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To evaluate the corrosion behavior of the anode tab in aluminum electrolytic capacitor, we performed
some electrochemical and morphology analysis using the polarization curves in conjunction with atomic
force microscope (AFM), scanning electronic microscope (SEM) and optical microscope (OM). The results
suggest that the current oscillation was found to be associated with nano-pit, which is defined as the
rectangular pit (b) with a depth less than 55 nm and a width no more than 100 nm. Furthermore, eleva-
tion of Cl� concentration widened the crevices caused by electrolytic tension, enlarged the nano-pit area,
and accelerated the electrochemical reaction rate of the anode tab in ethyleneglycol–borate solution.
These findings may have implications for the failure of aluminum electrolytic capacitor.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Although such new capacitors as double-layer capacitors,
pseudocapacitors, hybrid capacitors and multi-layer ceramic chip
capacitors have been developed over the past few decades [1–3],
aluminum electrolytic capacitor is still a kind of electronic element
which is widely used with great demand owing to its very high
capacitance, wide working potential range with an excellent
price/performance ratio [1]. Among the aluminum electrolytic
capacitors one with multi-tabbing of the foil windings is shown
in Fig. 1, which is constructed of the aluminum anode foil that is
coated with an oxide dielectric, an organic solution to provide elec-
trical continuity, a porous papers to hold the electrolyte, and a
cathode foil to serve as a current collector.

While such aluminum electrolytic capacitors have been widely
used in electronics industry [1], some problems are presented dur-
ing their working life such as anodic corrosion on the anode foil
and the anode tab. The anodic corrosion attributes to the negative
consequences of aluminum electrolytic capacitor, for example,
shortening the service life and premature failure. The failure is sig-
nificantly caused by the electrochemical corrosion of the anode tab
or the rivet (a component connecting the anode tab and the cover
in aluminum electrolytic capacitor) by analyzing a batch of failure
products. This phenomenon is prevalent in aluminum electrolytic
capacitors used at relatively high voltage, especially above 400 V.
ll rights reserved.
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The resistance to corrosion of the anode tabs is lower than that
of the anode foil, for the thickness of the oxide film on the anode
tab is thinner than that on anode foil. Therefore, the anode tab is
apt to be corroded.

Generally, the anodic failure can be caused by halogenated
solvents [2] and the quality of the elements such as the aluminum
foil, the electrolytic paper, and the cover [3]. Consequently, some
models were proposed to predict the life time or the failure of
aluminum electrolytic capacitor [4–11]. However, the information
on the anode tab corrosion is still lacking except for the methods of
anticorrosion on the aluminum tabs [12], the tab corrosion caused
by the electrolytic decomposition products [13], and the detection
of the critical Cl� concentration by leakage currents [14]. Relatively
little attention has been paid to the corrosion on the anode tab
of aluminum electrolytic capacitor used at high voltage above
400 V.

The present work is therefore to evaluate, understand and dis-
cuss the mechanism of the anodic corrosion of the anode tab,
which is used in aluminum electrolytic capacitor at high voltage
of 400 V, in ethyleneglycol–borate solutions with chloride ions.
The corrosion of the anode tab was investigated by polarization
curves combined with atomic force microscope (AFM), scanning
electronic microscope (SEM) and optical microscope (OM) mea-
surements. We satisfactorily explained the relationship between
the current oscillation, the nano-pits and the concentration of Cl�

ions, and obtained the electrochemical parameters for the anode
tab as a function of chloride-ion concentration by fitting at the
same time.
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Fig. 1. Schematic of the aluminum (Al) electrolytic capacitor.
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2. Experimental

2.1. Samples and solutions

The electrodes were made of a sheet of aluminum anode tab
(99.99%, 200 lm thick) and cathode tab (99.85%, 200 lm thick)
used in aluminum electrolytic capacitor for high voltage of 400 V
(supplied by Japan Capacitor Industrial Co., Ltd, and the chemical
composition (wt.%) of the aluminum anode tab is presented in
Table 1). The specimen were embedded in silicone manufactured
by Kangda chemical factory (Liyang, Jiangsu China) resulting in
an exposed aluminum area of 1.2 cm2. The working surfaces were
cleaned by distilled water and acetone prior to testing.

The working solution (supplied by Jianghai Capacitor Co., Ltd),
which is used for the aluminum electrolytic capacitors applied at
the voltage of 400 V, is mainly constructed by ethyleneglycol–bo-
rate system. All solutions with Cl� were made from analytical
grade reagent of sodium chloride.

2.2. Anodizing

Firstly, the oxide films were formed on the anode tab using a TV
Meter (YTV-51A, Yangzhou Shuanghong Ltd., China) in the working
solution with or without Cl� ions at 80 �C, initially galvanostatical-
ly at anodic current of 1 mA cm�2 up to a certain anodic voltage
(the anodic voltage which leveled off under 1 mA cm2 is 400 V
for the solution with free, 2 ppm and 5 ppm Cl� ion, 110 V and
6 V for the solution containing 50 ppm and 1000 ppm Cl� ion,
respectively). An aluminum anode tab was used as an anode elec-
trode, and an aluminum cathode tab was used as a cathode elec-
trode. A certain thickness of oxide film on the anode tab is
formed when the leakage current is leveled off at potentiostatic
anodizing.

2.3. Polarization measurements

Aluminum anode tabs anodized potentiostatically were im-
merged in ethyleneglycol–borate solution with free or different
concentrations of Cl� at 80 �C, and the polarization curves were
measured by changing the electrode potential automatically from
�1.2 to 2.2 V with scanning rate of 0.5 mV s�1. The aluminum an-
ode tab working electrode (WE) was tested in a conventional
three-electrode electrochemical cell. An Ag/AgCl/3.5 M KCl refer-
Table 1
Chemical composition (wt.%) of the aluminum anode tab and aluminum cathode tab

Electrodes Al Si Fe

Aluminum anode tab (+IN 99) 99.99 0.0010 0.00
Aluminum cathode tab (�IN 30) 99.85 0.0400 0.05
ence electrode (RE) was connected to the cell through a Luggin
capillary. A platinum was used here as the counter electrode
(CE). The electrochemical measurements were performed with an
Autolab potentiostat/galvanostat/frequency_response_analyzer
(Ecochemie), PGSTAT30/FRA2, controlled by the GPES/FRA v.4.9.5
software. The cell was a water-jacketed version, connected to a
constant temperature circulator.

2.4. Morphology measurements

The corrosion morphology was observed by atomic force micro-
scope (AFM), scanning electronic microscope (SEM) and optical
microscope (OM) measurements. AFM was carried out on an SPA
300HV SPM scanning probe microscope, OM was carried out on a
Nikon eclipse TE2000-U microscope, and the morphologies of the
anode tabs were measured using a JSM scanning electron micro-
scope (SEM). Before SEM measurement, the samples were sput-
tered with thin layers of platinum.

FemtoScanTM online software (advanced technologies center,
http://www.nanoscopy.net) were used to process the surface
roughness, data of AFM, and the crevice width in OM. Measure-
ment of pit densities was made simpler through the use of image
analysis software called scion image (http://www.scioncorp.com).

3. Results and discussion

3.1. Effect of chloride ions on the nano-pit

A chloride ion-dependent change of the anode-tab surface mor-
phology is observed after anodized potentiostatically in the solu-
tion with various concentrations of chloride ions by the series of
AFM images (Fig. 2), where the particles are an oxide film with a
composition close to Al2O3 indicated by Auger spectra [15]. It can
be seen that the morphology of the high-roughness areas depends
on the concentration of chloride ions. Surface topographical data
can be obtained in two dimensions, i.e. z(x, y). The data can be pro-
cessed and then the surface roughness parameters obtained. The
root mean-square surface roughness (Rq) was calculated as follows
[16]:

Rq ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xn

i¼1

z2
i

vuut ð1Þ

where zi is the height or depth of the ith highest or lowest deviation
and n is the number of discrete profile deviations. As an example of
surface roughness progressions, Table 2 shows the calculated
roughness vs. concentration of Cl� ions acting on the aluminum an-
ode tabs.

Two different types of pits are observed (marked by arrows and
illustrated by cross-sections in Fig. 2), namely line-shaped pits (a)
and rectangular pits (b) for all anode tabs anodized potentiostati-
cally with various concentrations of Cl�. In the following we will
first give an overview of the anode-tab morphology with various
Cl� concentrations and then discuss the various morphological fea-
tures in detail.

The formation of various types of smaller pits with surface areas
of 3.5 � 103�1.0 � 104 nm2 is observed on AFM images (Fig. 2a)
after anodized potentiostatically in the solution with free chloride
Cu Mg Ca Zn

07 0.0033 0.0001 0.0000 0.0065
00 0.0180 0.0020 0.0100 0.0300
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Fig. 2. AFM images (2 � 2 lm2) of aluminum tabs anodized potentiostatically in the solution with chloride ions of (a) 0 ppm, (b) 2 ppm, (c) 50 ppm and (d) 1000 ppm.
Examples of the different types of pits are marked with arrows in the images and illustrated by cross-sections.
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ions. The line-shaped pits (a) are usually <10 nm deep and have
widths (full width at half maximum in the cross-sections of
Fig. 2) of about 20 nm. The other type of observed structures is
rectangular pits (b) with sharper edges. The rectangular pits (b)



Table 2
Surfaces roughness as a function of concentrations of solutions with Cl� ions

CCl� /ppm 0 2 50 1000

Roughness/nm 4.64 5.18 5.27 7.16
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in this case were less than 50 nm depth and 90 nm width. These
pits in surface oxide films provide sites within which anodic disso-
lution of the metal substrate commences [17]. The pits densities,
however, are significant different on the anode tabs with various
concentrations of chloride ions. On the sample with free chloride
ions, the dominant type of etch pits are the line pits (a) with a sat-
uration density �3.05 � 109 cm�2 (Fig. 3).

The anode tab in the solution containing 2 ppm Cl� had the less
number of line-shaped pits (a) (Fig. 3) and the wider rectangular
pits (b) (examples marked by arrows in Fig. 2b with the width
about 99 nm) than that in the solution without Cl�. While 2 ppm
Fig. 3. Dependence of the pits density on Cl� concentration in ethyleglycol–borate
solution.

Fig. 4. OM images (a and c) and SEM images (b and d) of aluminum tabs anodized poten
chloride ions of 0 ppm(a and b) and 2 ppm (c and d).
Cl� ions were added in the solution, the depth of the rectangular
pits (b) changed slightly (Fig. 2a and b). Providing that 50 nm is
the lower limit of the depth of pits found after millisecond etching
[18], we define the nano-pit as those rectangular pits (b) with a
depth less than 55 nm and a width no more than 100 nm. Conse-
quently, although the addition of 2 ppm Cl� widened the pit, the
rectangular pits (b) in this case possessed identical characteristics
of that without Cl�, which is defined as the nano-pit previously.

The oxide layer of the aluminum anode tab was corroded to
form larger, isolated, square or rectangular etch pits (Fig. 2c) when
the anode tab was anodized potentiostatically in the solution with
50 ppm Cl�. Also, the enhancement the pits density of rectangular
pits (b) (Fig. 3) is ascribed to the enhanced stability of voids upon
exposure by chloride ions, since near-surface voids function as
sites for corrosion pits [19]. These isolated pits are attributed to
nano-pits nucleation at small defects, which can be illustrated in
the rectangular pit (b) (marked by arrows in Fig. 2c) with the depth
of 60 nm and width of 239 nm. The rectangular pit (b) in this situ-
ation is obviously out of the range of nano-pit.

The whole anode-tab surface was covered with the rough etch
morphology (Fig. 2d) under anodized potentiostatically in the solu-
tion containing 1000 ppm Cl�. The morphology exhibited an in-
creased density of clusters, consisting of several square/
rectangular etch pits. These clusters are probably formed by
(anisotropic) lateral growth of the pits and by coalescence of adja-
cent nano-pits. These clusters led to large rectangular structure
with depth >70 nm, width of 250 nm (marked by arrows in
Fig. 2d) which were out of the range of nano-pit. Once an oxide
layer has been removed by corrosion, the stable passive layer does
not readily reform in the presence of chloride ions [17]. Hence the
line-shaped pits, which are frequently found on sample with free
chloride ions, are reduced dramatically on the sample with
1000 ppm Cl� (Fig. 3).

These morphological differences among the anode tab anodized
potentiostatically in the solution containing various concentrations
of Cl� may be related to the disappearance of most particles on the
aluminum surface, which is responsible for the larger pits and the
tiostatically after the anodic polarization in the ethyeneglycol–borate solution with



Table 3
Electrochemical parameters of anode tabs as a function of chloride-ion concentration

Cl�

concentration/ppm
ba/V dec�1 bc/V dec�1 Ecorr/V Icorr/A cm�2 Rp/X

0 0.328 0.115 �0.447 8.50 � 10�11 4.20 � 108

2 0.232 0.113 �0.457 7.34 � 10�10 4.50 � 107

5 0.113 0.097 �0.467 9.27 � 10�10 2.44 � 107

50 0.077 0.095 �0.505 1.08 � 10�8 1.71 � 106

1000 0.043 0.087 �0.596 1.32 � 10�8 9.47 � 105
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thinner thickness of oxide film by the anodic dissolution. As it has
been pointed out by López et al. [20], corrosion appears generally
in the form of pitting and the number and size of pits increases
with the thickness of the anodic film decreases.

The OM (Fig. 4 a and c) and SEM (Fig. 4c and d) images present
the newly formed oxide film obtained after the anodic polarization
in the solution with free and 2 ppm Cl� ion, respectively. These
images exhibit characteristic ridges parallel to the rolling direction,
which are attributed to the rolling process. In comparing with the
oxide film anodized in the solution with and without Cl�, the cre-
vices nearly perpendicular to the rolling direction on the oxide film
were wider and some new crevices were formed after the anodic
polarization curves (Fig. 4c and d). More Cl� ions made the crevice
density increase from 3400 cm�2 (Fig. 4a) to 4700 cm�2 (Fig. 4c)
and the crevice average width increased form 3.8 lm (Fig. 4a) to
5.7 lm (Fig. 4c). The new crevice, which becomes the defect of
the oxide film, may be attributed to the electric tension on the
oxide film by varying anodic potential.

3.2. Effect of chloride ions on the polarization characteristic

Fig. 5 illustrates the influence of chloride ions on the aluminum-
tab polarization curves in the ethyleneglycol–borate solution. Cor-
rosion potential (Ecorr), corrosion current density (Icorr), and anodic/
cathodic Tafel constant (ba and bc) were derived from these data.
Based on the approximately linear polarization behavior near
open-circuit potential (OCP) (around ±10 mV), the polarization
resistance (Rp) values were determined from Stern–Geary equation
[21]:

Rp ¼
babc

2:303Icorrðba þ bcÞ
ð2Þ

Results of potentiodynamic polarization were summed in Table
3.

These data clearly show that the corrosion resistance of the an-
ode tab with various Cl� ion concentrations was evidently differ-
ent. In contrast to those with free Cl� ions, the anode tabs with
Cl� ions all had more negative corrosion potential, much higher
corrosion current density and much lower polarization resistance,
suggesting an increase in the charge carrier density within the
oxide film [22]. The polarization curves of the anode tab with Cl�

had relatively lower Tafel slope due to the film thinner in thickness
[23] and with more micro-defects than those with free Cl� ions.
This indicates that the corrosion resistance of the anode tab is
damaged obviously with more Cl� ions.
Fig. 5. Polarization curves of the aluminum tabs in ethyeneglycol–borate solution
with chloride ions: (a) 0 ppm, (b) 2 ppm, (c) 5 ppm, (d) 50 ppm and (e) 1000 ppm.
Inspection the data in Table 3 reveals that an increase of Cl�

concentration shifts Ecorr towards more negative direction. From
these results, reasonable linear Ecorr vs. log CCl� is obtained in
Fig. 6. The least-square fit for the curve corresponds to:

Ecorr ¼ �0:43 logCcr� þ ð�0:052Þ ð3Þ

which is consistent with the form of the corrosion potential as a
function of halide activity [24].

Different polarization behavior is also significant in the samples
containing various Cl� concentrations (Fig. 5) except the more neg-
ative corrosion potential, higher corrosion current density and
lower polarization resistance compared with free Cl�. This differ-
ence can be observed especially in the anodic branch of potentio-
dynamic polarization curves (Fig. 5) which represent current
oscillations in the solution containing chloride ions less than or
equal to 2 ppm (Fig. 5a and b) while no oscillation is observed in
the solution with Cl� ions more than 5 ppm (c–e in Fig. 5).

The oscillations in the current from several hundred milivolts
above the corrosion potential (Ecorr) appeared in the anodic
polarization curves at low Cl� concentrations (62 ppm). These
oscillations are attributed to the consecutive formation and the
self-healing of the surface defects such as line-shaped pits (a)
(Fig. 2a) and nano-pits (rectangular pits (b) in Fig. 2a and b), which
are very small in size and are compensated automatically during
the anodization [25]. These compensated nano-defects and nano-
pits are the same as the consecutive formation and repassivation
of metastable pits [26,27], which has been shown previously by
Pistorius and Burstein [28] that the current first increases as the
pits nucleate and grow then decreases after a short time with the
occurrence of the metastable pits. The current increases first, then
decreases with the occurrence of the nano-pits. The elevation of
the current is attributed to the anodic oxidation reaction processes,
and the reduction of the current is due to the self-healing of
aluminum as a valve-metal. Moreover, the Al3+ ions obtained by
the anodic oxidation can immediately heal the nano-defects, which
are on the order of tens to hundreds of nanometers, by combined
with oxygen in the defects. Therefore, the anodic oxidation
Fig. 6. Dependence of the corrosion potential (Ecorr) on log CCl� for aluminum tabs.
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reaction is hindered and the polarization current decline, and thus
form a current oscillation. Although the old defect is healed, the
new defect is formed by the existing electric tension with potential
sweeping. The consecutive current oscillations in the anodic polar-
ization curves are attributed to the repeat process of ‘‘defect-self-
healing-new defect-reselfhealing”. As with the results of AFM
images (Fig. 2 a and b), the electrode surface is free of large-scale
roughness, and is generally much smoother under oscillatory con-
ditions [29]. The corrosion resistance is better, i.e., the self-healing
capacity on the oxide film is better with Cl� contents lower than
2 ppm.

However, the current oscillation disappeared and the anodic-
polarization current increased as the Cl� concentration increasing
(curves c–e in Fig. 5). This phenomenon is ascribed to the Cl� dif-
fusion in the oxide film of aluminum and the Cl� ion substitution
for partial oxygen site (O-site) [30]. The higher the concentration
of Cl� ions is, the more the Cl�-substitution for O-site in the defect.
Some Al3+ ions from anodic dissolution react with oxygen to heal
the defects, while others react with Cl� ions to form soluble AlCl3

when anodic oxidation occur at the oxide-film defects. The lower
formation rate of Al2O3 and the more Cl�-substitution for O-site
near the nano-pits make the alumina particle formed during ano-
dic oxidation hardly heal the pit and thus the higher anodic disso-
lution rate than the self-healing rate. Incomplete self-healing of
defects in the oxide film results in the high anodic dissolution rate
and incomplete hindering of the anodic oxidation in the defects.
Thus, the anodic dissolution is continued at the defects. As a result,
the pit width increased (c and d in Fig. 2) and the current oscilla-
tion disappeared. Although the anodic polarization current in-
creases with the slower self-healing rate in the higher
concentration of Cl� ions, the factors in the oxide film such as high
electric field finally cause the equilibrium between the rate of the
anodic oxidation dissolution and that of self-healing with increas-
ing the anodic polarization potential. At last, the polarization cur-
rent is leveled off with increasing the potential and accordingly the
anodic passivation can be detected.

4. Conclusions

The corrosion of the anode tabs in aluminum electrolytic capac-
itor by Cl� ion was studied by potentiodynamic polarization, atom-
ic force microscope, scanning electronic microscope and optical
microscope measurements. The main conclusions drawn from
the studies are:

There were some nano-pits, which are defined as the rectangu-
lar pits (b) with a depth less than 55 nm and a width no more than
100 nm in this study, on the oxide film of the anode tabs with the
concentration less than or equal to 2 ppm. The nano-pits are healed
due to the equilibrium between the rate of Al3+ ions produced by
anodic oxidation and that of Al2O3 formed during anodic oxidation.
However, the nano-pits were coalesced into clusters, and accord-
ingly the pitting corrosion of anode tabs is turned into surface cor-
rosion at Cl� content higher than 2 ppm. This is attributed to the
lower formation rate of Al2O3 than the dissolution rate of Al3+ ions,
which is produced form anodic oxidation and partially combines
with Cl� to diffuse into solution. Furthermore, the existence of
Cl� ions widens the crevices on the aluminum oxide film, which
is formed by virtue of electric tension during the potential
sweeping.

The polarization characteristics are obvious as indicated by the
electrochemical response of the anode tabs anodized potentiostat-
ically in ethyleneglycol–borate solution with different concentra-
tions of Cl� ions. The pronounced current oscillation occurred in
the solution with Cl� ions less than or equal to 2 ppm, and both
of the current frequency and amplitude increased with decreasing
the Cl� concentration; while no current oscillation of the anode
tabs was observed at Cl� concentration higher than 2 ppm. The
current oscillation is the result of the self-healing ability on
the oxide film, the valve-metal characteristic of aluminum, and
the filled nano-pits at the Cl� concentration lower than 2 ppm.

Finally, as derived from the resulting polarization curves, the
elevation of Cl� concentration results in the increase of corrosion
current (Icorr), the negative movement of corrosion potential (Ecorr),
the decrease of polarization resistance (Rp), and the decline of the
cathodic and anodic Tafel slopes (bc, ba).
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