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The direct-current electroetching of high purity aluminum in hot aqueous-chloride solution produces a high
density of micrometer-wide tunnels whose walls are made up of the {100} planes and penetrate aluminum
in the <100> directions at rates of micrometer per second. In the process of the alternating-current pitting
of aluminum, cathodic polarization plays an important role in the nucleation and growth of the pits during
the subsequent polarization. The direct-current tunnel etching and alternating-current etching of aluminum
are basically related to the formation of poorly crystallized or amorphous passive films. If the passive film
forms on the wall, a natural misfit exists between the film and the aluminum substrate, which in turn gives
rise to stress in both the film and the substrate. Even though the amorphous films do not have directed
properties, their stresses are influenced by the substrate orientation. The films on elastically soft substrate
are likely to be less stressed and more stable than those on elastically hard substrate. The hardest and
softest planes of aluminum are the {111} and {100} planes, respectively. Therefore, the films on the {111}
substrates are most likely to be attacked, and those on the {100} substrates are least likely to be attacked.
For the tunnel etching, it follows that the tunnel walls tend to consist of the {100} planes. Meanwhile,
the tunnel tip, where active corrosion takes place, tend to be made of four closely packed {111} planes
in order to minimize the surface energy, which gives rise to the <100> tunnel etching.
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1. Introduction

Electrochemical etching of aluminum has long been
studied from the technical and scientific viewpoints.
Etching of high purity aluminum foils for electrodes of
aluminum capacitors is widely carried out to increase the
surface area of the aluminum electrodes. In order to in-
crease the specific area, or the real area per unit apparent
area, we have to control pit nucleation and growth and
tunnel etching. In order to control the technically important
processes, we need scientific understanding of the alumi-
num-etching phenomena. One of unique phenomena in
etching of aluminum is directed etching. In other words,
etching is taking place in crystallographic directions of
aluminum. This has motivated studies of the directed etch-
ing of aluminum.

A model for the directed etching has been suggested
by Jeong et al.” and Seo et al.,” in which the stability
or strain energy of amorphous aluminum oxide film is as-
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sociated with the strain energy of the substrate. In this
paper, the model is elaborated and various experimental
results are explained by the model.

2. Substrate-orientation dependent stability of
passive film

Aluminum is easily covered by oxides formed in air
or even in etching atmosphere. The oxides are mostly
amorphous and partially crystalline. Therefore, their chem-
ical and mechanical properties are deemed to be isotropic.
In order for aluminum covered with oxide or passive films
to be attacked, the films have to be damaged first. Since
the properties of films are isotropic, their damage is ex-
pected to be isotropic and in turn the aluminum substrate
is expected to show isotropic etching or corrosion be-
havior. Contrary to the expectation, aluminum often show
directed etching behavior. In this section, our earlier model
for the directed etching behavior is elaborated, in which
anisotropic elastic behavior of the aluminum substrate can
influence the damage of the surface film.
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We are concerned about oxide films which are asso-
ciated with etching. They may be naturally formed oxides
on the aluminum surface or passive oxide films formed
on the aluminum surface during etching. Stresses can de-
velop in the film resulting from elastic accommodation
between the film and the substrate. Several investigators
have reported that the anodic aluminum oxide film on alu-
minum is usually in a state of compressive stress, resulting
from oxygen transport during film growth.”® The com-
pressive stress in the passive film induces the tensile stress
in its underlying layer of substrate, and the tensile stress
in the film induces the compressive stress in its underlying
layer.

Fig. 1 shows how the compressive stress can be made
in the film. A stress-free film attached on curved stress-
free foil that is the same material as the substrate (sub-
strate-f) is flattened against and bonded to the substrate.
In this way, compressive stresses develop in the film,
while tensile stresses develop in the substrate. Since there
is no stress in the edge, the peak-stress in the film can
vary along the film plane as shown in Fig. 2. For a film
forming progressively along the substrate surface, the
peak-stress profile in the film increases with increasing
area of film as shown in Fig. 3 (a). When the peak stress
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Fig. 1. Stress-free film attached on curved stress-free substrate
foil (substrate-f) is flattened against and bonded to substrate to
develop compressive stress (-) in film and tensile stress (+) in
substrate underneath film.
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Fig. 2. Peak-stress profile in film.
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Fig. 3. (a) Peak-stress profiles in film pr; in film areas ai. (b)
When peak stress reaches fracture stress of film oy, film cracks,
resulting in stress relaxation, and new peak-stress profiles pr.
are established.

in film reaches the fracture stress of the film, the film
cracks and the stress relaxation occurs in the film as shown
in Fig. 3 (b).

The stress and strain states of film can be approximated
by the plane stress-equibiaxial strain state, because its
thickness is negligibly small compared with the substrate
thickness. Likewise, the substrate underneath the film is
approximately in the plane stress-equibiaxial strain state.
If the substrate is elastically unisotropic, the film behaves
anisotropically, even though the film itself is isotropic. For
example, the film on an elastically hard substrate is likely
to have higher stresses or higher strain energy than that
on an elastically soft substrate because the soft one can
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be easily deformed to release the film stresses.

The plane stress-equibiaxial strain states (0's3 = 0'23 =0'13
=0'n = 0, €'11 = €'» = ¢€), where 0 and ¢ indicate stress
and strain, respectively, and the subscripts 1 and 2 with
prime indicate two arbitrary, mutually perpendicular axis
directions on the surface and 3 the normal direction.

For the plane stress-equibiaxial strain states, the strain
energy per unit volume of a crystal stained along the (/k/)
plane is given by the following equation”

&’ S;l +S£z_2S1I2 2
w= 2 ————— =¢ M (N
2 511522_(512)2

where M is equivalent to Young's modulus in the uniaxial
stress state and may be called the biaxial elastic modulus
in plane stress-equibiaxial strain state. The modulus M can
function as a measure of the strain energy for the plane
stress-equibiaxial strain state as Young's modulus E func-
tions as a measure of the strain energy for the uniaxial
stress state (w = E82/2). The compliances S'11, S'12, and
S'» for cubic crystal are obtained by the tensor trans-
formation as follows:

S =Si+ [Su-2 (Si1 - S)] (4n a5 + ajy @5 + ajag) (2)
S =812+ (S11 — Si2 — Saal2) (a121 ay + ap, az, + aj, a§3) 3

szz =81+ [Su-2(Su ‘Slz)](a§2 a§1 + a221 a223 + a§3 aiz) 4)

with
—k h 0
VR + k2 VR +k?
a —hi —kl Wk’ (5)
T AR 2 12+ AR+ iR i+ A+ 2 1+ 1
h k 1
ik + N N

where Sj; is the compliances referred to the symmetric
axes.

For aluminum at 293 K, Si; = 0.01572, S;, = -0.00583,
and Sy = 0.03593 GPa™.” The M values for the {001},
{110}, and {111} planes of aluminum are calculated to
be 101, 104.7, and 114.9 GPa, respectively. In fact, the
M values for the {111} and {100} planes are the highest
and the lowest, respectively, as shown in Fig. 4. Therefore,
the oxide films formed on the {111} and {100} orientated
aluminum surfaces are likely to have the highest and low-
est strain energies, respectively, and hence are likely to
be attacked most and least in corrosion atmosphere,
respectively. It is also noted that the difference in M be-
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Fig. 4. M value of Al at room temperature.

tween the {100} and {110} planes is 3.7 GPa and that
between the {110} and {111} planes is 10.2 GPa.

3. Pitting results and discussion

3.1 Pit morphology

Fig. 5 shows the pit morphologies observed in the pit-
ting experiments of 99.999% Al single crystal in 1 M HCI
solution at 30 °C. The pits show crystallographic charac-
teristics. The pit faces are made up of the {100} surfaces.
Prior cathodic polarization has a significant influence on
pit distribution. The shape of the aluminum etch pits result-
ing from ac etching is better delineated than that resulting
from dc etching. When the aluminum specimen is etched
by pulsed dc, the pit distribution is severely localized, and
the sides of the gross pits are composed of sharply defined
facets and steps, whereas these characteristics are virtually
absent in the etch pits formed by ac square waveform.
On the other hand, the distribution of the pits generated
by ac is uniform on all the low index surfaces and the
pit shape is regular.

In the growth of a crystal, the rapidly growing faces
disappear, leaving the crystal bounded by the faces of
slowest growth. These slow growing faces are usually the
close packed crystal planes. Likewise, it is likely that the
rapidly dissolving faces disappear first in pitting. There-
fore, the shape of the etch pits is likely to be made of
the most slowly dissolving faces during etching.

Fig. 6 shows transients of open circuit potential (OCP)
for the {111}, {110}, and {100} surfaces of aluminum
single crystals in 1 M HCI solution. The initial decrease
in the transients can be ascribed to the bare aluminum
surface being exposed to the electrolyte, while the sub-
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Fig. 5. SEM micrographs of Al surfaces pitted in 1 M HCI solution. (a) {111} surface pitted by pulsed dc waveform, (b)
{111} surface pitted by ac waveform, (c) {110} surface pitted by ac waveform, (d) {100} surface pitted by ac waveform.
(dc waveform: -0.5 V/SCE for 100 ms; ac waveform: -2 V/SCE for 100ms, -0.5 V/SCE for 100ms).2)
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Fig. 6. Transients of open circuit potentials for {100}, {110},
and {111} surfaces of Al single crystal in 1 M solution”

sequent increase in the transients is closely related to the
repassivation of the bare aluminum surface. The slopes
in the rising OCP curves for the {111} and {100} surfaces
are higher than that of the {110} surface. This indicates
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that the rate of formation of passive film on the exposed
metal surface is the slowest on the {110} oriented surface.
The saw-like transient curve for the {111} surface in-
dicates that the repassivation film on the {111} surface
seems to be easily broken by chloride ions, in comparison
with the film on the {100} surface. This ready breakdown
of the repassivation film can be ascribed to the higher
elastic strain energy of the oxide film on the {111} surface
of the aluminum crystal. This is consistent with our pre-
diction concerning the stability of the oxide films depend-
ing on their substrate orientations (Section 2). The re-
passivation film, which is quickly formed on the {100}
surface, is very stable and prevents the aluminum surface
from further dissolving during the pits' growth. It results
in the crystallographic etch pits being bounded by the
{100} surfaces.

Figs. 7 and 8 shows observed etch pits and schemati-
cally drawn pits on the {110} and {111} surfaces, respec-
tively. It can be seen that most etch pits are bounded by
the {100} planes, on which the repassivated film is the
most stable. Occasionally etch pits bounded by the {100},

CORROSION SCIENCE AND TECHNOLOGY Vol.8, No.3, 2009
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Fig. 7. Pits formed on {110} surface of Al crystal etched at
-1.5 V for 100 ms followed by -0.5 V for 100 ms.”

{110}, and {111} planes can be seen, even though the
areas of the {110} and {111} planes are much smaller
than those of the {100} planes. Since pits on the {100}
planes are bounded by the {100} planes, their square shape
on the surface is seen and their walls are not clearly seen.

The better delineated shape of the etch pits resulting
from ac etching seems to be caused by the formation of
more stable passive films possibly due to pH increase dur-
ing cathodic polarization.

3.2 Pit density

Compared with the result of the pulsed dc experiments,
the presence of prior cathodic polarization significantly in-
creases the pit density, regardless of the surface orientation
(Fig. 9). It can also be seen that the pit density on the
{111} surface is higher than those on the {110} and {100}
surfaces, while the pit densities on the {110} and {100}
surfaces are not very different.

The overall increase in pit density resulting from prior
cathodic polarization can be attributed to the cathodic acti-
vation process, in which cathodic polarization provides
available sites for pit nucleation in the subsequent anodic
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Fig. 8. Pits formed on {111} surface of Al crystal etched at
-1.5 V for 100 ms followed by -0.5 V for 100 ms.”
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Fig. 9. Measured average values of pit densities for {100}, {110},
and {111} surfaces of aluminum single crystal as a function
of prior cathodic potential. Specimens indicated by “Pulsed dc”
are maintained at open circuit potential without prior cathodic
polarization.z)

polarization. The hydrogen reduction reaction causes a de-
terioration of the passive oxide film on the aluminum. The
breakdown of the passive oxide film during cathodic polar-
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ization may occur by means of either compositional
changes®” or mechanical rupture of the film.””

The blistering of anodic oxide film on aluminum was
observed in HCI solution during cathodic polarization.”
Although it is rather difficult to find any evidence of blis-
tering of the native oxide film, pits covered by flakes of
oxide film are observed after ac etching (Fig. 10). This
oxide blistering is considered to occur as a result of the
excessive generation of hydrogen atoms at the metal/oxide
interfaces, which can be attributed to proton migration
caused by the presence of an electric field, which is built
up across the oxide film.'” Cracking starts at the periphery
of the blister, and then the bare aluminum surface itself
is exposed to the electrolyte containing the chloride ions.
During the subsequent anodic polarization, the bare surface
along the periphery of the blister is likely to be attacked.

Although the hydrogen evolution is highest at the catho-
dic potential of -3 V/SCE, the anodic pitting charges and
pit densities are lower than those obtained at the cathodic
potential of -2.5 V/SCE. This indicates the existence of
an optimum cathodic condition for the maximum pit den-
sity to be obtained in the subsequent anodic polarization.
At the optimum potential, the minimum pit size is obtained
as shown in Fig. 11. The increase in pH near the exposed
bare metal surface, caused by the excessive hydrogen evo-
lution at -3 V/SCE, might accelerate the formation of re-
passivation film on the bare aluminum surface, thereby
limiting the number of sites available for pit nucleation
in the subsequent anodic polarization.

3.3 Pit growth rate

If the pit current density is independent of time, the
average pit current density can be calculated from the total
anodic charge and the total active surface area using the
following equation:“)

J,=Q/XSt (6)

where Ji, Q, S, and t are the average pit current density,
the anodic charge, the surface area of an individual pit,
and the elapsed time during anodic polarization, respec-
tively. The value of S for each sample was determined
by statistical analysis of more than thirty SEM micrograph
frames. However, the above equation was not suitable for
the calculation of the pit current density for pits resulting
only from anodic polarization, because they had no dis-
crete shape and were unevenly distributed on the surface.
For comparison, the pit current density of a polycrystalline
aluminum foil etched by pulsed dc waveform was calcu-
lated to be 7.5 kA/m’.

In order to observe the influence of prior cathodic polar-
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flake of oxide film [

Fig. 10. Pit on (111) single crystal that is partially covered by
native oxide film (Etching condition: - 1.5 V for 100 ms followed
by -0.5 V for 100 ms).”
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Fig. 11. Measured average values of pit sizes for {100}, {110},
and {111} surfaces of aluminum single crystal as a function
of prior cathodic potential.2)
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Fig. 12. Calculated values of pit current densities for {100},
{110}, and {111} surfaces of aluminum single crystal as a function
of prior cathodic potential.
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ization on pit growth, the pit current density was measured
as a function of applied cathodic potential. Since the cur-
rent density is almost independent of time during anodic
polarization, the pit current density is a reflection of pit
growth. The pit current density or the pit growth rate gen-
erally increases with increasing applied cathodic potential
as shown in Fig. 12. It is interesting to note that the {100}
surface shows the lowest pit growth rate among the three
low index surfaces. This indicates that when the pits grow
following nucleation, the {110} and {111} surfaces dis-
solve faster than the {100} surface.

3.4 Potential step experiments

Fig. 13 shows the current-time curves for the {100},
{110}, and {111} surfaces of the aluminum single crystals
in the step potential experiments. The initial rise in the
anodic current transients is closely related to the rate of
pit nucleation and the steady-state current represents the
growth of the pits once they are nucleated. At a prior
cathodic potential of -2 V/SCE, the initial steep rise in
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Fig. 13. Transients of current densities for {100}, {110}, and
{111} surfaces of aluminum single crystal in step potential
experiments in 1 M HCI solutions at 30 °C. (a) cathodic potential
-1.5 V, anodic potential -0.5 V and (b) cathodic potential -2
V, anodic potential -0.5 V/ SCE.”
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the current indicates that the rate of generation of pits,
caused by the breakdown of the passive film, is high. In
other words, a large number of pits are nucleated spon-
taneously. The highest anodic current flow on the {111}
surface results in the highest pit density occurring on this
surface. It is interesting to note that, at a cathodic potential
of -1.5 V/SCE, the steady-state anodic current increases
in the order of {100} < {110} < {111}, which is in good
agreement with previously reported results, which in-
dicates that the susceptibility to pitting varies in the order
of {100} < {110} < {111}."”"'? At a lower potential of
-2V/SCE, the susceptibility trend is measured to be a little
different, but it seems to be due to a lack of accuracy
in the measurements.

Fig. 14 shows cumulative cathodic charges and corre-
sponding anodic charges for the {100}, {110}, and {111}
surfaces as a function of cathodic potential in the ac square
wave experiments. The cumulative charges were obtained
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Fig. 14. Measured cathodic (a) and anodic (b) charge densities
for {100}, {110}, and {111} surfaces of aluminum single crystal
as a function of applied cathodic potential in potential step
experiments in 1 M HCI solution at 30 °C. Anodic potential
was set at -0.5 V/SCE. Charge densities are obtained from
integrated area of current density-time curves in Fig. 132
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by integrating the recorded i-t curves in Fig. 13. For com-
parison, the anodic charges at open circuit potentials meas-
ured with pulsed dc are also shown in Fig. 14 (b). It is
noted that anodic pitting reactions are greatly enhanced
by the presence of cathodic polarization. The anodic pit-
ting reaction increases with increasing prior cathodic po-
tential except at -3 V/SCE. The decrease in cumulative
anodic charge at the potential of -3 V/SCE results in a
decrease in pit density (Fig. 9) and an increase in pit size
(Fig. 11). The cumulative anodic dissolution charge on
the {111} surface is always higher than those on the {100}
and {110} surfaces.

The mechanism by means of which pit growth occurs
is somewhat different from the process of pit initiation.
The pit growth is closely related to the amount of exposed
metal substrate that is directly in contact with the electro-
lyte, while the pit nucleation starts with the breakdown
of the passive oxide film covering the metal substrate.
Thus, both the repassivation and dissolution processes of
the exposed metal substrate control the pit growth rate.
On the other hand, the stability of the passive film strongly
controls the rate of pit initiation.

The observed orientation dependency of the pit nuclea-
tion, which generally increases in the order (111) > (110)
> (100) but the difference between the {110} and {100}
plane is small, is well explained in terms of the stability
of the oxide film due to the relative elastic strain energies
due to substrate orientations.

4. DC tunnel etching results and discussion

Anodic dissolution of high purity aluminum in hot aque-
ous chloride solution produces a high density of (m-wide
fine tunnels which penetrate the aluminum in the <100>
directions at rates of um/s. The cross-sectional size of the
tunnel is constant or decreases very slowly with increasing
depth. The tunnel-etched aluminum foil can serve for elec-
trodes in electrolytic capacitors. According to the results
of Herbert e al.,” the etch tunnels grow along the <100>
directions and the tunnel side walls are made of the {100}
planes. They also claimed that the metal surface at the
tip of the tunnel appeared to be flat and smooth, indicating
that the tip was composed of the {100} planes. Having
observed a similar phenomenon, Jackson'® suggested that
the directional nature of the dissolution appeared to be
related to the lower energy required to remove atoms from
the {100} planes but gave no detailed reasons to support
this idea.

Two ways to sustain the tunnel growth were proposed
by Alwitt et al.'”. The first is to have two parallel reactions
of tip dissolution and also wall passivation, i.e., dissolution

100

takes place at the tip of the tunnel, whilst the side walls
are passivated. The second is sequential dissolution and
passivation. In the second case, a sequence consists of the
initiation of a pit at the tunnel tip, pit growth, and passiva-
tion of this new surface. A new breakdown takes place
on the new surface and the next cycle starts. An important
mechanism of the tunnel growth behaviors is passivation,
that is to say, a passive oxide film forms on the aluminum
during the electrochemical etching, whether the passiva-
tion takes place in the tunnel side walls while the tunnel
tips actively corrode or the sequential passivation takes
place in the tunnel side walls and tunnel tips.

The structure of the passive film formed on the alumi-
num during the electrochemical etching under high con-
centrations of chloride solutions at temperatures above 60
°C is not clearly understood yet. However, the results of
Dyer and Alwitt' showed that the passive film (the pas-
sive film is often called "etch-film") might be a hydroxide,
probably in combination with an amorphous oxide. There-
fore, the passive film formed on aluminum during the etch-
ing is presumed to be similar to that of the hydrous oxide
film produced by the reaction of aluminum in hot water.
But the thickness of the passive film during the etching
is much thinner than that of the hydrous oxide film formed
in hot water.

The hydrous oxide is known to be pseudo-boehmite,
a poorly crystallized oxyhydroxide which is similar to
boehmite (AIOOH or A1,0s - H>O) but contains excess
water.'”?? A study by Takahashi et al.” indicates that
the inner layer of pseudoboehmite adjacent to the alumi-
num substrate has a very thin compact amorphous structure
and the outer layer has a crystalline structure. The average
composition and density of pseudoboehmite are A1,0; -
2.7H,0 and 2.2-2.4 g cm”, respectively.

Jeoung et al.” carried out DC electroetching of a 100
um-thick 99.99% aluminum foil with the {100}<001> tex-
ture in 1.88 M HC1 solution at 80+2 °C. To observe the
morphology of the etch tunnels obtained by the electro-
etching, they made replicas of the tunnels by electro-
deposition of copper into the tunnels. Aluminum in the
electrodeposited foil was dissolved out in a 1 N NaOH
solution, and the copper replica of the etch tunnels was
observed under SEM.

Fig. 15 shows the replica of the etch-tunnels, which
shows that some tunnels have a square cross section, in-
dicating that the tunnel walls are composed of {100}
planes in agreement with earlier results.”’ However, the
tunnels do not have flat fronts as presumed by Herbert
and Alkire" and Jackson.'® The tunnel tip is rather sharp
and appears to consist of the {111} planes. Fig. 15 (c)
shows that the cross section of the tunnel is circular rather

CORROSION SCIENCE AND TECHNOLOGY Vol.8, No.3, 2009



ORIENTATION DEPENDENT DIRECTED ETCHING OF ALUMINUM

Fig. 15. Microstructures of etch tunnels replicated by electrodeposition of copper. (a) Top view, (b) skewed view, (c) tunnel

tips composed of {111} planes, (d) model of tunnel tip."

than square. Higher temperatures tend to make circular
tunnels. Occasionally it can be seen that the diameter of
the front region of the tunnels is slightly larger than that
of the back part. This indicates that the passive oxide film
has formed on the wall, while dissolution takes place at
the tip. From Fig. 15 (c), the passive oxide film is esti-
mated to be about 0.1 um thick. This result is compatible
with the tip dissolution and wall passivation model rather
than the sequential dissolution and passivation to sustain
tunnel growth.

The stability of the passive film on the wall depends
on crystal planes of the aluminum substrate, as discussed
before. The films on the {100} planes are the most stable
and least attacked. Therefore, the tunnel walls consist of
the {100} planes. Meanwhile, the tunnel tip, where active
corrosion takes place, would tend to be made of four close-
ly packed {111} planes in order to minimize the surface
energy. These situations are depicted in Fig. 15 (d), which
gives rise to the <100> tunnel etching.

Fig. 15 also shows two mutually perpendicular tunnels
normal to the thickness direction. Let the thickness direc-
tion be the [001] direction, then the two mutually perpen-
dicular directions must be the [100] and the [101]
directions. According to the tip-dissolution and wall-passi-
vation model, as the etch tunnel grows, the etch-film grow

CORROSION SCIENCE AND TECHNOLOGY Vol.8, No.3, 2009

behind the tunnel tip, resulting in an increase in film stress.
When the peak-stress in the film reaches its fracture stress,
the film is cracked. This situation is equivalent to the sche-
matic illustration in Fig. 3. New etching can start at the
crack and grow in the <100> directions normal to the pri-
mary etch tunnel. This seems to be the case of tunneling
in Fig. 15.

In summary, the <100> tunnel etching of aluminum
when subjected to DC electroetching in HC1 solution is
attributed to the fact that the tunnel tip region, where the
active corrosion reaction takes place, tends to be made
of {111} planes in order to minimize the surface energy,
whilst the subsequent tunnel wall is made up of the {100}
planes, because the passive oxide film forms on the planes,
along which the biaxial elastic modulus is smallest and
therefore would be least attacked. As the etch tunnel
grows, the etch-film grow behind the tunnel tip, resulting
in an increase in film stress. When the peak-stress in the
film reaches its fracture stress, the film is cracked. New
etching can start at the crack and grow in the <100> direc-
tions normal to the primary etch tunnel.

5. Conclusions

The morphology, number density, growth rate, current
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density, and cathodic and anodic charge densities of etch
pits are dependent on orientations of aluminum. Most etch
pits are bounded by the {100} planes, on which the re-
passivated film is the most stable. Occasionally etch pits
bounded by the {100}, {110}, and {111} planes can be
seen, even though the areas of the {110} and {111} planes
are much smaller than those of the {100} planes.

The pit density on the {111} surface is higher than those
on the {110} and {100} surfaces, while the pit densities
on the {110} and {100} surfaces are not very different.
The increased pit density on aluminum in the presence
of prior cathodic polarization can be attributed to an in-
crease in the number of nucleation sites, resulting from
the breakdown of the oxide film during the cathodic
polarization.

The {100} surface shows the lowest pit growth rate
among the {100}, {110}, and {111} surfaces, indicating
that when the pits grow following nucleation, the {110}
and {111} surfaces dissolve faster than the {100} surface.
At a cathodic potential of -1.5 V/SCE, the steady-state
anodic current increases in the order of {100} < {110}
< {111} surface, which indicates that the susceptibility
to pitting varies in the order of {100} < {110} < {111}
surface.

The above behavior is associated with the stability or
the strain energy of the aluminum oxide film, which is
dependent on the orientation of the underlying aluminum.
The stability increases with decreasing strain energy. The
oxide films on the {100} surfaces of aluminum are the
most stable, and those on the film on the {111} surfaces
are the least stable.

The <100> tunnel etching of aluminum when subjected
to DC electroetching in HC1 solution is attributed to the
fact that the tunnel tip region, where the active corrosion
reaction takes place, tends to be made of {111} planes
in order to minimize the surface energy, whilst the sub-
sequent tunnel wall is made up of {100} planes, because
the passive oxide film is formed on the plane, along which
the biaxial elastic modulus is smallest and therefore would
be least attacked. As the etch tunnel grows, the etch-film
grow behind the tunnel tip, resulting in an increase in film
stress. When the peak-stress in the film reaches its fracture
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stress, the film is cracked. New etching can start at the
crack and grow in the <100> directions normal to the pri-
mary etch tunnel.
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