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Kinetic Model for Aluminum Dissolution in Corrosion Pits
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The kinetics of aluminum dissolution in etch pits and tunneisail M HCI-3 M H,SO, solution at 70°C, were investigated.
Dissolution current densities during growth of tunnels and pits, at potentials of roughB and 1 VWs.Ag/AgCl respectively,

were found to be approximately 6 A/éniTransient experiments using current step reductions during pitting, or anodic current
pulses during tunnel growth, revealed strongly potential-dependent current densities up to 380TA&mesults suggested that

the dissolution rate is potential-dependent when measured on times scaléswdf after potential disturbances, but insensitive to
potential in quasi-stationary experiments. A kinetic model was presented assuming a monolayer or multilayer chloride layer on the
aluminum surface, including kinetic expressions for transfer of®Adnd CI ions at the film/solution interface, and ionic
conduction in the film. In agreement with experiments, the model yields constant or potential-dependent dissolution rates follow-
ing a Butler-Volmer relation, depending on the time scale of experimental measurements. The large current densities in anodic
transient experiments derived from high rates of @Icorporation during film growth.
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Models of metal dissolution in corrosion pits are important for densities for the same etching conditidAaNhile tunnels grow at
predictions of pit growth rates and stability, so that eventually envi- potentials 0f—0.8-0.9 Vvs. saturated calomel electrod8CE), po-
ronmental conditions for failure can be determined. Prior investiga-tentials higher than 1 V were present during the pitting experiments.
tions of aluminum pitting have focused on the nature of processeddence, these measurements suggested that the dissolution current
controlling the metal dissolution rate. Different studies have founddensity is insensitive to potential. In another kinetic study of disso-
that the corrosion rate is determined by solution-phase ohmidution in tunnels, the potential driving force for dissolution was mea-
conduction? mass transport* or have found mixed ohmic and sured within 0.1 ms after step increases of applied current during
transport controf.” The general picture suggested is that the surfaceetching?* Contrary to the earlier measurements of pit growth rates,
kinetic resistance for dissolution is small, and that depending orthe results indicated a Tafel-type exponential current/potential rela-
experimental conditions such as solution composition or potential tionship, with dissolution current densities as high as 100 A/cm
transport or conduction may control the rate of the process. How- The present work addresses the issue of the potential dependence
ever, a kinetic model of dissolution would be useful to predict re- of the dissolution current density. Further measurements of the dis-
gimes of control by mass transport, ohmic resistance or kineticssolution rate of pits and tunnels are presented, as well as transient
Such a model would also provide a chemical description of themeasurements of dissolution kinetics using current steps and pulses.
dissolving surface, which would help elucidate conditions where Together, the new and previous kinetic measurements show that
either dissolution or oxide passivation should occur. potential-dependent or potential-insensitive dissolution rates are as-

There have been relatively few attempts to obtain a fundamentabociated with transient or quasi-stationary experiments, respectively.
chemical model of the dissolving aluminum surface during localizedA new kinetic model for aluminum dissolution is then described
corrosion. Some authors have suggested that the surface is cover&dich provides for the time scale-dependent kinetics found experi-
by a resistive metal chloride film, which absorbs the large overpo-mentally. According to the model, the corroding surface can be cov-
tential frequently associated with pit growtft® Beck has carried ~ ered with either a monolayer and multilayer chloride film; thus,
out studies of aluminum dissolution at high potentials in millimeter- observations suggesting either type of surface film can be rational-
scale artificial pits, which revealed conduction and structural prop-ized.
erties of AICk surface films found in these circumstanée$?How-
ever, it is not known whether similar films are found in naturally-
occurring pits. Experimental kinetic studies of oxide passivation in
aluminum pits were carried out by the present authors, and a model The aluminum samples were 99.98% purity annealed foils, 100
for passivation was present&d:® Those investigations found evi- pm thick with a typical grain size of 10@m, manufactured for use
dence that a pit surface is covered by a monolayer of chloride, ain aluminum electrolytic capacitoréToyo). The large grain size
potentials near the critical potential for repassivation; chloride de-found in such capacitor foils is due to extensive annealing treat-
sorption from this layer initiates oxide film growth. ments after rollinge.g., for 5-6 h at 600°? The foils were pre-

Earlier work by the present authors has explored dissolution ki-treated for etching by open circuit immersioni M NaOH at room
netics in aluminum etch pits and tunnels, during anodic etching intemperature for various times, and then rinsed in deioniZzil
hot chloride-containing solutions. Tunnels are elongated corrosiorwater. Solutions for both etching and pretreatment were prepared
cavities which form by passivation of the sidewalls of etch pits from reagent grade chemicals and DI water. Etching was carried out
while dissolution continues on the pit's bottom fdéé® Etch pits at constant applied current at 70°C, in solutions containing a mixture
predominate at times of the order of 100 ms, while tunnels are mosbf 1 M HCl and 3 M H,SQ,. Parallel experiments to identify kinet-
prevalent after several seconds. The number densities of pits angs of uniform corrosion processes were conducted M H,SO, .
tunnels are comparable in magnitude {(1®10' cm™?). The growth  The etchant solution was circulated with a magnetic stirring bar. The
current density of etch tunnels was measured using slow modulacounter electrode was a Pt wire fixed in place onto a glass holder
tions of the applied etching current and was found to be constant agontaining the aluminum foil. The reference electrofdg/AgCl/4N
a given temperature, and of the order of 10 A%¢thCurrent densi-  KCI) was positioned behind the holder, thus away from the current
ties in etch pits, at etch times smaller than 100 ms, were inferrecpath. All quoted potentials are with respect to this reference. The foil
from pit size distributions measured with scanning electron micros-contacted the etchant solution for a standard time 10 s before appli-
copy (SEM), and were found to be consistent with tunnel current cation of anodic current. The current was supplied by a potentiostat-

galvanostatEG&G PAR 273), and the potential transient during
etching was recorded with a high speed voltmékeithley 194A)
* Electrochemical Society Active Member. interfaced to a computer. The etched surface topography was ob-

Z E-mail: krhebert@iastate.edu served with SEMJEOL JSM-840A).
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Figure 1. Schematic applied current waveform used in experiments on alu-Figure 2. Potential transient during etching in a solution of 1 M HCI and 3
minum dissolution kinetics in etch tunnels. M H,SQ,, for 30 s NaOH pretreatment time. Also shown is potential tran-
sient in 3 M H,SQ,, for the same pretreatment and experimental conditions
as etching experiment. Temperature 70°C, applied current density 0.Z.A/cm
Transient experiments were carried out to determine current/ o o ) . ) . .
potential relationships for uniform corrosion and dissolution from (Fig. 3). This circular profile is consistent with the hemispherical pit
etch pits. The current was kept constant for a time less than 100 m$hape evident in oxide replicas of the metal surféc&No tunnels
and then reduced rapidly through a series of steps at intervals of 0.¥/€re found in these replicas. Pit number densities estimated from
ms. The accompanying potential transient was measured, and usé&/ch images, at different etching times, are given in Table I. It is
to construct current/potential relations relevant to the pitting and¢l€ar that pit nucleation proceeded at a high rate during the peaked
uniform corrosion processes. Other experiments were conducted t§ansients. ) ) ] ) ) ]
measure the mean current dissolution density in etch pits. In these Along with a potential transient during anodic etching, Fig. 2
experiments, constant current was applied for brief periods less thaglso shows one measuret 3 M H,SO,, using identical pretreat-
100 ms. The mean pit current density was obtained by dividing thement and experimental conditions. The two types of transients were
overall pitting current by the total pit surface area from SEM. In all Nearly coincident through most of the period when the potential
experiments on the kinetics of dissolution from pits, the NaOH pre-increased toward the maximum. No pitting, but only anodic oxide
treatment time was 30 s. Potentials were corrected for cell ohmicdrowth and uniform metal dissolution, occurred in the sulfuric acid
resistance, which was measured as described eSligre cell re- solution?® Therefore, despite ongoing pit nucleation in the etchant,
sistance for the 1 M HCI-3 M kB0, etchant solution was 0.952
cn?, and that of cell with 3 M HSO, alone was 1.04) cn?.
Measurements of dissolution kinetics in etch tunnels were carried
out using a current step waveform developed previously in a study
of etching in 1 M HCI! That waveform is illustrated in Fig. 1,
where symbols for the various current levels and step times arg
defined. The applied current was held constant at the initial Viglue
for a timet, of either 1 or 5 s, then reduceditg for a timet, of 12
ms, and finally increased tiq; for a timet; of 8 ms. During the
period ati,;, tunnels grew to a length determined by their growth
velocity, which was found to be 2.@m/s for the present foil and
etching conditions, using the applied current sawtooth wave
technique'® The step current reduction ig, passivated a fraction
1 — (ix/i,) of the dissolving tunnel tip surface, but did not alter
the dissolution current densit§. The step increase tig; forced a
higher current through the unpassivated portion of the tunnel tip.
The current density on the active portion of the tip was then
ido(iaaliaz), Whereiyo is 6.1 Alcnt, the equivalent current density
of the 2.1 um/s dissolution velocity. The accompanying potential
transient was measured to obtain the driving force for dissolution.

Results and Discussion

Current step experiments-Potential transients in éhl M HCI-3
M H,SQO, etchant are shown in Fig. 2. After an abrupt increase in
the first millisecond due to capacitive charging, the potential rose
more slowly to a maximum, and then fell rapidly to a final constant
potential. That final potential was identified as the repassivation po- c d
tential of aluminum, and is maintained as long as the applied current
is kept at the same valdé?* SEM images of the foil surface at Figure 3. SEM images corresponding to various etching times during the
times during the “peaked” transients in Fig. 2 show large numbersinitial increasing portion of the potential transient. Etching conditions were
of 0.1-1 um wide etch pits, most of which have circular outlines the same as in Fig. 2a) 10 ms etching time(b) 20 ms;(c) 30 ms;(d) 55 ms.

Downloaded on 2014-02-10 to IP 129.186.176.91 address. Redistribution subject to ECS license or copyright; see ecsdl.org/site/terms_use


http://ecsdl.org/site/terms_use
http://ecsdl.org/site/terms_use

Journal of The Electrochemical Socigtys1 (2) B45-B52(2004) B47

Table |. Statistics of etch pit distributions and uniform corrosion
current density.
Npit, pit Uniform
number corrosion
Etching  density o (Npi) I'ms» Pit Square root current
time (times 16 (times radius  of o(r?) density
(ms) cm™?) 1°ecm™?  (wm) () (Alcm?) s
10 4.2 1.2 0.085 0.064 0.183 %
20 4.6 1.7 0.11 0.076 0.172 &
30 4.9 0.73 0.16 0.098 0.162
40 6.9 1.4 0.18 0.14 0.155
55 7.1 1.3 0.24 0.16 0.096
]
those uniform corrosion processes dominated the overall curren '} = L
during most of the potential rise. After the potential maximum, the "o 20 0 60 80
Time (ms)

decreasing potential in the etchant relative to the&®, solution

indicates that the current due to uniform corrosion is reduced, due to _ _ ‘ ‘ ‘ _
the increasing magnitude of the dissolution current from pits. In theFigure 5. Potential transients in 3 M $80,, for experiments in which the

following, the overall current from uniform oxidation and dissolu- applied current was reduced in a series of four steps separated by intervals of
tion processes is referred to as the uniform corrosion current. Figur d'4 ms. 032 ;/Nr%‘OH pretreatment, temperature 70°C, initial applied current
2 demonstrates that the contribution of uniform corrosion must be?e"s® 0-2 Alcmm

considered in the analysis of experiments at times during the poten-

tial peak. ) o
Experiments with step reductions of applied current were used to  The current/potential data in Fig. 6 and 7 were compared to

investigate kinetics of both uniform corrosion and metal dissolution c@lculations based on the high field rate law for ionic conduction in
from pits. Figure 4 shows potential transients during experiments in@nodic films
which sequences of four current steps were initiated at various times
during the potential peak in Fig. 2. Transients for parallel experi- =i exr{@) [1]
ments in 3 M BSO, are displayed in Fig. 5. All potential transients 20 3
in both figures followed the same trace up to the initiation of the

overns conduction in alumina films formed in

current step sequence, thus demonstrating the high reproducibility ofhis expression
these experiments. The potential at 0.4 ms after each current stegcidic solution$®?” and therefore was expected to model the uni-
was corrected for the cell ohmic drop, using the cell resistances citedorm corrosion current in the present experiments. The potential

in the Experimental section. These potentials and the correspondingrop in the oxide film,b, was determined by subtracting the equi-
current densities for each step sequence are shown in Fig. 6 and fprium potential of the AlI/ALO; electrode from the ohmic-
for the experiments in 3 M 80, and 1 M HCI-3 M H,SQy, corrected potential. Enthalpy of formation data were used to ex-
respectively. It was assumed that the duration of the step sequenagapolate the standard potential to a value-af.518 V vs. normal

was small enough to neglect time-dependent changes such as oxidgdrogen electrodéNHE) at 70°C28 Because of the high potentials
growth or pit enlargement. With this assumption, the current/in these experiments, it was not necessary to consider additional
potential data for a given step sequence represents the electrodshmic resistance due to hydrogen gas bubbles in pits. The dashed
kinetics at the initiation time of the sequence. lines in Fig. 6 and 7 represent Eq. 1, witlobtained by fitting to the
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Figure 4. Potential transient:il M HCI-3 M H,S0Q, etchant, for experi- Figure 6. Applied current densitys. potential, from current step experi-
ments in which the applied current was reduced in a series of four stepsnents of Fig. 5 in 3 M HSQ,. Potential is that measured at 0.4 ms after
separated by intervals of 0.4 ms. 30 s NaOH pretreatment, temperature 70°@ach current step, and was corrected for cell ohmic potential drop. Parameter
initial applied current density 0.2 A/cin is time of first current step in each sequence.
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Figure 7. Applied current densitws. potential, from current step experi-  Figure 8. Average dissolution current density in pits for various etching
ments of Fig. 4 in 3 M HSO,-1 M HCI. Potential is that measured at 0.4 ms time, obtained from pit size distributions measured using SEM. Dashed hori-
after each current step, and was corrected for cell ohmic potential dropzontal line is the average current density, 6.37 AlcError bars represent
Parameter is time of first current step in each sequence. 95% confidence intervals.

potential just prior to the step sequence. Values of the parameggers SEM examination of the foil surface was carried out for the
(1.80x 10°*? Alcm?) and B, (2.99 cm/MV) at 70°C were taken times listed in Table I. As mentioned above, the pits were hemi-
from measurements by Harkness and Yo&hBigure 6 shows very  spherical in shape, so that the total pit area wagr2)N,;, where
good agreement between the experimental current/potential data artbe angular brackets denote the population mean. Between 40 and
Eq. 1, verifying its use to model the uniform corrosion rate. 120 pits were used to determife?) andNy;; for the various etching

In the HCI-H,SO, etchant, Fig. 7 shows that the current/potential times. The error bars in the figure are 95% calculated from the
data are well-represented by Eq. 3 up to 45 ms, but deviate signifistandard deviations listed in Table I. The mean pit current density is
cantly at 55 and 65 ms. This deviation is consistent with the etchingshown in Fig. 8 at the various etch times. Due to the significant
potential transient in Fig. 2, which begins to fall below that in uncertainty deriving from the pit distribution statistics from SEM, it
H,S0, at 50 ms, indicating that the pitting current became appre-cannot be distinguished whether the current density depends on
ciable at this time. Thus, at times after about 50 ms, the measuredime. However, the results are consistent with an average current
current/potential relation should be influenced by kinetics of metaldensity of approximately 6.37 A/cinin agreement with the etch pit
dissolution from pits. The current/potential data at 65 ms are con-current density of 6 A/chpreviously estimated in HCI etchant at
sistent with an apparent Tafel coefficiehtn i/dE of 1.6 V1. The 70°C2° Also, the resul_t agrees with dissolution current density _of
significance of this slope with respect to the kinetic model is dis- 6-1 A/enf, measured in etch tunnels formed at the same etching
cussed below. conditions, using a sawtooth wave superimposed on the applied

current!® Because tunnels grow at low potentials of abet@.8 V.

Dissolution current density from pit distribution statistiesThe  while measurements of the pit dissolution current density corre-
mean current density for dissolution from pits was estimated byspond to potentials of 0.5-1.6 \Fig. 2), these results imply a
dividing the overall pitting current by the total pit area obtained roughly constant dissolution current density over a wide potential
from SEM images. The overall pitting current is the applied currentrange.
less the uniform corrosion current, which was determined as fol-  The potential-insensitive dissolution current density, from tunnel
lows: In the HSO, solution, the rate of film thickness increase growth rates and pit distribution statistics, can be compared to the

obeys results in Fig. 7 at the etch time of 65 ms. Calculation of the uniform
. corrosion current density at this time showed that the overall pit

d_S _ @l [2] current furnished 97% of the applied current. Thus, the Tafel coef-

dt =~ BFCqy ficient of 1.6 V! reported above represents the kinetics of metal

dissolution from pits. A Tafel-like potential variation of the dissolu-
wherei is the applied current density, ardis a current efficiency ~ tion rate was also revealed in current pulse experiments during tun-
representing the fraction of the uniform corrosion current resultingn growth in HCI etchart® These potential/dependent kinetics
in oxide film growth.ds/dt may be substituted bgtE/dt using Eq. from current step or pulse experiments conflict with the potential-

1, leading to an expression for the current efficiency for film growth INSénsitive tunnel and pit growth rates. The next section reports
additional current pulse experiments during tunnel growth, after

6FC,,B, dE which a model reconciling the various kinetic measurements is pre-
Tunnel dissolution current densities from current pulse

¢ calculated from Eqg. 3 was found to be 0.330.03. It was as-  experiments.—The potential dependence of dissolution in etch tun-
sumed that this current efficiency was also valid for the HG86, nels was investigated further, using the current pulse technique in-
etchant, because both solutions had approximately the same pHroduced by Taket al?! In contrast to Tak's paper, some of the
Thus, Eq. 3 was applied to the potential transient in the etchant, tgpresent experiments were carried out in the HGEB, mixed
calculate the uniform corrosion current dengityn Eq. 3)from the etchant, and were extended over a considerably wider potential
measurediE/dt. The overall pitting current density was then found range. Figure 9 shows examples of two potential transients at times
by subtraction from the applied current density. just after the current step from, to i3 (solid lines). In each tran-
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Figure 9. Examples of potential transients for current pulse experiments Figure 10. Metal dissolution current density from current pulse experi-
during etch tunnel growth. Etching temperature 70°C, etchant solution 1 Mments, plottedss. peak potential measured after current step figato i,
HCI-3 M H,SO,. Parameters in legend arg, /i,/i53/t; (see Fig. 1 for (E, in Fig. 9). Potential is corrected for cell and tunnel solution ohmic
definitions), with the applied current density in mA/cm potential drops. Etchant solutiol M HCI-3 M H,SQ,, or 1 M HCI as
indicated. Parameters in legend &gg/i,,/i 3/t (see Fig. 1 for definitions
with the variable parameter denoted by a symbol, and the applied current
sient, the step was followed by a period of aboutEwhen ca-  density in mA/cr.
pacitive charging dominated, and then a peak potential or shoulder

W'th”.] 0.2 ms, denotec:ﬂEP in Fig. 9'. The unlfolrm corros!on curr.ent ing current with potential. No dependence on etching time or current
density at this potential was estimated using Eq. 1; experiments, 2 atorm parameters is evident, although the results in

were rejected from consideration when it exceeded 10% of the apy o : .
) . . . -containin lution rt ispl ward mor
plied current density. In additiorigz, the applied current density 2S0;-containing solutions appear to be displaced toward more

: ) negative potentials. A Tafel region with an exponential potential
during the anodic pulse, was found to correlate poorly v dependence is apparent at potentials higher tharé V. In Ref. 21,
suggesting further that the current B was not due to uniform

> ; ) ! the Tafel region was identified incorrectly to include potentials more
;:orrosmn. ':’hus, the current Bf, was supplied by metal dissolution negative than—0.6 V, as a result of the smaller potential range
rom tunnels.

considered in that study.
The dashed lines in Fig. 9 are potential transients from experi-  Both the current pulse experiments in Fig. 10 and the current step
ments withi,, = 0, but otherwise the same current waveform pa- experiments in Fig. 4 yield potential-dependent kinetics. In Fig. 10,
rameters as the corresponding experiments Wwjjh> 0. In these  the current density approaches 300 Afcat potentials lower than
current interruption experiments, the potential during the anodicthe range of the pit growth experimerit&g. 2). In contrast, a much
pulse rose to a peak value 100-300 mV higher tBgnin a time of smaller and potential-insensitive dissolution current density of about
0.1-0.3 ms. It was shown in Ref. 21 that the current interruption 6 Alcn? was measured at potentials 6f0.8 to —0.9 V during
completely passivated the actively dissolving tunnel tip surface;tunnel growth, and also at potentials higher than 1 V during pit
however this surface experienced a high rate of pit initiation duringgrowth. It is clear that the discrepancy in kinetic measurements is
the anodic pulse, resulting in recovery of the dissolution currentnot associated with different dissolution processes in pits as opposed
within 0.5-1 ms. This time agrees with the decay times of the initial to tunnels, nor with the potential range of the measurements. In-
peaks in Fig. 9, consistent with a similar reactivation of the tip stead, the observation of potential-insensitiwe. potential-
surface by pitting. Thus, potentials 100-300 mV more positive thandependent dissolution rates depends on the time scale of experimen-
E, are necessary for a significant rate of pit formation on the oxide-tal measurements. When the measurements are made less than 1 ms
covered part of the tunnel tip. As in Ref. 21, it is concluded that the after current step disturbances, as in Fig. 4 and 10, the dissolution
current atE, is supplied not by newly formed pits, but by an in- current density was found to vary with potential. However, measure-

creased dissolution rate on the portion of the tip surface which wagnents in the presence of slower potential variations, as during
not passivated durinty. steady tunnel growth or in Fig. 1, yield a potential-insensitive dis-

A current/potential relationship for dissolution was obtained Solution current density of 6 Alctnat 70°C. The observation of
from transients like those in Fig. 9. The current density on the un-Kinetics which depend on the experimental time scale is relevant to
passivated tip surface was calculated from the applied current wavelindamental mechanism of metal dissolution, and is addressed by
form, as described in the Experimental section, and the potentiafh® kinetic model of the next section.

driving force was obtained by correctirkg, for the cell ohmic drop. Kinetic model of dissolution from pits and tunnelsThe model

The significance of the ohmic drop inside tunnels was assessed frofy dissolution kinetics described here is essentially similar to the
the potential decrease upon stepping frignto i,.** It was found  Vetter-Gorn model for metals covered with oxide filfs$2 The

that tunnel length had no measurable affect on this decrease, indivetter-Gorn model suggests itself in the present case, because it
cating that the tunnel ohmic drop was small, likely because of theyields potential-insensitive current densities under quasi-steady-state
high ionic strength of the etchant. Evidence that tunnels do notconditions, but potential-dependent behavior in experiments with
contain hydrogen gas bubbles, which might contribute to the ohmicsmall time scales. It is a phenomenological model which only as-
resistance, is summarized in Ref. 30. The current/potential data areumes the presence of a surface metal oxide film, and independent
shown in Fig. 10, along with those obtained in Ref. 21 using the HCltransfer of metal and oxygen ions between the film surface and the
etchant. The present experiments included waveforms withiigh  solution. The same concepts can be applied to dissolution in pits, if
and lowi ,,, yielding dissolution current densities up to 300 Afcm it is presumed that the pit surface is covered by a multilayer or
The data in Fig. 10 are scattered, but demonstrate a trend of increasaonolayer metal chloride film, with independent transfer of metal
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T T T CI~(f) « Cl (a9 [7]

] It is assumed that the solution & concentration is low enough to

i neglect the reverse deposition process in Eq. 6. Thus, the charge-
transfer processes in Eq. 6 and 7 are assumed to follow Tafel and
7 Butler-Volmer kinetics, respectively, in which their rates depend on

=]
Q
T

N§ the potential drop at the film/solution interface. This potential drop,
z " bys, IS given bydys = di(ClI7) + m, whered(Cl™) andn are
5 the equilibrium potential drop and overpotential for Eq.n?, the
£ - . 22913/23; overpotential for Af® dissolution, is thenm’ = ¢$5(Cl")
3 A 40/10/ig1s | — $9(AIT3) + q, whered (Al %) is the equilibrium interfacial
O e e potential drop for Eq. 6. Thus, the overpotential for Eq. 6 as well as
I,5/5 s (1 MHCI) . . 3 . .
. A Ref.21 (1 MHC) Eq. 7 may be written in terms af. The rate of Af® dissolution is
or g 7 then expressed by
ic(n) = icoexpben) (8]
= L L ) 1 1 L L 1 " L 1 1 1 1 1 1 1 1
e o8 e e o2 and that of chloride transfer is
Corrected Potential (V}
iL(n) = iolexpbim) — exp—b m)] [9]

Figure 11. Dissolution current density data from Fig. 10, with potential on

abscissa corrected for potential drop through chloride layer. Parameters in The film is assumed to be composed of a constant stoichiometric
legend arei 41 /i, /i,3/t, (see Fig. 1 for definitions with the variable pa- p

rameter denoted by a symbol, and the applied current density in nfA/cm  Proportion of CI ions, so that its growth rate can be related,to
d_S _ iL(n)
dt ~ 3FC;

[10]
and chloride ions between the film surface and solution. Other au-
thors hano suggested the presence of such films on dissolving Pt condition for current continuity between the film and interface
surface$:1? The development in this section is based on the idea;
that the Vetter-Gorn model can be viewed as a generic model for
electrodes covered by films of corrosion products. i =ii(d) =i (m) +ic(m) [11]

The corrosion product films described by the Vetter-Gorn model
are distinct from precipitated salt films, which are considered by At the metal/film interface, metal atoms are assumed to be in equi-
some authors to be present on dissolving surfaces irf pit®re- librium with the metal ions in the film. Thus, the measured potential
cipitated salt films are normally thought to be in equilibrium with an E corrected for ohmic drop can be expressed as the sufpdfand
adjacent saturated solution. In the Vetter-Gorn model, on the othethe equilibrium potential at the metal/film interface
hand, the adjacent solution is not saturated, and so ion transfer pro- o
cesses at the film/solution interface may not be in equilibrium. In E = Eaaci, + ¢ +m [12]
order to focus on dissolution kinetics separately from mass transport
effects, the experimental conditions of the present work were chosen Two limiting cases of the kinetic model can be related to the
so that the pit and tunnel solutions were well below saturation. Thepresent experiments. First, if the experimental time scale is large and
AICl; electrolyte concentration in tunnels may be estimated fromthe potential varies slowly, there is time for the film thickness to
the transport model in Ref. 30, which was found to yield accurateadjust to the value where Clions in the film and solution are in
predictions of tunnel shapes in HCI for various temperatures. For aquilibrium. The conditiony = 0 from Eq. 9 then fixes the metal
tunnel length of 1jum, corresponding to the maximum etch time of dissolution current density ag, (EQ. 8). Thus, the constant current
5 s in Fig. 10-11, the AlGlconcentration at the tunnel tip surface is densityi o, is always obtained, because the @quilibrium specifies
0.8 M (Fig. 2 in Ref. 30). This value is well below the concentration the potential driving force for metal ion dissolution. This behavior
of 3.1 M at saturation. The AlGlconcentration in pits should be agrees with potential/insensitive dissolution rates measured during
even lower than 0.8 M, due to their smaller depth. Thus, a chloridepit and tunnel growth. According to Eq. 5 and 12, the potential is
film on the dissolving surfaces could not form by precipitation, but then given by
only by anodic oxidation of metal coupled with transfer of chloride .
ions from solution; these processes are the ones depicted by the E = EQnc. + Em('_ﬂ) [13]
Vetter-Gorn model. 3 By g

The model includes mathematical descriptions for ion transport
in the film as well as reactions at the film-solution interface. lonic Variations of electrode potential are accommodated by changing the
conduction through the film follows the rate law determined by quasi-steady state film thickne8sAs the potential is decreased the
Beck, in studies of AIG films on aluminum during high-rate film becomes thinner, until at the repassivation potential it consists

dissolutiortt1? of one monolayer. Further potential decreases would then induce
chloride desorption, and consequently passivaliols.
) .. [Bid In the limit of very small times after sudden changes of potential,
it = 2ig S'HT(T) (5] the film thickness remains constant, while the potential dippsd

¢ are adjusted to maintain Eq. 11 and 12. An expression for the

According to Beck, Eq. 5 is associated with a solid barrier-type current density is found by writing = i (n) + ic(n),

chloride layer. The reactions at the film/solution interface are metal i = i o{exdb, (V — EQyac.)] — exd—b (V — Exjaci )]}
ion dissolution $ 8

+ ico [14]
AlT3(f) — Al*3(ag) [6]
where the corrected potentil = E — ¢. The Tafel region in Fig.
and the transfer of chloride ions 10 is controlled by the anodic term ip rather thari, because the
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current intercept at the steady-state potential is much larger thamials for the experimental conditions of tunnel and pit growth
ico= 6.1 Alent; thus, the potential dependenceigfis neglected (roughly —0.8 and 1 Vvs. Ag/AgCI respectively. On the other

in Eq. 14. To calculatd/, ¢ was determined from Eq. 5, with the hand, experiments with current step reductions during pitting, or
parameter®; = 1.5 X 10 ® cm/V andiy = 0.81 Alcnf obtained ~ With anodic current pulse modulations during tunnel dissolution,
using results from Ref. 12. This value igf was obtained in poten- found strongly potential-dependent dissolution rates. In each of
tial step experiments using millimeter-scale artificial pit electrodes.these experiments, the potential driving force for dissolution was
B, is a theoretical estimate, representing an average of values assurffiéasured within 1 ms of a current step. In the anodic current pulse
ing either Al or CI” conduction. Tunnels grow at the repassivation experiments, the dissolution rates approached values of 300°A/cm

' : . : t potentials near-0.1 V, in marked contrast to the pit growth cur-
qugﬁg}gé;I-Vmeerr?c;geinChElgnCzse\,%;e;;:li;l;g%sfhg \?a)flﬁicgefdotZObﬁrr? né?ent density of about 6 Alcfrat higher potentials. It was concluded

Figure 11 shows the dissolution current density data from Fig. 10that potentlal-_dependent or potentl_al-lnsensmvg dlss_olutlon rates are
observed during either fast transient or quasi-stationary measure-

plotted against the corrected potental Eq. 14 was fit to the entire .
data set, although as noted earlier separate kinetic parameters mgg/ents,_ regpectlvely. : :

' - . A kinetic model for the corroding aluminum surface was devel-
actually apply in HCl and HCI-B50, solutions. Although the re- 04 "hased on the concept of a monolayer or multilayer surface
sults are scattered, Eq. 14 descr!bes that poj[entlal de_pt_end_ence "%Hloride layer. The model is similar to that of Vetter and Gorn for
sonably well. Thf paramet(e_rlest|[nates obtalrled by f|tt(|)ng|,§)re metals covered with surface oxide filfisKinetic expressions were
= 47 Alenf, bl =24 V'Y b_ =10 V' and Ejjaci, included for transfer of Al® and CI ions at the film/solution inter-
= —0.93 V. face, and ionic conduction in the film. The model predictions indi-

The interpretation of the current step experiments at 65 ms etcltate that during quasi-stationary experiments, €juilibrium with
time in Fig. 7 is now considered. As noted earlier, nearly all the solution is maintained, and the dissolution rate is constant. In rapid
applied current at this time was supplied by pits, indicating that thetransient experiments, the film thickness is fixed and the dissolution
current/potential trace reflects dissolution kinetics. However, unlikerate is controlled by either interfacial ion transfer or conduction; a
the current pulse experiments, the dissolution current densities iButler-Volmer type current/potential relation is found, in agreement
Fig. 7 are smaller thair,. Calculations with the kinetic parameters with experimental observations. Large anodic current densities in
cited above showed that was between-10 and 0 mV, whiled these experiments are associated with high rates of chloride transfer
varied from 1.79 to 2.22 V. Thus, the currents in Fig. 7 are con-during film growth. The film thickness is expected to be one mono-
trolled by the conduction resistance of the chloride layer. Accordinglayer at the repassivation potential, but significantly thicker films
to Eq. 5, the Tafel coefficient at 65 ms should then Bgd should be present at higher potentials.
= In(i{/if) /b, wherei; and ¢ are the values prior to the current
step sequence. Using; = 6.1 Alent and ¢ = E — Euaci, Acknowledgments

= 2.22 V, the expecte®;/ is then 0.91 V1, comparable to but Financial support was provided by St. Jude Medical Corporation.
somewhat smaller than the experimental value of 1.6 \This Aluminum foils were donated by Nippon Chemi-Con Corporation.
discrepancy may be due to differences between the conductivity of

the chloride layer in the present 100 nm-scale etch pitsthe List of Symbols

m|II|m_eter-scaIe artificial pits of Ref. 11 _a_nd 12. Agreement with the B., B, electric field coefficients for high field conduction, cmiV
experimentaB; /3 would be obtained witly, = 0.17 Alcnt, com- bi, b, empirically fit potential coefficients, V*

pared to the assumed value of 0.81 Afcespite this difference, bc, b, b. potential coefficients in electrochemical kinetic equations?
the calculations based on the kinetic model, along with Beck’s con- Ct, Cox  coOncentrations of AlO; or AICI; in surface film, mol/crh
duction measurements, provide a reasonable interpretation of the E electrode potential, V

current step experiments, indicating that a multilayer chloride film is , Fo empirically fit potential parameter, V

present in pits at high potentials. Eavaici, equilibrium potential at chloride film/metal interface, V

R f ; f ; P F Faraday constant, 96,487 Cl/equiv
The discussion in this section shows that the Vetter-Gorn kinetic i current density, Alch

model, when applied to the hypothesized aluminum chloride surface i, i.,, i.; applied current densities in Fig. 1, A/Rm
layer, is consistent with the measurement of a potential-dependent  i,,ic,i_ current densities of high field conduction and interfacial reactions,

dissolution rate in current step or pulse experiments. The experi- o Aem? i - densities. Al
ments with step increases of current were controlled by chloride ion !0+ 120 empirically fit pre-exponential current densities, Alem
. . . . . 20, Icos 1L, 110 pre-exponential current densities in conduction or kinetic models,
transfer at the film/solution interface, while behavior after the step Aom?
current decreases was determined by conduction kinetics in the Nyt  pit number density, cr?
chloride layer. Results of the latter experiments agree reasonably r pit depth, cm

t time, s
ty, tp, t3 times of constant current periods in Fig. 1, s
potential drop across film and film/solution interface, V
film thickness, cm
fraction of uniform corrosion current resulting in oxide formation
overpotential at film/solution interface, V
potential drop in film, V

with a model for conduction in a barrier Alglayer*'?The kinetic
model also predicts the observed potential-insensitive dissolution
rate in experiments where the potential changes relatively slowly.
Since the measured time scale-dependent dissolution kinetics are
unusual, the existence of a model which is consistent with this be-
havior is noteworthy.
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