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Abstract Effects of sulphate (SO37), thiosulphate
(S,037) and hydrogensulphate (HSO3) ion additives on
the pitting corrosion of pure aluminium in 1 M NaCl
solution have been investigated at various solution
temperatures 7T, 40-70 °C using potentiodynamic po-
larisation experiment, double current step experiment
and scanning electron microscopy (SEM). From the
analysis of the galvanostatic potential transients ob-
tained from the double current step experiment, it was
suggested that both SO; and S,03 ions retard the
initiation of the etch pits, and that they also inhibit the
passivation of the etch pits during the current inter-
ruption to promote the subsequent re-activation of the
etch pits over the whole range of 7. In contrast, it was
found that HSOj ions promote the initiation of the
etch pits and at the same time, they enhance the pas-
sivation of the etch pits during the current interruption
with rising 7. From the SEM micrographs, it was re-
vealed that as T increased the pit morphology changed
from circular shape to irregular shape with rough
surface in the presence of SOF~ or S,O3™ ions, but it
changed to strip-like shape in the presence of HSOjy
ions. The beneficial effects of anion additives on the
increase in surface area were discussed on the basis of
the morphological change of the etch pits in the pres-
ence of anion additives.
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Introduction

Capacitor has been one of major electronic components
used in various electronic devices. Although such new
capacitors as electric double-layer capacitor (EDLC)
and multi-layer ceramic chip capacitors (MLCC) have
been developed over the past few decades, the demand
for aluminium (Al) electrolytic capacitors in electronic
equipments has steadily increased because it has wide
working potential range with favourable economics.
Electrochemical etching of Al foil is an indispensable
industrial process used for increasing surface area of Al
foil. For high-voltage applications, DC etching which
forms long etch tunnels is demanded rather than AC
etching [1, 2].

In general, the etching process is done in a hot
chloride solution at temperatures above 60 °C. In the
initial attack, crystallographic cubic etch pits form.
Since the pit walls grow in five directions simulta-
neously, the depth of etch pits is half the width at the
surface [3]. When the etch pit width increases to about
I pm, there is a change in pit growth morphology: the
transformation of etch pits into etch tunnels and their
subsequent growth along [100] direction occur [1]. On
the other hand, below 60 °C, the formation of the
macro-pits with nearly circular shape becomes dominant
and their pit walls are composed of faceted surfaces [3].

In this respect, a considerable number of studies have
been made on the Al dissolution kinetics in the etch pits
[4], the passivation by the oxide film in the etch pits
during the electrochemical etching process [5] and the
morphological study of the etch pits by using scanning
electron microscopy (SEM) [6, 7]. The morphology of
the etch pits is affected by many factors. Among them,
the well-discussed factors are (1) the properties of Al foil
itself, such as impurities, grain size and cubicity, (2) the
properties of the etching solution, such as composition,
temperature and pH, and finally, (3) etching time.

Over the past few decades, various additives have
been introduced to a hot chloride solution for increasing
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surface area of the Al electrode during the electro-
chemical etching process. Among them, sulphate (SO3")
ion additives are the most common. In previous works
from our laboratory [8, 9], the effects of SO3  ion
additives on the pitting corrosion of pure Al were
investigated at room temperature by observing how the
pit morphology depends on the concentration of SO~
ion additives in the chloride solution. It was revealed
that SO3™ ions retard pit initiation but at the same time,
accelerate Al dissolution in the pits. However, little is
known about their roles in the pitting corrosion of Al
during the electrochemical etching process in a hot
chloride solution. In addition, it was reported that
thiosulphate (S,037) and hydrogensulphate (HSOj) ion
additives made a significant contribution to the increase
of capacitance [10]. But there have been few studies on
the mechanism for the enlargement of the surface area in
the presence of S,03™ or HSOj7 ion additives.

Thus, the present work is aimed at investigating the
effects of SO3~, S,03~ and HSOj ion additives on the
pitting corrosion of pure Al in 1 M sodium chloride
(NaCl) solution at 40-70 °C using potentiodynamic
polarisation experiment, double current step experiment,
AC impedance spectroscopy and SEM. For this pur-
pose, we first examined the roles of anion additives in
the initiation and subsequent passivation of the etch pits.
After that, the contribution of each process to the
morphological change of the etch pits in the presence of
anion additives was examined.

Materials and methods

In this work, the specimen was high purity (99.99%),
120-pum-thick Al foil. The chemical composition of the
Al foil used in this study was determined by inductively
coupled plasma atomic emission spectrometry, and the
result is given in Table 1.

The Al foil specimen was previously immersed in 1 M
NaOH solution at 25 °C for 10 min to enhance unifor-
mity of the distribution of the etch pits [5, 11]. After
doing so, the electrochemical experiments were per-
formed in four kinds of solutions, i.e. 1 M NaCl, | M
NaCl + 0.3 M N32SO4, 1 M NaCl + 0.3 M Na2SZO3,
I M NaCl + 0.3 M NaHSOQy, at the solution tempera-
tures 7T, 40, 55 and 70 °C. All the electrochemical
measurements were made by employing a three-elec-
trode electrochemical cell in which a platinum gauze and
a silver—silver chloride electrode served as the counter
and reference electrodes, respectively. The area of the
foil specimen exposed to the solution amounted to
0.32 cm®.

The potentiodynamic polarisation experiment was
carried out in the applied potential range from open-
circuit potential to —0.3 Vgagci With a scan rate of
0.5mV s~! by using a Zahner IM6e electrochemical
measurement unit. The pitting corrosion during the
galvanostatic etching process was also studied by
double current step experiment with the applied current
wave-form, which is illustrated in Fig. 1. The double
current step experiment involves the short current
interruption between two current steps of I and II. For
SEM observation, the foil specimen was galvanostati-
cally etched by applying an anodic current density of
0.1 Acm™ for 10s in 1 M NaCl solution in the ab-
sence and presence of anion additives, and then the
etched surface was thoroughly cleaned with distilled
water and ethanol.

In order to determine the oxide film capacitance of
the etched foil specimen, the etched foil specimen was
anodised in 0.5 M H;BO; + 0.05 M Na,B,05 solution
at 25 °C. An anodic current density of 5x10™* A cm™>
was applied until 30 V was reached, and then the foil
specimen was held at 30 V for 30 min. AC impedance
spectra were measured on the anodised foil specimen in
0.5 M H;BO; + 0.05M Na,B,07 solution at 25 °C
with a Zahner IM6e impedance analyser, by applying an
AC signal of 5 mV amplitude superimposed on open-
circuit potential over the frequency range of 107'—
10° Hz.
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Fig. 1 Schematic diagram of applied current wave-form for the
double current step experiment

Table 1 Impurity concentration in the pure Al foil specimen (in wt ppm)

Fe Si Cu Mg Zn Mn

9.28 8.63 48.2 1.31 7.45

<1.0

<2.0 <2.0 <20




Results and discussion

Effects of anion additives on the initiation
and passivation of the pits on the Al foil
in NaCl solution

Figures 2a—c present the anodic polarisation curves at
T5=40, 55 and 70 °C, respectively, measured on the foil
specimen with a scan rate of 0.5 mV s~ 'in 1 M NaCl
solution in the absence and presence of SO5~, S,03™ and
HSO; ions. Flrstly, the pitting potent1al E,; in the
presence of SO3~ ions was higher in value than Eplt in
their absence, irrespective of the value of T§, which im-
plies that the Al foil becomes more resistant to the pit-
ting corrosion in the NaCl solution containing SO3~
ions.

Secondly, the value of E; in the presence of S,035~
ions was higher than that value in their absence at
Ts=40 and 55 °C, while Ep; showed almost the same
value as Ep; in the absence at 7= 70 °C, indicating that
S,03™ ions do not exert any noticeable effect on the
pitting corrosion at 74=70 °C. Finally, the value of Ey;
was decreased by the addition of HSOy ions, regardless
of the value of Ty, indicating the Al foil becomes more
susceptible to the pitting corrosion in the presence of
HSOyj ions.

One has usually discussed the susceptibility to the
pitting corrosion in terms of Ep; determined from the
anodic polarisation curves, as shown in Figs. 2a—c.
However, such anodic polarisation curves provide little
information on the pitting corrosion during the galva-
nostatic etching process which is generally used to in-
crease the surface area of the Al foil. In this work,
therefore, the double current step experiment was car-
ried out to examine in detail the question of how various
processes in the pitting corrosion (e.g. pit initiation,
passivation and re-activation) are affected by the anion
additives in NaCl solution during the galvanostatic
etching process.

Figures 3a—c demonstrate the galvanostatic potential
transients for current step I in the double current step
experiment at T3, =40, 55 and 70 °C, respectively, mea-
sured on the foil specimen in 1 M NaCl solution in the
absence and presence of SO, $,03™ and HSO; ions at
an anodic current density of 0.1 A cm > before the
current interruption. The potential transients repre-
sented by curves 2 and 4 in Fig. 3a, measured in the
presence of SO~ and HSOj; ions, respectively, at
Ts=40 °C, were truncated in shape due to the measuring
limit of the equipment.

Apart from two transients, the other potential tran-
sients given in Figs. 3a—c clearly exhibited a three-stage
behaviour. As the time progressed, the value of potential
increased monotonically to a maximum value E,,. at
first, then decayed rapidly and finally remained constant.
It is known [12, 13] that the first stage potential transient
is associated with the double layer charging and the
oxide film growth, and the second stage is attributed to
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Fig. 2 Anodic polarisation curves measured on the Al foil
specnnen with a scan rate of 0.5 mV s7!in 1 M NaCl solution
in the absence and presence of SO3~, S,0%~ and HSO; ions at a
40 °C, b 55 °C and ¢ 70 °C
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Fig. 3 Galvanostatic potential transients for current step I in the
double current step experiment, measured on the Al foil specimen
in 1 M NaCl solution in the absence and presence of SO3~, S,03~
and HSOj ions at an anodic current density of 0.1 A cm™2 before
the current interruption at a 40 °C, b 55 °C and ¢ 70 °C

the breakdown of the oxide film and to the etch pit
initiation. Finally, the third stage represents the steady
growth of etch pits. Here, the time to reach E,,,, was
denoted as the induction time #;, which is necessary for
the etch pit initiation.

It was found from Figs. 3a—c that E,,,, and ¢, in the
presence of SO3~ or S,03™ ions were higher and longer
than E,.. and t;, in their absence, respectively, regard-
less of the value of Ti. This implies that etch pit initia-
tion on the Al foil surface is greatly retarded by SO~ or
S,03 ions over the whole 7, range. Keeping in mind
that the breakdown of the oxide film in NaCl solution is
caused by the incorporation of CI™ ions into the oxide
film [8, 12, 14], it is reasonable to say that SO~ or S,03~
ions suppress the incorporation of CI” ions into the
oxide film by the competitive adsorption with CI~ ions,
and hence they inhibit the etch pit initiation on the Al
foil surface.

On the other hand, it is noticeable that the values of
Enax and 1, were increased by the addition of HSOj
ions at T,=40 °C, but they were considerably decreased
at T;=55 and 70 °C, suggesting that HSOj ions pro-
mote the etch pit initiation on the Al foil surface at high
T, above 55 °C. In the presence of HSOy ions, the pH
value of NaCl solution is significantly lowered by the
following dissociation reaction of HSOy4 ions [15]:
HSO; = H" 45037, pK, = 1.99 at 25°C (1)
where K, is the dissociation constant and p K, =- log K,.
Accordingly, the enhancement of the etch pit initiation
by HSOy ions at high T above 55 °C may result from
the thermodynamic instability of the oxide film on the Al
foil surface in a solution with low pH.

It is well known that pits stop growing when the
surface of the pits is completely passivated, and hence
the passivation behaviour is an important consideration
in the phenomenon of etch pit growth during the gal-
vanostatic etching process. In this respect, the galvano-
static potential transient obtained just after the short
current interruption from the double current step
experiment can offer important information about not
only the passivation behaviour but also the subsequent
re-activation behaviour during the galvanostatic etching.

Figures 4a—c demonstrate the galvanostatic potential
transients for current step II in the double current step
experiment at T5,=40, 55 and 70 °C, respectively, mea-
sured on the foil specimen in 1 M NaCl solution in the
absence and presence of SO, $,03™ and HSO; ions at
an anodic current density of 0.1 A cm™ just after the
current interruption for £, =20 ms.

The measured potential transient in the absence of
anion additives simply showed a monotonic potential
decay with time at 75=40 °C, which means that etch pits
are hardly passivated, but they are still active during the
current interruption for #,,,=20 ms. From the fact that
a potential overshoot emerged in the potential transient
at high T, above 55 °C, however, it is readily inferred
that most etch pits are completely passivated during the
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current interruption and hence they are re-activated
through the same consecutive steps as described in
Fig. 3. This may be due to the fact [12, 16] that CI™ ions
retard the adsorption of OH™ ions, which participate in
the dissolution reaction, resulting in reduced dissolution
in the pit at high 7.

On the other hand, it is worthwhile noting that the
potential transient in the presence of SO~ or S,03™ ions
exhibited a simple potential decay with time without
showing any potential overshoot over the whole T
range. From the analysis of potentiostatic current tran-
sients, Flis and Kowalczyk [12] suggested that the ad-
sorbed CI™ ions on the bare Al surface are partially
replaced by SO3™ ions during the pitting corrosion.
From the results, it is thus conceivable that a consider-
able number of the etch pits remain active in the NaCl
solution containing SO3~ or S,0%  ions, during the
current interruption for #,, =20 ms, even at 7,=155 and
70 °C, since SO3~ and S,03” ions partially replace CI~
ions to enhance the dissolution of Al in the pit.

Similar to the case of SO7~ or S,03™ ions, the po-
tential transient in the presence of HSOj3  ions at
T5;=40 °C also showed a simple potential decay with
time. However, an appreciable potential overshoot ap-
peared at high T, above 55 °C. Moreover, it was ob-
served that the potential overshoot in the presence of
HSOjZ ions was higher as compared with that in the
absence. From the fact that the relatively more acidic
conditions in the pit solution than the bulk solution,
which are favourable to further pit growth, are hardly
established in a solution with low pH, it is inferred that
the etch pits tend to stop growing by passivation in the
presence of HSOyj ions.

From the results of galvanostatic potential transients
obtained from the double current step experiment, it is
summarised that SO~ and S,03™ ions retard the initi-
ation of the etch pits, and that they inhibit the passiv-
ation of the etch pits during the current interruption,
which makes the subsequent re-activation of the etch
pits during the pit growth easier over the whole T; range.
On the other hand, it was recognised that HSOjZ ions
promote the initiation of the etch pits, and at the same
time they facilitate the passivation of the etch pits during
the current interruption with rising 7.

Effects of anion additives on the pit morphology
of the Al foil in NaCl solution

Figure 5 illustrates the plots of the oxide film capaci-
tance C,, of the etched and anodised foil specimen
against T. The AC impedance spectra were measured in
0.5 M H;3;BO3 + 0.05 M Na,B,405 solution and analysed
using the complex non-linear squares (CNLS) fitting
method based upon the simple Randles circuit [17, 18].

The value of C,y increased with rising 7 in all the
solutions, and C,, in the presence of SO3~, S,0% or
HSOj ions was determined to be larger in value than C,,
in their absence at high T above 55 °C. If we assume
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Fig. 5 Plots of the oxide film capacitance C,y of the anodised Al
foil specimen versus the etching solution temperature 7y deter-
mined from the AC impedance spectra measured in 0.5 M H3BO;
+ 0.05M Na,B40; solution at 25 °C. The foil specimen was
previously etched at a constant anodic current density of
0.1 Aem™2 for 10s in 1 M NaCl solution in the absence and
presence of SO7, S20§" and HSOj ions. After that, the etched foil
specimen was anodised in 0.5 M H3;BO; + 0.05M Na,B,0,
solution at 25 °C

that the values of the thickness and the dielectric con-
stant of the oxide films are constant, the oxide film
capacitance C,y is proportional to the surface area.
Therefore, it seems that the surface area of the etched
foil specimen was increased by the addition of S07,
S,03 or HSOj ions at high T above 55 °C. In contrast,
the value of C,, in the presence of SO7~, S,03™ or HSOZ
ions was lower than that value in their absence at
Ts;=40 °C. This implies that the surface area of the
etched foil specimen was decreased by the addition of
S0;™, S,03™ or HSOj ions at T,=40 °C.

Figures 6a—d depict the SEM micrographs of the foil
specimen surface, galvanostatically etched at an anodic
current density of 0.1 A cm™for 10 sin 1 M NaCl, 1 M
NaCl + 0.3 M Na,SO4, 1 M NaCl + 0.3 M Na,S,03,
1 M NaCl + 0.3 M NaHSO, solutions, respectively, at
Ts=40 °C. It is clear that macro-pits with nearly circular
shape formed on the Al foil surface, regardless of the
absence and presence of anion additives, and at the same
time the crystallographic features of individual cubic
etch pits were still visible at the orifices and walls of
macro-pits. This strongly indicates that small cubic etch
pits coalesced to form macro-pits during the galvano-
static etching process at 7,=40 °C.

The SEM micrographs of the foil specimen surface
galvanostatically etched in 1 M NaCl, 1 M NaCl +
0.3 M Na,SO4, I M NaCl + 0.3 M Na,S;0;, | M
NaCl + 0.3 M NaHSOy solutions at 7,=70 °C were
also given in Figs. 7a—d, respectively. Figure 7a showed
that the small etch pits in the absence of anion additives
were widely distributed over the foil surface at
Ts=70 °C.

Fig. 6 SEM micrographs of the Al foil specimen surface galvano-
statically etched at an anodic current density of 0.1 A cm™ for 10 s
inalM NaClL,b 1M NaCl + 0.3 M Na,SO,, ¢ 1 M NaCl +
0.3 M Na,S,03 and d 1 M NaCl + 0.3 M NaHSO, solutions at
40 °C

In the presence of SOF~ or S,03 ions (Figs. 7b, c),
the pit morphology changed from circular shape at
T,=40 °C to irregular shape with rough surface at



Fig. 7 SEM micrographs of the Al foil specimen surface 2galvano-
statically etched at an anodic current density of 0.1 A cm™ for 10 s
inalM NaClL,b 1M NaCl + 0.3 M Na,SO,, ¢ 1 M NaCl +
0.3 M Na,S,03 and d 1 M NaCl + 0.3 M NaHSOy solutions at
70 °C

T,=70 °C. In the previous work from our laboratory
[8], it was reported that SO3 ions in NaCl solution
enhance the formation of the etch tunnels in the
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macro-pits. Therefore, macro-pits, whose walls were
roughened by the formation of the etch tunnels in the
pits, may be responsible for the increase in the surface
area of the etched foil specimen.

In the presence of HSOj ions (Fig. 7d), it was ob-
served that the pit morphology changed from circular
shape at T,=40 °C to strip-like shape at T,=70 °C.
From the results of the galvanostatic potential transients
in the double current step experiment, it is proposed that
HSOj ions enhance the etch pit initiation and simulta-
neously inhibit the etch pit growth in the downward
direction at high T above 55 °C; thereby, pits with strip-
like shape are formed on the Al foil surface, resulting in
the increase of the surface area.

Consequently, from the SEM micrographs it was
revealed that macro-pits emerged in the presence of
SOF or S,03™ ions, whose walls were roughened by the
formation of the etch tunnels. On the other hand, pits
with strip-like shape appeared in the presence of HSOy
ions, originating from the promotion of the etch pit
initiation on the specimen surface and the simultaneous
suppression of the etch pit growth in the downward
direction. These morphological changes in the presence
of anion additives may lead to the increase of the surface
area.
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