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Abstract

Electrochemical and morphological characterization of the porous alumina
formed by galvanostatic anodizing in etidronic acid under various operating conditions
was performed. High-purity aluminum plates were anodized in 0.03-3 M etidronic acid
solutions at 273-333 K and 0.25-500 Am™ for up to 24 h. Galvanostatic anodizing in
etidronic acid operated over a wide range voltage measuring from a few V to 246 V. The
time required for the steady growth of porous alumina not only depends on the current
density but also the temperature and the concentration of the electrolyte solution during
galvanostatic anodizing. The average, maximum, and minimum cell sizes of the porous
alumina were directly proportional to the anodizing voltage with a proportionality
constant of 2.5, 3.5 and 0.7, respectively, and were independent of other parameters.
The number density of the cell was also a function of the anodizing voltage and agreed
with the theoretical value obtained for ordered porous alumina with an ideal honeycomb
distribution. The maximum voltage measured during galvanostatic anodizing was
linearly proportional to the plateau voltage with a proportionality constant of 1.4.
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1. Introduction

Anodic porous alumina with numerous nanoscale pores can be fabricated by
anodizing aluminum in appropriate acidic or alkaline solutions [1-4] and has been
widely used for various applications from traditional corrosion protection [5-7] to
current nanoscience and engineering applications [8-10]. The nanomorphology of
porous alumina, such as the pore size, interval, regularity, and aspect ratio, strongly
depends on the electrolyte species and electrochemical conditions during anodizing
[11-13]. Therefore, the fabrication of advanced porous alumina with a novel pore
structure and arrangement has been investigated with new electrolytes [14-17], hard
anodizing [18-20], and a pulsed technique [21-23] to expand the applicability of porous
alumina.

Etidronic acid (1-hydroxyethane-1,1-diphosphonic acid, C2HsO7P2) is currently
one of the most popular chelating agent [24] and has been widely used in various
applications, such as food additives, cosmetics, detergents, corrosion inhibitors,
osteoporosis medicines, and water treatment agents [25,26]. Very recently, etidronic
acid was reported to possess the potential to behave as a suitable acidic electrolyte for
the fabrication of porous alumina by anodizing aluminum [27]. Ordered porous alumina
with a large-scale cell (interpore distance) measuring 400-670 nm can be easily
fabricated via two-step potentiostatic anodizing in etidronic acid at high voltages of
more than 200 V. [27-29]. Hard anodic coatings with a high Vickers hardness measuring
Hv = 610-769 can be achieved by anodizing in low concentration etidronic acid at low
temperature due to their low porosity [30]. Advanced hard anodic coatings with
microarc oxide/porous alumina double layers were successfully developed by inducing
a steady plasma spark during etidronic acid anodizing at high voltages [31]. The
fabrication of novel ordered nanomaterials, such as submicrometer-scale convex lens
arrays [32], structural color devices [33], antireflective surfaces [34,35], and titanium
dioxide nanocolumns [36], has been demonstrated through etidronic acid anodizing.

Porous alumina can be fabricated by anodizing aluminum at either a constant cell
voltage (potentiostatic) or constant current density (galvanostatic) [1]. Potentiostatic
anodizing in etidronic acid at high voltages has been reported for the formation of
large-scale ordered porous alumina. Although galvanostatic anodizing is typically used
in industrial applications for surface finishing, very little has been reported on
electrochemical behavior during galvanostatic anodizing in etidronic acid and the
nanostructure.

In the present investigation, we examine galvanostatic anodizing in etidronic acid
under various operating parameters, such as the concentration, temperature, and current
density. Stable anodizing conditions and their corresponding voltages were examined by
electrochemical measurements. In addition, nanostructural characterization of the
porous alumina was carried out by electron microscopy and subsequent image analysis.

2. Experimental



2.1 Pretreatment of aluminum specimens

High-purity aluminum plates (purity: 99.999 wt%, thickness: 500 um, Nippon
Light Metal, Japan) were used as the anodizing specimens. The aluminum plates were
cut into square pieces (20 mm % 20 mm) with a handle (12 mm x 8 mm) for electrical
contact. The aluminum specimens were ultrasonically cleaned in ethanol for 10 min at
room temperature. The lower half of the handle of the specimen was then covered with
a silicone resin (KE45W, Shin-Etsu, Japan) to prevent contact with the electrolyte
solution. After resin coating, the specimens were electrochemically polished in a 78
vol% CH3COOH/22 vol% 70%-HCIO4 solution (280 K) at a constant voltage of 28 V
for 1 min.

2.2 Galvanostatic anodizing in etidronic acid

An electrochemical cell with an inner diameter of 55 mm was used for anodizing.
An electropolished aluminum specimen as the anode and a platinum plate (purity: 99.95
wt%, thickness: 100 pm, Furuya Metal, Japan) as the cathode were immersed in 0.03-3
M etidronic acid solutions (volume: 150 mL, Tokyo Chemical Industry, Japan) at
273-333 K. The aluminum anode and platinum cathode were 22 mm apart and parallel,
and the solution was stirred with a magnetic stirrer. The aluminum specimens were
galvanostatically anodized at 0.25-500 Am™ for up to 24 h using a direct power supply
(PWR400H, Kikusui Electronics, Japan, and MODEL 6911, Metronix, Japan). The
anodizing voltage was measured with a digital multimeter (VOAC7602, IWATSU,
Japan, and DMM4040, Tektronix, USA) during galvanostatic anodizing. The
temperature of the solution was maintained with a constant temperature water bath
(UCT-1000A, AS ONE, Japan).

After anodizing, the specimens were immersed in a 0.20 M Cr0Os3/0.51 M H3POq4
solution (353 K) to dissolve the porous alumina film, and the aluminum dimple array
corresponding to the growth interface of the porous alumina was exposed to the surface.

2.3 Morphological characterization

The nanostructures of the porous alumina and the aluminum dimple array were
observed by field-emission scanning electron microscopy (FE-SEM, JSM6500F, JEOL,
Japan). Before the SEM observations, a thin platinum electroconductive layer was
coated on the specimens by a sputter coater (MSP-1S, Vacuum Device, Japan). The cell
size of the porous alumina was quantified using image analysis software (Image-Pro 10,
Media Cybernetics, USA).

3. Results and Discussion
3.1 Steady state plateau voltage during galvanostatic anodizing in etidronic acid

The electrochemical behaviors during galvanostatic anodizing in etidronic acid
were investigated in detail. Figure la shows the voltage-time curves during
galvanostatic anodizing in a ¢ = 0.3 M etidronic acid solution at 7, = 298 K. At current



densities of i, = 1.25-20 Am™, typical voltage-time curves for the formation of uniform
porous alumina were obtained. The voltage linearly increased with the anodizing time in
the initial stage, reached a maximum value, gradually decreased, and then reached a
plateau value. Figure 1b shows the surface appearance and corresponding SEM image
of the specimen anodized at 10 Am™ for 60 min, and a uniform, light-gray porous
alumina film with disordered nanoscale pores measuring approximately 100 nm in
diameter was obtained over the entire aluminum surface. The plateau voltage
corresponding to the steady growth of the porous alumina increased with the current
density, and a notably high plateau voltage measuring 195 V was achieved at 20 Am™.
However, the excess current density at 50 Am caused oxide burning with an unstable
oscillation in the voltage-time curve, and a nonuniform dark brown oxide film with
many cracks was formed on the surface (Fig. 1c). Therefore, stable formation of the
porous alumina film can be achieved below 20 Am™ in a 0.3 M etidronic acid solution
at 293 K. At this concentration and temperature, the plateau voltage can be controlled
over a wide range up to 195 V by choosing the appropriate current density.

The effect of various anodizing parameters, such as the solution concentration,
temperature, and current density, on the steady state plateau voltage during
galvanostatic anodizing in etidronic acid was investigated. Figure 2a summarizes the
relationship between the plateau voltage, Up,, and the current density, i., during
anodizing in a 0.03 M etidronic acid solution. Here, the plateau voltage was defined as
the point at which the change in the anodizing voltage was within 0.3 V per minute at
the stage of the porous alumina formation. At a lower solution temperature of 293 K, the
plateau voltage increased with the current density, and the highest plateau voltage
measuring 246 V was achieved. However, the current density at this highest voltage was
extremely low at 15 Am, and applying a higher current density of more than 20 Am
caused oxide burning with unstable voltage oscillation. As the temperature increased to
313 and 333 K, the plateau voltage significantly decreased to approximately more than
100 V at the same current density due to thinning of the barrier layer during anodizing
at high temperature. In addition, the oxide burning region moved to lower voltages as
the temperature increased. On the other hand, a higher current density at 100 Am™2 could
be applied at 333 K without oxide burning. Similar tendencies were observed as the
concentration increased to 0.3 M (Fig. 2b) and 3 M (Fig. 2c¢). In each concentration, the
shape of the plateau voltage vs. current density was nearly linear with a slight s-shape.
The plateau voltage at the same temperature and current density decreased with the
concentration of the etidronic acid solution due to the higher solubility of the barrier
layer at higher concentrations.

During galvanostatic anodizing, porous alumina grows through barrier oxide
formation in the initial transition period. The time until the plateau voltage is achieved,
i.e., the time required for the steady growth of porous alumina, was measured during
anodizing under various operating conditions. Figure 3 shows the change in the time
required to reach steady growth, #,1., with the current density, i,, during galvanostatic



anodizing in a) 0.03 M, b) 0.3 M, and c¢) 3 M etidronic acid solutions. The required time
decreased with the increasing current density at each concentration due to the high
growth rate of the anodic oxide during anodizing at high current density. However, at
the same current density, the required time increased as the solution temperature
decreased. In addition, the required time increased as the concentration decreased at the
same current density. Therefore, the time required for the steady growth of porous
alumina depends not only on the current density but also on the temperature and the
concentration of the electrolyte solution during galvanostatic anodizing.

Based on the electrochemical measurements, galvanostatic anodizing in etidronic
acid operates over an extremely wide range voltage from a few V to 246 V. This voltage
range is much higher than that obtained for galvanostatic anodizing without oxide
burning in typical electrolytes, such as sulfuric acid, measuring up to approximately 20
V [37]; and oxalic acid, measuring up to approximately 45 V [38]. Because the cell size
of porous alumina increases with the anodizing voltage, various porous alumina films
may easily be fabricated by anodizing in etidronic acid. However, galvanostatic
anodizing causes the growth of disordered porous alumina with different cell sizes.
Therefore, the cell distribution of the porous alumina formed by galvanostatic anodizing
is discussed in detail in the next section.

3.2 Cell distribution of porous alumina

When the porous alumina film was dissolved from the aluminum surface in a
CrOs/H3POs4 solution, the growth interface between the porous alumina and the
aluminum substrate was exposed to the surface as an aluminum dimple array. Figure 4a
shows SEM images of the exposed aluminum surface after galvanostatic anodizing in a
0.3 M etidronic acid solution at 293 K and 10-20 Am™ for 60 min. Disordered dimple
arrays with different polygonal dimples, including tetragonal, pentagonal, hexagonal,
and heptagonal, were distributed on the entire surface. The diameter of the dimples, i.e.,
the cell size of the porous alumina, seemed to increase with the current density due to
the increasing anodizing voltage (i = 10 Am™ at U, = 156 V, 15 Am™ at 182 V, and 20
Am?2at 195 V).

Unlike ordered porous alumina, the cell size, D., of the porous alumina formed by
galvanostatic anodizing is not easily calculated due to the irregularity of the cells. Here,
the cell size was calculated from the SEM images of the disordered dimple array using
image analysis software as follows: a) A projected area of each cell was measured from
the SEM image. b) We considered a regular hexagon possessing the same calculated
area. c) A short diagonal of the regular hexagon was geometrically calculated, and the
result equals the cell size. The normalized cell size histograms of the porous alumina are
shown in Figure 4b. At i = 10 Am™2, the histogram possessed a considerably
left-skewed distribution without a symmetric shape, and the average cell size was
calculated to be 374 nm. Similar left-skewed distributions were obtained by anodizing
at higher current densities of 15 Am and 20 Am™, and the average cell size increased



with the current density (449 nm and 497 nm, respectively).

Figure 5a-5¢ shows the relationship between the anodizing voltage, U,, and the
calculated average cell size, Dc.ave, Of the porous alumina formed by galvanostatic
anodizing in a) 0.03 M, b) 0.3 M, and c) 3 M etidronic acid solutions at various
temperatures and current densities. It is clear that the average cell size linearly increased
with the anodizing voltage at all concentrations. Figure 5d summarizes the average cell
size vs. anodizing voltage for all concentrations, and the dashed line shows the linear
relation obtained by the least-squares method. There were similar linear relationships
with no dependence on the concentration and temperature. Namely, the average cell size
depends only on the anodizing voltage and is directly proportional to the anodizing
voltage with a proportionality constant of 2.5.

De.ave = 2.5U, [nm] (1)

Several research groups have previously reported that self-ordered porous alumina
formed by potentiostatic anodizing exhibits a cell size voltage dependence with a
proportionality constant of 2.5, and the cell size can be accurately controlled by
adjusting the voltage during anodizing [1,2,39]. Although galvanostatic anodizing
causes the formation of disordered porous alumina with a wide ranging cell distribution,
as shown in Figure 4, the average cell size formed by galvanostatic anodizing also has
the same proportional relation with a proportionality constant of 2.5.

The maximum cell size, Dcmax, and the minimum cell size, Dc-min, Of the
disordered porous alumina were also measured under each operating condition, and the
relationship of the cell size vs. the anodizing voltage is summarized in Figure 6. Similar
to the average cell size, the maximum and minimum cell sizes were directly
proportional to the anodizing voltage with proportionality constants of 3.5 and 0.7,
respectively.

De.max = 3.5U, [nm] (2)

De.min = 0.7U, [nm] 3)
Therefore, the disordered porous alumina film formed by galvanostatic anodizing
contains cells up to 1.4 times larger and 0.28 times smaller than the average cells in the
porous layer matrix. Importantly, these average, maximum, and minimum cell sizes are
determined by the anodizing voltage and are independent of other operating factors,
such as the solution temperature, concentration, and current density, during anodizing.

The number of cells formed in the porous alumina was calculated, and Figure 7
summarizes the changes in the number density of the cells, N., with the anodizing
voltage, U.. Here, a dashed line indicates the theoretical number density of the cell
formed in the ideal honeycomb porous alumina, Nc.ideal, Which is geometrically defined
as follows:

Ne-ideal = (2 X 10'8) / (\/3 X D?c.ideal) [M™] 4)
where Dc.igeat corresponds to the cell size of the ordered porous alumina. The Dc.igeal
value is linearly proportional to the anodizing voltage with the proportionality constant
2.5:



De-igeal = 2.5U, [nm] Q)
Therefore, Equation (4) can be rewritten:
Neideal = (3.2 x 1017) / (3 x U%) [m2]  (6)

The experimental number densities obtained by galvanostatic anodizing at various
concentrations and various temperatures were measured to be on the order of 10'2-10'
m2 in the range of 37-246 V, and these values were in good agreement with the ideal
dashed curve. Namely, the number density of the porous alumina cell formed by
galvanostatic anodizing depends only on the anodizing voltage and is independent of
other operating factors.

In summary, the nanomorphologies of porous alumina, such as the average,
maximum, and minimum cell sizes, and the number density are determined by the
anodizing voltage and can be accurately controlled by adjusting the voltage during
galvanostatic anodizing.

3.3 Relationship between the maximum and plateau voltages

During galvanostatic anodizing to form porous alumina, the voltage linearly
increases, exhibits a maximum value, and then reaches a plateau after a gradual
decrease (Fig. 1). Here, we found that there is a unique proportional relation between
the maximum and plateau voltages. Figure 8 shows the changes in the maximum
voltage, Umax, With the plateau voltage, U,, during galvanostatic anodizing under
various operating conditions. It was clear that the maximum voltage was linearly
proportional to the plateau voltage with a proportionality constant of 1.4, as follows:

Umax = 1.4U;, [ V] (7)
Similar to the porous alumina cell morphology shown in Figures 5, 6, and 7, the
maximum voltage only depends on the plateau voltage and is independent of the other
operating factors.

Wood et al. have reported the anodizing behaviors of aluminum in sulfuric acid
solutions under a variety of conditions with various current densities and concentrations
[40]. Although they did not discuss the relationship between the maximum voltage and
the plateau voltage, there was no linear relation between these values (the maximum
voltage/plateau voltage ratio: approximately 1.00-1.43). In later years, Thompson et al.
have reported the galvanostatic anodizing of aluminum alloys such as AA2024 and
AA7075 in sulfuric acid [41], and the maximum peak disappeared on the voltage-time
curve obtained by anodizing of aluminum alloys. On the other hand, Gaston-Garcia et al.
have reported that clear maximum peaks were obtained by galvanostatic anodizing of
AA1050 aluminum alloy in sulfuric acid [42]. Therefore, it seems that the shape of the
voltage-time curve measured by typical anodizing strongly depends on the aluminum
substrate and the electrolyte species used.

The voltage evolution from the maximum value to the plateau usually
corresponds to the morphological transition from barrier oxide growth to porous
alumina growth [1]. Therefore, a proportional relationship between the maximum and



plateau voltages may be strongly related to the morphological change of the anodic
oxide. Chu et al. have reported that the thickness of the barrier layer, &, at the bottom of
porous alumina formed in various electrolyte solutions is determined as follows [43]:

& = 1.0U, [nm] (8)
Because the porous layer was already formed in the anodic oxide before the voltage
reached the maximum value, the voltage decrease from the maximum value to the
plateau may correspond to a decrease in the barrier layer thickness. However, the reason
why the maximum voltage decreased to the plateau voltage during the initial stage of
anodizing is unclear, and further investigation is required.

4. Conclusions

We have demonstrated galvanostatic anodizing in etidronic acid under a variety of
conditions with various current densities, concentrations, and temperatures. In addition,
the morphology of the porous alumina cell was examined by SEM and image analyses.

The following conclusions can be drawn from our investigation.

1) Galvanostatic anodizing in etidronic acid can operate over a wide voltage range
measuring from a few V to 246 V.

2) The time required for steady growth decreases with increasing current density. In
addition, the time strongly depends on the temperature and the concentration of the
solution.

3) The histogram of the cell size formed in the disordered porous alumina has a
left-skewed distribution without a symmetric shape. The average, maximum, and
minimum cell sizes are directly proportional to the anodizing voltage with a
proportionality constant of 2.5, 3.5 and 0.7, respectively.

4) The number density of the disordered porous alumina cell is only a function of the
anodizing voltage, which is in good agreement with the resultant ordered porous
alumina with an ideal honeycomb distribution.

5) The maximum voltage is linearly proportional to the plateau voltage with a
proportionality constant of 1.4.
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Figure Captions

Figure 1 a) Voltage-time curves during galvanostatic anodizing of aluminum in a 0.3 M
etidronic acid solution at 293 K. b), c¢) Surface appearance and the corresponding SEM
image of the specimen anodized at b) 10 Am™ and ¢) 50 Am™ for 60 min.

Figure 2 Changes in the plateau voltage, U,, with the current density, i,, during
galvanostatic anodizing in a) 0.03 M, b) 0.3 M, and c) 3 M etidronic acid solutions at
273-333 K.

Figure 3 Changes in the time to reach the plateau voltage, #p1., with the current density,
i, during galvanostatic anodizing in a) 0.03 M, b) 0.3 M, and c) 3 M etidronic acid
solutions at 273-333 K.

Figure 4 a) SEM images of the aluminum dimple array formed by galvanostatic
anodizing in a 0.3 M etidronic acid solution at 293 K and 10-20 Am™. b) Normalized
cell size histograms of the porous alumina calculated from the SEM images.

Figure 5 Changes in the average cell size, Dc-ave, With the anodizing voltage, U,, during
galvanostatic anodizing in 0.03-3 M etidronic acid at 273-333 K and 0.25-350 Am™.
The dashed line represents a linear relation calculated by the least-squares method.

Figure 6 Changes in the maximum cell size, Dc.max, and the minimum cell size, Dc-min,
with the anodizing voltage, U,, during galvanostatic anodizing in 0.03-3 M etidronic
acid at 273-333 K and 0.25-350 Am2. The dashed lines represent a linear relation
calculated by the least-squares method.

Figure 7 Changes in the number density of the cell formed in the porous alumina, N,
with the anodizing voltage, U,, during galvanostatic anodizing in 0.03-3 M etidronic
acid at 273-333 K and 0.25-350 Am™. The dashed line represents the theoretical curve
of ordered porous alumina with an ideal honeycomb distribution.

Figure 8 Changes in the maximum voltage, Umax, with the anodizing voltage, U,, during

galvanostatic anodizing in 0.03-3 M etidronic acid at 273-333 K and 0.25-350 Am™.
The dashed line represents a linear relation calculated by the least-squares method.
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