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1. Introduction

Electrochemical anodizing of Al in suitable aqueous 
electrolyte solutions enables the formation of several 
types of anodic oxide films on surfaces 1)-5). Porous 
anodic oxide films with a nanoscale honeycomb 
structure that are less than 1 µm to more than 
100 µm in thickness can be easily obtained by 
anodizing in acidic or alkaline solutions 6)-14). Porous 
oxide films with hydrated oxide are typically used to 
provide corrosion protection to Al alloys 15)-19). In 
addition, this characteristic honeycomb nanostructure 
has been recently used for various nanoapplications, 

such as nanofilters, nanotemplates, and optical 
nanodevices 20)-29). Moreover, high-density fibrous 
anodic oxides measuring several tens of nanometers 
or less than 10-nm in diameter can be fabricated by 
long-term anodizing due to the selective dissolution of 
porous oxides 30)-33). These fibrous oxides have been 
used for the wettability control of Al surfaces, such as 
t h e  f a b r i c a t i o n  o f  s u p e r h y d r o p h i l i c  a n d 
superhydrophobic Al surfaces 34)-35). Barrier anodic 
oxide films with a flat, thin morphology measuring 
several hundred nanometers in maximum thickness 
can be fabricated by anodizing in neutral solutions, 
and these films are widely employed as dielectric 
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Bright white plasma electrolytic oxidation (PEO) films with uniform maze-like structures were obtained 
by anodizing Al in an ammonium tetraborate solution. High-purity Al plates were galvanostatically 
anodized in 0.3-2.4 M ammonium tetraborate solutions at 303-343 K and 10-100 Am-2. A PEO film consisting 
of an outer porous layer consisting of amorphous alumina and crystalline alumina with α- and γ-phases 
and an inner amorphous barrier alumina layer was obtained on the Al surface. An extremely uneven 
PEO film with various pore sizes and many cracks was formed in a 0.3 M ammonium tetraborate solution, 
whereas a relatively uniform porous PEO film with similar pore sizes was obtained in 0.9-2.4 M solutions. 
This difference in the PEO film morphology was due to the plasma generation behavior while anodizing. 
The lightness of the PEO film increased with increasing anodizing time and PEO film thickness; thus, 
a bright white PEO film measuring 87.5 in lightness (L*) was formed on the Al surface. The water 
wettability of the PEO film exhibited weak hydrophilicity. Moreover, a superhydrophobic PEO film with a 
contact angle of 154° was easily fabricated by self-assembled monolayer modification. Similar bright white 
PEO coatings were successfully fabricated on various industrial alloys.
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films of electrolytic capacitors in various electric 
appliances 36)-37). The excess anodizing process at 
higher voltages enables numerous plasma sparks and 
oxide film breakdown, so many imperfections are 
formed in the barrier oxide film 38)-40). Therefore, these 
breakdown oxide films have not been used for 
electrolytic capacitor applications. On the other hand, 
this sparking process causes the formation of a hard, 
ceramic-like crystalline oxide layer on the entire Al 
surface, thus many researchers have actively 
investigated the sparking behavior for industrial 
applications from the second half of the 20th 
century 41). This method, then, was named the plasma 
electrolytic oxidation (PEO) coating process 42)-46). The 
PEO coating possesses high hardness, excellent wear 
resistance, and good chemical resistance; thus, this 
coating has been investigated for use in various 
engineering applications such as aerospace and 
mechanical components 17), 47).

Ammonium tetraborate is well-known as a typical 
electrolyte used in the formation of barrier oxide 
films on Al 48),49). For example, Ono et al. reported that 
crystalline barrier films were formed by two-step 
anodizing in ammonium tetraborate for use as a 
dielectric film in an Al electrolytic capacitor 50). Nishio 
et al. used ammonium tetraborate while anodizing to 
fabricate an extremely f lat Al surface after 
electropolishing 51), 52). The optical properties of the 
barrier film formed in ammonium tetraborate were 
investigated using a spectrophotometric technique by 
Pastore 53). Recently, we found that a characteristic 
PEO film could be fabricated on Al via galvanostatic 
anodizing at extremely high voltages in ammonium 
tetraborate. Herein, we report the fabrication of 
bright white PEO films with a uniform maze-like 
structure by anodizing Al in ammonium tetraborate 
aqueous solutions. This PEO film formed in higher 
concentrations possessed a microscale maze pattern 
with relatively uniform pore sizes, which were 
different from the PEO film with various pore sizes 
formed in lower concentrations. The micro- and 
nanostructures, crystallinity, lightness, and wettability 
of the PEO coatings obtained by anodizing in 
ammonium tetraborate solution were investigated in 
detail.

2. Experimental

We used 99.99mass% Al plates (320 µm thick, 
UACJ, Tokyo, Japan) as the starting material for 
anodizing. The Al plates were cut into a 2 cm×2 cm 
piece with a small connecting part, and the lower half 
of the connecting part was covered with a white 
silicone resin. These Al specimens were ultrasonically 
washed w i th e thano l f o r 10 m in , and then 
electropolishing was carried out in a 78 vol% acetic 
acid/22 vol% perchloric acid (70%) solution at 280 K 
by applying a constant voltage of 28 V for 1 min to 
ob ta in a m i r ro r - f i n i shed A l sur f ace . A f t e r 
electropolishing, the specimens were washed with 
ultra-pure water and immediately dried.
T h e  e l e c t r o p o l i s h e d  A l  p l a t e s  w e r e 

galvanostatically anodized in 0.3 M, 0.9 M, and 2.4 M 
ammonium tetraborate solutions at 303-343 K for 
180 min. The higher concentrations of the 0.9 M and 
2.4 M ammonium tetraborate solutions were above 
their saturation solubility at room temperature, so 
these electrolyte solutions were stored in a constant 
temperature oven at 323 K (0.9 M) and 343 K (2.4 M) 
after being prepared. An Al anode and Pt cathode 
were immersed in 150 mL of the electrolyte solution 
and s t i r r ed us ing a magne t i c s t i r r e r . The 
temperature of the solution was maintained with a 
large thermostatic water bath (12 L), and the solution 
in the electrolyte cell was stirred to cool as much as 
possible. The current density was adjusted to 
10-100 Am-2 using a direct current power supply 
(PWR400H, Kikusui, Yokohama, Japan), and the 
corresponding voltage was measured while anodizing. 
To investigate the plasma spark behavior of the Al 
anode while anodizing, the surface was observed in 
situ through a glass window using a digital video 
camera (30 fps, DC-TZ95, Panasonic, Kadoma, Japan). 
The number of plasma sparks on the Al anode was 
measured using the movie observed in situ and two-
dimensional (2D) motion analysis software (DIPP-
Macro II, DITECT, Tokyo, Japan).
Five types of industrial Al alloys, including a) 1050 

(alloying elements: 0.3mass%Fe, 0.1mass%Si), b) 5052 
(2.6mass%Mg, 0.3mass%Fe, 0.2mass%Cr, 0.1mass%Si), 
c) 6061 (1.0mass%Mn, 0.6mass%Si, 0.4mass%Fe, 
0.2mass%Cu, 0.2mass%Cr), d) 7075 (5.7mass%Zn, 
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2.4mass%Mn, 1.6mass%Cu, 0.2mass%Fe, 0.2mass%Cr, 
0.1mass%Si), and e) ADC12 (8.9mass%Si, 1.8mass%Cu, 
0.7mass%Fe, 0.6mass%Zn, 0.4mass%Sn, 0.3mass%Mg, 
0.2mass%Mn), were also anodized galvanostatically in 
a 0.9 M ammonium tetraborate solution. For the 
pretreatment of these Al alloys, the first four alloys 
were chemically polished in a 2.5 M sodium hydroxide 
solution for 5 min and a 4.0 M nitric acid solution for 
30 s before anodizing, whereas the last one was 
mechanically polished.
The micro- and nanostructures of the surface and 

cross-section of the anodic oxide formed by anodizing 
were observed by scanning electron microscopy 
(SEM, JSM-6500F, JEOL, Akishima, Japan and 
TM-1000, HITACHI, Tokyo, Japan) after applying a 
thin electroconductive Pt layer with a magnetron 
sputter coater (MSP-1S, Vacuum Device, Mito, Japan). 
The thickness of the anodic oxide was measured by 
SEM after being embedded into an epoxy resin and 
then mechanically polished. High-resolution images of 
the ultra-thin sections of the anodic oxide prepared 
by ultramicrotomy (PT-XL, RMC Boeckeler, Tucson, 
AZ, USA) were obtained by spherical aberration-
corrected scanning transmission electron microscopy 
(Cs-corrected STEM, Titan3 G2 60-300, FEI, a 
subsidiary of Thermo Fisher Scientific, Waltham, MA, 
USA). The crystallinity of the anodic oxide was 
examined using X-ray diffraction (XRD, XpertPro, 
Malvern Panalytical, Malvern, UK). The lightness of 
the anodized Al surface was measured using a 
spectrophotometer (CM-5, Konica Minolta, Tokyo, 
Japan). The water wettability of the anodized Al 
surface was investigated by static and dynamic 
contact angle measurements (DM-501, Kyowa 
Interface Science, Niiza, Japan). A hydrophobic 
anodized specimen covered with a self-assembled 
monolayer (SAM) was obtained by immersion in a 
0.5 mM (heptadecafluorooctyl) phosphonic acid 
(HDFOPA) ethanol solution at 313 K for 24 h.

3. Results and Discussion

We first examined the formation behavior of the 
anodic oxide during galvanostatic anodizing of Al in 
ammonium tetraborate under different operating 
conditions. Fig. 1(a) shows the time variations of the 

voltage after anodizing at current densities of 
10-100 Am-2 in a 0.3 M ammonium tetraborate solution 
at 303 K. At the lowest current density of 10 Am-2, the 
voltage increased linearly with the anodizing time 

Fig. 1　Time variations of the voltage during 
 galvanostatic anodizing of Al at 10-100 Am-2

in a 0.3 M ammonium tetraborate solution 
at (a) 303 K, (b) 323 K, and (c) 343 K.
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initially because of the formation of anodic oxide on 
the Al anode. Many visible sparks were observed on 
the Al anode at a voltage greater than approximately 
270 V, and the rate of increase of the voltage 
gradually slowed with increasing anodizing time. 
Finally, the voltage reached an almost steady value, 
measuring approximately 375 V after anodizing for 
60 min. The slope of the V-t curve in the initial 
voltage increase region increased with the increase in 
current density, and the voltage measured after 
60 min also increased with the increase in current 
density. The highest voltage of 445 V was measured 
by anodizing at 100 Am-2 for 60 min. The overall 
shape of the voltage-time curves obtained at higher 
temperatures of 323 K (Fig. 1(b) and 343 K (Fig. 1(c) 
were relatively similar to those obtained at 303 K. 
However, in the case of 343 K, the slopes of 25 Am-2

and 10 Am-2 are remarkably lowered compared to the 
lower temperature cases. As expected, a thinner 
oxide film was formed or active dissolution of the Al 
substrate occurred at the high temperature of 343 K  
and these low current densities due to the high 
solubility of the ammonium tetraborate solution. The 
structural characterization of the typical anodic oxide 
formed by anodizing at 323 K was performed in detail 
using SEM techniques.

Fig. 2 shows SEM images of the surface (upper) 
and cross-section (lower) of the anodic oxide obtained 
by anodizing in a 0.3 M ammonium tetraborate 

solution at 323 K and 100 Am-2, and Fig. 2(a), (b), (c), 
and (d) correspond to anodizing times of 1 min, 2 min, 
5 min, and 60 min, respectively. The voltage increased 
linearly with increasing anodizing time, reaching 
approximately 170 V at the time of anodizing for 1 
min (Fig. 1(b)). At this voltage, a flat smooth barrier 
oxide film was observed on the Al surface (Fig. 2(a)). 
However, the corresponding high-magnification cross-
sectional image shows that linear ridges measuring 
several hundred nanometers in width were partially 
formed on the barrier oxide film. Although no visible 
sparking was observed at this stage, an invisible 
breakdown of the barrier oxide film might have 
gradually started. As the anodizing time was 
increased to 2 min , the vo l t age reached to 
approximately 295 V (Fig. 1(b)), and many visible 
sparks were observed from the Al plate due to 
plasma generation. Accordingly, some areas of the Al 
surface were covered with submicron- and micron-
scale bumpy oxides possessing a molten oxide-like 
smooth morphology owing to oxide melting, which 
was caused by sparking and subsequent rapid 
solidification (Fig. 2(b)). Although the interface 
between the oxide layer and Al substrate was uneven 
because of sparking, there was a thicker barrier layer 
compared to the short anodizing time (1 min). As the 
voltage increased to 360 V by further increasing the 
anodizing time to 5 min (Fig. 1(b)), the roughness of 
the textured oxide film increased (Fig. 2(c)). Finally, as 

Fig. 2　Surface and cross-sectional morphologies of the anodic oxide obtained by anodizing in a 0.3 M ammonium tetraborate 
  solution at 323 K and 100 Am-2 for diff erent times of (a) 1 min, (b) 2 min, (c) 5 min, and (d) 60 min.
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the anodizing time increased to 60 min and the 
voltage increased to 450 V (Fig. 1(b)), the Al surface 
was covered with an extremely uneven oxide layer 
possessing numerous pores of various sizes, from 
large to small, and many cracks around the large 
pores. Such a highly uneven surface morphology was 
very similar to the typical PEO film previously 
reported 42)-46).

Fig. 3 shows XRD patterns of (a) electropolished Al 
and (b) anodic oxide obtained by anodizing at 100 Am-2 

for 60 min. Three typical diffraction peaks of the Al 
substrate were measured from the electropolished 
specimen (Fig. 3(a)). In addition to these metallic Al 
peaks, crystalline α-alumina and γ-alumina peaks 
and a broad peak corresponding to amorphous 
alumina were measured from the anodized specimen 
(Fig. 3(b)). Because the barrier and porous oxide films 
obtained by anodizing Al without plasma sparking 
consisted of completely amorphous Al oxide, these 
crystalline oxides were formed by rapid heating and 
cooling of the amorphous alumina due to plasma 
sparking while anodizing at high voltages. To 
understand the nanostructure of the PEO film in 
more detail, the anodized specimens were examined 
by high-magnification STEM.

Fig. 4(a) shows a bright-field (BF) STEM image of 
the anodic oxide formed by anodizing in a 0.3 M  
ammonium tetraborate solution at 323 K and 10 Am-2

for 60 min. As observed in the SEM images shown in 

Fig. 2, the anodic oxide possessed a two-layer 
structure consisting of a thin inner oxide layer and a 
thick outer porous layer. The contrast of the 
BF-STEM image of the inner layer was uniform, 
whereas that of the outer layer was non-uniform. A 
transmission electron microscopy (TEM) image of a 
different position of the same specimen and the 
corresponding two high-resolution images of the inner 
and outer layers are shown in Fig. 4(b). The inner 
oxide layer consisted of uniform amorphous alumina 
measuring approximately 200 nm in thickness with a 
halo pattern, and this layer was very similar to the 
typical barrier oxide film formed by anodizing in 
neutral solutions. In contrast, the outer oxide layer 
consisted of amorphous alumina and fine crystalline 

Fig. 4　(a) BF-STEM image of the anodic oxide formed by anodizing in a 0.3 M ammonium tetraborate solution at 323 K and 
  10 Am-2 for 60 min. (b) A TEM image and the corresponding high-magnifi cation TEM images of the anodic oxide 

formed at the same anodizing conditions. The insert fi gures show a selected area diff raction pattern of the inner and 
outer oxide layers.
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alumina. Therefore, anodizing Al in an ammonium 
tetraborate solution enabled the formation of a PEO 
film consisting of an inner amorphous barrier oxide 
film and an outer amorphous/crystalline porous oxide.
The barrier oxide film formed on the Al substrate 

while anodizing Al in neutral solutions without 
breakdown had a uniform, flat morphology. In 
contrast, the morphology of the inner barrier layer 
formed by anodizing in an ammonium tetraborate 
solution with visible sparks was wavy, as shown in 
Fig. 2. Therefore, the formation behavior of this PEO 
film is described as follows: (a) A uniform amorphous 
barrier oxide film was formed on the Al substrate in 
the early stage of anodizing, and the thickness of the 
barrier film increased with increasing anodizing time 
and voltage. (b) As the voltage reached the threshold 
value for oxide breakdown, the barrier film was 
locally broken by plasma sparking, and the anodic 
oxide around the sparking points rapidly melts and 
then rapidly solidifies. In addition, the aluminum 
substrate a lso melted , evaporates , and then 
solidified 54). Simultaneously, an amorphous barrier 
layer was immediately formed at the sparking points. 
(c) The outer crystalline porous layer was thickened 
by continuous rapid melting and solidification at the 
bottom barrier layer and the aluminum substrate by 
plasma sparking. (d) After numerous plasma sparks 
occurred on the anodic oxide after a longer anodizing 
t ime, a PEO f i lm consist ing of a thick outer 
amorphous/crystalline porous oxide layer and an 
inner amorphous barrier oxide layer was obtained on 
the Al surface.

Fig. 5 shows SEM images of the PEO film formed 
by anodizing at 100 Am-2 for 60 min at (a) a low 
temperature of 303 K and (b) a high temperature of 
343 K. Although the amount of the larger microscale 
pores sl ightly decreased as the temperature 
increased, typical uneven PEO films containing 
various sizes of pores were observed at both 
temperatures. The formation behavior of this uneven 
PEO f i lm was unchanged even when the Al 
specimens were anodized at various current densities 
and temperatures. In contrast, we found that the 
surface morphology of the PEO film was drastically 
changed by anodizing in ammonium tetraborate 
solutions with different concentrations.

Fig. 6 shows the time variations of the voltage 
during galvanostatic anodizing in 0.3-2.4 M ammonium 
tetraborate solutions at 343 K and 100 Am-2. The 
voltage at which visible plasma sparks occurred 
decreased with increasing concentration of the 
ammonium tetraborate solution, from approximately 
280 V in 0.3 M to 200 V in 2.4 M. Accordingly, the 
inflection point of the voltage decreased with 
increasing concentration, although the voltage 
gradually increased with increasing anodizing time. 
There was no significant change in the shape of the 
voltage-time curves that consisted of a linear increase 
initially and a subsequent gradual increase, as shown 
in Figs . 1 and 6. The SEM images of the Al 
specimens that were anodized in (a) 0.9 M and (b) 
2.4 M ammonium tetraborate solutions at 343 K and 
100 Am-2 for 60 min are shown in Fig. 7. In contrast 

Fig. 5　SEM images of the surface anodized in a 0.3 M 
  ammonium tetraborate solution for 60 min at 

100 Am-2 and diff erent temperatures of (a) 303 K 
and (b) 343 K.
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to the typical PEO film obtained at a lower solution 
concentration (Figs 2 and 5), a relatively uniform 
porous PEO film with a maze-like structure was 
obtained in a 0.9 M ammonium tetraborate solution 
(Fig. 7(a)). As shown in the high-magnification SEM 
images, the microscale pores in the anodic oxide 
possessed a three-dimensional interconnected 
network structure that had different morphologies 

than the typical porous alumina with hexagonal 
alumina walls. A similar uniform porous PEO film was 
formed on the surface as the concentration further 
increased to 2.4 M (Fig. 7(b)), although the pores 
became smaller and several small grooves were 
formed; thus, the uniformity of the pore distribution 
was slightly decreased. The differences in the 
microstructure of the PEO films shown in Figs 2 and 
7 depend on the plasma generation behavior on the 
Al surface while anodizing. Therefore, the Al 
specimens were observed in situ using a digital video 
camera in ammonium tetraborate solutions with 
different concentrations.

Fig. 8 shows video snapshots of the surface 
appearance of the Al anode at 60 min after the 
specimen was anodized in (a) 0.3 M, (b) 0.9 M, and (c) 
2.4 M ammonium tetraborate solutions at 343 K and 
100 Am-2. At the low concentration of 0.3 M (Fig. 8(a)), 
non-uniform plasma sparks with different sizes were 
observed on the Al anode, and less plasma sparking 
was observed. In contrast, numerous small plasma 
sparks were uniformly observed on the whole Al 
surface as the concentration increased to 0.9 M (Fig. 

Fig. 6　Time variations of the voltage during galvanostatic 
  anodizing of Al at 100 Am-2 in 0.3-2.4 M ammonium 

tetraborate solutions at 343 K.
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8(b)). Small plasma sparks were also observed during 
anodizing in a 2.4 M ammonium tetraborate solution, 
whereas the sparking region was non-uniform 
compared to that of 0.9 M. However, this sparking 
reg ion moved with the anodiz ing t ime , and 
consequently a uniform PEO film was formed on the 
surface. Namely, the plasma generation behavior 
strongly depended on the concentration of the 
ammonium tetraborate solution; consequently, the 
surface morphology of the obtained PEO film was 
also greatly affected. The SEM images of the surfaces 
of the resulting PEO films that are shown in Figs 2 
and 7 reflected these contrasting non-uniform and 
uniform plasma generation behaviors.

Fig. 9 summarizes the time variation of the number 
of plasma sparks per frame (30 fps) measured by 
in-situ observations using a digital video camera, n, in 
different electrolyte concentrations of 0.3-2.4 M at 
343 K and 100 Am-2. Here, the in-situ observations and 
subsequent plasma spark measurements were carried 
out 60 min after the specimen was anodized for 30 s. 
The average spark number was approximately 
150 frame-1 at a low concentration (0.3 M), although 
the number of plasma sparks had a slight oscillation 
in the range of 100-200 frame-1 while anodizing. In 
contrast, a 10 times larger average spark number was 
measured when the oscillation was in the range of 
2000-2300 frame-1 while anodizing at the higher 
concentration of 0.9 M. However, the average spark 
number decreased to approximately 330 frame-1 as 
the electrolyte concentration further increased to 
2.4 M. Therefore, anodizing Al using an ammonium 
t e t r abora t e s o l u t i on w i th an i n t e rmed i a t e 
concentration of 0.9 M, which was more than the 

saturated solubility at room temperature, increased 
the number of plasma sparks, homogenization of the 
plasma distribution, and formation of a relatively 
uniform porous PEO film. This behavior may be due 
to the transition of soft sparking. It has been reported 
that the soft sparking technique causes the formation 
of compact PEO film with good wear performance, 
and the soft sparking mode is achieved under low 
voltage conditions 55), 56). Because the voltage decreased 
with increasing concentration (Fig. 6), the soft 
sparking mode may occur at higher concentrations.
The PEO films formed by anodizing in ammonium 

tetraborate exhibited a bright white hue. Fig. 10(a)
shows the changes in the lightness of the Al surface 
covered with the PEO film, L*, as functions of time by 
anodizing in 0.3-2.4 M ammonium tetraborate 
solutions at 343 K and 100 Am-2. The lightness value 

Fig. 8　Video snapshots of the surface appearance of the Al anode at 60 min after the specimen was anodized in 
(a) 0.3 M, (b) 0.9 M, and (c) 2.4 M ammonium tetraborate solutions at 343 K and 100 Am-2.

5 mm5 mm 5 mm

(a) c = 0.3 M (b) 0.9 M (c) 2.4 M

Fig. 9　Changes in the number of plasma sparks per 
  frame measured by in-situ observations using 

a digital video camera, n, as functions of the 
time, t, at diff erent ammonium tetraborate 
concentrations of 0.3-2.4 M at 343 K and 
100 Am-2. The measurements were carried out 
60 min after the specimen was anodized for 30 s.
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of the specimen obtained in a 0.3 M ammonium 
tetraborate solution was approximately 80 and almost 
unchanged with increasing anodizing time. In 

con t ra s t , t he l i gh tnes s ob ta ined a t h igher 
concentrations (0.9 M and 2.4 M) gradually increased 
with increas ing anodiz ing t ime . At the low 
concentrat ions of 0.3 M and 0.9 M, long-term 
anodizing processes that were more than 90 min 
resulted in the partially active dissolution of the Al 
substrate by the localized concentration of current 
due to higher voltages; thus, long anodizing times 
could not be performed at these lower concentrations. 
In contrast, a uniform PEO coating without active 
dissolution was achieved by long-term anodizing for 
more than 90 min at a higher concentration of 2.4 M 
ammonium tetraborate, and the lightness of the Al 
surface increased gradually with increasing anodizing 
time, although the increasing rate of lightness 
decreased with increasing time. Therefore, a bright 
white PEO film with a high lightness value of 87.5 
was obta ined by anodiz ing for 180 min . The 
relationship between the lightness and thickness of 
the PEO film, δ, is summarized in Fig. 9b. The 
lightness of the PEO film increased with increasing 
PEO film thickness, which was almost independent of 
the non-uniformity and uniformity of the pore 
structures in the PEO film. Therefore, the thick PEO 
coating enabled the formation of a bright white Al 
surface. This white hue may be due to the light 
scattering from the PEO film containing many 
nanoscale α-alumina and γ-alumina particles in the 
amorphous alumina matrix.
We investigated whether a similar bright white 

PEO film could be formed on typical industrial Al 
alloys. Fig 11(a) shows the time variations of the 

Fig. 10　Changes in the lightness of the PEO fi lm, L*, 
  formed in 0.3-2.4 M ammonium tetraborate 

solutions at 343 K and 100 Am-2 as functions of 
(a) the anodizing time, ta, and (b) the thickness 
of the PEO fi lm, δ.
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Fig. 11　(a) Time variations of the voltage during galvanostatic anodizing of 1050, 5052, 6061, 7075, and ADC12 alloys at 
 100 Am-2 in 0.9 M ammonium tetraborate solutions at 343 K, and (b) the corresponding appearances and SEM 
images of the surfaces of these Al alloys anodized for 60 min.
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voltage during galvanostatic anodizing of 1050, 5052, 
6061, 7075, and ADC12 Al alloys in a 0.9 M ammonium 
tetraborate solution at 343 K and 100 Am-2 for 60 min. 
The shapes of the voltage-time curves measured 
using 1050, 5052, 6061, and 7075 al loys , which 
consisted of linear and gradual voltage increases, 
were very similar to that obtained using the high-
purity Al plate shown in Fig. 6, although the voltage 
was slightly lower overall owing to the addition of the 
alloying elements. Consequently, bright white PEO 
films with a uniform maze-like structure were 
successfully formed on these Al alloys (Fig. 11(b)). 
However , the vo l tage remained constant at 
approximately 25 V during galvanostatic anodizing of 
the ADC12 Al alloy, and no plasma spark occurred on 
the surface when anodizing this specimen. Therefore, 
a non-uniform dark gray surface with several 
imperfections was obtained. Thus, a higher voltage of 
approximately more than 250 V was required for the 
occurrence of plasma sparks and the subsequent 
formation of a uniform PEO film. The ADC12 Al alloy 
contains Al -Si and Al-Fe-Mn-Si intermetal l ic 
compounds in the matrix. As the ADC12 Al alloy was 
anodized in ammonium tetraborate, oxygen gas 
evolution occurs on these Al-Si and Al-Fe-Mn-Si 
phases. Therefore, the voltage is low comparing to 
the cases of other Al alloys.
The water wettability of the maze-patterned PEO 

film formed by galvanostatic anodizing of high-purity 
Al in a 0.9 M ammonium tetraborate solution at 
323 K  and 100 Am-2 for 60 min was investigated by 
static contact angle measurements. Fig. 12(a) shows 
the appearance of a water droplet on the PEO film. 
Because the Al surface was completely covered with 
hydrophilic porous aluminum oxide, the anodized 
specimen exhibited a weak hydrophilicity and had an 
average static contact angle of 21.7°. This value was 
slightly higher than that of typical porous aluminum 
oxide films formed by anodizing in acidic solutions 
that measure approximately 10° 57). This hydrophilic 
PEO specimen was immersed in a HDFOPA ethanol 
solution to form a SAM coating, and the obtained 
hydrophobic PEO film was investigated by dynamic 
contact angle measurements (Fig. 12(b)). The SAM-
coated PEO f i lm exhibited a higher average 
a d v a n c i n g c o n t a c t  a n g l e  o f  154 .1 °,  a n d a 

superhydrophobic PEO film was easily obtained by 
surface modification with a SAM, whereas a weak 
slipping behavior occurred on the surface, measuring 
74.9° according to the average receding contact angle 
and 79.2° according to the contact angle hysteresis.

4. Conclusions

High-purity Al plates were anodized in 0.3-2.4 M 
ammonium tetraborate solutions at 303-343 K under 
various electrochemical conditions, and the resulting 
anodic oxide films were investigated by SEM, STEM, 
XRD, spectrophotometry , and contact angle 
measurements. A thin barrier oxide film was formed 
in the early stage of anodizing, and numerous visible 
plasma sparks occurred after the voltage reached the 
breakdown voltage. Consequently, a PEO film with a 
two-layer structure consisting of an outer porous 
layer consisting of amorphous alumina and crystalline 
alumina with α- and γ-phases and an inner 
amorphous barrier alumina layer was formed on the 
Al surface. An uneven PEO film containing various 
sizes of pores and a large undulation was formed in a 
0.3 M ammonium tetraborate solution, whereas a 

Fig. 12　Appearances of water droplets on (a) the PEO 
  fi lm formed by galvanostatic anodizing of high-

purity Al at 100 Am-2 in 0.9 M ammonium 
tetraborate solutions at 323 K for 60 min during 
a static contact angle measurement and (b) 
the HDFOPA-SAM-coated PEO fi lm during a 
dynamic contact angle measurement.

(a) PEO film

(b) PEO film after SAM coating
Advancing contact angle Receding contact angle

Static contact angle

21.7°
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maze-like patterned PEO film with similar pore sizes 
and a relatively smooth surface was obtained at a 
h igher concentrat ion o f 0.9-2.0 M ammonium 
tetraborate . This dif ference in the PEO f i lm 
morphology was due to the plasma generation 
behavior while anodizing. The lightness of the PEO 
film increased with increasing anodizing time and 
PEO film thickness, and a bright white PEO film 
measuring 87.5 in lightness was formed by long-term 
anodizing. The obtained PEO film exhibited weak 
hydrophi l i c i ty accord ing to a contact angle 
measurement of 21.7° , and a superhydrophobic PEO 
film that had a contact angle of 154.1° was easily 
fabricated by SAM modification. Similar bright white 
PEO films were formed on various industrial Al 
alloys, including 1050, 5052, 6061, and 7075.

Acknowledgments

The SEM and STEM observations in the present 
investigation were financially supported by the 
Nanotechnology Platform Program at Hokkaido 
University (A-19-HK-0034 and A-20-HK-0037). We wish 
to thank Dr. Takashi Endo and Mr. Ryo Oota for 
their technical support in these observations.

REFERENCES

 1) G. E. Thompson: Thin Solid Films, 297 (1997) 192-201.
 2) W. Lee and S. J. Park: Chem. Rev. 114 (2014) 7487-7556.
 3) T. Kikuchi, D. Nakajima, O. Nishinaga, S. Natsui, and R. O. 

Suzuki: Curr. Nanosci., 11 (2015) 560-571.
 4) M. Pashchanka: Nanomaterials, 11 (2021) 2271.
 5) A. Ruiz-Clavijo, O. Caballero-Calero, and M. Martín-

González: Nanoscale, 13 (2021) 2227-2265.
 6) M. Iwai , T . Kikuchi , R . O . Suzuki , and S . Natsui : 

Electrochim. Acta, 320 (2019) 134606.
 7) A. Miki, K. Nishikawa, T. Ozawa, H. Matsushima, and M. 

Ueda: J. Electrochem. Soc., 167 (2020) 062501.
 8) H. Asoh and T. Sano: J. Electrochem. Soc., 168 (2021) 103506.
 9) A. Poznyak, A. Pligovka, T. Laryn, and M. Salerno: 

Materials, 14 (2021) 767.
10) A. Gasco-Owens, D. Veys-Renaux, V. Cartigny, and E. 

Rocca: Electrochim. Acta, 382, (2021) 138303.
11) T. Kikuchi, M. Yamashita, M. Iwai, and R. O. Suzuki: J. 

Electrochem. Soc., 168 (2021) 093501.
12) M. Iwai, T. Kikuchi, and R. O. Suzuki: Sci. Rep., 11 (2021) 

7240.
13) M. Iwai and T. Kikuchi: Electrochim. Acta, 399 (2021) 

139440.
14) M. Ahmadzadeh, M. A. Kashi, M. Noormohammadi, and A. 

Ramazani: Appl. Phys. A, 127 (2021) 450.
15) Y. Suzuki, K. Kawahara, T. Kikuchi, R. O. Suzuki, and S. 

Natsui: J. Electrochem. Soc., 166 (2019) C261-C269.
16) T. Kikuchi, Y. Suzuki, M. Iwai, and R. O. Suzuki: J. 

Electrochem. Soc., 167 (2020) 121502.
17) M. Paz Martínez-Viademonte, S. T. Abrahami, T. Hack, M. 

Burchardt, and H. Terryn: Coatings, 10 (2020) 1106.
18) H. Huang, J. Qiu, X. Wei, E. Sakai, G. Jiang, H. Wu, and T. 

Komiyama: Surf. Coat. Technol., 393 (2020) 125767.
19) T. Kosaba, I. Muto, and Y. Sugawara: Corr. Sci., 179 (2021) 

109145.
20) T. Ozel, G. R. Bourret, and C. A. Mirkin: Nat. Nanotechnol., 

10 (2015) 319-324.
21) L. Wen, R. Xu, Y. Mi, and Y. Lei: Nat. Nanotechnol., 12 (2017) 

244-250.
22) T. Kondo, H. Miyazaki, T. Yanagishita, and H. Masuda: 

Electrochem. Commun., 96 (2018) 61-65.
23) R. Previdi, I. Levchenko, M. Arnold, M. Gali, K. Bazaka, S. 

Xu, K. Ostrikov, K. Bray, D. Jin, and J. Fang: J. Mater. 
Chem. A, 7 (2019) 9565-9577.

24) T. Yanagishita, M. Ozaki, R. Kawato, A. Kato, T. Kondo, and 
H. Masuda: J. Electrochem. Soc., 167 (2020) 163502.

25) T. Yanagishita, R. Sato, T. Kondo, and H. Masuda: 
Electrochem. Commun., 120 (2020) 106848.

26) M. Noormohammadi, Z. S. Arani, A. Ramazani, M. A. Kashi, 
and S. Abbasimofrad: Electrochim. Acta, 354 (2020) 136766.

27) M. Nie, H. Sun, Z. D. Gao, Q. Li, Z. H. Xue, J. Luo, and J. M. 
Liao: Electrochem. Commun., 115 (2020) 106719.

28) T. Ma, Y. Kimura, H. Yamamoto, X. Feng, A. Hirano-Iwata, 
and M. Niwano: J. Phys. Chem. B, 124 (2020) 5067-5072.

29) T. Yanagishita, R. Moriyasu, T. Ishii, and H. Masuda: RSC 
Adv., 11 (2021) 3777-3782.

30) N. Q. Zhao, X. X. Jiang, C. S. Shi, J. J. Li, Z. G. Zhao, and X. 
W. Du: J. Mater. Sci., 42 (2007) 3878-3882.

31) W. Wu, X. Wang, D. Wang, M. Chen, F. Zhou, W. Liu, and Q. 
Xue: Chem. Commun., 9 (2009) 1043-1045.

32) K. Chernyakova, A. Ispas , R . Karpicz , G . Ecke , I . 
Vrublevsky, and A. Bund: Surf. Coat. Technol., 394 (2020) 
125813.

33) T. Kikuchi, F. Onoda, M. Iwai, and R. O. Suzuki: Appl. Surf. 
Sci., 546 (2021)149090.

34) R. Kondo, D. Nakajima, T. Kikuchi, S. Natsui, and R. O. 
Suzuki: J. Alloys Compd., 725 (2017) 379-387.

35) D. Nakajima, T. Kikuchi, S. Natsui, and R. O. Suzuki: Appl. 
Surf. Sci., 440 (2018) 506-513.

36) M. A. Paez, T. M. Foong, C. T. Ni, G. E. Thompson, K. 
Shimizu, H. Habazaki, P. Skeldon, and G. Wood: Corr. Sci., 38 
(1996) 59-72.

37) K. Watanabe, M. Sakairi, H. Takahashi, S. Hirai, and S. 
Yamaguchi: J. Electroanal. Chem., 473 (1999) 250-255.

38) H. J . De Wit , C. Wijenberg, and C. Crevecoeur: J . 
Electrochem. Soc., 123 (1976) 1479-1486.

39) Y. Li, H. Shimada, M. Sakairi, K. Shigyo, H. Takahashi, and 
M. Seo: J. Electrochem. Soc., 144 (1997) 866-876.

40) F. Monfort, A. Berkani, E. Matykina, P. Skeldon, G. E. 
Thompson, H. Habazaki, and K. Shimizu: J. Electrochem. 
Soc., 152 (2005) C382-C387.

41) S. Sikdar, P. V. Menezes, R. Maccione, T. Jacob, and P. L. 
Menezes: Nanomaterials, 11 (2021) 1375.

42) R. Aliramezani , K. Raeissi , M. Santamaria , and A. 
Hakimizad: J. Electrochem. Soc., 164 (2017) C690-C698.

43) B. Kasalica, M. Petković-Benazzouz, M. Sarvan, I. Belča, B. 
Maksimović, B. Misailović, and Z. Popović: Surf. Coat. 
Technol., 390 (2020) 125681.

44) T. Kikuchi, T. Taniguchi, R. O. Suzuki, and S. Natsui: Thin 
Solid Films, 697 (2020) 137799.



128　　　UACJ  Technical  Reports，Vol.10（1） （2023）

Formation of Bright White Plasma Electrolytic Oxidation Films with a Uniform Maze-Like Structure by Anodizing Aluminum in Ammonium Tetraborate Solutions128

45)  M. Mohedano, B. Mingo, H. Mora-Sánchez, E. Matykina, and 
R. Arrabal: Surf. Coat. Technol., 409 (2021) 126892.

46)  L. Zhu, X. Ke, J. Li, Y. Zhang, Z. Zhang, and M. Sui: Surf. 
Interfaces, 25 (2021) 101186.

47)  W. B. Dai, L. X. Yuan, C. Y. Li, D. He, and Y. M. Zhang: J. 
Alloys Compd., 765 (2018) 1018-1025.

48)  G. Patermarakis , P . Lenas, C. Karavassi l is , and G. 
Papayiannis: Electrochim. Acta, 36 (1991) 709-725.

49)  Z. Su and W. Zhou: Adv. Mater., 20 (2008) 3663-3667.
50)  Y. Sato, H. Asoh, and S. Ono: Mater. Trans., 54 (2013) 1993-

1999.

51)  K. Nishio: Electrochem. Commun., 82 (2017) 30-33.
52)  K. Nishio and R. Sasaki: Chem. Lett., 48 (2019) 1126-1129.
53)  G. F. Pastore: Thin Solid Films, 123 (1985) 9-17.
54)  B. Kasalica, J. Radić-Perić, M. Perić, M. Petković-Benazzouz, 

I. Belča, and M. Sarvan: Surf. Coat. Technol., 298 (2016) 
24-32.

55)  D. S. Tsai and C. C. Chou: Metals, 8 (2018) 105.
56)  M. Shao, W. Wang, H. Yang, X. Zhang, and X. He: Coatings, 

11 (2021) 1288.
57)  D. Nakajima, T. Kikuchi, S. Natsui, and R. O. Suzuki: Appl. 

Surf. Sci., 389 (2016) 173-180.

Tatsuya Kikuchi
Faculty of Engineering, Hokkaido University, 
Ph. D.(Eng.)
Institute for the Promotion of Business-Regional 
Collaboration, Hokkaido University

Mana Iwai
Faculty of Engineering, 
Hokkaido University, 
Ph. D.(Eng.)

Daiki Nakajima
Research Department Ⅰ, 
Research & Development Center, 
Marketing & Technology Division, 
UACJ Corporation, Ph. D.(Eng.)
Institute for the Promotion of Business-Regional 
Collaboration, Hokkaido University

Junji Nunomura
Research Department Ⅰ, 
Research & Development Center, 
Marketing & Technology Division, 
UACJ Corporation
Institute for the Promotion of Business-Regional 
Collaboration, Hokkaido University

Yoshiyuki Oya
Research Planning Department, 
Research & Development Center, 
Marketing & Technology Division, 
UACJ Corporation, Ph. D.(Eng.)
Institute for the Promotion of Business-Regional 
Collaboration, Hokkaido University

Shungo Natsui
Institute of Multidisciplinary Research for 
Advanced Materials, Tohoku University, 
Ph. D.(Eng.)


