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Abstract 
     Rapid formation of a porous alumina film without oxide burning was achieved by anodizing in 
etidronic acid at large current densities using a nanodimpled aluminum surface. After the 
electropolished aluminum specimens were galvanostatically anodized in a 0.3 M etidronic acid 
solution at 293 K, a uniform porous alumina film without oxide burning was formed at relatively 
low current densities of up to 20 Am-2. After the first anodizing process, an array of dimples was 
fabricated on the aluminum surface by oxide film removal in a chromic acid/phosphoric acid 
solution. After the nanostructured aluminum specimen was galvanostatically anodized once again 
under the same conditions, the possible applied current density without burning increased with the 
size of the nanodimples, and the current density during the high-speed anodizing process of the 
dimpled aluminum specimen increased by five times. Many pores grew on the whole surface of the 
aluminum dimples from the initial anodizing stage; then, pores that grew from the bottom of the 
dimples survived the anodizing process, and a clear porous alumina film was formed as the voltage 
reached the maximum value. 
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1. Introduction 
     Electrochemical anodizing of aluminum in suitable acidic solutions produces a porous alumina 
coating that possesses a characteristic self-organized hexagonal nanostructure [1,2]. Various unique 
characteristics, such as an improved corrosion resistance [3-8], wear resistance [9], Vickers hardness 
[10-12], coloring [13-16], and self-ordering of a nanoporous structure [17-23], can be produced on 
the aluminum surface by anodizing. Galvanostatic anodizing is usually employed for industrial 
processes due to easy handling of the electric current and production of a porous alumina film, and a 
porous alumina film can be rapidly formed by anodizing at high current density conditions. However, 
excessive current densities during anodizing cause the nonuniform growth of porous alumina due to 
localized current concentrations (oxide burning) [24-29]. In particular, anodizing using phosphoric, 
etidronic, arsenic, citric, and malic acid solutions leads to relatively high voltages; thus, oxide 
burning is easily induced during anodizing [30-36]. Hence, a novel anodizing technique must be 
developed for rapid growth without oxide burning during anodizing at high voltages. A recently 
developed new technique known as “hard anodizing” enables the rapid fabrication of porous alumina 
films without burning [37-40]. However, this method requires special equipment with a powerful 
back-cooling unit, and the porous alumina coating is limited to a narrow surface area. 
     Two-step potentiostatic anodizing is widely used to fabricate highly ordered porous alumina 
structures from the top to the bottom [41,42]. In this method, potentiostatic anodizing under the 
appropriate conditions gradually leads to self-ordering of the pore distribution. As the porous 
alumina film is chemically removed from the substrate, a regularly arranged dimpled structure is 
obtained on the aluminum surface. Next, potentiostatic anodizing at the same applied voltage 
induces the formation of pores from the bottom of the ordered dimples; thus, an ordered porous 
alumina film can be obtained by potentiostatic anodizing twice and etching without any complicated 
equipment. In the present investigation, we show that this two-step anodizing method can be 
applicable to high current density galvanostatic anodizing for the rapid formation of porous alumina 
films without oxide burning. We found that the largest possible current density that can be applied 
without oxide burning greatly increases by galvanostatic anodizing an aluminum specimen with an 
array of dimples. The electrochemical behavior and the resulting porous alumina film obtained by 
the first and second galvanostatic anodizing processes were investigated in detail. 
 
2. Experimental 
     Commercially available 5N aluminum sheets measuring 500 µm in thickness (Nippon Light 
Metal, Japan) were used for anodizing the materials. The aluminum sheets were cut into square 
pieces with dimensions of 20 mm × 20 mm with a slight electrical connection part, and then 
ultrasonic cleaning was carried out in ethanol for 10 min. The bottom half of the connection part was 
covered with a silicone resin (KE45W, Shin-Etsu Silicone, Japan) to isolate the reaction area. The 
specimens were electropolished at a constant voltage of 28 V in CH3COOH (78 vol%)/70%-HClO4 
(22 vol%) at 280 K for 1 min. 
     The pretreated aluminum specimens were anodized in a 0.3 M etidronic acid solution (TCI, 
Japan) [31-33,43-46]. A typical simple electrochemical cell was used for anodizing, and a schematic 
of the apparatus is shown in Figure 1. A 150 mL aliquot of etidronic acid solution was added to the 
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glass cell with a 55 mm inner diameter. An aluminum anode was immersed in the solution at the 
center of the glass cell, and a platinum cathode was placed in parallel 22 mm from the anode. The 
electrochemical cell was placed in a large constant temperature bath (UCT-1000A, AS ONE, Japan), 
and the temperature of the etidronic acid solution was maintained at 293 K. The etidronic acid 
solution was stirred at a rotating speed of 250 rpm using an underwater magnetic mixer (HP40175, 
ISIS Co., Japan). The aluminum specimens were galvanostatically anodized at 5.0-100 Am-2 using a 
direct current power supply system (PWR400H, Kikusui Electronics, Japan) for 2 h (first anodizing 
process). A digital multimeter (VOAC7602, IWATSU, Japan) was used for the measurements of the 
voltage-time curves during anodizing. After the first anodizing process, the porous alumina film was 
chemically dissolved in a 0.20 M CrO3/0.51 M H3PO4 solution at 353 K, and nanoscale dimples 
were exposed on the surface. The nanostructured aluminum specimens were galvanostatically 
anodized once again from 5.0-120 Am-2 for 2 h (second anodizing process). The aluminum 
specimens were also anodized at 20-100 Am-2 and 293 K in a 0.3 M phosphoric acid solution for 60 
min to examine the applicability of high-speed galvanostatic anodizing using the nanodimpled 
aluminum surface. 
     To examine the effect of the depth of the aluminum dimples on the anodizing behavior, several 
dimple structures with different depths were fabricated by the following procedures before the 
second anodizing process; the nanodimpled aluminum specimens were anodized at 10 Am-2 in a 0.5 
M H3BO4/0.05 M Na2B4O7 at 293 K to grow a thin barrier oxide film, and then the oxide film was 
chemically dissolved (i.e., smoothening occurred). 
     The surface morphology of the anodized specimens was observed by atomic force microscopy 
(AFM: Nanocute, Hitachi High-Technologies, Japan) and scanning electron microscopy (SEM: 
JSM6500F, JEOL, Japan, and TM-1000, Hitachi High-Technologies). The initial growth behavior of 
the porous alumina film was observed by spherical aberration-corrected scanning transmission 
electron microscopy (Cs-corrected STEM: Titan3 G2 60–300, FEI, USA). The method for the 
preparation of STEM specimens is described elsewhere [33]. The anion distribution in the anodic 
oxide was studied by energy dispersive X-ray spectrometry (EDS). 
 
3. Results and Discussion 
      Figure 2a represents the voltage (U1) – time (t1) curves measured during the first 
galvanostatic anodizing process of the electropolished aluminum in a 0.3 M etidronic acid solution at 
293 K for 120 min. The anodizing voltage exhibited a plateau value after the initial fluctuation at a 
low current density range from i1 = 5.0–20.0 Am-2, and these U1-t1 curves can be typically obtained 
by the steady-state growth of a porous alumina film during anodizing [2,47]. The surface appearance 
of the specimen anodized at i1 = 20.0 Am-2 is shown in the inset of Fig. 1a, and the aluminum surface 
was completely covered with a uniform light grayish oxide film without any defects. However, the 
voltage suddenly dropped before it reached the largest value at the elevated current density of i1 = 
40.0 Am-2, and the decrease curve before reaching the plateau voltage was not smooth. Accordingly, 
a nonuniform dark grayish oxide film was formed on the surface under the silicone resin (white 
arrow shown in the inset). This unstable voltage change and the corresponding nonuniform oxide 
formation became more intense as the current density increased to i1 = 100 Am-2; thus, most of the 
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surface was covered with a nonuniform dark grayish oxide (inset figure). Figure 2b shows SEM 
images of the surface of the uniform light grayish oxide formed at i1 = 20.0 Am-2 and the nonuniform 
dark grayish oxide formed at 40.0 Am-2. A typical porous alumina film with black nanoscale pores 
was observed on the uniform light grayish oxide film formed at i1 = 20.0 Am-2. However, many 
humpy regions and subsequent cracks were formed on the nonuniform dark grayish oxide formed at 
40.0 Am-2; although similar nanopores were observed in the high-magnification image, the oxide 
film with many defects was caused by burning at an increased current density. Therefore, the 
application of excessive current densities during anodizing at high voltages should usually be 
avoided for the coating of uniform porous alumina films. Thus, two-step galvanostatic anodizing is a 
useful method for the rapid formation of porous alumina films without oxide burning, as described 
below. 
     After a stable first anodizing process without burning at i1 = 5.0 Am-2 and 10.0 Am-2 for 120 
min, the obtained porous film was completely dissolved in a chlomic acid and phosphoric acid 
solution, and then a dimple structure was obtained on the aluminum surface. Figure 3 shows the 
three-dimensional AFM images of the electropolished aluminum and the nanostructured surfaces. 
Numerous small dimples measuring approximately 105 nm in average diameter and 3 nm in depth 
were formed by electropolishing the aluminum (Fig. 3a). After anodizing at i1 = 5.0 Am-2 and 
removing the oxide (Fig. 3b), a larger dimple distribution measuring 285 nm in diameter and 310 nm 
in depth was obtained on the surface due to the formation of hemispherical barrier oxide at the 
bottom of the porous alumina film. The diameter and depth of the dimples formed at i1 = 10.0 Am-2 
increased to 387 nm and 495 nm, respectively, because the cell size of the porous layer increased 
with the voltage during galvanostatic anodizing. These nanodimpled aluminum specimens were 
galvanostatically anodized once again to determine the anodizing behavior. 
     Figure 4 represents the voltage (U2) – time (t2) curves obtained by the second galvanostatic 
anodizing process using the smaller nanodimpled specimen (i1 = 5.0 Am-2) under the same anodizing 
conditions shown in Fig. 2a. Characteristically, the height of the initial voltage peaks before the 
plateau value was smaller than that obtained by the first galvanostatic anodizing process. A stable 
formation of porous alumina films without burning could be achieved up to i2 = 40.0 Am-2 during the 
second galvanostatic anodizing process by using the nanodimpled specimen. However, the anodizing 
voltage suddenly decreased at a larger current density of i1 = 60.0 Am-2 due to burning, and a 
consequent nonuniform dark grayish oxide was formed on the surface (white arrow). Thus, the 
largest current density without oxide burning increased to i2 = 40.0 Am-2 (Fig. 4) from i1 = 20.0 Am-2 
(Fig. 2a) under the same conditions, and rapid formation of a porous alumina film could be realized 
using nanodimpled aluminum instead of conventional flat aluminum. 
     The effect of the average size of the dimples on the anodizing behavior was investigated. The 
U2–t2 curves obtained by the second galvanostatic anodizing process using the larger nanodimpled 
specimen (i2 = 10.0 Am-2) is shown in Figure 5. A stable anodizing process without oxide burning 
could be achieved at up to i2 = 100.0 Am-2, and uniform porous alumina films were successfully 
obtained. However, a sudden decrease and subsequent unstable fluctuating behavior of the voltage 
were measured at 120.0 Am-2, and a nonuniform oxide film was obtained on the surface. Therefore, 
the largest current density without oxide burning increased with the size of the nanodimples formed 
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on the aluminum surface. Based on the experimental results obtained by the second galvanostatic 
anodizing process, high-current-density anodizing without burning can be achieved using the 
aluminum specimen covered with the larger dimples. 
     Figure 6 summarizes the dependence of the current densities during the first and second 
anodizing processes on the oxide burning phenomenon. In this domain diagram, the circles represent 
the formation of a uniform porous alumina film without burning, whereas the crosses represent the 
formation of a nonuniform oxide film with many cracks by burning. After the electropolished 
aluminum was galvanostatically anodized in etidronic acid solution, uniform porous alumina 
formation without burning occurred at current densities less than 20 Am-2. The largest current 
density obtained by the second anodizing process gradually increased with the current density during 
the first anodizing process; in other words, it was related to the size of the dimples. As a result, the 
applicable current density without oxide burning can be two and five times larger than that of the 
electropolished aluminum, and rapid formation of the porous alumina film can be achieved by using 
the nanodimpled aluminum surface. 
     To investigate the effect of the nanodimpled structure on the anodizing behavior, nanodimpled 
aluminum specimens with different depths were anodized under the same conditions. The 
nanodimpled aluminum fabricated by the first anodizing process at i1 = 10 Am-2 was 
galvanostatically anodized at up to 300 V in a neutral borate solution to form a barrier oxide film on 
the dimple structure. Because barrier oxide formation leads to the gradual smoothing of the growth 
interface of the oxide film during anodizing [48], dimples with a smaller depth but the same 
diameter can be fabricated on the surface after barrier oxide dissolution from the aluminum substrate 
(i.e., shallow dimples). Figure 7a illustrates a three-dimensional AFM image of the aluminum dimple 
structure fabricated by barrier oxide formation and subsequent oxide removal. The deep dimples 
shown in Fig. 2c disappeared by this smoothing process, and shallow dimples were obtained on the 
aluminum surface. Figure 7b shows the U–t curves obtained by galvanostatic anodizing at i1 = 10 
Am-2 using the electropolished aluminum and deep/shallow dimples. Here, the surface roughness of 
these specimens obtained by AFM measurements, Ra, was measured to be 0.8 nm (electropolished), 
54.0 nm (deep), and 11.8 nm (shallow). The plateau voltages after the initial transient exhibited 
almost the same value of approximately 156 V, whereas the slope of the initial linear increase 
obtained with the deep dimples was smaller than that of the electropolished aluminum and shallow 
dimples due to their large surface area. Regarding the initial voltage peaks during anodizing, the 
peak values decreased with the surface roughness and the dimple depth: 229 V with the 
electropolished aluminum, 200 V with the shallow dimples, and 165 V with the deep dimples. 
Therefore, the initial linear voltage increase during anodizing at the same current density was 
suppressed via the formation of deep dimples on the aluminum surface. The excess voltage during 
galvanostatic anodizing caused their sudden decrease and subsequent oxide burning (Figs. 2, 4, and 
5). The suppression effect of the initial voltage increase on the nanodimpled aluminum enabled the 
subsequent rapid, stable formation of the porous alumina film without oxide burning at high current 
densities. The reason that the nanodimpled surface suppresses voltage increase during galvanostatic 
anodizing may be due to the rapid inducing of the pore formation at the bottom of dimples. 
     Figures 8a-8c represent the growth behavior of the porous alumina film on the nanodimpled 
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aluminum surface during the second galvanostatic anodizing process at i2 = 5 Am-2 for a) t2 = 10 min, 
b) 20 min, and c) 29 min. Here, the dimple structure was formed by the first anodizing process at the 
same current density of i1 = 5 Am-2. When the nanodimpled aluminum was anodized for up to 10 
min (Fig. 8a), a thin oxide film measuring approximately 70 nm in thickness was uniformly formed 
along the hemispherical curvature surface. Although this anodizing time corresponds to the middle 
stage of the linear voltage increase on the U2-t2 curve shown in Fig. 8f, many small pores with a size 
of approximately 10 nm were already formed on the top surface of the alumina film (see 
high-magnification TEM image in Fig. 8d). This early pore formation behavior was also observed 
using the electropolished flat surface [33]. As the anodizing time increased to t2 = 20 min, the 
thickness of the bottom dense alumina layer increased in thickness due to a voltage increase, and 
larger pores were clearly observed on the outer surface (Fig. 8b). It can be seen that the size of these 
pores gradually increased towards the bottom from the top of the dimples (i.e., from b4 to b1, as 
shown with the white arrows). Figure 8e shows an elemental mapping image of the oxygen (blue) 
and phosphorus (yellow) distribution in the porous alumina film formed for t2 = 20 min. Etidronate 
containing two phosphorus atoms was incorporated into the aluminum oxide from the bottom of the 
pores during galvanostatic anodizing. The thickness of the phosphorus-incorporated layer gradually 
increased towards the bottom from the top of the dimples (i.e., from e3 to e1, as shown with the 
white arrows). The nanopores formed on the dimple walls hit with other pores grown from 
neighboring dimples, and then, they stopped growing (e2 and e3). Therefore, the pores grown from 
the bottom of the dimples survived the anodizing process, and a porous alumina film with a clear cell 
structure and a large pore at the bottom was formed at the largest voltage for t2 = 29 min (Fig. 8c). 
     This high-speed galvanostatic anodizing method using the nanodimpled aluminum surface is 
also useful for other high-voltage acidic electrolyte, such as phosphoric acid. Phosphoric acid is 
well-known as a typical electrolyte for the fabrication of porous alumina films with a large-scale cell 
size at high voltages [49,50]. Figure 9a represents the voltage (U1) – time (t1) curves measured 
during the first galvanostatic anodizing process of the electropolished aluminum in a 0.3 M 
phosphoric acid solution at 293 K for 20 min. Sudden decreases and subsequent unstable fluctuating 
behaviors of the voltage were measured at 60-100 Am-2 during first galvanostatic anodizing, and a 
nonuniform oxide film with many cracks was formed on the surface. However, as the nanodimpled 
aluminum specimen fabricated via first anodizing at 20 Am-2 for 60 min was anodized under the 
same conditions (second galvanostatic anodizing, Fig. 9b), a stable formation of porous alumina 
films without burning could be successfully achieved at higher current densities of 60-100 Am-2. 
Therefore, the possible applied current density without oxide burning can increase using the 
nanodimpled aluminum surface during galvanostatic anodizing under high-voltage conditions. 
     In summary, we described the rapid formation of a porous alumina film without oxide burning 
by using nanodimpled aluminum, and this method is useful for the high-speed anodizing process in 
various industrial applications. However, the process is slightly more complicated than the simple 
anodizing technique because it involves extra processes, including a first anodizing process and 
oxide dissolution, to form dimples on the aluminum surface. This issue may be improved by surface 
texturing of the dimples on an aluminum plate before anodizing; specifically, dimples can be 
fabricated by nanoimprinting using a rolling mill roll with a nanoconvex structure during the rolling 
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process of an aluminum plate, and then the nanostructured aluminum can be anodized at larger 
current densities without oxide burning. 
 
4. Conclusions 
     High-speed anodizing in etidronic acid without oxide burning becomes possible when a 
nanodimpled aluminum surface is used. Stable galvanostatic anodizing of an electropolished 
aluminum specimen in a 0.3 M etidronic acid solution at 293 K is only achieved at a current density 
of up to 20 Am-2, and a higher current density increase leads to burning. The peak voltage measured 
at the early stage of galvanostatic anodizing decreases by using the nanodimpled aluminum 
specimen, and the possible applied current density without burning increases with the current density 
during the first anodizing process and the corresponding size of the nanodimpled structure. As a 
result, current densities that are increased by two times (40 Am-2) and five times (100 Am-2) can be 
applied to the dimpled aluminum specimen formed by first anodizing process at 5 Am-2 and 10 Am-2, 
respectively. Many pores grow on the whole surface of the aluminum dimple structure from the 
initial anodizing stage, whereas the pores grown from the bottom of the dimples survive eventually 
during anodizing, and a clear porous alumina film is formed as the voltage reaches the maximum 
value. 
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Figure Captions 
 
Figure 1 Schematic illustration of the two-electrode electrochemical anodizing cell. 
 
Figure 2 a) Voltage (U1) – time (t1) curves measured by galvanostatic anodizing of the 
electropolished aluminum in a 0.3 M etidronic acid solution at 293 K for 120 min. b) Low- and 
high-magnification SEM images of the specimens anodized for 120 min at 20 Am-2 and 40 Am-2. 
 
Figure 3 Three-dimensional AFM images of the electropolished aluminum and the nanostructured 
dimple surfaces. The dimples were fabricated by anodizing at b) 5 Am-2 and c) 10 Am-2 and 
subsequent oxide removal. 
 
Figure 4 Voltage (U2) – time (t2) curves measured during the second galvanostatic anodizing process 
of the nanostructured aluminum in a 0.3 M etidronic acid solution at 293 K for 120 min. The dimple 
structure was fabricated by the first galvanostatic anodizing process at 5 Am-2 and subsequent oxide 
removal. 
 
Figure 5 Voltage (U2) – time (t2) curves measured during the second galvanostatic anodizing process 
of the nanostructured aluminum in a 0.3 M etidronic acid solution at 293 K for 120 min. Large 
dimples were fabricated by the first galvanostatic anodizing process at 10 Am-2 and subsequent oxide 
removal. 
 
Figure 6 Domain diagram of oxide burning as a function of the current densities during the 1st and 
2nd anodizing processes. 
 
Figure 7 a) An AFM image of the shallow dimples fabricated by barrier oxide formation at 300 V 
and subsequent oxide removal. b) Voltage (U) – time (t) curves measured by galvanostatic anodizing 
of the a) electropolished aluminum, b) shallow dimples, and c) deep dimples in a 0.3 M etidronic 
acid solution at 293 K for 60 min. 
 
Figure 8 a)-d) TEM images of the oxide film formed by the second galvanostatic anodizing process 
at 5 Am-2 for a) and d) 10 min, b) 20 min, and c) 29 min. The dimple structure was fabricated by the 
first galvanostatic anodizing process at 5 Am-2 and subsequent oxide removal. e) Elemental 
distribution maps of oxygen (blue) and phosphorus (yellow) in the anodic oxide formed by 
anodizing for 20 min. f) Voltage (U2) – time (t2) curves measured during the second galvanostatic 
anodizing process. 
 
Figure 9 a) Voltage (U1) – time (t1) curves measured by first galvanostatic anodizing in a 0.3 M 
phosphoric acid solution at 293 K for 20 min. b) Voltage (U2) – time (t2) curves measured by second 
galvanostatic anodizing under the same conditions using the nanodimpled aluminum surface (i1 = 20 
Am-2, t1 = 60 min). 
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