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Hydorgen Ion Transport through Aluminum Oxide Films by
Cathodic Polarization in Hydrochloric Acid
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Hydrogen ion transport through the anodic aluminum oxide film by cathodic polarization was investigated
by means of Elastic Recoil Detection Analysis (ERDA) with varying oxide film thickness. The proton conduction
in barrier oxide film proved to follow the high field conduction theory and corresponding parameters were
obtained from ERDA spectra. In addition, the possibility that accumulated hydrogen molecules at the metal/oxide
interface can cause the blistering of the oxide film was deduced. Cracks along the peripheries of the blisters
formed in the prior cathodic period act as new pit initiation sites in the subsequent anodic polarization.
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1. Introduction

It is well known that the anodic current flow through
an aluminum barrier oxide film is very low until the
potential exceeds the previous oxide formation potential.
On the other hand, cathodic current for hydrogen evolution
reaction is ready to flow at a relatively small cathodic
overpotential in acid electrolytes.

This cathodic polarization behavior of aluminum has
attracted many researchers investigating corrosion,™ elec-
trolytic coloring,'™"" and especially pitting of aluminum
in alternating current electrolytic etching in hydrochloric
acid solution for electrolytic capacitor application.'”*"

Cathodic conduction mechanisms are simply classified
into two categories by hydrogen reduction site’”: One is
charge transport by electrons through barrier film and
hydrogen evolution at the oxide/electrolyte interface and
the other is charge transport by protons and hydrogen
evolution at the metal/oxide interface. Identification of
hydrogen evolution site and determination of the hydrogen
transport amount through oxide film quantitatively are
strongly relevant to breakdown mechanism of aluminum
passivity such as hydration of surface oxide film, """
cathodic corrosion of aluminum,‘)‘zm and blistering of oxide
film'” during cathodic polarization.

However, in the study of anodic aluminum oxide films,
only few researchers have reported the hydrogen distribu-
tion and concentration within the anodic barrier aluminum
oxide depending on anodizing conditions using SIMS,”
NRA,” and XPS.* However, no attempt has been made
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to investigate the change of hydrogen contents in the oxide
film by cathodic polarization with conventional detection
methods.

In this work, the hydrogen ionic transport through the
barrier oxide film was investigated using ERDA. The
separation of proton current and electron current was
possible from ERDA spectra and electrochemical transient
curves. The high field conduction parameters of proton
in the oxide film obtained by this method are in good
agreement with published data. In addition, the morpho-
logical observations after the cathodic polarization were
carried out using SEM and AFM.

2. Experimental

All specimens were cut from 800 ym thick cold rolled
aluminum foil of 99.98% in purity.

Prior to anodizing, they were degreased in acetone and
then electropolished in a mixture of perchloric acid and
ethanol at 20V for 5 min. The barrier-type anodic oxide
films were grown on the aluminum foil by anodizing in
ammonium adipate solution at 60 C. Anodizing was con-
ducted at a constant current of 0.5 mA/cm’ initially until
the anodizing voltage reached a desired value and switched
to a constant voltage mode. The area of the foil exposed
to the electrolyte was 3 cm’. Polarization experiments of
the anodized aluminum foils were performed using EG&G
273A potentiostat in 1M HCI acid solution at 30°C. A
saturated calomel reference electrode (sce) was used and
all potentials are referred to it in this paper.
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The ERDA measurements were made to detect hyd-
rogen within the oxide film on aluminum. The following
experimental scattering parameters were used for this
analysis: a 2.8MeV He™ ion beam was incident at 75°
from the sample normal, the recoil atoms were transmitted
through a 12 um thick mylar foil and collected in a SBD
over a solide angle of 2.5 msr at a scattering angle of
30° and a total incident fluence of 20 uC.

3. Results and discussion

3.1 Characterization of anodic oxide film by RBS and
TEM

Fig. 1 shows the plane view of TEM image and diffrac-
tion pattern of stripped anodic oxide film formed at 25V
in ammonium adipate solution. Electron diffraction pa-
tterns from stripped anodic films consisted of four or five
very broad and diffuse rings, suggesting an amorphous
structure. Corresponding TEM images at high magni-

(a)

(b)

Fig. 1. TEM micrograph and deflection pattern of (a) plane view
of stripped anodic oxide film and (b) ultramicrotomed sectiop
of anodic oxide film on aluminum formed to 25 V at 0.5mA/cm™.
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fication showed a fine grain-like morphology on the order
of 2 nm. An ultramicrotomed section reveals a barrier layer
oxide film of uniform thickness attached to the aluminum
substrate. The thickness of the film is 44 nm.

3.2 Cathodic polarization

Fig. 2 shows hydrogen reduction current as a function
of applied cathodic potential in 1M HCI solution. The
oxide thickness was approximately 40 nm. When the
cathodic potential was maintained at -2V, the hydrogen
reduction current density was less than 10 mA/em® at
600sec. However, the current markedly increased at and
above -2.5V, which was defined as the threshold potential
in this work

The threshold potential was measured at varying oxide
film thickness. The potential interval for measuring the
threshold potential corresponding oxide thickness was 0.5
V. The potential shifted to more positive values with
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Fig. 2, Hydrogen reduction current of 40 nm thick oxide covered
aluminum with different cathodic potentials in 1M HCI solution
at 30°C
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Fig. 3. Overpotential 7 in the oxide film as a function of oxide
film thickness d.
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decreasing oxide thickness. The overpotential (7) shown
in Fig. 3 is the difference between the threshold potential
and open circuit potential of the sample. In fact, the cell
potential is comprised of three terms; overpotential at the
metal/oxide, overpotential within the film, and IR drop
due to solution resistance.'” However, the solution
resistance in this experiment is negligible. Hence, 7 is the
sum of the overpotentials at the metal/oxide and within
the film. The considerably large cathodic current starts to
flow only when the electric field strength exceeds at least
4x10° V/em (Fig. 3). This value is in agreement with
the reported value for blister formation above pitting
potential.”> This value is much smaller than that of
dielectric breakdown field strength of anodized aluminum
oxide film, which lies between 1.5~7.0x 10° V/em.™

3.3 Elastic recoil detection analysis experiments

Proton migrating through the oxide film by electric field
strength reduced into the form of hydrogen atom at the
metal/oxide interface. The neutral hydrogen atom at the
interface moves into the bulk aluminum substrate or
outward to the electrolyte due to the hydrogen concent-
ration difference. Throughout this work, the proton current
is calculated from the ERDA results based on the
hypothesis that the anodic oxide film on aluminum sub-
strate acts as a diffusion barrier of hydrogen. The change
of trapped hydrogen quantity in the sample is only affected
by the hydrogen quantity formed at the metal/oxide
interface via proton migration through the oxide film
followed by reduction into hydrogen atom. The quantity
of hydrogen detected in the sample represents the quantity
of hydrogen reduced at the metal/oxide interface during
the cathodic polarization. Permeation experiments reveal
that the anodic oxide film on aluminum hinders hydrogen
diffusion process.”" It is therefore reasonable to assume
that diffusion of the reduced hydrogen atoms into or
outward the oxide film is negligible. The hydrogen atoms
produced at metal/oxide interface diffuse more easily into
defects of bulk aluminum such as vacancies and
dislocations than lattice interstices.”’

The hydrogen evolution current density transients and
corresponding ERDA spectra for the anodized aluminum
samples with different oxide thickness are shown in Fig.
4. In ERDA results, non-charged aluminum sample also
exhibited some amount of hydrogen contents. The amount
was 6.7x107/ecm’. This value lies within the range of
reported values of the hydrogen concentration contained
in various anodic aluminum oxide films.”** Therefore,
the channel 280 represents the metal/oxide interface. A
remarkable result is that maximum hydrogen peak locates
at the metal/oxide interface and hydrogen is also detected
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Fig. 4. (a) Hydrogen evolution current transient curves of
anodized aluminum in IM HCI polarized at -3V for 300sec,
curve b 20 nm thick oxide and curve ¢ 35 nm thick oxide;
(b) corresponding ERDA spectra for curve a 20 nm thick oxide
without cathodic polarization, curve b and ¢ were the same
condition as in (a).

inside the aluminum metal, when it was polarized at -3V
for 300sec. This indicates that hydrogen accumulated at
the metal/oxide interface due to proton conduction during
the cathodic polarization.

The total cathodic current density (i) consists of
electron transport current density and proton transport
current density

i,=fl,+l.,J (1)

where 7, and i, represent electron transport and proton
transport current densities, respectively.

The proton current density can be obtained from ERDA
spectra. The areal density of hydrogen (o / atoms cm™),
which is reduced at metal/oxide interface then remains in
the sample, is obtained from the integrated area of ERDA
spectrum.””’
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Fig. 5. Plot representing variation of proton transport current
density i, with electric field strength E in the film (i, is calculated
from ERDA)

The proton current density is obtained by following Eq.
2

_nF(p-p,)
’ N, t 2)

where #n is the number of electrons in the reaction, F is
Faraday's constant, & is the initial hydrogen areal density
of anodic oxide film, N, is the Avogadro number, and
t is polarization time. For example, corresponding i, of
curve b in Fig.5 with the accumulated hydrogen density
of 1.87x10"® atoms/cm’ was 8.36x10™ A/em’,

Fig. 5 shows the relation between the proton current
density i, and the electric field across the barrier oxide
layer. The linearity indicates that the proton transport
through the oxide film follows the high field conduction
theory.

ip=ipoexp([3E) 3)

where £ is the cathodic high-field conduction coefficient,
E is the electric field strength in the oxide film. Eq. (3)
may be modified to obtain a Tafel equations:

logi, = log i

po + 0.4343 ﬂ E 4)

The conduction coefficient £ is obtained from the slope
of straight line. The slope and 4 are 1.19 x 10° and 2.76
x 10° cm/V, respectively. The value of i, was 0.098
mA/ecm’, as E goes to zero. These values are good
agreement with published data in.'® They evaluated the
values of £ and 7 ,,, of aluminum covered with native oxide
film in 0.1M HCI solution using cathodic tafel slopes. The
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reported values of £ and 7 ,, are 2.6 X 10® cm/V and 0.17
mA/cm’, respectively.

To determine the portion of proton current to the total
cathodic current with varying the oxide film thickness, the
constant current experiments were conducted with di-
fferent oxide thickness from 10 nm ~ 80 nm. The total
cathodic charge passed was fixed at 8 C/cm” with constant
cathodic current density of 20 mA/cm’ for 400sec.

Fig. 6 shows the dependence potential-time curves on
different oxide film thickness and their corresponding
ERDA spectra. When a sudden current is applied to the
oxide film, the charging of both sides of the oxide film
builds up the electric field in the film due to dielectric
property of aluminum oxide. The potential reached the
maximum potential and decreased to a steady state
potential with increasing charging time. The difference

E vs. SCE (V)

-3 J S G Y Y A TPV TSN SV S S SO T
0 20 40 60 80 100 120 140 160 180 200

Time (sec)

(@)

Counts/channel

100 200 300 400
Channel

(b)

Fig. 6. Plots of (a) potential-time curves as a function of oxide
film thickness at constant cathodic currrent density 20 mA/cm’
for 400 sec and (b) corresponding ERDA specta. Curve a 10
nm, curve b 26 nm, curve ¢ 44 nm, and curve d 77 nm. T
is time of middle point of slope.

CORROSION SCIENCE AND TECHNOLOGY Vol 31, No.4, 2002



HYDORGEN ION TRANSPORT THROUGH ALUMINUM OXIDE FILMS BY CATHODIC POLARIZATION IN HYDROCHLORIC ACID

Table 1. Summary of constant current density experiments
with different oxide film thickness. Specimen numbers are
the same in the Fig. 6.

Specimen tLr:::Ilfrl\‘es?((rl\(i:) T (sec) | p (10"/em?) | Qv (mClem’) | Qo/Q: (%)
a 10 9 2.3 37.5 0.47
b 26 69 | 154 246 3.1
c 44 93 | 201 323 4.0
d 77 97 | 198 317 4.0

Q. is total amount of cathodic charge: 8 C/em’.

between the maximum potential and OCP increased with
increasing barrier oxide film thickness. The potential
difference for a 77 nm thick oxide film was about 5V.
This corresponds to an electric field of 6x 10° V/em in
the film. However, when the time increased, the electric
field in the film diminished to 2x10° V/em.

The charge carried by proton and its ratio to total
cathodic charge calculated from ERDA spectra are
summarized in Table 1. 7 is the transition time of potential
from the maximum to the steady state value in the
potential-time curve. Q, represents the proton transport
charge and is calculated from retained hydrogen amount
in ERDA spectra.

Table | shows that for the more than 10nm thick oxide
film, proton transport through the film occupies 3~4 %
of total charge. The transition time is nearly proportional
to the retained amount of hydrogen atoms. This implies
that the proton transport conduction is dominant during
the transition time. The ionic conduction is dramatically
reduced to 0.5 % of total conduction at 10nm thick oxide
film. It is the oxide film thickness that strongly affects
the conduction mechanism in the film. The thinner is the
oxide film, the more hydrogen evolution takes place at
the oxide/electrolyte interface via electron transport
conduction. This resulted in the reduction of retained
hydrogen amount of the sample in ERDA measurement
after cathodic polarization. Electronic transport in barrier
oxide film may occur as resonance tunnelling or direct
elastic tunneling.”” The tunnelling process is strongly
related to barrier layer thickness. The resonance tunnelling
is likely to happen in a relatively thick oxide film above
10nm. On the other hand, if the oxide film thickness is
thinner than 10nm, the direct elastic tunnelling is preferred
conduction mechanism.

3.4 Blister observation after cathodic polarization

It is clear from the ERDA experiments that hydrogen
accumulated at the metal/oxide interface due to ionic
conduction through the oxide film during cathodic polari-
zation and hydrogen evolution at the metal/oxide interface
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by proton conduction preferred in the relatively thick oxide
film rather than thin one. Based on this result, the
blistering of thick oxide film during cathodic polarization
is explained as follows.

When the electric field in the oxide film exceeds a
critical value, a great deal of proton migrates through the
aluminum oxide and reduced into hydrogen atom at the
metal/oxide interface according to the following reaction:

H +e —H (5)

The formation of the hydrogen molecule may be either
a reaction of the type of electrochemical desorption or a
combination of two hydrogen atoms. These hydrogen
bubbles cannot easily diffuse out of the film due to
relatively low diffusivity in the oxide film and their
relatively large size compared to that of pathway such as
fissures and flaws in the film. If small bubbles are in
contact with the boundary of a large bubble, they diffuse
into larger one to reduce their energy (G = 2p/r with
and r being the surface tension and radius of a bubble,
respectively). If the accumulation amount of hydrogen at
the metal/oxide is sufficiently high enough to overcome
the adhesion force of the oxide/metal interface, the
mechanical breakdown of the oxide film can occur as a
form of blistering or rupture of it. This exposes the bare
substrate surface to electrolyte, accelerating the reduction
of hydrogen ions.

Blisters in the oxide film were observed after cathodic
polarization as shown in Fig. 7. Blisters generally had the
circular shape. The blisters were observed only if the
working electrode potential maintained by the potentiostat
was below the threshold potentials as indicated in Fig.
3. For example, in 1M HCI solution, 40nm thick oxide
with the potential set below -2.5V of duration of 10sec
vielded blisters. The average radius of blisters ranged
10~15 ym for an oxide thickness below 50 nm. As the
oxide thickness increased above 50 nm, only few blisters
were observed and the measured radius steeply dropped
to 1 um. A ruptured blister is shown in fig. 7 (b). In
contrast to the result,”” the initiation of rupture was not
at the center but the periphery of the blister. This might
be ascribed to the strain concentration in the periphery
of the oxide film during the blister growth. The number
of ruptured blisters observed under the optical microscope
and atomic force microscope was much smaller than under
SEM, because they were ruptured more easily in a vacuum
system of SEM.

AFM image of the blister is presented in fig. 8. This
blister was obtained by cathodic polarization at -3V for
10sec in 1M hydrochloric acid solution. The oxide film
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(b)

Fig. 7. SEM micrographs of (a) blisters formed on aluminum
surface after cathodic polarization at -3V for 10 s and (b) pits
formed after removal of blister. Oxide film thickness is about
40 nm.

Fig. 8. Atomic force micrograph showing blister formed on
aluminum surface covered with 40 nm thick oxide film after
cathodic polarization at -3V for 10 s in IM HCI at 30°C.
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thickness is about 40nm. It was somewhat difficult task
to obtain the clear image of the blister in the AFM, because
most of them collapsed and lost their initial hemispherical
shape due to a load of the cantilever and sudden change
of the height of the blister during the contact image
scanning of AFM. The precipitates composed of aluminum
and oxygen (from EDS analysis) are shown on the outer
surface of the blister,

The blister formation and rupture often observed in the
pitting of aluminum and other alloys. Blistering of the
oxide film of aluminum and its alloys has been re-
ported.”***** These blisters formed above pitting potential
are interpreted as a precursor of pitting” or by-products
such as occluded cell of pit.”**"

In this work, the blisters were also found at cathodic
polarization much below the pitting potential of anodized
aluminum in hydrochloric acid solution. The cathodically
formed blister diftered from anodically formed ones. In

(b)

Fig. 9. SEM micrographs showing (a) cracking after cathodic
polarization and (b) pit in subsequent anodic polarization at
periphery of blister in IM HCI. 10 nm thick oxide film, cathodic
polarization -3V for 10 s, anodic polarization -0.5V for 0.1s.

CORROSION SCIENCE AND TECHNOLOGY Vol.31, No.4. 2002
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pit, this means that the blisters produced by cathodic
physical appearance, it did not accompany with underlying
polarizaition were not the by-product of pit propagation
process. Moreover, the results indicate that these blisters
directly engaged to pitting and they supplied the new pit
initiation sites when the specimen was subjected to anodic
polarization above the pitting potential. Fig. 9 shows the
evidence for such a possibility. A number of etch pits
- nucleated and propagated along the periphery of the blister
formed by cathodic polarization due to crack initiation
along the periphery. During cathodic polarization, a blister
initiated at A indicated in fig. 9 (b) and grew laterally
until internal hydrogen pressure exceeded the critical
rupture stress. Crack initiated at the periphery of the blister
and the electrolyte containing the chloride ion contacted
the aluminum bare surface. During the following anodic
polarization, the bare surface along the periphery of the
blister was likely to dissolve. The (100) crystallographic
cubic etch pits well developed at the periphery of the
blister.

4, Conclusions

The change of the amount of hydrogen retained in
aluminum covered with anodic oxide film due to cathodic
polarization was investigated using by ERDA and the
following results were obtained.

1) The high field conduction parameters for transport
of proton through the oxide film were obtained from the
hydrogen areal densities of ERDA.

2) The portion of ionic current in the total cathodic
current increased with oxide thickness under the constant
current condition. When the oxide film thickness reduced
to 10 nm, only 0.5% of the total cathodic charge was
carried by protons.

3) The blistering of oxide film during cathodic polari-
zation was attributed to hydrogen atoms accumulated in
the metal/oxide interface. The periphery of the blister
formed in the prior cathodic period was the preferred pit
nucleation site in the subsequent anodic polarization.
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