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The effect of aluminum ions on the DC etching of aluminum foil
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Abstract

A study has been made of the electrochemical etching of 99.99% aluminum foils at a current density of 50 mA cm™

2

in AIC1;-HCl solutions (1 M CI") at 80 °C. The solutions were made by dissolving metallic aluminum into 1 M HCl
solution, to give a CI~ concentration of 1 M. The number density of etch tunnels and the homogeneity of tunnel
length decreased, and the mean pit size and its standard deviation increased with increasing AI** concentration. The

results were discussed based on potential transients at a current density of 50 mA cm™

2, current—potential curves at

a scan rate of 10 mV s™! and electrochemical impedance spectra.

1. Introduction

Electrochemical etching of aluminum foils is widely used
in the manufacture of electrolytic capacitor electrodes,
because it results in an increase in surface area, which in
turn gives rise to an increase in the capacitance per foil
volume [1-3].

The anodic dissolution of high-purity aluminum foil
by direct current (DC) etching in aqueous chloride
solutions above 60 °C produces high number densities
(10°-10'> m™ of metal surface) of microscopic corro-
sion tunnels. These etch tunnels are 0.5-2 um wide,
square to round in cross-section and penetrate into the
metal along the (1 0 0) directions with a constant width
or taper as they penetrate [4]. The {1 0 0} pit surfaces
and the (1 0 0) tunnel directions are related to the fact
that the stability of the passive film depends on the
orientation of substrate [4, 5]. During electrochemical
DC etching, the etch pit width and tunnel length are
influenced by the concentration of aqueous chloride [6],
the electrolyte temperature [3, 6-11], the current density
[2, 12-15], and additives [16-21].

During etching, aluminum dissolves in Cl™-containing
solutions to form AI’" with the CI” concentra-
tion remaining constant. Therefore, it is important to
study the effect of AI’* concentration in constant CI°
concentration  solutions on etching behavior.
Recently, it has been reported that the addition of
AlCl; - 6 H,O in aqueous CI™ solution decreases the pit

size and the etch tunnel length, but increases the pit
density [22, 23]. In these cases, the effects of AI** and
ClI” were simultaneously involved. In order to bet-
ter understand the role of AI*" in the etching of pure
aluminum in CI” containing solutions, it is appropri-
ate to study the effect of AI** at constant Cl~ concen-
tration.

The purpose of this work is to investigate the effect of
AI*" concentration in AICl;-HCI solutions with the CI~
concentration remaining constant on the initiation and
growth stages of aluminum, etching and to discuss the
results based on the morphology of etched layers,
chronopotentiometric and potential linear sweep data
and AC impedance curves.

2. Experimental

Specimens for etching were prepared from a 99.99% Al
capacitor-grade foil of 110 um thickness. The foil had a
strong cubic-texture, {0 0 1}(1 0 0), so that etch tunnels
grew normal to the surface.

The specimens were immersed in 2 M H3PO4 at 50 °C
for 30 s, rinsed under deionized water and then blown
dry with hot air. The dried specimen was mounted in a
holder having an opening of 1 cm? for current flow.
Electrode potentials were recorded relative to a satu-
rated calomel electrode (SCE).
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Table 1. Composition of etching solutions (1 M CI7)

AP g1™! 0 1 3

5 7 9
HCL, M 1 0.889 0.666 0.444 0.222 0
AlCl3, M 0 0.037 0.111 0.185 0.259 0.334
The etching solutions were made by dissolving pure 3. Results

aluminum foil in 5 M HCI solution at about 70 °C,
followed by dilution with deionized water. The AI’*
concentration in the solution varied between 0 and
9 g I"! (Table 1). An AI** concentration of 9 g I”" is the
maximum value that can be made in 1 M HCI solution.
AlCIl;-HCI solutions with CI™ concentration of 1 M will
be referred to as A**~H"~1 M CI~ solutions.

The chronopotentiometric and linear sweep experi-
ments were conducted on the native oxide film-covered
Al foil specimens in AI*"-H"—-1 M CI~ solutions at
80 °C, 50 mA cm ™ with a potentiostat/galvanostat. AC
impedance measurements were carried out on the native
oxide film-covered Al foil specimen in 0-7 g 17" Al*"-
containing 1 M CI~ solutions at 80 °C. A single sinusoi-
dal potential of 5 mV peak to peak was superimposed
on the rest potential over frequencies of 1-10° Hz. When
the steady state current was attained, the electrochem-
ical impedance was measured with an impedance
analyzer (Zahner IM6D).
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3.1. Morphologies

The mean size and distribution were measured over 100
pits on a SEM image magnification of 4000x. Figure 1
shows the pit size distributions on aluminum foil etched
in 0-7 g I"" AI*" -containing 1 M CI” solutions at 80 °C
and at a current density of 50 mA cm™ for 10 min,
from which the mean pit size and its standard deviation
were calculated as a function of AI** concentration. The
results are shown in Figure 2. It can be seen that the
mean pit size and its standard deviation increase with
increasing AI’" concentration. The increase in standard
deviation of pit size may be interpreted as the decrease
in pit-size homogeneity.

An increase in AI*" concentration means a decrease in
H" concentration at the same time (Table 1). Therefore,
the HY concentration will not be mentioned, unless
otherwise necessary.
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Fig. 1. Size distributions of 100 pits on aluminum foil etched at 50 mA cm™ for 10 min in (a) 0, (b) 3, (¢) 5 and (d) 7 g I"" AI** -containing 1 M

CI™ solutions at 80 °C.
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Fig. 2. Mean size of pits on aluminum foil etched in 80 °C 1 M CI™
solution at 50 mA cm 2 for 10 min as a function of AI*" concentration.
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Fig. 3. Pit density of aluminum foil etched in 80 °C 1 M CI™ solution
at 50 mA cm ™ for 10 min as a function of AI** concentration.

Figure 3 shows the variation of pit number densities
after etching in 0-7 g1™' AlI*"-containing 1 M CI”
solutions at 80 °C, 50 mA cm™ for 10 min. The pit
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number densities were measured from SEM micro-
graphs of 50 000 um? taken after electropolishing in a
solution consisting of 10% perchloric acid and 90%
ethanol at —15 °C, 16 V for 15 s. The pit number density
decreases with increasing AI’* concentration.

SEM micrographs of the cross-sections of foils etched
in AI**~H"—1 M CI” solutions at 80 °C are shown in
Figure 4. As the concentration of AI’" increases, the
tunnel pit density decreases and the axial growth of
tunnel pit is suppressed.

The results of Figures 1-4 indicate that an increase in
AIP" concentration in the solution decreases the number
of pit nucleation sites and in turn increases the current
density per pit, resulting in an increase in pit size. In
other words, the pitting corrosion of aluminum foil
decreases with increasing AI*" concentration in 1 M CI~
solution.

3.2. Chronopotentiometry

Figure 5 shows a schematic diagram of the electrode
potential transient in the initial DC etching. When a
constant current is applied, the potential increases up to
the maximum value (Ey), after a time 7y, due to double
layer charging [24] and/or a continuous aluminum
chloride film forming at high anodic potentials [25,
26]. After the maximum, there is a very sharp decay
down to the potential plateau E;. Figure 6 shows the
electrode potential and SEM morphology of the alumi-
num specimen as a function of etching time in 9 g 17!
A" -containing 1 M CI™ solution at 50 mA cm™. Pit-
ting corrosion does not take place until the maximum
potential Ey,. Therefore, E, is the breakdown potential,
Ty, 1s the breakdown time, E; is the steady-state potential
and 1, is the time of steady-state onset.

Figure 7 shows potential transients for the aluminum
specimen obtained upon application of a constant
current density of 50 mA cm™ in 0-9 g I™' Al*"-con-
taining 1 M CI~ solutions at 80 °C. As the AI’* ion

Fig. 4. Cross-sectional morphologies of aluminum foils etched at 50 mA cm™> for 10 min in (a) 0, (b) 3, (c) 5 and (d) 7 g I"' AI*" -containing 1 M

CI™ solutions at 80 °C.
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Fig. 5. Schematic diagram of potential transient obtained by chrono-
potentiometric measurement.

concentration increases, Ey, Ty, Es and 1, increase. The
breakdown potential shifts in the noble direction with
increasing AI’* concentration. This indicates that the
aluminum—chloride film thickness increases with increas-
ing A’ ion concentration and/or that the CI” ion
activity, which is responsible for the pitting corrosion of
aluminum, decreases. The steady-state potential shifts in
the noble direction with increasing AI’* ion concentra-
tion. This potential shift is caused by the occurrence of
some hindrance to the anodic processes on aluminum. A
major factor is thought to be repassivation.

3.3. Cyclic Voltammetry

Figure 8 shows the effect of AI** concentration on the
cyclic voltammetric curve of non-etched aluminum foil
in 1 M CI” solution at a potential sweep rate of
10 mV s™! with potentials between —1.0 and —0.7 V vs

SCE. Relevant parameters that can be determined from
the linear sweep current—potential curves include the
pitting potential (E,), the repassivation potential (Epp)
and the magnitude of the anodic current. On sweep
reversal, the backward curves lay at higher currents than
the forward curves. The anodic current density decreases
with increasing AI** concentration. The pitting and
repassivation potentials increase with increasing AI**
ion concentration. The initiation of pits and the hin-
drance of anodic processes on aluminum are not
controlled only by CI". In order to see the effect of
chemical dissolution in 1 M CI™ solutions including
different AI*" concentrations, 0.1 x 0.3 x 80 mm  size
aluminum specimen was dissolved in each of the
solutions at 95 °C. The dissolution times of the alumi-
num specimen in 500 ml solutions including 0, 3, and
7g 1" A" were 14 h 25 min, 20 h 45 min, and 22 h
50 min, respectively. This result indicates that the CI™
activity decreases with increasing AlI>* concentration.

3.4. AC impedance spectra

Figure 9 shows the impedance behavior of a non-etched
aluminum foil in 0-7 g17' AI*"-containing 1 M CI~
solutions at 80 °C, rest potentials with an AC voltage-
range of 5 mV. The capacitance of aluminum film in an
electrolyte can be influenced by a passive film and an
electric double layer. The film and the layer can be
modeled to be serially connected. The total capacitance
Ciotal Of the circuit can be expressed as

1 1 1
Cotal  Crim  Ca m

where Cyqiy, and Cg are the capacitance of the film and
the capacitance of the double layer. Cy; is in the order of
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Fig. 6. SEM micrographs and potential transients for aluminum foil in 9 g I"' AI*"-containing 1 M CI~ solution at 80 °C at 50 mA cm™>.
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Fig. 7. Potential transients for aluminum foil in 0-9 g1™' AI'-

containing 1 M CI~ solutions at 80 °C, 50 mA cm™2.

40-60 uF cm™2, which is generally much larger than
Chim>» Ciotal being approximated by Cg [27, 28].
Therefore, the circuit for the impedance spectra may
be approximated by the equivalent circuit shown in
Figure 9(a).

The solution resistance increases and the capacitance
decreases with increasing AI’" concentration. The
decrease in film capacitance indicates an increase in
the aluminum chloride film thickness.

4. Discussion

Nguyen and Foley [29] and Foley and Nguyen [30]
suggested that the chemical composition of pure alumi-
num oxide film changed due to Cl” incorporation into
the film in the pre-pitting stage below the pitting
potential (Epi). The incorporated CI™ ions form transi-
tory compounds such as Al(OH),Cl, AI(OH)CIl, and
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AICIl; that are known to be consecutively formed in Cl™-
containing solution. The transitory compounds are
dissolved as an Al complex ion of AICI; at a potential
higher than the pitting potential, thereby resulting in pit
initiation. Therefore, the existence of AI’" in the
solution prior to etching decreases the possibility of
CI™ adsorption on the aluminum surface during etching.

According to Herbert and Alkire [8], etch tunnels do
not grow if AICl; solution etchant is saturated with
AlCls. It is expected that the resistance to transport of
AlICl;y increases with increasing tunnel length, and
tunnels stop growing when their tips become saturated
with AICIL;.

The slope of the polarization curves at potentials
above E, in Figure 8 is related to the solution conduc-
tivity between the reference electrode and the work-
ing electrode. The resistances calculated from the slopes
of the polarization curves are almost the same as the
data measured from the impedance spectra in
Figure 9(a) as shown in Figure 9(b). The solution
resistance increases with increasing AI** concentration.
The most dominant charge carrier in the bath is thought
to be hydrogen ions. The decrease in solution conduc-
tivity is caused by a decrease in hydrogen ion concen-
tration in the bath.

5. Conclusions

This study of the electrochemical etching of 99.99%

aluminum foils in 0 to 9 gl '-containing 1 M CI”

solution at 80 °C leads to the following conclusions.

(1) As the AI’* concentration increased, the mean pit
size increased, and the pit density decreased.

(2) The pitting, repassivation, breakdown and dissolu-
tion potentials increased with increasing AI*" con-
centration.
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Fig. 8. Current i-potential E curves for aluminum foil in 0-9 g I"! AI*" -containing 1 M CI” solutions at 80 °C, scan rate of 10 mV s™'. Forward
and backward scan directions are indicated by arrows. E, and E,, indicate pitting and repassivation potentials, respectively.
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Fig. 9. Effect of AI’" concentration on electrochemical impedance
spectra of non-etched aluminum foil measured at open circuit in 1 M
CI” solutions at 80 °C. (a) Nyquist plots and equivalent circuit are used
to calculate, (b) film capacitance Cgp,, by complex nonlinear least
square (CNLS) fitting and solution resistance R (real impedance at
zero imaginary impedance).

(3) The solution resistance increased, and the capacitance
decreased with increasing AI** concentration.

(4) AI** ions suppress the initiation of pit on a passive
film-covered aluminum foil and the growth of pre-
existing pits.
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