
potential of ~-I.6V, the current increased rapidly while the potential remained. Recently,
a Tafel slope of 0.1IV for potentials more negative than -1.75V vs. SCE in neutral
solutions of 2M NaCl was reported by Radoseviè et al. (12), which was attributed to
hydration of the oxide layer at potentials more negative than -1.7V, whereupon
hydrogen is evolved at the metal/film interface. These authors also concluded that
substances other than gaseous hydrogen are produced at cathodic potentials, which are
then involved in an oxidation reaction upon return to the original open-circuit potential.
In the present work, the effect of cathodic charging on the resistance of surface
aluminum oxide films, during hydrogen evolution, was investigated. The cathodic
reaction product was studied using in-situ quartz crystal microbalance measurement.
The effect of HCl pretreatment on the increase of cathodic current is also reported.
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EXPERIMENTAL

Preparation of aluminum film sangles.- The aluminum film samples used in this
study were approximately 0.25 |am thick evaporated from a pure source (99.99% A1
foil, provided by KDK corporation, Japan) onto quartz substrates. The substrates were
cleaned with 003/112804 solution, deionized water and methanol, and then dried in hot
air. The pressure in a cryopumped coating system (Edwards E360A, West Sussex,
England) during evaporation was < 1x10"^ torr and the base pressure was < 4x10"^
torr. The evaporation rate, which was measured with a quartz crystal thickness monitor,
was 1.8-2.0 nm/s. The temperature of the substrate was not intentionally controlled.
After the substrates returned to room temperature (-45 nun), the evaporator was
backfilled with purified N2, and the substrates removed. The A1 films were then
exposed in laboratory ambient for 24 hours.
XPS measurement.- The thickness as well as the composition of air-formed
aluminum oxide films were measured through the X-ray Photoelectron Spectroscopy
(XPS). The XPS spectra were acquired on a PHI 5500 multi-technique system. The
spectrometer was equipped with a hemispherical analyzer, using A1 Ka x-ray at 300W
(14 KeV). The photoelectron detection angle relative to the sample surface was 45^.
The surface carbon contamination layer was removed by ion sputter etching with an Ar^
beam at an accelerating voltage of 4 keV (~0.4m.A).
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Electrochemical quartz crystal mcrobalance (QCM).- The instrumentation for the
QCM was the same as that employed in previous studies (13-17). Potentiostatic control
and current measurement were accomplished by interfacing the QCM to a personal
computer using a data acquisition board (Lab-PC, National Instruments). The frequency
was measured with a frequency counter (Hewlett Packard 5334b) interfaced with a
GPIB-PCn board. A QuickBasic (Microsoft) program was developed to drive the two
boards simultaneously.
Aluminum film electrodes were evaporated onto both sides of planar (1 inch
diam), overtone-polished, AT-cut quartz crystals (Valpey-Fisher, Hopkinton,
Massachusetts). The films, which were deposited using a standard keyhole design (18)
were ca. 0.25 |im thick and 0.34 cm^ electrode area. The crystals were operated at the
fundamental frequency of 5 MHz with the mass sensitivity of 17.67 ngHz'^cm'^,
according to Sauerbrey relationship (18,19).
A/= -2.26 X 10-« / 2 Aw

fSl

The crystal was mounted in the wall of the electrochemical cell using an O-ring joint
and two 0-rings. A Pt wire and a Ag/AgCl/4M KCl electrode were inserted into the
cell as counter electrode and reference electrode respectively. In all experiments the
electrolyte was 25 ml aqueous 0. IM HCl solution and the temperature was at ambient
(25°C). Prior to polarization experiments, the A1 film was allowed to contact with the
electrolyte for 5 minutes at open circuit. The frequency was measured at the rate of 18
ms per reading during cathodic polarization.

20
Stnppir^ of Oxide Film.- The cathodically produced oxide film composition was
determined by measuring weight loss after stripping the film. At the conclusion of
cathodic charging, the cell was switched to open circuit. 25 ml of stripping solution,
consisting of 8% CrOg and 20% HgPO^, was introduced into the cell after 30 seconds
of open circuit. The frequency of the crystal was measured at the rate of 0.5s. The.
time for the frequency to reach a steady value (defined as completion of stripping)
varied from three to five minutes.

RESULTS AND DISCUSSION

XPS investigation of air-formed oxide film.- It is interesting to investigate the
state of the air-formed oxide film on aluminum since the nature of the film has been
shown to influence the cathodic polarization behavior significantly (11). The air-formed
oxide film composition as well as the thickness were studied through X-ray
Photoelectron Spectroscopy (XPS). In order to determine the 0/Al atomic ratio of the
oxide layer, the surface carbon contamination layer was removed by ion sputter etching.
Figure 1(a) shows the Al(2j5) spectra of as deposited A1 film sample, after ion sputtering
at an acceleration voltage of 4.0 KeV for 2 minutes. At this point the C(ls) peak area
was 1.8% of the total. Both peaks from the oxide and the metallic states appear
indicating that the air-formed oxide layer is thin. The relative peak areas of the
Al(2/?,metal) and Al(2p,oxide) peaks were resolved by Gaussian curve analysis. The
0/Al atomic ratio in the oxide layer was calculated from the overall 0/Al ratio and the
Al(2/7,oxide) peak area. The ratio is 1.95, which is higher than the stoichiometric value
of 1.5 for AI2O3. According to this atomic ratio, possible film compositions are
AlOOH or AlgOg'HgO.
The 0(ls) peak of the oxide film shown in Fig. 1(b) is centered at around
533.2 eV. Fuggle et al. have reported 0(ls) peak centered at 532.4 eV for aluminum
oxide obtained by exposure of clean aluminum to oxygen (20). On reaction of
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Figure 1. XPS spectra taken on evaporated aluminum film, (a) Al(2p); (b) 0(ls).

aluminum with water vapor, a peak centered at 533.3 eV was obtained, which was
assigned to hydroxide. The peak is still large at 240 K in UHV which precludes it
being adsorbed water unless it is strongly bound (20). Therefore, the O/Al atomic ratio
of 1.95 as well as the 0(ls) peak position indicates that the air-formed film is hydrated
oxide even in vacuum. This observation is in agreement with the broad infrared 0-H
stretching vibration band found on as deposited Al film sample (21).
The oxide layer thickness was determined to be 3.1 nm, according to Eq.[l](22),

h =

where

(11

^ the intensity of Al(2/7,metal) (31.8%), Ij the intensity of Al(2p,oxide)

(68.2%), D2 the density of Al atoms in metal (2.7 gm-Al/cm^), Dj the density of Al
atoms in oxide (1.35 gm-Al/cm^ for AlOOH), 11^2 the mean free path length in metal
(25.5Â), 1/0 J the mean free path length in oxide (27.8Â), x'=V"2 d for 45" angle, and d
the film thickness (Â). For the electron mean free path length in Al, Penn's calculated
value was used (23). For the calculations of Dj and I/Gj (see Eqs. [4] and [5] in
Ref. (24)), an oxide density of 3.01 g/cm^ was used (25). In Ref. (24), the electron
mean free path length in AI2O3 calculated is 27.4 Â.
The average thickness of surface oxide layers on aluminum which were oxidized
in pure oxygen at 250°C for 5 hours, has been reported to 2.3 nm (26). The thickness
of the oxide layer on as evaporated aluminum films used in the present work is greater.
The difference in thickness is probably due to different oxide film compositions.
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Cathodic polarization of alitnàman.- Cathodic polarization curves as well as
weight changes of aluminum were measured simultaneously through the electrochemical
quartz crystal microbalance technique (QCM). Figure 2 shows polarization curves
measured separately from an anodic potential region as well as from a cathodic potential
region. The corresponding current and frequency transients for the cathodic potential
region are shown in Fig. 3. As a pretreatment, the sample was immersed in the cell for
5 minutes prior to scanning cathodically at a rate of 10 mV/s. Figure 2 shows that a
linear E vs. log i portion can be obtained for both potential regions. The Tafel slope for
the potentials between -1.2 and -1.5V is -374 mV. No change in the vibration
frequency of the electrode in this potential region was obtained. This observation
indicates that the mass of the sample remained constant in the high potential region.
The slope began to decrease as the potential was driven more cathodically.
Figure 3 shows that the cathodic current rose significantly as the potential
became more cathodic than -1.65V. The Tafel slope for the potentials between -1.65V
and -1.79V is -127mV. The cell potential includes the overpotential in the metal/fihn
interface

^he potential drop across the film

film/solution interface

the overpotential in the

and the overpotential between the solution side of the

film/solution interface and the reference electrode (^1^^).

K =

+ n» + n: +

Where, V=(Eggjj vs. Ag/AgCl/4M KCl) + 0.27, is the total overpotential for hydrogen
evolution at the experimental pH of 1.25. r|y^, which is primarily due to ohmic
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Figure 2. Polarization curves for aluminum in O.IM HCl at room temperature; pretreatment time 5 minutes. Potential
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resistance in the bulk solution, can be calculated from the measured current density and
the cell resistance. AR^, the cell resistance, was determined to be 37 ohm-cm^ (27).

TiJ, = i X ARç^

[3]

The Tafel slope and the exchange current density for the anodic potential region, after
correction for

are -371 mV and 3.27x10"^ A/cm^ respectively, and are -96 mV and

5.73x10'^^ A/cm^ for the cathodic potential region. A Tafel slope of -110 mV for
hydrogen evolution reaction (h.e.r.) in acid solution on aluminum, which were
considered to be essentially free of surface oxide, has been reported by Vijh (28). This
value is reasonably close to the Tafel slope in the negative potential region in Fig. 2.
The author suggested that the electrochemical reaction is likely the rate-determining step
in the over-all h.e.r. On the other hand, Vijh also found Tafel slopes much larger than
2.3x2RT/F on oxide-covered aluminum electrodes (6), Therefore, the reduced Tafel
slopes at cathodic potentials can be explained, according to these arguments, by a loss
of film resistance to the passage of cathodic current.
By assuming that current flow in the film at anodic potentials obeys an
exponential law, the hydrogen current is determined by
. 12

.2

[41
*0^" exp (-p,2Ti«) = ioji'. exp
where

anF/RT. The potential drop across the film can be calculated from

Eqs. [3-4] by assuming T|p^^^=0.
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°

''S '

The hydrogen current is

'u =
'

exp'"**' '•»'= exp''=•'=

|6,

exp-""-»'

where i^ ^ the exchange current density for the over-all h.e.r. at anodic potentials. In
Eq. [6], 3^2 (24.1) and i^^^^ (5.73x10"^^ A/cm^) were determined from the linear
portion of the cathodic potential region in Fig. 2; P (6.19) and i^j^ (3.27x10"^ A/cm^)
were determined from the anodic potential region, after correction for ohmic resistance.
b2 and i^,

which were calculated from Eq. [5] are 8.34V"^ and 1.72x10''* A/cm^

respectively. Thus the overall hydrogen kinetics at anodic potentials can be explained if
proton conduction in the film obeys an exponential law as in Eq. [4]. Such an
exponential law would be expected for high-field conduction,
1\

hi ~ h,H

m

where ô is the film thickness, 3.1 nm. The value of Pjj is ôxb2=2.6xl0"^ cm/V. This
value compares favorably with field coefficient for high field conduction in films of
aluminum, tantalum, and iron oxide, which are all about 5x10'^ cm/V (29,30).
The decrease of film resistance is not due to removal of oxide film since no

decrease in mass of the sample was observed at -1.65V. Instead, the mass of the sample
began to increase at the potential of -1.67V, which indicates the presence of cathodic
reaction products on the sample surface. Radosevic et al. (12) also observed dramatic
changes in the electrochemical behavior of aluminum below -1.75 V vs. SCE, which
was attributed to the presence of AIH3. Results of oxide film stripping experiment
presented below and infrared spectroscopy study (21) show, on the other hand, that the
mass increase is due to a surface oxide film.
At potentials more negative than -1.8V, the Tafel slope in Fig. 2 began to
increase. The mass of the electrode also increased significantly as shown in Fig. 3. The
rate of frequency decrease is approximately a constant of 3.2 Hz/s at potentials between
-1.9V and -2.0V, which indicates that the film has low resistance for ionic transport.
The frequency also decreased continuously at potentials more cathodic than -2.0V (not
shown). A total frequency decrease of 665 Hz (11.7 ng/cm^) was found after the
potential was swept to -3.0V. This potential is well below to the equilibrium potential
of -1.663 V vs. NHE for A1 (31). The overpotential for Al^^ transport can be
decomposed into

^ = ^Ai + nA/ +- ni +

+ n»

1^1

where E°^| is the equilibrium potential for Al. Accordingly, if the film is forming at
the potential more negative than

then

must be positive.

is -0.33V at

the current density of 8.8 mA/cm^ at -3V. Therefore Tl^j^, which is controlled by the
cathodic reaction, must be large and negative (at least -0.74V at E=-3.0V vs.

Ag/AgCl/4M KCl). Thus, film growth at -3.0V can only be explained by appreciable
resistance to cathodic current flow in the film. In this case, the high Tafel slope is
attributable to increased film resistance.
It is concluded from polarization curves that cathodic charging "activates" the Al
surface at the potential around -1.65V, where the hydrogen evolution reaction follows
Tafel kinetics. The change in h.e.r. kinetics can be explained by a loss of film
resistance to

transport. The mass of the electrode also begins to increase at the

potential where the h.e.r. kinetics change. The mass increase was attributed to the
formation of surface oxide film. The rate of mass increase was approximately constant
suggesting that the film has low resistance for transport of aluminum and oxygen ions.
The polarization behavior as well as the cathodically-induced film growth were further
studied by a potentiostatic method.
Potentiostatic cathodic charging.- Shown in Fig. 4 are the quartz crystal
microbalance frequency transient, as well as the charge applied, during constant
potential charging of the evaporated aluminum film at -2.0V. The corresponding
cathodic current transient is shown in Fig. 5. Figure 4 shows that there is an initial
period of about 2 s during which no frequency change is observed. The corresponding
cathodic charge for this initial period is 7.2 mC/cm^, which is in good agreement with
the critical charge for significant film growth found in infrared spectroscopy (21). After
this initial period, the frequency decreases linearly with time, suggesting that cathodic
products accumulate at a constant rate on the electrode surface.
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Figure 4. Quartz crystal frequency shift and accumulated cathodic charge obtained during cathodic polarization of Al in
O.IM HCl at room temperature. Cathodic potential -2.0V.
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Changes of stress of metal films might also contribute to the frequency shift of
the QCM (32,33). Thus, cathodic polarizations were also carried out on 5 MHz BT-cut
quartz crystals onto which the aluminum films had been evaporated, to determine any
stress effect (33). The frequency measurement on BT-cut quartz crystals gave the same
slope as that in Fig. 4, indicating that there was no significant stress change during
cathodic polarization. The slope in Fig. 4 is -3.42 Hz/s, which corresponds to a mass
increasing rate of 0.06 |Ligcm'^s'\ according to the Sauerbrey equation (18,19). The rate
of mass increase was approximately constant indicating that the film has little resistance
to ionic transport.
The initial cathodic current density in Fig. 5 is 1.7 mA/cm^, which is only
slightly higher than the current density of 1.12 mA/cm^, calculated from the Tafel
kinetic expression found in the anodic potential region in Fig. 2 (with ohmic resistance
correction). Therefore, the fihn had a high resistance initially. The current rose fast
during the first 2s, then increased slowly to a maximum current of 6 mA/cm^ at 7s, and
then began to decay. The increase in current during constant potential charging suggests
that the resistance of the film decreases. As found in the potential sweep experiment
described above, cathodic charging activated the aluminum surface. Assuming that
is negligible and the h.e.r. follows the kinetics found in Fig. 2, the cathodic current
density for "activated" surface, at the applied potential of -2.0V vs. Ag/AgCl/4M KCl
(or •nj|=-1.73V), can be calculated from Eq. [9],
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3

îl// = 1// + Tl//
= TiJf +

^
exp"^'-'^"

where the cell resistance and kinetic parameters used are the same as those in Eq. [3]
and Eq. [6]. The current obtained is 5.45 mA/cm^ in good agreement with the
experimental maximum current of 6 mA/cm^. It is thus apparent that "activation" of the
Al surface, i.e., the transition between the two kinetic rate laws, took place over the
period of 7s in Fig. 5. The mass of the electrode began to increase at 2s while the
current was increasing. Therefore, film dissolution is not the cause for surface
activation, in stead, the resistance of the existing film decreased due to a chemical or
structural transformation.
After the current maximum, the cathodic current decayed slowly while the rate
of mass increase stayed constant. Thus, the decrease of current was considered due to
build up of low resistance surface oxide film. The rate law for conduction in the film at
these times was determined from the current transient in Fig. 5, as will be described in
the next section.
Figure 4 (inset) also shows a frequency transient below the pitting potential, after
cathodic charging. The frequency decreased by about 7 Hz, in a time of l-2s, after the
potential was stepped at 30 seconds to -0.9V. A linear relationship was found between
frequency decrease and anodic charge during this transient (27). Therefore, the
frequency transient at open circuit can be associated with a film growth process.
Anodic film growth induced by cathodic charging will be discussed in more detail in a
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subsequent paper (27).
Determination of film conduction rate law.- The constant rate of mass increase
together with the decrease of cathodic current is interesting. If conduction in the filnn
follows Ohm's law, the current in the film is

U'
where

Ô

the potential drop in the film (volt), K the conductivity of the film

(ohm'^cm"^), and 5 the film thickness (cm). Assuming

is negligible, the

overpotential for the h.e.r is

V - n:/ 4

^ 4

fill

where T]pj^ = iAR^ the IR drop in the electrolyte solution. Therefore,

à =

[121

The film thickness can be calculated from the mass increase Am (g/cm^) and the density
of the film p (g/cm^).

AM = ^iV„W,h -

+ 6,)

113)

where 5^ is the original oxide thickness before film growth. Figure 6 shows the
relationship between mass change (Am) and 1/i for times between 7-30s in Fig. 5. The
mass changes calculated from the measured frequency changes in Fig. 4, and the
stripping ratio of 1.38 (see next section). The cathodic currents used were from Fig. 5.

Since the current varies from 5.7 xaAjcn? to 3.7 mA/cm^ over the linear portion
(t=13s-30s), the variation for

calculated from the kinetic parameters obtained from

Fig. 2, is only about 0.017V. Thus the term (V

in Eq. [13] is approximately a

constant. Fig. 6 shows that the linear relationship between Am and 1/i in Eq. [13] is
obeyed, which indicates that the film at these times is an ohmic proton conductor. The
slope and intercept extracted from Fig. 6 are -1.74x10"^ g-A/cm^ and -1.47x10'^ g/cm^
respectively. The conductivity of the film K and the potential drop

calculated

from Eq. [13] are 1.12x10"^ ohm'^cm"^ and -1.18V respectively. The parameters used
are p=2.4 g/cm^ for hydroxide film (25), ARq=37 Q-cm^ for cell resistance (27),
6^=3.1 nm for the original film thickness, and V=-1.73V. It must be noted here that the
conductivity calculated by using the value of 5^=3.1 nm was underestimated since the
initial film thickness should be smaller due to film thinning which occurs during
pretreatment (see below).
Dzimitrowicz et al. showed that precipitated A1(0H)3*H20 is an ohmic proton
conductor, with a conductivity of 6x10"^ ohm'^cra"^ (34). The aluminum hydroxide
studied by these authors was gibbsite obtained by neutralization of A^NOg)^ solution; it
has low crystalline order and very small particle size (35), The basic structural element
for gibbsite is that of double layers of OH ions, with A1 ions occupying two-thirds of
the octahedral interstices within the layers (35). Additional water molecules occupy the
inter-particle spaces to produce a connected, viscous-liquid region through the composite
"solid". Since proton transport through the particles is expected to be poor,
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Figure 6. Plot of cathodic mass increase vs. l/(cathodic current density). Cathodic period shown: 7-30s. Cathodic mass
increases were calculated from QCM frequency shift in Fig. 4.
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Dzimitrowicz et al. considered the bulk of the conductivity to arise from motion around
the particles. The conductivity for the cathodically produced film has the same order of
magnitude as the precipitated hydroxide film, suggesting that both materials have similar
structures and both contain appreciable amounts of water. The cathodic current at the
beginning of film formation, i.e., Am=0, calculated from the slope and intercept of
Fig. 6 is 8.4 mA/cm^. The maximum cathodic current at a time of 7s in Fig. 5 is
similar, at 6 mA/cm^, indicating that the initial resistive oxide film at this point had
entirely converted to the conductive structure.
Determination of film conqjosition.- The QCM was applied during immersion of
cathodically charged A1 in oxide stripping solution. In this way the relation between
cathodic frequency shift and oxide growth was determined. The measurement of the
frequency decrease due to cathodic charging and the frequency increase in stripping
solution gives information about the film composition.
Figure 7 shows a typical quartz crystal microbalance frequency transient during
the course of film dissolution. The frequency decreased by about 20 Hz after the cell
was switched to open circuit. As mentioned before, this open circuit mass increase is
probably associated with an uniform oxidation reaction induced by prior cathodic
charging. Total frequency decrease (Af^) due to cathodic charging and open circuit
mass was 345 Hz. Upon introducing CrOg/H3PO^ solution, the frequency decreased
further by about 260 Hz, which was probably due to increase of solution mass. After
this transient period, the frequency stayed constant for about 5 seconds, and then began
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Figure 7. Open circuit quartz crystal frequency shift obtained after cathodic charging of Al in O.IM HCl solution.
Cathodic time 120s; potential -2.0V. Cathodic frequency decrease 325 Hz. Open circuit frequency decrease
20 Hz. CrOg/H^PO^ solution was introduced at 30s of open circuit.
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to increase indicating oxide dissolution. The time needed to dissolve the oxide was
about 4 minutes.
Figure 8 shows that the amount of frequency increase due to stripping, Af^, is a
linear function of Af^, the cathodic frequency shift. The stripping ratio, i.e., the slope of
the data (line 1) in Fig. 8, is 1.38. Points with filled square markers in Fig. 8 are
frequency increases when the samples were left in the electrolyte solution (0.1 M HCl)
after cathodic charging, without introducing stripping solution. The time for the
frequency to arrive at constant values in 0.1 M HCl solution was 45 minutes, which was
much longer than when stripping solution was introduced. The decrease of mass in
O.IM HCl indicates that the cathodically produced oxide film is not stable in acid
solution. Line 2 in Fig. 8 was drawn through the origin, by using the slope obtained
from line 1. The line passes through the frequency shifts which were obtained without
stripping solution introduced. Therefore, the intercept found in line 1 (-41 Hz) is
probably due to a residual chromium oxide film on the electrode surface.
The weight loss due to stripping (Af^) includes mass incorporated into the oxide
film during cathodic charging, and aluminum from the metal. Assuming that no Al"*"^
dissolved during cathodic charging, the weight percent of aluminum in the film can be
calculated from the stripping ratio,

— = 1 - (weight fraction of At)
A4

[14]

where Afc is the cathodic frequency shift. The weight fraction of A1 from Eq. [14] is
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0.275. This weight percent indicates that four oxygen atoms are associated with one
aluminum atom ( A1/(A1+40)=0.296 ). Possible oxide film compositions are:
AlOj 5* 2.5H2O, AlOOH* 2H2O, A1(0H)3*H20, or mixtures of these. This
composition refers to the film after both cathodic charging and open circuit oxidation.
Since part of the Al in the film was introduced by open circuit oxidation, the O/Al ratio
during cathodic charging must be higher. Furthermore, if Al"*"^ dissolution occurred
during cathodic charging, then mass increase due to incorporation of oxygen and H2O
must be greater than that obtained from the frequency shift. Under this circumstance,
the weight fraction for Al would also be smaller than 0.275. It is concluded from these
measurements that cathodically produced oxide film contains at least four oxygen atom
for every aluminum atom, including at least one water molecule per Al. Since true 0/Al
ratio of the film during cathodic charging is expected to be higher, the film probably
contains even more water. Significant amount of water are consistent with the structure
suggested by the proton conductivities calculated above.
It is concluded from the above observations that a surface fihn was produced
during cathodic charging. The composition of the film was determined from the QCM
measurement to contain appreciable amounts of water, which would provide small film
resistance for ionic transport.
Effect ofHCl pretreatment.- Results from polarization studies indicate that
cathodic charging dramatically reduces the oxide film resistance for ionic transport. It
was also reported in a previous study that immersion of samples in HCl solution, prior

to applying polarization, is necessary to obtain significant cathodic charge, which will
then promote pitting corrosion (11). Results concerning role of HCl pretreatment are
presented in this section.
Figure 9 shows the effect of HCl pretreatment on cathodic polarization curves.
The scan rate was 20 mV/s, which was two times faster than that used in Fig. 2. For
the sample without pretreatment, the Tafel slope is -372 mV for potentials between
-1.4V and -2.0V. This value agrees with the slopes, for the samples with HCl
pretreatment, found in the potential region before surface "activation" (see Fig. 2 and
Fig. 9). For the pretreated sample in Fig. 9, the "activated region", i.e., the region
where the Tafel slope decreases, is displaced to more cathodic potentials at the higher
potential sweep rate. However, without pretreatment, the Tafel slope remained constant
at the initial high value. It is concluded that the role of HCl pretreatment is to modify
the o)dde film in some way, which allows cathodic polarization to "activate" the film.
Since the constituents of HCl electrolyte solution are H\ CI" and H2O,
experiments were conducted to test which of these constituents are necessary during
pretreatment. The pretreatment procedure was to immerse A1 samples in these solutions
for 5 minutes prior to transfer into the etching solution. For this purpose, A1 samples
were 99.99% pure foil. The etching solution was IM HCl and the temperature was
25°C. Figure 10 shows the cathodic current transients for samples pretreated with
different electrolyte solutions. The initial currents were between 30-40 mA/cm^ and
increased with cathodic time, for samples pretreated with low pH solutions, independent
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of the anion of the acid. In contrast, the currents for the samples pretreated with H2O
or IM NaCl were comparatively small and only increased slowly with time. These
current transients indicate that pH, instead of the anion, is responsible for the effect of
pretreatment on cathodic current transients. Since aluminum oxide films dissolve at pH
lower than about 3 (31), the role of pretreatment may be to simply thin the surface film.
This possibility was studied with measurements of potential and QCM frequency during
the 5 minutes open circuit immersion.
Figure 11 shows typical QCM and potential transients recorded during the
pretreatment period. The frequency transient during the first minute is considered to be
due to introduction of electrolyte solution into the cell. After the initial transient, the
frequency began to increase slowly while the open circuit potential decreased at
approximately a constant rate. The total frequency shift during the 5 min pretreatment
was about 12 Hz. In the study of infrared spectroscopy, decreases in intensity for the
Al-0 band were found for samples after HCl pretreatment (21). The ir peak intensity
decrease, together with the mass decrease measured through QCM, indicates that film
dissolution took place during pretreatment. By assuming a density of 3.0 g/cm^
(AlOOH) (25) for air-formed oxide fihn, an oxide thickness of 7Â would be removed
for the frequency increase of 12 Hz during the pretreatment (17.67 ng/cm^/Hz). The
constant rate of potential decrease may be the result of a constant electric field being
maintained while the film thinned. It is concluded from pretreatment studies that the
surface oxide layer was tliinning during pretreatment.
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Figure 11. Open circuit potential and quartz crystal frequency shift obtained during immersion of A1 in O.IM HCl
solution.
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The ion conduction behavior of A1 before cathodic charging was studied using
the method of Kirchheim (30). The electrolyte used was 0.05M H2SO4 solution
(pH~1.35). Initially, the cell current was kept at a stationary corrosion current density
(icQ, £2") of 13.6 |aA/cm^, which was obtained from Valand and Heusler's results
(27,36). The current was changed to a value i (82') and remained at this value for a
time period of t^, during which film formation and metal dissolution occurred and the
cell potential increased to 62- The current was then decreased to the original stationary
value (i^Q, 62^). During the instationary period the potential changed first
instantaneously by Asj (Asj=82^ -

and then linearly by As2 (A£2=S2 - S2'). After

the current was changed at time t^ to i^^, a permanent potential change of As2°
(As2"=S2^ - S2"). A linear relationship between Asj -

and ln(i/ig^) was obtained

(see Fig. 12). The high field conduction constant B, calculated from the slope of Fig. 12
and Eq. [15] (Eq. [14] in Ref. (30)), was 4.86x10'^ cm/V.

Ae, - ng = — In '
°
B
Wliere

115]

the overpotential for film formation, was calculated from i according to

Eqs. [4-6] in Ref. (30), and 5^ is the original film thickness (3.1 nm). The prefactor i^
in a high field conduction equation (see Eq. [18]) was calculated from A82", according
to Eqs. [16] and [17] (Eqs. [25] and [10] in Ref. (30)).
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Figure 12, Plot of Aej-r) vx In (i/i^^^) according to Eq. [15]. 0.05M H^SO^ solution.
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Ae; =

e? = ^ In ^
"
B
Where

(17)

is the molar volume of the oxide (20 cm^ mol"^ for AlOOH), and ij was

calculated from i according to Eqs. [4-6] in Ref. (30). The averaged value for stationary
electric field (S2°/^o^ was 3.04x10^ V/cm, and was 9.8x10"^^ A/cm^ for i^. It is
concluded from the above results that the ion conduction rate in the film obeys the high
field conduction equation,

Where i^ was 9.8x10'^^ A/cm^ and B was 4.86x10"^ cm/V. Therefore, film thinning
due to pretreatment may assist the transport of ions in the film.
Discussion.- The relationship between the overpotentials for aluminum oxidation
and hydrogen evolution, at the m/f interface, can be related through consideration of
thermodynamics (Appendix)

By assuming the resistance to aluminum oxidation at the m/f interface is small and can
be neglected, and that the film is an ideal mixture of AI2O3 and Al(OH)3 (Appendix),
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Eq. [19] becomes

12 _

1

/

o

o

\

RT 1

[^AI{OH)i)
[201

= -1.57K + (8.56x10-^1/) In
[^AKOmil
where |-i°/^i,03 ^ -380,500 cal/mole, and H°aI(OH)3 ^ -271,900 ca/mole (31). According
to Eq. [20], X^iio/^Al(OH)3

from 100 at -1.53V to 0.01 at -1.61V. The

thermodynamic transition from AI2O3 to Al(OH)g thus occupies a narrow potential
range around T|y^^=-1.57V. The critical

of -1.57V for transition between oxide

and hydroxide can be compared to the potential of about -1.75V in Fig. 3 at which the
hydrogen evolution is "activated" and film growth begins. Neglecting solution ohmic
drop and the potential drop through the low-resistivity film, the value of
corresponding to the experimental potential of -1.75V is -1.48V, in very good agreement
with Eq. [20]. Thus the markedly decreased film ion transport resistance below -1.75V
coincides with the thermodynamic expectation of a hydroxide, rather than oxide film at
these potentials. Also, as noted above, the proton conductivity at the cathodic potentials
is characteristic of aluminum hydroxide.
The cell potential can be decomposed into a series of overpotentials for Al^^
transport as indicated in Eq. [8]. The potential drop at the m/f interface (T|,^/^)
depends on the film composition according to Eq. [19]. Immediately after the potential
step from open circuit (V~ -0.53V) to cathodic value (V=-1.73V), the film composition is

unchanged since there has been no time for reactions to take place. Assuming that
tih^^ is the dominant potential drop at open circuit,

decreases from OV to -0.93V

at the beginning of cathodic charging. According to Eq. [8] and neglecting solution
ohmic drop and the potential drop at the f/s interface, the potential drop in the film
(r|^j2) is 0.86V. Positive ri^j^ suggests transport of Al"^^ from the fibn outward to the
solution, while negative

implies that no oxidation of Ai to Al"*"^ take place. As a

consequence, the ratio of 0/Al in the film increases, and, to preserve electrical
neutrality, protons are incorporated into the film. Therefore, the film composition is
changed from oxide to hydroxide as a consequence of Al^^ transport. Since

is

related to the film composition through Eq. [19], when the film is converted from oxide
to hydroxide,

becomes less negative, and eventually approach zero. Thus, film

growth is possible when the Al surface is "activated".
As described in the above section, the film was found thinning during
pretreatment. Therefore, film thinning may be necessary for cathodic activation; Fig. 9
shows that the cathodic "activation" event do not occur on the sample without 5 minutes
pretreatment, even the potential was swept to -2.0V. Film thinning due to pretreatment
may assist the transport of Al^^ ions since the ion transport current is very sensitive to
the electric field in the oxide. For example, the current densitj»^ calculated from the
measured electric field and exchange current density is 25.6 |aA/cm^ at the film
thickness of 3.1 nm. By using the same value of potential drop, the current will
increase to 428 |aA/cm^ if the film thickness is reduced by 5Â.
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Previous investigators (37-39) have ascribed the formation of amorphous
Al(OH)g during AC etching in HCl solution, to increase of pH at the electrode surface
during the cathodic half cycle. For example, at room temperature the pH of a saturated
AlClg solution is about 0.15 and increasing the pH above 3 causes some Al(OH)3 to
precipitate (39). Therefore, it is necessary to examine whether the surface pH is high
enough to precipitate Al(OH)g for the experimental conditions used in this work. The
surface

concentration change can be calculated by considering diffusion and

migration of

in the HCl binary electrolyte, from bulk solution to the electrode

surface

i(l f_)
—-—

-

u.HCl

:

[21]

x=o

The concentration at the electrode surface (x=0) for constant current electrolysis is (40)
,0

lit

[221

F\ID'r

With the values of Cj^q

=0.1M, Djjq=3.05x10"^ , t_°=0.169 (41), t=5s and

jjy|jj

1=5.8 mA/cm^ (the current in Fig. 5 where t£--l Hz), the surface HCl concentration
change is only 0.005 M which is negligible by comparison with the bulk HCl
concentration of 0.1 M. The solubility product for amorphous hydroxide Al(OH)g is
10-32.34 ^32). Therefore, a Al^^ concentration of lO^ '^ M is required to precipitate
Al(0H)3, at the surface HCl concentration of 0.095 M. This result shows that the film
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formed during cathodic charging is unlikely produced by precipitation.
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CONCLUSIONS
The effect of cathodic charging on the surface aluminum oxide film have been
studied through polarization curves as well as in-situ weight change measurements.
Results from polarization curves studies showed that cathodic charging "activate" the
aluminum surface at the potential around -1.65V, where the hydrogen evolution reaction
follows Tafel kinetics and film growth begins. The effect of cathodic charging is to
reduce the oxide film resistance for ion transport, through change of film composition
from oxide to hydroxide. A 5 minutes irrmiersion of the sample in the electrolyte
solution, prior to cathodic charging, is also necessary for the cathodic activation. It was
shown that pH, instead of the anion, is responsible for the effect of pretreatment on
cathodic activation.
The mass of the electrode begins to increase at the potential where the hydrogen
evolution kinetics changed. The mass increase was shown due to formation of surface
oxide film. Change of pH on the electrode surface was shown to be insignificant, which
indicates that the film is unlikely produced through a precipitation mechanism. The film
conduction rate law for proton conduction was found to follow Ohm's law, and the
conductivity of the film has the same order of magnitude as precipitated aluminum
hydroxide. The composition of the cathodically produced film was determined to be
containing at least four oxygen atoms for every aluminum atom, which indicates that at
least one water molecule per Ai atom. Appreciable amounts of water in the film was
attributed to be responsible for the increase of film conductivity.
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ABSTRACT

Cathodic polarization of aluminum in acid solution produces a solid surface
product which was studied using Fourier transform infrared reflectance spectroscopy.
The cathodic product detected by infrared spectroscopy is an aluminum oxide or
hydroxide which contains water. The critical charge for the cathodic film to be detected
by ex-situ infrared spectroscopy is between 4.7-10 mC/cm^. The peâk areas for three
major bands increased linearly with cathodic charge suggesting that the film maintains
an approximately uniform composition as it become thicker. The spectra for the
cathodic products compare most favorably to that of the porous, amorphous oxide films
formed by anodizing in acid solution. Aluminum ions in the film are highly coordinated
to hydroxy! groups. The OH groups or H2O molecules of the film are readily
accessible to exchange by D2O indicating that the film has an "open" structure.
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INTRODUCTION

Cathodic polarization of aluminum has received wide attention (1-4) mainly in
relation to corrosion of aluminum occurring in the potential region below the open
circuit potential. In this negative potential region, hydrogen evolution due to hydrogen
ion reduction and water reduction takes place. Cathodic polarization is also found to
increase the susceptibility of aluminum surfaces to pitting corrosion (5). Pit densities
approaching 10^/cm^ have been observed after single cycles of cathodic and anodic
polarization on aluminum. Apparently, cathodic charging of aluminum modifies the
metal surface in a way which greatly increases the susceptibility of the metal to pitting.
Kasesche (1) has observed an increase of aluminum corrosion in sulfate solution
caused by cathodic polarization. Van de Ven and Koelmans (2) have studied aluminum
metal dissolution during cathodic polarization. These authors measured weight loss
from aluminum due to cathodic corrosion after stripping the surface oxide films; thus,
they were unable to distinguish between solid and dissolved corrosion products. In
experiments at similar conditions to those of van de Ven and Koelmans, Vedder and
Vermilyea (3) did not strip the surface oxide after cathodic corrosion, and measured a
weight gain after cathodic polarization, thus indicating that a solid corrosion product
was formed. They also observed an increase in intensity of the OH stretch in the
infrared spectrum of the oxide film. Vedder and Vermilyea concluded that film growth
during cathodic polarization was by reprecipitation from solution.
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In a previous study, cathodic polarization was found to reduce the hydrogen
evolution resistance of surface aluminum oxide film in acid solution, at potentials
around -1.65V vs. Ag/AgCl/4M KCl (6). Formation of surface film was also found by
the in-situ quartz crystal microbalance technique, at the potential where the film
resistance was reduced. The film, which was shown to contain appreciable amounts of
water, was found to be an ohmic proton conductor with conductivity at the same order
of magnitude as precipitated aluminum hydroxide. In the present work, ex-situ infrared
reflection spectroscopy is employed to further study the cathodic film composition and
to infer structural information about the film. Infrared spectroscopy is a sensitive
technique for identifying the various oxyhydroxides and hydroxides; it may also provide
evidence for the presence of nonstructural hydroxide, as in adsorbed water (7).
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EXPERIMENTAL

The aluminum film samples used in this study were approximately 0.25 jim thick
evaporated from a pure source (99.99% Al foil, provided by KDK corporation, Japan)
ontolxS inch microscope glass substrates. The substrates were cleaned with
CrOg/H2SO^ solution, deionized water and methanol, and then dried in hot air. The
pressure in a cryopumped coating system (E360A, Edwards, West Sussex, England)
during evaporation was < 1x10'^ torr and the base pressure was < 4x10'^ torr. The
evaporation rate, which was measured with a quartz crystal thickness monitor, was
1.8-2.0 nm/s. The temperature of the substrates was not intentionally controlled. After
the substrates returned to room temperature (-45 min), the evaporator was backfilled with
purified N2, and the substrates removed. The Al films were then exposed in laboratory
ambient for 24 hours.
Prior to cathodic polarization, the Al films were pretreated at ambient
temperature by immersion in 0.1M aqueous HCl solution for five minutes. After
pretreatment, the films were removed, rinsed with deionized water, dried on a spin
coater, and placed in the sample chamber of the infrared spectrometer.
Infrared spectra were acquired with a Nicolet 740 FT-IR spectrometer using
p-polarized light incident at 80° and a liquid nitrogen cooled MCT detector. A
home-built sample holder was used to position reproducibly the substrates in the
spectrometer (8). The spectrometer was purged with boil-off from liquid N2. Spectra
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are obtained by referencing 1024 sample scans to 1024 background scans at 2 cm' '
resolution (zero filled) with Happ-Genzel apodization. All spectra are reported as
-log(R/R^) where R is the reflectively of the sample after cathodic polarization and
is the reflectivity of the sample after 5 minutes HCl pretreatment (except noted).
After the reference spectrum was acquired, the A1 film was removed from the
spectrometer and placed in an electrochemical cell, exposing an area of 12 cm^ to the
electrolyte solution (O.IM HCl). The reference electrode was an Ag/AgCl/4M KCl
electrode (Fisher), and the counter electrode was a Pt wire. A CV-27 Voltammograph
(Bioanalytical System Inc.) was used for potential control. The amount of cathodic
charge passed during polarization was monitored through the coulometer of the CV-27.
Cathodic polarization was at -2.0V vs. Ag/AgCl/4M KCl reference electrode at ambient
temperature. This cathodic potential has been shown to enhance anodic pit initiation on
Al foil significantly (5). A polarization experiment was terminated when a desired
cathodic charge was attained. The Al film was then removed from the cell, and rinsed
with deionized water. After drying in a spin coater, the film was placed in the
spectrometer and the spectrum was recorded.
Deuterium exchange experiments were carried out as supplement to the
assignment of infrared spectra. For this purpose, some cathodic polarized Al films
having had their spectra recorded were immersed in liquid D2O (Fisher, 99.8%) for
three hours. The films were then removed and placed immediately into the sample
chamber of the spectrometer. After allowing the film to dry completely in the
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N2-purged chamber, the sample spectrum was recorded. This step was necessary to
obtain a completely deuterium exchanged spectrum. Only slight changes in spectra were
noted if the films were allowed to dry in the spin coater after removal from D2O. This
result suggests that the rate of exchange between H and D is fast.
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RESULTS

Infrared spectrum of car-formed oxide film.- The infrared external reflection
spectrum of the as-evaporated aluminum film is shown in Fig. 1. Fig. lis a difference
spectrum referenced to an evaporated Au film. The broad band at around 3389
represents an 0-H stretching vibration, while the band at 1613 cm"' represents the
H-O-H bending vibration (7,9). The O-H stretching vibration is associated with H2O or
hydroxide ions. The band at 949 cm"' has been noted in the reflectance spectra of
anhydrous films produced by air oxidation or anodic oxidation in neutral solutions (12).
It has been assigned to the Al-0 stretching vibration of barrier-type oxide (3,12-14). To
further confirm this assignment, high temperature air oxidation of aluminum films was
carried out in furnace at 380°C for various times. Figure 2 shows that the only
significant absorbance band in the infrared spectra of these oxide films was at 948 cm'^;
the absorbance in this band increased with time at 380°C. Therefore, the band at
940-950 cm"' is related to Al-0 bonds. The peak at 828 cm"^ was assigned as the
stretching vibration of Al-OAl bonds (10,11).
The structure of air-formed oxide layer on aluminum has been reported to be
"amorphous" Y-Al20g (15,16) containing some aluminum hydroxide and bound water
(17-19). The 0/Al atomic ratio for the oxide layer on as-evaporated aluminum,
measured through XPS, is 1.95 (6), which suggests that some hydroxide or
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water is present. The hydroxide stretch band is very wide (1500 cm"^) and is at lower
wavenumber than the 0-H stretch for "free water" hydroxyl (3600-3700 cm"' ). Thus it
appears that much of the hydroxide is in a "bound" state, as would be the case for a
film incorporating hydroxide or chemisorbed water. On the other hand, one cannot rule
out the possibility that both the 0-H stretch and the H-O-H bending vibrations in Fig. 1
may be simply due to gas-phase or physically adsorbed water on the film surface.
Effect ofHCl pretreatmenL- As discussed in a previous paper, HCl
pretreatment promoted the cathodic hydrogen evolution reaction when the electrode
potential was stepped to below a critical potential (6). Therefore, the effect of HCl
pretreatment on the air-formed oxide film was also examined. Shown in Fig. 3 are the
infrared spectra of aluminum films after immersion in 0.1 M HCl at room temperature
for 5 and 20 minutes, using the spectra of the films before immersion as references (as
in Fig. 1). All the major peaks decrease in intensity, indicating film dissolution. The
intensity for the Al-O peak at 961 cm

decreased continuously during the HCl

pretreatment. The peak area for the Al-O band decreased 4.1% at 5 minutes and 9.7%
at 20 minutes. Mass loss during immersion of samples in 0.1M HCl was also noted
from in-situ quartz crystal microbalance measurement. The mass loss measured during
5 min pretreatment was about 210 ng/cm^ (6), which is much greater than 4.1% (38
ng/cm^) of the oxide dissolved. Thus it appears that both metal dissolution and oxide
film thirming occurred during pretreatment. The effect of pretreatment on the increasing
cathodic current was attributed primarily due to oxide film thinning (6).
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Figure 3. Differences of infrared external reflection spectra for A1 films before and after immersion in O.IM HCl at
room temperature. Itnmersion time (a) 5 min; (b) 20 min.
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Infrared spectra of oxide films formed during cathodic charging.- Infrared
reflectance spectra for aluminum evaporated films, after cathodic charging in 0.1M HCl
at ambient temperature, are shown in Fig. 4. The spectra in Fig. 4 are difference spectra
referenced to the spectrum of the film after 0.1 M HCl pretreatment. No increase in
absorbance of the spectrum was noted for the film with 4.7 mC/cm^ cathodic charge
applied. For charges above 10.7 mC/cm^, the intensities for the peaks in the spectra
increased continuously. A peak which was not present in the spectrum of the native
oxide film before pretreatment, centered at 905 cm'^ with a shoulder at around 1050
cm'\ became apparent and increased significantly with cathodic charge (see Fig. 4b).
The band at 1644 cm"\ also grew with cathodic charge. The maximum of the broad
band at high frequency shifted gradually from 3389 cm"^ for the bare film toward a
higher frequency of 3459 cm"^ for the cathodically charged films. It should be noted
here that the spectra do not indicate composition of film immediately after cathodic
charging, because of open circuit oxidation, observed with the quartz crystal
microbalance, after cathodic polarization was interrupted (6).
Figure 4 shows that the critical charge for the products of cathodic
polarization to be detected by ex-situ infrared spectroscopy is between 4.7-10.7 mC/cm^.
This charge approximately agrees with the critical charge (7.2 mC/cm^) for mass
increase of the electrode in the quartz crystal microbalance experiments (see Fig. 6).
The areas for the three major bands, which were integrated from the spectra shown in
Fig. 4, increased linearly with cathodic charge as can be seen fi-om Fig. 5. Thus, the
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film maintains an approximately uniform composition as it becomes thicker. Peak
areas were compared to the mass increases measured in-situ with the quartz crystal
microbalance as shown in Fig. 6 (6). Figure 7 shows that both measurements have
linear dependence on cathodic charge, suggesting that the films studied with infrared
spectroscopy are the same as those whose growth was measured with QCM. Deuterium
exchange and dehydration experiments were carried out to assist in the assignment of
bands in the infrared spectra.
Deuterium exchattge and dehydration studies.- Shown in Fig. 8 are the
infrared reflectance spectra for aluminum film with 250 mC/cm^ cathodic charge applied
(a), and with 3 hours immersion in 99.8% D2O after the cathodic charging (b).
Deuterium exchange caused the 3462 cm"^ and the 1644 cm"^ bands to shift to
2543 cm"^ (O-D stretch) and 1501 cm'^(D-0-D bend) (9) respectively. The shoulder at
around 1050 cm"' disappeared. The intensity for the band at 905 cm"' increased, and
the position for the peak shifted slightly to 890 cm"'. It is possible that the 1050 cm"'
shoulder and the 905 cm-1 band collapsed into one band. The peak positions and
intensities returned to their original values when the deuterated samples were immersed
in H2O for another 3 hours. Also, the spectra only changed slightly if the films were
allowed to dry in the spin coater which exposed to atmosphere, after removal from
liquid D2O. These observations indicate that the exchange process is reversible.
Fig. 9 compares the infrared spectrum for cathodically charged aluminum and
the spectrum for the same sample which had received subsequent heat treatment at
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235°C for 3 hours. Similarly to deuterium exchange, dehydration causes the band at
3460 cm"^ and the shoulder at 1050 cm"^ to drop out. However, the intensity for the
band at 905 cm"' increased and the peak position shifted to 935 cm"', which is close to
the position of the Al-0 band for anhydrous AI2O3. The increase of peak intensity of
the Al-0 band may be caused by thermal oxidation. The dehydration experiment shows
that the 905 cm"' band is an Al-0 vibration, whose wavenumber is different in the
(anhydrous) thermally oxidized film, as opposed to the (hydrous) film produced by
cathodic charging.
The band assignments can be given, based on deuterium exchange and
dehydration experiments, and previously published peak assignments. The 3459 cm"'
band is an 0-H stretching vibration (7,9-11,14). The shift of the 1050 cm"' band upon
deuteration shows that the 1050 cm"' vibration is coupled to hydrogen. This shoulder
also dropped out after dehydration. Therefore, the 1050 cm"' shoulder is assigned to an
Al-O-H bending vibration, in agreement with previous, infrared investigations of bulk
aluminum hydroxides and oxyhydroxides (7). The 905 cm"' band is considered to be
associated with an aluminum-oxygen bond in a hydrogen-bonded environment. When
the coupling of Al-O to hydrogen is removed by dehydration, this band shifts to higher
wavenumbers. The slight negative shift in this band after deuterium exchange may be
the result of Al-O coupling to the more massive deuterium, as opposed to hydrogen.

DISCUSSION AND CONCLUSIONS

The cathodic product detected by infrared spectroscopy is an aluminum oxide
or hydroxide which contains water. Of the various aluminum oxides whose spectra
have been published, the spectra in Fig. 4 compare most favorably to that of the porous,
amorphous oxide films formed by anodizing in acid solutions (9-11).
Previous work has shown that the resistance of the surface oxide layer on
aluminum is reduced dramatically by cathodic charging, at potentials below a critical
potential of about -1.65V vs. Ag/AgCl/4M KCl reference electrode (6). The reduction
in film resistance facilitates transport of hydrogen ions as well as aluminum and oxygen
ions in the film, permitting film growth. When the electrode potential was stepped from
the cathodic potential to a potential near the open circuit potential, an anodic current
decay accompanied by a mass increase was observed. This anodic current decay was
attributed to a chemical change, which restores the resistance (20). Thus, the film
observed with the infrared spectroscopy may not be the same composition as during
cathodic charging.
The areas for the three bands increase linearly with cathodic charge suggesting
that the composition of the cathodic produced film is uniform. The H-O-H bend band
indicates the presence of water absorbed in the film. O'Sullivan et al. (9) found that
porous anodic films formed in acid solutions exchanged completely with deuterium, but
that when the pores in these films were "sealed" by immersion in boiling water, the
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exchange was not complete. Thus, the ability to exchange deuterium is a reflection of
the porosity or "opeimess" of the film structure. The anodic films formed in acid
solutions are considered to consist of small amorphous alumina particles in an aqueous
matrix. Based on their ability to exchange deuterium reversibly, the films produced by
cathodic charging can be inferred to posses a similar structure. Also, in Ref. (6), it was
observed that the cathodic films are ohmic proton conductors, with the conductivity on
the same order of magnitude as precipitated aluminum hydroxide (21). The proton
conductive properties of aluminum hydroxide were attributed to their "particle hydrous"
structure (i.e., solid crystallites in an aqueous matrix), which is similar to the structure
described above for anodic alumina films. The complex band structure around 900-1100
cm"^ indicates a high degree of coordination of Al^^ to OH or H2O in final film.
OH groups or H2O molecules are readily accessible to exchange by D2O.

The
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ABSTRACT

The effect of prior cathodic polarization on anodic oxidation processes on
aluminum was investigated using the quartz crystal microbalance technique. Cathodic
charging of aluminum in acid solution induced an anodic current transient in the passive
potential region, accompanied by electrode mass increase, which was primarily due to
water absorption into the film. The anodic current decay, by three orders of magnitude,
was due to an increase of the film resistance. The reaction with the metal surface of
water which had been stored in the film during cathodic charging, to form aluminum
oxide, was considered to be responsible for the increase of resistance.
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INTRODUCTION

Cathodic polarization of natural oxide covered aluminum in aqueous acid solution
results in dramatic change in hydrogen evolution kinetics (1). Cathodic charging
"activates" the aluminum surface at potentials around -1.65V V5. Ag/ÀgCl//4M KCl,
where the hydrogen evolution reaction follows Tafel kinetics. The effect of cathodic
charging is to reduce the oxide film resistance for ion transport, through change of film
composition from oxide to hydroxide. At the potential where the hydrogen evolution
kinetics changed, formation of surface oxide film was also found by in-situ quartz crystal
microbalance measurement. Proton conduction in the film was found to follow Ohm's
law, and the conductivity of the film has the same order of magnitude as precipitated
aluminum hydroxide. The film, which was shown from infrared spectroscopy to posses
an "open" structure (2), contains appreciable amounts of water, which was considered to
be responsible for the increase of film conductivity.
In Ref. (1), after the potential was stepped from a cathodic potential to a potential
between the open circuit potential and the pitting potential, an anodic current transient
accompanied by a mass increase was observed. The mass increase may be associated
with an anodic oxidation reaction. Similar anodic current transients induced by prior
cathodic charging were observed by Radosevic et al. (3). These authors concluded that
they represent oxidation of various substances which were generated by the cathodic
reaction, and which did not diffuse away into the solution.
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The goal of the present work is to investigate the cathodically-induced oxidation
reaction and mass increase as part of an effort to determine the relation between the
electrochemistry of aluminum, the composition of the surface film, and the corrosion
resistance of the metal. Quantitative analysis of the dependence of anodic charge and
mass increase were carried out using electrochemical methods and the quartz crystal
microbalance technique.
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EXPERIMENTAL

Al film samples used in this study were approximately 0.25 p.m thick evaporated
from a pure source (99.99% A1 foil, provided by KDK corporation, Japan) onto quartz
disks. The pressure in a cryopumped coating system (E360A, Edwards, West Sussex,
England) was < 1x10"^ torr and the base pressure was < 4x10"^ torr. The detailed
procedures for deposition of A1 films have been described in a previous paper (1). The
evaporated aluminum films were exposed in laboratory ambient for 24 hours. The
electrochemical quartz crystal microbalance (QCM) system utilized for in-situ weight
change measurement was the same as that employed in previous studies (4-6).
Potentiostatic control and current measurement were accomplished by interfacing the
QCM to a personal computer using a Lab-PC data acquisition board (National
Instruments). The frequency was measured with a frequency counter (Hewlett Packard
5334b) interfaced with a GPIB-PCn board. A QuickBasic (Microsoft) program was
developed to drive the two boards simultaneously. The frequency was measured at the
rate of 18 ms per reading.
Aluminum film samples were evaporated onto both sides of planar (1 inch diam),
overtone-polished, AT-cut quartz crystal (Valpey-Fisher). In some experiments, 5 MHz,
BT-cut crystals were used. The films, which were deposited using a standard keyhole
design (7), were ca. 0.25 ^m thick and 0.34 cm^ electrode area. The crystals were
operated at the fundamental frequency of 5 MHz with the mass sensitivity of 17.67
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ngHz'^cm"^, according to Sauerbrey relationship (7,8). The crystal was mounted in the
wall of the electrochemical cell using an 0-ring joint and two O-rings. Prior to a
polarization experiment, the A1 film was allowed to contact the electrolyte for 5 minutes
at open circuit.
The reference electrode was a commercial Ag/AgCl/4M KCl electrode (Fisher).
All reported potential values were referred to this reference electrode. The counter
electrode was a Pt wire inserted into the cell. Cathodic polarization was at constant
potential of -2.0V; the cathodic time was an experimental variable. Anodic potentials
varied from -0.9V to O.OV. In all experiments the electrolyte solutions were 25 ml
aqueous O.IM HCl or O.IM H2SO4 solutions and the temperature was ambient (25°C).
For the study of early anodic current transients, a potentiostat/galvanostat
(PAR 273) was used for potential control. A1 samples were used which had been
deposited onto microscope slides with exposed area of 0.34 cm^. A personal computer
along with a GPIB interface were employed to execute the etching experiments and to
retrieve the potential and current values from the potentiostat's memory. The very early
stage anodic currents were measured simultaneously through a high speed voltmeter
(Keithley K194A) at the rate of 10 jis.

95
RESULTS

Mass and charge transients.- Quantitative investigation of the cathodicallyinduced mass changes accompanying anodic current transients was conducted through
in-situ QCM measurement. The vibration frequency of the electrode as well as the
anodic charge applied were measured simultaneously. Figure 1 shows the QCM
frequency transient during cathodic charging at -2.0V (first 30s), followed by anodic
polarization at -0.9V (after 30s). Both the frequency shift (mass increase) and cathodic
charge changed linearly with time. Since the mass increase was due to surface film
formation (1), it is apparent that the amount of surface hydroxide film is a linear
function of cathodic charge. The inset in Fig. 1 shows the frequency transient after
stepping to -0.9V. Figure 2 shows another example of a frequency transient at -0.9V,
after cathodic charging for 10s at -2.0V. The anodic charge transient is also shown in
the figure. Figure 2 shows that both mass and charge transients have the same time
dependence. The frequency and the anodic charge approached a steady value at about
3s. The same time dependence for both transients suggests that uniform anodic
oxidation accompanies mass increase on the electrode surface.
When the potential was stepped to -0.9V, the initial currents were larger then 10
mA/cm^. The final steady state currents after the anodic transients were lower by
approximately three orders of magnitude, about 10 f^A/cm^. The details of current
transients will be discussed further below.
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Changes of stress of aluminum films can contribute to the frequency shift (7,9).
Experiments were also carried out on aluminum samples which had been evaporated
onto BT-cut quartz crystals to determine any stress effect on the frequency transient, at
the potential of -0.9V. AT-cut and BT-cut quartz crystals have the same mass
coefficient of frequency but stress coefficients which are opposite in sign (10,11), and
have been employed to study the effect of stress change in metallic films on frequency
shift (10). Figure 3 shows corresponding frequency transients for 5M Hz AT-cut and
BT-cut crystals. For the BT-cut crystal, there was no frequency decrease as the
electrode potential was stepped from -2.0V to -0.9V. In fact, no anodic frequency
decrease was ever measured with BT-cut quartz, for any combination of solution,
cathodic charge, and anodic potential below the pitting potential. Thus, stress changes
accompany oxidation reactions. The mass and stress components of the frequency shifts
at -0.9V in Fig. 3 were calculated according to the method of EerNisse (10,12). The
integrated stress change at 3s of the anodic time is -7.3x10^ dyne/cm, the negative sign
indicating the stress in the aluminum film is compressive in nature (10). Compressive
stress was also observed during growth of oxide film on iron by Heusler et al. (13), and
was attributed to inward migration of oxygen-containing species during film growth.
Tensile stress in aluminum film accompanying mass increase, on the other hand, was
found at potentials above the pitting potential, after cathodic charging (9).
Figure 4 shows that the anodic mass increase is proportional to the prior cathodic
mass increase. The anodic mass changes shown in Fig. 4 were calculated from the
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Figure 3. Effect of AT-cut and BT-cut quartz crystals on frequency transient at the potential of -0.9V; O.IM HCl
solution, room temperature. Prior catliotlic conditions: -2.0V, 10s.
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anodic frequency shifts for experiments carried out on AT-cut crystals, with the
knowledge that the anodic frequency changes for BT-cut crystals are zero. Figure 4
shows that the anodic mass increase was independent of electrolyte solution used. This
result indicates that the anion of the electrolyte is not involved in the oxidation reaction.
The anodic potentials in Fig. 4 varied from -0.9V to O.OV for the experiments carried
out in H2SO4 solution. Apparently, the anodic mass increase is much more dependent
on cathodic mass increase than on potential. As mentioned above, cathodic frequency
decreases have been shown to be caused by the growth of surface hydroxide film on
aluminum. Thus, Fig. 4 indicates that anodic mass change increased linearly with film
thickness. The x-axis intercept at zero anodic mass increase is -0.514 jig/cm^. The
absolute value of this intercept corresponds to the mass of original oxide film prior to
cathodic charging.
The charges passed during anodic current decays were also examined. The
charges were integrated from time zero to the time when anodic current decayed to zero,
and are show in Fig 5. Anodic charges obtained from experiments carried out in both
HCl and H2SO4 solutions at different anodic potentials are included in the figure. Two
general trends are observed from Fig. 5. First, the anodic charges increase with cathodic
mass increase, at the same anodic potential. Second, the charges increase with anodic
potential, at constant cathodic mass increase.
The times for the anodic charges to increase to steady-state values are shown in
Fig. 6. The cathodic time was 10 s and the cathodic mass increases varied from
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0.12-0.64 ixg/cm^. The decay time in Fig. 6 is defined as the time for the anodic
charge to approach to 85% of its steady-state value. Figure 6 indicates that the time for
the anodic current to decay is independent of electrode potential.
The anodic mass changes were considered to be due to electrochemical processes
at the film/solution interface, and absorption of water into the film. During the growth
of oxide film the anodic current at the film/solution interface results from the
incorporation of oxygen into the film (ij),

[II

^(oxide)

and from loss of aluminum by dissolution into the electrolyte (i )

•^hoxide)

[2]

^Kaq.)

Vetter and Gom (14) found that in the case of iron, transfer of ions through the
film/solution interface was the rate determining step for reactions [1] and [2], yielding

.

«JF %

'c = ho exp

.

—lo

(31

and

(/ = ho |exp

The measured current

i

23

[4J

RT

is
f = h

h

(5]
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and r|Q^^ is the overpotential for fihn formation/dissolution at the film/solution
interface. Eq. [5] neglects current flow due to proton transport. The film formation
current and

dissolution current were calculated from the measured current and

Eq. [5]. The kinetic parameters used in Eqs. [3-4] were obtained from Vâland and
Heusler's results at the experimental pH of 1.55 (15). These parameters are
'o AP 3.6x10'^ A/cm^; i^ j=2.6xlO'^ A/cm^; a^j''"=l.ll; aj'''=1.76; aj'=0.24. The
amount of water absorbed was then calculated by subtracting the net mass change due to
reactions [2] and [3] from the measured mass changes.
The calculated mass increases due to water absorption are plotted vs. anodic
potentials in Fig. 7. The y-axis in Fig. 7 has been normalized by dividing the mass
increases due to H2O by the sum of the cathodic mass change and the zero anodic mass
increase intercept in Fig. 4. This later quantity is proportional to the film mass
including both the original film and the film grown during cathodic charging. Figure 7
shows that the ratio of water mass increase to film mass was approximately constant for
all the anodic potentials. This result would be expected, since incorporation of water
during anodic oxidation would be by absorption, and would not be directly associated
with electrochemical reactions. The assigiunent of the mass increase to water absorption
also explains the independence of the transient decay time on potential, shown in Fig. 6.
The potential dependence of the anodic charge in Fig. 5 is due to the potential driving
force for reactions [1] and [2].
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Stiafy of

catfuxUcally-induced

oxidation reactions.- The early-time behavior of

anodic current transients was examined using a high speed voltmeter sampling the
current at 10 |is intervals and a potentiostat sampling at the rate of 1 ms. Fig. 8 shows
an anodic current transient from such an experiment. Similar anodic current transients
were reported by Radosevic et al. (3), following cathodic charging of aluminum in
neutral chloride solutions. As in Ref. (3), the current transients were considered to be
additive combinations of exponential functions. Component exponential decays with
time constants of 0.2 ms and 118 ms are evident in Fig. 8. These two component
transients were subtracted from the original current, and the procedure was repeated
until the original current transient had been decomposed into a sum of exponential
functions. This representation of the current transient was sufficiently accurate so that it
could not be distinguished from the original on a plot like that in Fig. 8. The time
constants for the component transients are shown in Table I. The anodic charge for
each component transient, which is also shown in Table I, was obtained by integration
of that component exponential function from time zero to infinity. The component
current decays are referred to as Aq, A|, etc., and the time constants and charges in
Table I are labelled accordingly. The Aq, Aj and A^ component transients were
measured with the high speed voltmeter and the Ag component through the potentiostat.
The exponential decay with the smallest time constant was considered to
represent capacitive charging current. The equivalent circuit of the cell at small anodic
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Table I, Summary of applied cathodic charges, integrated anodic charges, time constants, and capacitances
for anodic current transients at -0.9V.
^cathodic
mC/cm^
.002
.014
.065
0.65
2.59
11.3
18.0
36.1
45.8
60.2

Qo

C=QJAE

ms

HC/cm^

I^F/cm^

0.25
0.25
0.24
0.21
0.22
0.19
0.19
0.18
0.17
0.14

8.20
8.68
8.96
7.79
7.54
6.02
5.83
5.72
5.07
4.70

7.46
7.89
8.14
7.08
6.86
5.48
5.30
5.20
4.61
4.27

^1

Ql

j.iF/cm^

ms

HQcm^

^2
ms

6.70
6.77
6.42
5.66
5.82
5.07
5.06
4.91
4.67
3.74

0.55
0.69
0.56
0.76
0.92
0.97
0.90
1.49
1.67
1.98

1.37
2.83
3.59
4.76
5.03
5.46
5.78
8.11
8.51
11.2

1.90
3.88
1.90
3.44
4.90
6.64
6.00
8.83
9.73
10.8

Q2

Q3

^3
}.iC/cm^ sec

HC/cm^

1.23
1.47
2.18
3.15
12.6
22.4
22.7
29.6
37.4
39.8

57.4
147
159
253
303
287

0.45
0.60
0.63
0.70
0.84
0,91
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rimes was taken to be a series combination of a resistance R^, representing ohmic
conduction in the electrolyte solution, and a differential capacitance Cj for the surface
oxide film,

I

=

-t

[6]

Where Rq is the cell resistance, A is the electrode area, i is the current density and Cj
is the capacitance per unit area. According to Eq. [6], the charging current for a
potential step experiment should follow an exponential decay with a time constant
AR^Cj; the charge associated with the capacitive process should be CjAE, where AE is
the potential step. ARq was determined to be 37 Q-cm^ from the measured slope of
the steady state current-potential curve above the pitting potential; it had previously been
shown that the steady state pitting current is controlled by the cell ohmic resistance (16).
Table I shows values of the capacitance calculated from the time constant, as well as
from the charge. Theses two independently determined capacitances are in good
agreement, and for small cathodic charges, the capacitances agree with results from the
literature for native oxide films on aluminum (17). This agreement confirms the
assignment of the most rapidly decaying component exponential to capacitive current.
For cathodic charge above 0.65 mC/cm^, Table I shows that the capacitance decreases
with increasing cathodic charge. Formation of surface oxide film during cathodic
charging had been noted in previous studies (see Fig 1) (1).
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Figures 9 and 10 show that all the time constants for the faradaic current
component decays are linear functions of the cathodic charge. The linear dependence of
the cathodic mass increase on cathodic charge (Fig. 1) further indicates that the time
constants are linear functions of the film mass. Since the anodic current is a
measurement of fihn "conductivity", the current decay indicates that the fihn resistance
increases. The dependence of time constants on film mass would be expected from a
"thin-layer cell" model of the oxide fihn, in which chemical reaction proceeds with
first-order kinetics, and the reactant is distributed uniformly throughout the film. The
film resistance is then increased as a consequence of the reaction. According to this
model, the reactant concentration in the film would be determined by the mass balance
differential equation,

Ô ^ = - k C„

[7]

dt

in which 5 is the film thickness, k the reaction rate constant, and

the concentration

of reactant. The reactant concentration, obtained by integrating this equation, is
Cg=C^|e'^/^, where

is the initial reactant concentration. The time constant in the

thin-layer cell model is thus ô/k which is a linear function of the film thickness. The
agreement of this prediction with Fig. 9 and Fig. 10 therefore indicates that the current
transients at -0.9V were controlled by reactions of cathodic products which had been
stored in the oxide film. Figure 4 shows that the anodic mass increase, which is
primarily due to physical absorption of water, is a linear function of cathodic film mass
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increase. The water absorption has been shown above to be independent of
electrochemical reaction, so it must be related to the chemical reaction which occurs in
the film. Since the chemical reaction depends on film mass, the amount of water
incorporated is also a function of film mass.
The cathodic proton conduction rate in the film has been shown to follow Ohm's
law (1). If Ohm's law applies to the conduction of all ionic species in the film, the
initial anodic currents, i.e., the anodic currents at the film composition which have not
been modified by oxidation reactions, should be a linear function of potential drop
across the fihn

i = I ni

18]

where K is the film conductivity and 5 is the film thickness,

is a function of

applied potential (Appendix),
2
'^Ai - ^

1 / 23

3 .

12

23
To

Tq

ro,

The film composition is assumed to be not changed at the beginning of the anodic
reaction; therefore, the chemical potential term in Eq. [9] is constant. The potential drop
at the metal/film interface

was assumed to be relatively small and can be

neglected. The last two terms in Eq. [9] can be calculated from the measured anodic
current, from Eq. [5] and from the known cell ohmic resistance, respectively. Figure 11
is the plot of anodic current density times film mass vs. anodic potential. The applied
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potentials had been corrected with
so that they are

and ohmic resistance, as indicated in Eq. [9],

together with an addition constant. The anodic currents in Fig. 11

were obtained from experiments conducted in H2SO4 solution. The anodic time was 4
ms, which was selected because it was the earliest data point which would not include
capacitive charging current. Figure 11 shows that the product of initial anodic current
and film mass is a linear function of potential up to the potential of -0.62V (applied
potential -0.2V). as expected from Eq. [8]. The linear dependence of initial anodic
currents on potential indicates transport of aluminum ions and oxygen ions in the film
followed Ohm's law and that

is negligible. The film conductivity calculated from

the slope in Fig. 11, assuming that the density of the film is 2.4 g/cm^, is
0.33x10"^

cm"\ which is on the same order of magnitude as the film conductivity

of 1.1x10"^ Q'^cm"^ for proton conduction (1). The small film resistance resulted in
high initial anodic current when- the potential was stepped from the cathodic potential to
near open circuit.
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DISCUSSION AND CONCLUSIONS

Results from mass transient studies show that cathodically-induced oxidation
accompanies absorption of water into the film. Figure 7 shows that the amount of water
absorbed is independent of anodic potential, which suggests that incorporation of water
during anodic oxidation is not directly associated with electrochemical reactions.
Alternatively, water absorption may be related to reactions in the filtti resulting from
cathodic charging. Possible reactions in the film when the potential stepped from
cathodic to anodic values will be discussed below.
The cell potential can be decomposed into a series of overpotentials for hydrogen
evolution,
P' =

+ 4 +

1101

where V is the potential measured with a hydrogen electrode in equilibrium with the
bulk solution,
the film, and

is the overpotential at m/f interface,
is the ohmic drop in the solution.

is the potential drop across
the potential drop at the f/s

interface, is assumed to be relatively small and negligible (Appendix). During cathodic
charging, V is -1.73V (or -2.0V vs. Ag/AgCl/4M KCl) and

was foimd to be

around -1.53V (1). According the relationship between overpotentials (Appendix),

is dependent on

and the film composition. Immediately after the potential
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step to V=-0.63V (or -0.9V vs. Ag/AgCl/4M KCl), Ti^j

and the film composition is

unchanged, since there has been no time for reactions to take place. Also, Fig 11
indicates that

is negligible; therefore,

remains unchanged and is still -1.53V.

is 0.092V at the initial anodic current of 2.48 mA/cm^. The potential drop in the
film (Tlpi^) calculated from Eq. [10] is 0.81V. Accordingly, at the beginning of anodic
polarization, the overpotential for hydrogen evolution at the m/f interface is cathodic
while the overpotential for proton transport in the film is anodic. Anodic
transport of

from the film outward to the solution. Further, since

suggests
is negative,

hydrogen evolution reaction at the m/f interface occurs at the beginning of anodic
polarization. The sources for H"*" would be hydroxide or water in the film. Therefore,
the water and hydroxide in the film would be reduced by both reaction and transport to
oxide as anodic polarization proceeds.
Since the overall current is anodic, the cathodic hydrogen evolution reaction at
the m/f interface must be accompanied by aluminum oxidation. Therefore, the overall
reaction at the m/f interface would be equivalent to the chemical oxidation of Al by
water, coupled with anodic aluminum oxidation. It is suggested that the aluminum ions
in the aluminum oxide produced by chemical reaction require additional water molecules
for coordination, so that water is imported from solution by physical absorption.
According to Eq. [11]

is governed by the film composition because

is small during the oxidation period (Fig. 11). As mentioned above, the film would be
converted from hydroxide to oxide as a consequence of

transport from the film to
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the solution, and

reduction at the m/f interface. According to Eq. [11],

would

become less negative and the rate of hydrogen evolution reaction would decrease.
Simultaneously, the rate of A1 oxidation would decreases as the film resistance
increases. Decay of the rate of chemical reaction at the m/f interface will decrease the
rate of water absorption; therefore, absorption of water during anodic polarization is
transient, as observed experimentally.
According to the above reaction scheme, the dramatic current decay of three
orders of magnitude at -0.9V is due to an increase in film resistance. The resistance
increase is brought about by the chemical reaction of excess water in the film with
aluminum metal forming aluminum oxide. The linear dependence of the current decay
time constants on film thickness indicates that the controlling reaction (probably water)
is uniformly distributed in the film and that its transport to metal surface is rapid. The
results of this paper demonstrate the close relationship between the chemical
composition of a surface film and the corrosion resistance which it provides.
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ABSTRACT

The effect of cathodic charging on pitting corrosion resistance of aluminum films
in acid aqueous solution was studied using electrochemical methods and scanning
electronic microscopy. Prior cathodic polarization induced rapid oxidation reactions
during the first 20 ms of anodic polarization at -0.4V, above the pitting potential. The
rates of pit initiation and pit growth were also enhanced by cathodic charging during the
first 30 ms. The effect of cathodic charging was to reduce film resistance for ion
transport, which was considered to be responsible for the increased rates of pit initiation
and pit growth. Pits initiate over a longer period of time with greater oxide film mass.
The pitting current diminished if oxidation reaction was allowed to take place more than
20 ms at -0.9V before the potential was stepped to -0.4V. The film resistance increased
three order of magnitude after Is oxidation at -0.9V, below the pitting potential.
Increase of film resistance was responsible for the decrease of rates of pit initiation and
pit growth.
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INTRODUCTION

Alternating current etching of aluminum in acid chloride solutions promotes
extremely high pit densities. For this reason, it is applied in the manufacture of
aluminum foil for electrolytic capacitors. The pitting behavior of aluminum in
hydrochloric acid under applied alternating voltage has been examined by Thompson and
Wood (1). A large population of pits is produced rapidly and a thin hydrated aluminum
oxide film is present on the substrate surface. Dyer and Alwitt (2) have studied the
surface changes during AC etching of aluminum and found that the frequency of an
alternating current has a great effect on the size of cubic etch pits. These observations
indicate that AC etching is relevant to the initiation and early growth of pits.
Previously, in order to understand the role of prior cathodic polarization on the
subsequent anodic pitting, aluminum foils in IM HCl solution were subjected to single
cycles of cathodic followed by anodic polarization (3). The cathodic potential was in the
potential region of significant cathodic currents (E < -1.7V vs. Ag/AgCl/4M KCl), while
the anodic potential was -0.4V vs. Ag/AgCl/4M KCl, above the pitting potential. It was
observed that, with a 100 ms of prior cathodic polarization at -2.0V, the pit densities on
aluminum surface during the first 20 ms of anodic etching were as high as 10^/cm^.
Also the pit growth rate was enhanced during the first 20 ms of the anodic period.
Apparently, cathodic charging of aluminum modifies the metal surface in a way which
greatly increases the susceptibility of the metal to pitting.
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In a previous study, the fihn resistance for hydrogen evolution reaction was found
to decrease dramatically when aluminum samples were subjected to cathodic polarization
at potentials below -1.65V V5. Ag/AgCl/4M KCl (4). Hie effect of cathodic charging is
to reduce the surface film resistance for ion transport, through change of film
composition from oxide to hydroxide. At potentials where the hydrogen evolution
kinetics changed, formation of surface film was also found by in-situ quartz crystal
microbalance measurement. The film, which was shown from infrared spectroscopy to
possess an "open" structure (5), contains appreciable amounts of water, which was
attributed to be responsible for the increase of film conductivity.
In Ref. (6), after the potential was stepped from cathodic values to a potential
between the open circuit potential and the pitting potential, an anodic current transient
accompanied by a mass increase was observed. The decrease of current during this
transient by three orders of magnitude was due to an increase of the film resistance. The
mass increase is primarily due to water absorption into film when aluminum oxide is
produced through chemical reaction. Film resistance increase due to chemical reaction
results in the decrease of anodic current as well as the rate of water absorption. In the
present work the effect of surface modification due to cathodic charging on pitting
corrosion resistance of aluminum at potentials above the pitting potential was
investigated.
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EXPERIMENTAL

Al film samples used in cathodic-anodic polarization experiments were
approximately 0.25 |im thick evaporated from a pure source (99.99% A1 foil, provided
by KDK corporation, Japan) onto microscope glass slides with an exposed area of
0.34 cm^. The pressure in a cryopumped coating system (E360A, Edwards, West
Sussex, England) was < 1x10"^ torr and the base pressure was < 4x10'^ torr. The
detailed procedures for deposition of A1 films have been described in a previous paper
(4). The evaporated aluminum films were exposed in laboratory ambient for 24 hours.
For the study of pit initiation and growth, many cycles of cathodic-anodic
polarization (AC etching) were employed to increase the pit number density to
statistically significant levels. For this purpose, square potential wave forms were used.
Potential control and current measurement were accomplished by interfacing the
potentiostat to a personal computer using a Lab-PC data acquisition board (National
Instrument). A QuickBasic (Microsoft) program was developed to drive the potentiostat
and to measure potential and current.
The evaporated Al films were mounted in the wall of the electrochemical cell
using an 0-ring joint. The reference electrode was a commercial Ag/AgCl/4M KCl
electrode (Fisher). All reported potential values were referred to this reference
electrode. The counter electrode was A Pt wire insert into the cell. Cathodic
polarization was at constant potential of -2.0V; the cathodic time was Is. Anodic

128
polarization was at -0.4V for various times. In all experiments the electrolyte was 25
ml aqueous O.IM HCl solution and the temperature was ambient (25°C). Prior to
etching, the A1 films were allowed to contact with the electrolyte for 5 minutes at open
circuit.
A scanning electron microscope (JEOL-JSM 840) was used to study the
morphology of the A1 film surfaces. Pit size distriburions and pit number densities were
determined with the aid of photomicrographs at 10,000 X magnification. This
magnification allowed one to view those pits with size greater than 0.05 |im. For size
distributions, the dimensions of about 300-600 pits from 12 micrographs taken at
random positions on the surface were measured. For the determination of pit number
density, pits from a total number of about 80 SEM screens, uniformly and randomly
chosen from the sample surface, were counted. For observations of the
three-dimensional structures of pits, oxide replicas of the etched surfaces were formed at
60 V (7). The depth and width of pits were determined using the atomic force
microscope (AFM)(Nanoscope m, Digital instruments).
For the study of effects of cathodic charging and potential interruption on the
early anodic current transients, a PAR 273 potentiostat/galvanostat was used for
potential control. A personal computer along with a GPIB interface were employed to
execute the etching experiments and to retrieve the potential and current values from the
potentiostat's memory. Cathodic polarization was at constant potential of -2.0V;
cathodic time was an experimental variable. Anodic polarization was at -0.9V and/or
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-0.4V for various times. The electrodes were evaporated A1 films with exposed area
0.28 cm^. The electrochemical cell was the same as that used for pit initiation and
groMh study.
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RESULTS

Pit initiation and growth- Microscopic studies of the effect of cathodic charging
on anodic pit initiation and pit growth were carried out on aluminum evaporated film
samples in 0.1M HCl solution at ambient temperature. These experimental conditions
were chosen so that results could be compared to previous studies on the
electrochemical behavior of A1 below the pitting potential (6). The pit number density
for one cycle of cathodic-anodic polarization was found to relatively small. Since pit
initiation rates, pit growth rates as well as pit volumes were to be determined through
measurement of pit number densities and size distributions, many cycles of cathodicanodic polarization (AC etching) were employed to increase the number pit density to
statistically significant levels.
Figure 1 shows an example of anodic current transients at different stages of a 25
cycle AC etching experiment. The cathodic conditions were -2.0V, Is; the anodic
conditions were -0.4V, 20ms. The average charge passed during the Is cathodic period
was 9.92 mC/cm^. The anodic current decreased initially for about 4 ms, and then rose
rapidly to a plateau value. This is characteristic of the cathodically-enhanced pitting
current transient. The current plateau has been identified previously with an ohmic
limitation (3). The current transients in Fig. 1 indicate that pit initiation and pit growth
occurred in each anodic half-cycle. The sample surface after 25 cycles etching was
examined through SEM, and is shown in Fig. 2a. Tlie micrograph shows that pits were
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Figure 1. Representative anoclic current transients during the anodic half-cycle of the alternating voltage etching of AI;
O.IM HCI, room temperature. Applied potential cycle: -2.0V cathodic Is; -0.4V anodic, 20ms.

Figure 2. Scanning electron micrographs of pits formed during anodic polarization
following cathodic polarization, (a) Applied potential cycle: -2.0V
cathodic Is; -0.4V anodic, 20 ms; 25 cycles, (b) Oxide replica of pits.
Applied potential cycle: -2.0V cathodic Is; -0.4V anodic, 30 ms;
25 cycles.
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distributed uniformly over the sample surface. The shape of the pits is between round
and square; their sizes ranged from 0.05 to 0.2 |J,m. Half cubic pits have been observed
for aluminum foils after AC etching in HCl solution (3).
To confirm that pitting occurs independently in each anodic half-cycle, pit
number densities and size distributions were measured by varying the number of AC
cycles. Figure 3 shows that pit number densities increased linearly with the number of
AC cycles, at least up to 50 cycles. In the last 30 cycles of the 100 cycle experiment,
the time for the initial anodic current decay (see Fig 1.) increased, and eventually, no
current rise was observed. Pit size distributions for all the cycles were similar as can be
seen from Fig. 4. Average pit sizes from the distributions are 0.13, 0.12, 0.14 and 0.14
Hm for samples etched with 10, 25, 50 and 100 cycles, respectively. It is concluded
from anodic current transients, pit number densities as well as size distributions that pit
initiation and growth are initiated and terminated in each anodic-half cycle, and that the
pitting behavior is approximately reproducible in each, cycle up to about 50 cycles.
Therefore, pit number densitieis and pit sizes for one cycle can be determined from the
average values of a number of cycles.
The period of anodic time during which pits initiated was studied by varying the
anodic time, while keeping the number of AC cycles constant at 25. The cathodic time
was Is and the anodic times were varied from 2 ms to 50 ms. Pit number densities
were measured through SEM. The minimum time for pits to be observed through SEM
was 5 ms. Since this time corresponds to the time for initial anodic current decay

8*10®^-

Number of AC cycles

Figure 3. Pit number densities during anodic polarization following cathodic polarization as function of alternating
voltage cycle; O.IM HCl, room temperature.

Applied potential cycle: -2.0V cathodic Is; -0.4V anodic, 20ms.
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Figure 4. Pit size distributions during anodic polarization following cathodic
polarization as function of alternating voltage cycle; O.IM HCl, room
temperature. Applied potential cycle: -2.0V cathodic Is; -0.4V, 20ms.
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(Fig. 1), it follows that no significant pits were nucleated during the initial anodic
current decrease. The anodic current decay has been attributed due to an oxidation
reaction induced by prior cathodic charging (6). Apparently, cathodically-induced
oxidation reactions also occurred at potentials above the pitting potential. Figure 5
shows that the time period during which pits nucleated was about 30 ms, and the pits
nucleated at approximately a constant rate prior to this time.
Pit size distributions were measured after each experiment, and the distributions
at different anodic times are shown in Fig 6. The smallest pits which could be observed
were about 0.05 |j.m in width. Figure 6 also shows that pit sizes spread over the
histogram as anodic time increased. The spread of the peaks indicates that pits did not
all grow at the same rate. By assuming that the leading peaks in each distribution were
the pits first nucleated, representative pit growth rates were obtained from the time
dependence of these leading peaks.

At

where Sj is the leading peak position at time tj. Figure 7 shows that pit growth rates
were high at early anodic times, but then decreased and approached a constant value of
about 1.2 jim/s at 40-50 ms. In Ref. (3), high pit growth rate during the early stage of
pitting corrosion were also observed after cathodic charging.
Conqiarison of pit volume with anodic charge.- Li order to calculate pit volumes,
the ratio of pit width to pit depth needed to be determined first. Three-dimensional
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structures of pits were obtained by anodizing the etched samples, and then dissolving
the remaining aluminum (8). Fig. 2b shows a micrograph of an oxide replica of pits.
The width and depth of pits were measured from the oxide replica, using the atomic
force microscope, and are shown in Fig. 8. The ratio of pit depth to width is 0.41,
which was obtained from the slope in Fig. 8. The intercept in Fig. 8 is 112 nm which
is the thickness of the anodic oxide film of the replica. Total pit volumes were
calculated from pit number densities and size distributions, by assuming that pits have
square cross-sections.

[21

Krir = E/V ^'(0.41 xw,.)
where wj is pit size in Fig. 6. The equivalent anodic charges for metal dissolution

(Qpit) were calculated from the measured pit volumes, assuming that removal of one A1
atom corresponds to three anodic electrons

[3|
Figure 9 shows that Qpj^ was small during the first 15 ms and then increased
approximately linearly with anodic time, while the electrochemical charges (Q) increased
from zero time. The pit current (slope of Qpjj in Fig. 9) was constant after 10-15 ms,
but zero at 5 ms (since the pit density was zero). Therefore the rising current at times
between 5-10 ms in Fig. 1 can be attributed to pitting dissolution. The charge
difference is 30.3 nC/cm^ at 5 ms and increases to 101.2

/cm^ at 20 ms. The charge

|LiC

difference was approximately constant after about 10-20 ms, which indicates that the
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anodic current at later times was mainly due to pitting corrosion. The discrepancy
between Qpjj and Q indicates that, during early stage of anodic period, a large fraction
of anodic charge was not contributed from metal dissolution. Previous study has shown
that cathodic polarization induces rapid oxidation reactions, when the electrode potential
was subsequently stepped near the open circuit potential (6). Figure 1 shows that
similar oxidation reactions occurred at the anodic potential of -0.4V and were
predominant at times earlier than about 20 ms. Therefore, the difference between Q and
Qpjj may be associated with a cathodically-induced oxidation reaction.
Although direct measurement of oxidation current is difficult in the presence of
simultaneously pitting, the oxidation charge may be inferred from experiments carried
out in O.IM H2SO4 solution. In Ref. (6), at the cathodic charge of 11.3 mC/cm^, the
anodic charge during the first 20 ms was 37.8 [iCjcxr? (capacitive charging current
excluded), at -0.9V in O.IM HCl solution. Also from Ref. (6), in O.IM H2SO4 solution,
the initial anodic current was 2.4 and 6.5 mA/cm^ at the anodic potentials of -0.9V and
-0.4V respectively. The ratio for these two current is 2.6. Since the oxidation current
depends on film resistance (6), the current at -0.4V can be inferred from the current at
-0.9V. The anodic oxidation charge, in HCl solution at -0.4V, could then inferred from
the charge at -0.9V and the current ratio of 2.6 for the initial currents at -0.4 and -0.9V
in H2SO4 solution. The anodic oxidation charge at -0.4V thus estimated is 98.3
fj.C/cm^. This charge is close to the charge difference between Q and Qpjj of about 101
IxCfcwP' at 20 ms in Fig. 9. Thus, it is concluded that charge differences between Q
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and Qpjj were due to oxidation reaction induced by prior cathodic polarization, which
occurred in the first 20 ms of the anodic period.
The ohmically limited current for the experiments in Fig. 1 can be calculated by

^applied ~

^ ^

|4j

ARq

Where E^ppjigj is -0.4V,

is the repassivation potential, -0.67V, and the solution

resistance AR^, is 37 Q-cm^. The limiting current density from Eq. [4] is 7.3 mA/cm^.
Figure 1 shows that this current is reached in most of the AC cycles. Therefore, in this
case, the rise time of the current to the plateau cannot be given special significance as
the time period of rapid pit nucleation and pit growth. The time of pit nucleation must
be inferred from SEM measurements.
Effect of cathodic charing on pitting current transients.- The effect of cathodic
charging on pitting current transients is shown in Fig. 10. Figure 10 shows the anodic
current transients, at times less than 100 ms, for samples with prior cathodic charging at
a constant potential of -2.0 V, followed by anodic polarization at -0.4V. The
figure shows that for cathodic charge below 7.18 mC/cm^, the anodic currents rose more
rapidly with increasing cathodic charge. This trend is the same as that found previously
on aluminum foils (3), for which similar current transients were observed. It has been
shown from Fig. 9 that the rising anodic currents were supplied by metal dissolution
from pits. Figure 10 shows that the ohmically limited current is reached only in cases 4
and 5. Thus, in all other experiments in Fig. 10, the rise time of the current to the
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plateau can be identified as the time period of rapid pit nucleation, which is enhanced
by prior cathodic charging. It should be noted here that the electrode area for
experiments in Fig. 10 and Fig. 12 was smaller (A=0.28 cm^, iQ=8.9 mA/cm^), so the
limiting currents were higher than those in Fig. 1. For cathodic charges larger than
32.74 mC/cm^, the anodic currents in Fig. 10 rose less rapidly with greater cathodic
charge. Figure 10 shows that both the times for the initial current decays and for the
anodic currents to rise to steady-state values increase with cathodic charge.
A similar dependence on cathodic charge is displayed by the time period of the
oxidation reactions below the pitting potential. In Fig. 11, the rise time of the pitting
current from Fig. 10 is compared to the decay time of the faradaic current below the
pitting potential. The rise time is defined as the time for the current at -0.4V to increase
to 85% of its peak value; the decay time is the time needed for the current at -0.9V
(after subtraction of the capacitive current) to decay by 85% of the initial current. The
agreement between the rise time and the decay time suggests that the rates of initiation
and early growth of pits, which determine the pitting current transients in Fig. 10, are
controlled by the same factors as those which determine the rate of the
cathodically-induced oxidation processes below the pitting potential. It was shown in
Ref. (6) that the oxidation current at -0.9V decreases with time because the film
resistance increases as the film is converted from a hydroxide to an oxide. The time
period of this conversion increases linearly with film mass.
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The connection between anodic oxidation below the pitting potential, and
cathodically-stimulated pitting current, was further investigated in experiments in which,
after cathodic charging, the potential was held for a period of time at -0.9V, and then
stepped to a value above the pitting potential (-0.4V). The intermediate potential of
-0.9V, which is between the open circuit potential and the pitting potential, was also the
potential used above to investigate uniform oxidation processes. During the time at
-0.9V, oxidation reactions took place which changed the film composition from
hydroxide to oxide and increase the transport resistance of the film (6). Figure 12
shows that the acceleration of pitting current clearly diminishes for interruption times
greater than 20 ms. The rise time of the anodic current continuous to increase up to an
interruption time of 3s, after which it is constant. The current transients at 3s and 5s
interruptions may be taken to represent the anodic current where no cathodic charging
had been applied. The interruption time of 3s corresponds to the total time required for
the transient reactions below the pitting potential (6).
It is concluded from Fig. 12 that when uniform oxidation reactions were
allowed to take place before the potential was stepped above the pitting potential, the
cathodic acceleration of pitting was significantly attenuated. This result suggests that
pitting is accelerated at -0.4V by the same factors which control the oxidation reactions
which occur during polarization at -0.9V. The anodic current densities at -0.9V were 7,
0.87, 0.33 mA/cm^ at the times of 1, 20 and 100 ms respectively. The anodic current
decays to a steady state corrosion current of about 10 ^lA/cm^ at the time of Is. Since
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the anodic current at these times is a measurement of film "conductivity"; so the
decrease of anodic current with time indicates that the film resistance increases.
According to the anodic currents at -0.9V, the film resistance increases by three orders
of magnitude for an interruption time of Is, which results in less enhancement on pitting
corrosion at -0.4V as shown in Fig. 12. The pitting currents in Fig. 12 could not be
distinguished for interruptions smaller than 20 ms, though the resistance has increased
by about an order of magnitude prior to this time. However, it was observed in etching
of A1 foils that, for an interruption of 20 ms at -0.9V, the number of pits nucleated at
-0.4V was much smaller while the pit size was much larger, compared to those without
interruption. Thus, for interruption smaller than 20 ms, the effect of film resistance on
the rate of pit initiation may not reflect on the initial pitting current such that shown in
Fig. 12. It is often assumed that the induction time for pit initiation corresponds to the
time required to penetrate or break down the passive film (8); therefore. Fig. 12 may
provide further evidence that the induction time for pitting is directly related to film
resistance.
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DISCUSSION AND CONCLUSIONS

The effect of cathodic charging has been found to "activate" aluminum surface
through change of film composition, i.e., from aluminum oxide to aluminum hydroxide
(4). The film resistance was reduced dramatically after cathodic charging, and ion
transport in the film followed Ohm's law. In the present work, results of pit number
densities, pit size distributions and pit volume measurements show that both the
oxidation current and the pitting current were enhanced by prior cathodic charging
during the first second at potentials above the pitting potential. Thus, the observed
enhancement of pit initiation and pit growth rates, through cathodic charging, may be
explained by the decrease of film resistance for ion transport.
In Ref. (6), the decay of anodic current was attributed to increase of film
resistance, which was considered to be a consequence of chemical reactions involving
water which had been stored in the film during cathodic charging. In Fig. 5 and Fig. 7,
the rate of pit initiation and pit growth were found to diminish at about 30 ms. Thus,
increase of film resistance may be responsible for the decrease of rates of pit initiation
and growth. The effect of oxidation reactions and, therefore, film resistance can be
illustrated further by interruption experiments. As shown in Fig. 12, the critical
interruption time to diminish initial oxidation current and pitting current was between 20
and 100 ms, and for interruption greater than 3s, there is no cathodic enhancement of
pitting. The later time agrees with the time for reaction of A1 with H2O (6). Thus,
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during the interruption, most of the water in the fihn had been consumed during the
oxidation reaction at -0.9V, which resulted in a decrease in film conductivity.
Figure 11 shows that both the rise time and the decay time increased with
cathodic charge. In Ref. (6), the increase in decay time was shown to be due to
increase of cathodic film mass. The thicker fihn would require longer time for excess
water in the film to be consumed, and thus, a longer time for the film resistance to
increase. Accordingly, the period of time when the film has low resistance is longer for
greater film mass, so pits can initiate over a longer period of time, as shown in Fig. 10.
Figure 10 also shows that the rate of pit initiation is slower with thicker film, which
suggests a possible relationship between the rate of conduction and the rate of pit
initiation.
The rates of pit initiation and growth during the first 30 ms are enhanced by
prior cathodic charging significantly, as shown in Figs. 5 and 7. Similar observations
were also found in a previous study on cathodically-enhanced pitting corrosion of
aluminum foils (3). Based on the equivalence between cathodic charge and pit volume
as well as on the enhanced initial pit growth rate, a vacancy diffusion mechanism was
proposed for the cathodic enhancement (3). If pit initiation and pit growth were
enhanced by vacancies, which would be produced by a chemical oxidation reaction such
that occurs at potentials below the pitting potential, then Qpjj should be greater than the
electrochemical charge (Q), since both vacancies and metal dissolution would contribute
to pit volume. Also, if vacancies were produced during electrochemical oxidation at
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potentials above the pitting potential, Qpj^ should equal to or greater than Q. In the
present study, however, the measured electrochemical charge (Q) is balanced by the
oxidation charge and Qpj^, which pronde no evidence for the vacancy diffusion
mechanism. The increased pit initiation rate is understandable since cathodic charging
reduces the film resistance. The enhanced pit growth rate, on the other hand, is more
difficult to understand since once pits nucleated, metal dissolution occurs directly at pit
site which would not depend on film resistance. It is possible that other oxidation
reactions, which would not be detected in the present work, occur specifically at
potentials above the pitting potential and contribute to pit growth through a process like
vacancy diffusion.
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ABSTRACT

Cathodic charging of aluminum in acid solution induces a rapid current increase,
at potentials above the pitting potential, which is accompanied by a complex quartz
crystal frequency transient. Without prior cathodic charging, the vibration frequency
increases continuously with anodic time, and is mainly due to metal dissolution. The
cathodically-induced complex frequency transient was resolved by AT-cut and BT-cut
quartz, and simultaneous mass increase and tensile stress increase during the early stage
of pitting corrosion were observed. There is a linear relationship between the mass
change and stress change. Interruptions of pit growth did not affect the transients, so
they are not associated with electrode roughening.
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INTRODUCTION

The effects of cathodic charging on the surface film composition and pitting
corrosion resistance of aluminum have been reported previously (1-5). The effect of
cathodic polarization is to reduce the film resistance for ion transport (2). Formation of
surface film at the potential where the film resistance reduced (around -1.65V vs.
Ag/AgCl/4M KCl) was also detected by in-situ quartz crystal microbalance technique
and by ex-situ infrared reflection spectroscopy (2,3). The film contains appreciable
amounts of water and has relatively "open" structure. The pitting corrosion resistance
was shown to be reduced dramatically by prior cathodic charging (1,5).
In Ref. (4), cathodic charging was found to induce anodic oxidation reactions
accompanied by electrode mass increases, at potentials below the pitting potential in acid
solutions. Also, cathodically-induced compressive stress changes accompanying
oxidation reactions were also observed from experiments carried out on both AT-cut and
BT-cut quartz crystals. In the present work, the effects of cathodic charging on the
vibration frequency of quartz crystals as well as on pitting current transients at potentials
above the pitting potential are reported.
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EXPERIMENTAL

Al fikn samples used in this study were evaporated from a pure source (99.99%
A1 foil, provided by KDK corporation, Japan) onto quarz disks. The pressure in a
cryopumped coating system (E360A, Edwards, West Sussex, England) was < 1x10"^ torr
and the base pressure was < 4x10'^ torr. The detailed procedures for deposition of A1
films have been described in a previous paper (2). The evaporated aluminum films were
exposed in laboratory ambient for 24 hours.
The electrochemical quartz crystal microbalance (QCM) system utilized was the
same as those employed in previous studies (6-9). Potentiostatic control and current
measurement were accomplished by interfacing the QCM to a personal computer using a
Lab-PC data acquisition board (National Instruments). The frequency was measured
with a Hewlett Packard 5334b frequency counter interfaced with a GPIB-PCn board. A
QuickBasic (Microsoft) program was developed to drive the two boards simultaneously.
The frequency was measured at the rate of 18 ms per reading.
Aluminum fiilm samples were evaporated onto both sides of planar (1 inch diam),
overtone-polished, AT-cut quartz crystal (Valpey-Fisher). In some experiments, 5 MHz,
BT-cut crystals were used. The films, which were deposited using a standard keyhole
design (10), were ca. 0.25 |im thick and 0.34 cm^ electrode area. The crystals were
operated at the fundamental frequency of 5 MHz with the mass sensitivity of 17.67
ngHz'^cm"^, according to Sauerbrey relationship (10,11). The crystal was mounted in
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the wall of the electrochemical cell using an 0-ring joint and two 0-rings. Prior to
polarization experiments, the A1 film was allowed to contact with the electrolyte for 5
minutes at open circuit condition.
The reference electrode was a commercial Ag/AgCl/4M KCl electrode (Fisher).
All reported potential values were referred to this reference electrode. The counter
electrode was A Pt wire insert into the cell. Cathodic polarization was at constant
potential of -2.0V. Anodic potentials varied from -0.9V to -0.4V. In all experiments
the electrolyte were 25 ml aqueous 0.1M HCl solutions and the temperature was
ambient (25°C).
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RESULTS AND DISCUSSION

Frequency transients during polarization.- Figure 1 shows the QCM frequency
transient for an aluminum film on AT-cut quartz crystal, during cathodic polarization
followed by anodic polarization above the pitting potential. Figure 1 shows that there
was an initial period of about l-2s during which there was no significant frequency
change. After this initial period, the frequency decreased linearly with time, which had
been previously shown to be due to formation of a surface aluminum hydroxide film (2).
The corresponding cathodic current, which is shown in Fig. 2, rose rapidly during the
first 2s, then increased slowly. The simultaneous film growth and cathodic current
increase was due to an increased film conductivity, as described in detail in previous
work (2).
Figure 1 also shows that, when the potential was stepped from the cathodic
potential to -0.4V, which is above the pitting potential, a complex frequency transient
was initiated. The pitting potential is -0.65V, which was determined from the
polarization curve shown in Fig. 3. Detailed fi-equency transients during anodic
polarization, after cathodic charging, can be seen in Fig. 4. The cathodic conditions
were 5s, -2.0V, and the cathodic frequency decreases ranged from 1-7 Hz. Since the
cathodic conditions were the same, the figure shows that the basic features of the anodic
frequency transient are reproducible. The frequency increased rapidly up to about 0.1s
after the potential was stepped to -0.4V. After staying at an approximately constant
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Figure 1. Quartz crystal frequency shift obtained during cathodic-anodic polarization of Al on AT-cut quartz crystal;
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value for another 0.2s, the frequency began to decrease, and eventually reached a
minimum at about 0.5s. After reaching the minimum value, the frequency rose rapidly
and then increased or decreased slowly. The anodic current, which is shown in Fig. 2,
reached a maximum at about 40 ms. After the maximum, the anodic current decreased
rapidly for 0.2s and then decayed slowly to a constant value. It has been shown that,
during the rapid current rise period, the rates of pit initiation and pit growth were rapid,
having been enhanced by prior cathodic charging (1,5). Therefore, the anodic frequency
transient may be associated with electrode phenomena accompanying rapid pitting
corrosion.
Effect of anodic potential.- The relationship between the complex frequency
transient and pitting corrosion is demonstrated in Fig. 5. The cathodic conditions were
the same for both experiments; they have the same cathodic frequency transient. The
anodic potentials were chosen to be just above (-0.6V) and just below (-0.7V) the
critical pitting potential of -0.65V (see Fig. 3). As the potential was stepped to different
anodic potentials, the corresponding frequency transients were different. Figure 5 shows
that, when the potential was stepped to -0.7V, the anodic frequency decreased
continuously for about 3s, then remained constant. This frequency transient is similar to
ones which had previously been measured at -0.9V, and is due to absorption of water
into the surface fihn (4). On the other hand, a complicated frequency transient, similar
to that observed in Fig. 1, was obtained when the potential was stepped to -0.6V.
Figure 6 compares anodic current transients for both potentials. A typical anodic
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Figure 5. Comparison of anotlic frequency transients at dilTerent applied anodic potentials; AT-cut quartz crystals.
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current decay was found for the potential of -0.7V, which is due to oxide film
formation induced by prior cathodic charging (4). At the potential of -0,6V, the current
decreased initially for about 50 ms and then increased. The current transient at -0.6V,
similar to that observed at -0.4V, was due to pitting because pits were observed on
sample surface. Therefore, the complex frequency transients in Fig. 4 are associated
with pitting corrosion.
Possible factors influencing the frequency transients include: attached foreign
mass change (9-10), surface roughness (9,10,12), stress (9,13-16), electrolyte solution
density changes caused by gas evolution (9,17), and surface tension changes caused by
double layer charging (10). Changes in electrolyte solution density near the surface due
to hydrogen evolution might occur during both cathodic and anodic polarization;
nevertheless, no complicated frequency transients were observed during cathodic
charging, as show in Fig. 1 and Fig. 5, as well as in previous studies (2,4). Therefore,
changes of solution density accompanying gas evolution are likely not the cause for the
complex anodic frequency transient above the pitting potential. Double layer charging
was found to occur within 1 ms of potential step (4), which is much shorter than the
time for initial frequency increase of about 0.1s. Further, no frequency increase was
observed in experiment where the potential was stepped from -2.0.V to -0.7V (Fig. 5).
Therefore, double layer charging is not a likely cause for the frequency transient.
Experiments were carried out to examine the possible effect of surface roughness
changes due to pitting on the anodic frequency transient. For this purpose, anodic
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polarization above the pitting potential was interrupted partway through the complex
frequency transient causing the pits to passivate. For the experiment in Fig. 7, the
anodic potential was reduced from -0.4V to -0.9V at 0.3s. Both the frequency transient
and the corresponding anodic current are shown. The pitting current was abruptly
reduced to zero when the potential was stepped. On the other hand, the frequency
transient is essentially the same as those without interruption. Since surface roughness
does not further change when the pitting current is zero, the complex frequency transient
is apparently not related to electrode roughening. It follows that there must be some
processes other than surface roughness change, which account for the frequency
behavior.
QCM transient withovt cathodic charing.- Figures 5-6 showed that the
complicated anodic frequency transient was related to pitting. It was of interest to
investigate whether the same anodic frequency transient can be induced by pitting
corrosion, without the influence of prior cathodic charging. Figure 8 shows the
frequency transient as well as charge applied during anodic polarization at -0.4V,
without prior cathodic charging. Both frequency and charge increased simultaneously
with time indicating that the frequency increase was due to metal dissolution. The
frequency increased smoothly without any complex transient like that found in Fig. 1.
The corresponding anodic current was also different as can be seen from Fig. 9. The
current decreased initially and stayed at zero current for about 3s. The current then
began to increase slowly suggesting that rates of pit initiation and pit growth were slow.
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For 5 MHz quartz, the thickness of the solution layer whose mass is coupled to the
quartz is on the order of 1 pm (10), which is much larger than the metal film thickness
of 0.25 |am. Therefore, recognizing that the void left by aluminum dissolution from the
pits was replaced by solution, the total weight change for the electrode can be calculated
from the measured anodic charge,

^

['I

Where V^j is the molar volume of A1 (10.0 cm^/mole), p^j the density of Al
(2.7 g/cm^), and Pgojution

density of O.IM HCl solution (1.0 g/cm^), Q the anodic

charge and F Faraday's constant. The weight change calculated is 945.6 ng/cm^, which,
according to the Sauerbrey Equation (10,11), corresponds to a frequency increase of
53.5 Hz for 5 MHz AT-cut crystal. This value is the same as the measured frequency
change of 53.5 Hz, indicating that the frequency increase in Fig. 8 is due to metal
dissolution from pits. The frequency transient in Fig. 8 together with the current
transient in Fig. 9 suggests that the complex anodic frequency transient in Fig. 1 is
unique only for cathodically-enhanced pitting corrosion.
Determnation of stress change.- The frequency transient may partly associated
with changes of film stress. Therefore, experiments with AT-cut and BT-cut quartz
were conducted to examine any stress change in the film. AT-cut and BT-cut quartz
crystals have the same mass constant but opposite stress constant (13) and have been
used in the study of stress changes due to electrochemical loading of hydrogen and

177
deuterium atoms in palladium (15). In order to calculate film stress change, aluminum
films were evaporated onto both AT-cut and BT-cut crystals. Cathodic-anodic
polarizations were then carried out at the same experimental conditions. The cathodic
potential was -2.0V and the cathodic time was 5s. The anodic frequency transients for
AT-cut crystals are shown in Fig. 4, and, for BT-cut crystals, in Fig. 10. The frequency
shifts were referenced to the first anodic frequency readings of each curve. Figure 10
shows that, in contrast to those of AT crystals, the frequency transients on BT crystals
show two peaks with much larger frequency shifts.
The four AT frequency transients in Fig. 4, as well as the four BT frequency
transients in Fig. 10, were averaged together to obtain one AT and one BT transient.
Stress changes were then calculated from the two averaged frequency transients,
according to the method of EerNisse using the following equation (13,15),

AS = (AT^^-A:®^)-' [ x f A/^V^)-' - xf A/^(/-^^)-']
The stress coefficients
-2.65x10"

and

[21

have the values 2.75x10'^^ cm^/dyne and

cm /dyne, respectively (13,15), the quartz plate thicknesses

are 0.033 cm

(AT) and 0.045 cm (BT). Figure 11 shows film stress changes as well as mass changes
calculated from Eq. [2]. The figure shows that, during early stage of pitting of about
0.4s, film stress and electrode mass increased simultaneously. After reaching maximum
values, both stress and mass decreased. The positive sign indicate that the stress in the
metal fihn is tensile in nature (15). The process was then repeated and a second peak
was reached at about 0.8s. Figure 12 shows that there was a linear relationsliip between
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mass change and stress during the transient, suggesting that the mass change may be
related to "defects" each of which also carries stress. Specific reasons for the
simultaneously stress change and mass change, as well as their mutual relationship, can
not be given at this time.
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DISCUSSION AND CONCLUSIONS

Cathodically-induced pitting corrosion is accompanied by a complex frequency
transient of quartz crystal. No complicated frequency transients was observed for pitting
corrosion which had not been enhanced by cathodic charging. During early stage of the
cathodically-induced pitting corrosion, the electrode mass and film stress increase
simultaneously.
The simultaneous mass increase and tensile stress increase are interesting. The
frequency decreases during the 5s cathodic polarization varied from 1-7 Hz (about
0.018-0.12 ng/cm^) for those experiments in Fig. 4 and Fig. 10. The air-formed oxide
film thickness was determined to be 3.1 nm, which corresponds to 0.93 |Lig/cm^ in mass
assuming that the film has a density of 3.0 g/cm^ (2,18). The electrode mass increase
about 0.68 |ig/cm^ during the first 0.4s, which is significant compared to the original
film mass and the mass increase due to cathodic film growth. Since the complex
transients are specifically found under conditions leading to pitting corrosion, the mass
increase in Fig. 11 is likely associated with of CI" ions.
The Cr ions may be adsorbed on the film and then enter and penetrate the film.
The effect of cathodic charging on the rapid pitting current has been shown due to
reduce of film resistance, i.e., from more oxide to more hydroxide (2). It is possible
that reduce of film resistance allows the transport of CI" ions in the film. CI" ions may
displace OH" ions or H2O in the film because the CI" ion is a stronger Lewis base than
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either OH" or HgO (19). Replacement of hydroxide or water by CI' would result in
changes of chemical bonding of the film. Consequently, the film stress may be
changed.
Figure 10 shows that after reaching maximum, both the mass and the stress
decrease. If CI" ions are absorbed during early stage of pitting corrosion, then decrease
of mass implies desorption of CI". As discussed in a previous paper, chemical
transformation of the cathodic film from hydroxide to oxide takes place when the
potential is stepped from cathodic to anodic (4). The transformation process takes about
3s, which is much longer than the frequency transient period of about Is. Thus, the
simultaneous mass and tensile stress decrease at around 0.4s could possibly due to
replacement of CI" by oxygen.
Alternatively, since the mass increase is relatively large compared to the film
mass and since the process is reversible, it is possible that most of the CI" ions are
adsorbed on the film surface. If one considers that the anodic charge applied (2.56
mC/cm^) during the first 0.4s was mainly due to metal dissolution, and the Al"*"^ ions
then react with CI" to form AlClg, then a increase of mass of 942 ng/cm^ would be
expected. This value is an upper limit. The salt film may not stable and may be
dissolved at later time. The precipitation/dissolution process of AlClg may repeat until
the anodic time of about Is.
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GENERAL CONCLUSIONS

In this dissertation, the effect of electrochemical reaction on the surface film
composition and corrosion resistance of aluminum in acid solutions have been studied.
The effect of cathodic charging on the surface aluminum oxide film have been studied
through polarization curves as well as in-situ weight change measurements. Results
from polarization curves studies showed that cathodic charging "activates" the aluminum
surface at the potential around -1.65V, where the hydrogen evolution rate increases
abruptly and film growth begins. The effect of cathodic charging is to reduce the oxide
film resistance for ion transport, through change of the film composition from oxide to
hydroxide. A 5 minutes immersion of the sample in the electrolyte solution, prior to
cathodic charging, is also necessary for the cathodic activation. It was shown that pH,
instead of the anion, is responsible for the effect of pretreatment on cathodic activation.
The mass of the electrode begins to increase at the potential where the hydrogen
evolution kinetics changed. The mass increase was shown due to formation of surface
oxide film. Change of pH on the electrode surface was shown to be insignificant, which
indicates that the film is unlikely produced through a precipitation mechanism. The rate
of proton conduction was found to follow Ohm's law, and the conductivity of the film
has the same order of magnitude as precipitated aluminum hydroxide. The composition
of the cathodically produced film was determined to be containing at least four oxygen
atoms for every aluminum atom, which indicates that at least one water molecule per A1
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atom. Appreciable amount of water in the film was considered to be responsible for the
increase of film conductivity.
The cathodic film composition and structural information were further studied
using ex-situ infrared reflection spectroscopy. The cathodic product detected by infrared
spectroscopy is an aluminum oxide or hydroxide which contains water. The peak areas
for three major bands increased linearly with cathodic charge suggesting that the film
maintains an approximately uniform composition as it become thicker. The spectra for
the cathodic products compare most favorably to that of the porous, amorphous oxide
films formed by anodizing in acid solution. The OH groups or H2O molecules of the
film are readily accessible to exchange by D2O indicating that the film has an "open"
structure. The aluminum ions in the film are coordinated to hydroxyl groups.
The effect of cathodic polarization on anodic oxidation processes were
investigated using the quartz crystal microbalance technique. Cathodic charging of
aluminum in acid solution induced an anodic current transient accompanied by an
electrode mass increase, which was primarily due to water absorption into the film. The
anodic current decay is due to an increase of film resistance by three order of
magnitude. Change of film composition during cathodic charging was responsible for
the observed anodic current and mass transients. Chemical reactions in the film
involving water which had been stored in the film during cathodic charging were
considered to be responsible for the dependence of anodic mass increase, anodic charge
and anodic current decay on cathodic film mass. Excess water in the hydroxide film
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reacts with the aluminum metal to produce aluminum oxide, thus increasing the film
resistance. As chemical reaction proceeded, the film resistance increased which resulted
in decreases of anodic current and the rate of water absorption.
The effect of cathodic charging on pitting corrosion resistance of aluminum films
in acid aqueous solution was also studied using electrochemical methods and scanning
electronic microscopy. Prior cathodic polarization induced rapid oxidation reaction
during the first 20 ms of anodic polarization at -0.4V. The rates of pit initiation and pit
growth were also enhanced by cathodic charging during the first 30 ms. The effect of
cathodic charging was to reduce film resistance for ion transport, which was considered
to be responsible for the increased rates of pit initiation and pit growth. Pits initiate
over a longer period of time with greater oxide film mass. The pitting current
diminished if oxidation reaction was allowed to take place more than 20 ms at -0.9V
before the potential was stepped to -0.4V. The film resistance increased three order of
magnitude after an Is of oxidation at -0.9V. Increase of film resistance was responsible
for the decreased rates of pit initiation and pit growth.
Finally, observations of the effect of prior cathodic charging on the quartz crystal
microbalance frequency transient during anodic polarization at potentials above the
pitting potential were reported. Cathodic charging of aluminum in acid solution induces
a rapid current increase, at potentials above the pitting potential, which is accompanied
by a complex quartz crystal vibration frequency transient. Without prior cathodic
charging, the vibration frequency increases continuously with anodic time, which is

190
mainly due to metal dissolution. The cathodically-induced complex frequency was
resolved by AT-cut and BT-cut quartz, and simultaneous mass increase and tensile stress
increase during the early stage of pitting corrosion were observed. It is believed that
further understanding of the mutual relationship between stress change and mass change
during anodic polarization following cathodic polarization will provide information
important in understanding pitting corrosion.
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A Thermodynamic Model for the Aluminum Electrode in Acidic Solutions
K. R. Hebert and C.- F. Lin

A model for the aluminum/solution interface in acidic aqueous solutions is
described. The model includes thermodynamics and kinetics of processes at the
metal/oxide film interface (hydrogen evolution, aluminum oxidation) and at the
film/solution interface (hydrogen, aluminum, and oxide ion transfer, and water
absorption). In addition, thermodynamic equilibria within the film between oxide,
hydroxide, and hydrogen ions and water molecules are considered, as well as transport of
hydrogen and aluminum ions through the film. The formalism of macroscopic
thermodynamics is followed. The model is believed to be the first model for an oxidecovered metal, which considers cathodic as well as anodic processes, and predicts
changes in the film composition as a result of electrochemical reactions.
The model equations, together with the available kinetic data, are used to obtain a
semi-quantitative explanation for variations in film composition during cathodic and
subsequent anodic polarization of aluminum in acid solution. These composition changes
caused by electrochemical reactions induce profound changes in the film's electrical
resistance and consequently its influence on corrosion rate. The observations to be
explained are: (1) Upon cathodic polarization below about -1.63V NHE, the resistance
of the film is greatly diminished over a period of a few seconds, and, after about 2
seconds, a film begins to grow on the electrode surface. (2) After the potential is then
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stepped into the passive region below the pitting potential (e. g., -0.68V NHE), the
anodic current is initially much larger than the passive current (about 10 mA/cm^) and
then decays over a period of about 5 seconds to values of about 10 ^A/cm^. This anodic
current transient is accompanied by an electrode mass increase, which is primarily due to
water absorption into the film.
Reactions.- The chemical and electrochemical reactions which are included in the
model are indicated in Fig. 1. The reactions at the metal/film interface are aluminum
oxidation and hydrogen evolution,

I'l

«2

I2|

Both these reactions are considered to be irreversible. Aluminum, hydrogen and oxide
ions can be transferred between the film and the solution at the film/solution interface.

** ^{solution)

(solution) ** ^2^{solurion)
Also, water molecules may be transferred between the film and solution.

The major constituents of the film are considered to be aluminum, oxide and hydroxide
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metal (1)
Ai

film (2)

solution (3)

Al+3
r-^H+(aq.)

oK
H,

H

H+:;

-L H20(aq.)

H+

(aq.)

HgO

0"^+H+:^ OH"
0H"+H+:^H20

Figure 1. Schematic representation of chemical and electrochemical reactions at the
metal/film interface, in the film and at the film/solution interface.
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ions, and water. Hydrogen ions are also present, but their concentration is assumed to
be insignificant compared to those of the other species. Two hydration reactions
involving protons are considered to proceed in the film,
^ OH

OH- + H' ^ H p

n

18]

These homogeneous reactions are assumed to be at equilibrium. Because hydrogen ions
are in equilibrium with water both in the film and in the solution, it can be seen that
reactions [4] and [5] are thermodynamically equivalent to reaction [6]. However, since
reaction [6] is a physical or chemical absorption process, its kinetic driving force is
different from those of the electrochemical reactions [4] and [5]. Therefore, water
absorption is included as a distinct reaction.
Cell potential.- The experimentally measured cell potential is taken with respect
to a hydrogen reference electrode in equilibrium with the cell electrolyte solution. The
cell potential can be decomposed into a series of overpotentials,
r= n* +

+ n: +

[9|

is the hydrogen overpotential between points i and j,

so that if

is positive, the current due to hydrogen ion transfer is anodic. In Eq. [9],

the superscript 12 refers to overpotential across the metal/film interface; 2 to
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overpotential across the film, between the film side of the metal/film interface and the
film side of the film/solution interface; 23 to overpotential across the film/solution
interface; and 3 to overpotential between the solution side of the film/solution interface,
and the reference electrode. TTie superscripts on electrochemical potentials refer to the
phases in which the iotiic species are found: 1, 2, and 3 correspond to the metal, film,
and solution respectively. The overpotential across the metal/film interface can be
written as

p 12

1
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1

21

(111

Superscripts of the type ij on chemical or electrochemical potentials specify phase i near
its interface with phase j. The chemical potential of hydrogen gas is assumed to be
constant throughout the system, so that the cell potential is independent of hydrogen
pressure. The solution overpotential

contains concentration and ohmic

overpotentials.
An equation for the cell potential V can also be written in terms of the
overpotentials for aluminum ion transfer.

3fV = (3/2
[121

+

+ ni + ti2) + SFTIJ

The overpotentials for aluminum are defined in a way analogous to Eq. [2],

3^îl!/ = V-M - l^AI

[131
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The first term in parentheses in Eq. [12] is zero, since both hydrogen and aluminum are
in their standard states. The second term in parentheses depends on the solution
composition at the film/solution interface (superscript 32),

p-., -

=jcrk.

Ai;.)'

[14]
+ RT In
where

/(/%.)^] + RT b

/(Y// )^]

represents the secondary reference state, m^ is molality, and

is the

molality-based activity coefficient. If the system is in equilibrium with all components
in their standard states, the only non-zero term in the cell potential is the term in Eq.
[14] containing secondary reference states; this term is then related to the standard
potential of the aluminum electrode, and has the value -1.663V x 3F (1).
All the overpotentials in Eqs. [9] and [12] are related to the rates (currents) for
the corresponding reactions by the appropriate kinetic expressions.
Fîlm conqjosition.- The overpotentials in Eqs. [1] and [4] depend on the
electrochemical potentials of ions in the film. In order to draw relations between these
overpotentials, it is necessary to define the model's assumptions about the surface film
composition.
It is convenient to write the thermodynamic equations for the film in terms of the
chemical potentials of neutral rather than charged species. The neutral ionic compounds
which contain the ions in the film are aluminum hydroxide and aluminum oxide. The
chemical potentials of these compounds are related to the electrochemical potentials of
the ions by dissociation equilibria.
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4 3po:

M'Z ~ \^Al(OH)^ ~

[15!

^

In addition, it is assumed that hydrogen ions in the Him are in equilibrium with
hydroxide ions and water,
Ps = \^H,0 =

+ \^0H-

(17)

and that hydrogen tons are also in equilibrium with oxide and hydroxide ions,
V-ou =

(18|

Eqs. [15] - [18] can be combined to obtain an equilibrium relationship between the
chemical potentials of the constituent neutral species of the film,

The chemical potentials of neutral species depend only on composition, and not
on the electrical state of the material (i. e., the electrostatic potential). As a first
approximation, the film is considered to be an ideal mixture of aluminum hydroxide,
aluminum oxide, and water. Accordingly, the chemical potential of one of the neutral
components is
|i,. =
for i = 1, 2, 3.

In

(20)

is the standard chemical potential of component i and Xj is the mole

fraction. The standard chemical potentials of aluminum oxide and aluminum hydroxide
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are taken to be the same as the bulk compounds (1). The standard chemical potential of
water may differ from that of bulk water, by the absorption (either chemical or physical)
energy of water in the oxide film.
Since the mole fractions of the three components must add to unity, Eq. [19]
implies that there is only one compositional degree of freedom for the film. Thus, large
water chemical potentials imply that the hydroxide content of the film is high compared
to the oxide content. When the water chemical potential is small, the film composition
is predominantly aluminum oxide. Alternatively, low ratios of moles of oxygen to moles
of aluminum are associated with relatively anhydrous oxide films, while high ratios of
moles of oxygen to moles of aluminum imply hydrated hydroxide films.
Relationships between overpotentials.- The equilibria in the film relate the
electrochemical potentials of ionic species in the film. For this reason, overpotentials of
different reactions proceeding at the same interface are not independent. For example, at
the metal/film interface, the overpotentials for aluminum oxidation and hydrogen
evolution can be related through Eqs. [15] and [16],
3^;; =

+ (ixf - Ho')

121]

At the film/solution interface, a relationship exists between the overpotentials for
aluminum ion and hydrogen ion transfer,

(22)

+ (3»^» -
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Also at the film/solution interface, aluminum ion transfer is coupled to transfer of oxide
ions, whose overpotential is

!23]
The relationship between these two overpotentials is

3FvSi = 2FvS + 1/2 nf - 3/2

[24]
+ (3p^. -

The overpotentials driving transport of hydrogen and aluminum ions through the
film are also related. The hydrogen transport overpotential can be related to the
overpotential for aluminum ion transport and the film composition through Eq. [15],
[16], and [18],

3F(4 - îli) = (M-z' - Iif) -

- nf)

[25]

Eqs. [21], [22], [24] and [25] can be thought of as statenients that the driving forces for
different electrochemical processés at an interface are coupled through their common
dependence on the electrical potential difference across the interface. These equations
also indicate that changes in the driving force for an interfacial reaction are brought
about by changes inthe electrical potential difference at the interface, or by changes in
the film composition.
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