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Abstract

A plasma electrolytic oxidation (PEO)/anodic aluminum oxide (AAQO) multi-layer
film was fabricated via one-step galvanostatic anodizing of high-purity aluminum in
0.3-2.0 M ammonium carbonate (NH4).CO3) solutions at 283-333 K and 25-400 Am™.
Anodizing at higher concentrations and higher temperatures caused the formation of
relatively uniform anodic oxide film on the aluminum substrate. Characteristic
voltage-time curves with two high-plateau voltages at approximately 250 V and 375 V
were obtained during galvanostatic anodizing. A multi-layer structure of an outer PEO
layer with a crystalline y-Al,O3 structure and an inner amorphous AAO layer with
nano-cylinerical pores was formed by continuous visible sparking occurring after
passing the first voltage plateau region. The whole aluminum surface was covered with
the multi-layer structure after reaching the second voltage region. The thickness of the
multi-layer increased with time via the further anodizing process at the second plateau
voltage. Pore sealing of the inner nanoporous film was achieved by immersion
post-treatment in boiling water.

Keywords: Anodizing; Aluminum; Ammonium Carbonate; Plasma Electrolytic
Oxidation; Anodic Aluminum Oxide



1. Introduction

Electrochemical anodizing (also known as anodization) is one of the most
important surface finishing techniques for the passivation, hardening, and
functionalization of aluminum and its alloys. Characteristic anodic oxide films with
different micro- and nano-morphologies can be fabricated by the variations in anodizing
conditions, such as electrochemical parameters and electrolyte species used [1-3].
Anodizing aluminum in neutral electrolyte solutions, such as borate (H;BO3/Na>B4O7)
and ammonium tartrate ((NH4)>C4H4Ogs), leads to the surface coating of a compact, thin
barrier oxide film [4-8]. This barrier film consists of an amorphous aluminum oxide
containing electrolyte anions and is widely investigated and applied for aluminum
electrolytic capacitor applications due to their high dielectric property. On the other
hand, anodizing aluminum in acidic or alkaline electrolyte solutions, such as sulfuric
acid (H2S0s), selenic acid (H2SeOs4), oxalic acid (COOH),, phosphonic acid (H3POj4),
phosphoric acid (H3POs), etidronic acid (CH3C(OH)[PO(OH):]2), and sodium
tetraborate (NaB40O7), leads to the surface coating of a thick, porous oxide film with
vertical nanoscale pores (typically known as anodic aluminum oxide, AAO, or porous
anodic alumina) [9-15]. Numerous nanopores formed in this AAO film can easily be
filled with pseudoboehmite by the subsequent pore-sealing process [16,17]. Therefore,
the AAO film is widely used to improve the corrosion-resistant property of various
aluminum alloys [18-20]. In addition, the AAO film possesses a characteristic
honeycomb nanostructure with self-organized nanopores and thus has been widely used
to fabricate various nanomaterials via the high-aspect ratio nanoporous structure
[21-26].

Anodizing aluminum at extremely higher voltages measuring more than 200-300
V leads to the continuous visible sparking behaviors caused by microdischarge plasma,
and a hard oxide film is formed on the whole surface of the aluminum anode (known as
plasma electrolytic oxidation, PEO, or microarc oxidation) [27]. This PEO film can be
typically formed via anodizing aluminum in several alkaline solutions such as sodium
hydroxide (NaOH), potassium hydroxide (KOH), sodium metasilicate (Na2SiO3),
sodium tungstate (Na;WOs), sodium tetraborate, and mixtures of these solutions [28-36].
The PEO film consists of a crystalline a- or y-aluminum oxide with a microporous
structure measuring several tens of micrometers in thickness, and the Vickers hardness
of the PEO film is larger than that of the AAO film formed by hard anodizing at low
temperature [37,38]. Therefore, the PEO coating enhances the wear resistance,
mechanical hardness, and corrosion resistance of the aluminum and its alloys, and was
recently investigated for various mechanical components such as motor vehicles and
industrial machines. As mentioned above, both the AAO and PEO coating processes are
important surface finishing methods for aluminum and its alloys.

In the present investigation, we demonstrated the fabrication of a PEO/AAO
multi-layer anodic oxide film via one-step anodizing of aluminum in an alkaline
electrolyte solution, ammonium carbonate ((NH4)>CO3). The growth behavior and



nanostructural features of the anodic coatings formed in ammonium carbonate solutions
were examined by electrochemical measurements and electron microscopy. A
characteristic multi-layer structure consisting of an outer PEO film and an inner AAO
film can be fabricated via simple anodizing in ammonium carbonate solution by
choosing the appropriate operating condition.

2. Experimental

Aluminum plates of 99.999 wt% high purity (width: 10 mm, height: 20 mm, and
thickness: 250 um; the plates had an electric connecting handle and were manufactured
by Nippon Light Metal, Japan) were used as anodizing materials. The aluminum
specimens were immersed in 99.5 % ethanol at room temperature and were
ultrasonically cleaned for 10 min. After cleaning, the bottom half of the electric
connecting handle was covered with an insulation silicone resin (KE45W, Shin-Etsu,
Japan). Next, the specimens were immersed in a 78 vol% CH3COOH/22 vol%
70%-HClO4 solution at 280 K and were anodically polarized at a constant voltage of 28
V for 1 min to electropolish the aluminum surface. A large aluminum plate (99.99 wt%;
Nippon Light Metal, Japan) was used as the cathode, and the electrolyte solution was
slowly stirred with a magnetic stirrer during electropolishing. After electropolishing, the
specimens were washed immediately with ultrapure water and then were dried.

The electropolished aluminum specimens were anodized in ammonium carbonate
solution under various operating conditions. An electrochemical glass cell (inner
diameter: 55 mm) with a 0.3- to 2.0-M ammonium carbonate solution (solution volume:
150 mL; Kanto Chemical, Japan) was maintained in a constant-temperature water bath
(UCT-1000, AS ONE, Japan). The aluminum anode and platinum cathode (99.95 wt%,
thickness: 200 um, Nilaco, Japan) were immersed in the electrolyte solution at 283-333
K and were galvanostatically anodized at 25-400 Am™ for up to 670 min with a direct
power supply (PWR400H; Kikusui Electronics, Japan). The electrolyte solution was
stirred at a rotating speed of 250 rpm with a magnetic stirrer (MIXcontrol 40 and
MIXdrive 1 XS; 2mag AG, Germany). The anodizing voltage during galvanostatic
anodizing was measured using a PC-connected digital multimeter (DMM4040;
Tektronix, USA). After anodizing, the specimens were washed immediately with
ultrapure water and then were dried. The anodized specimens were immersed in boiling
ultrapure water to seal the pores formed in the AAO film.

The surface, fractured cross section, and vertical cross section of the anodized
specimens were examined by scanning electron microscopy (SEM; TM-1000, Hitachi
High-Technologies, Japan, 15 kV) (JSM6500F; JEOL, Japan, 10 kV). A thin
electroconductive platinum layer was formed on the surface of the anodized specimens
before SEM observations. For the observations of vertical cross sections, the anodized
specimens were embedded in an epoxy resin, were mechanically polished with SiC
papers, and finally were buffed with a diamond paste (grain size: 1 um). Several
polished specimens were chemically etched in a 4.17 M NaOH/0.25 M Kj3[Fe(CN)s]



solution for 20 s. The thickness of the anodic oxide was measured from the SEM
images using image analysis software (Image-Pro 10, Media Cybernetics, USA). The
phase composition of the anodic oxides was identified by thin-film X-ray diffraction
analysis (XpertPro, Phillips, Netherlands) using Cu-Ka radiation.

3. Results and Discussion

Figure 1 shows the changes in the voltage, U,, with the anodizing time, t., during
galvanostatic anodizing at 25-200 Am™ in a 0.3 M ammonium carbonate solution (333
K). At the lowest current density of 25 Am?2, the voltage was linearly increased to
approximately 300 V during the initial stage for 10 min. Although the slope of this
voltage-time curve decreased in the period for 10-20 min, the voltage continuously
increased to approximately 380 V with the anodizing time. Finally, the voltage
maintained a plateau value of approximately 380 V with small unstable oscillations
during the remaining anodizing time. Similar voltage-time curves consisting of the
initial voltage increase and subsequent plateau voltage with unstable oscillations were
obtained at the higher current densities of 50-200 Am™2. Because the edges of the
aluminum substrate were electrochemically dissolved during anodizing at the high
current densities of 100 Am™ and 200 Am™, the voltages decrease significantly for
10-20 min. An inset photo shows the surface appearance of the aluminum specimen
anodized at 50 Am™ for 120 min. A considerably uneven surface with a nonuniform
dark gray oxide film formed in the upper right region, and a lustrous aluminum exposed
in the lower left region can be observed here. Such nonuniform coatings were also
achieved at other current densities of 25-200 Am. Thus, these anodizing conditions are
unsuitable for the formation of uniform anodic oxide films.

Figure 2 shows the voltage-time curves obtained by galvanostatic anodizing in a
higher concentration of 2.0 M at a) 283 K, b) 303 K, and c¢) 333 K. During each
galvanostatic anodizing at different temperatures, similar voltage changes were
measured as follows: the voltages rapidly increased during the initial stage of anodizing,
showed a plateau value of approximately 250 V, increased once again, and finally
reached a plateau value of approximately 350-380 V. This characteristic voltage-time
curves consisting of two-step voltage increase will be discussed later by nanostructural
characterization. Visible sparking and gas evolution were continuously observed on the
aluminum surface during galvanostatic anodizing after the first plateau voltage of 250 V.
Excess current density at higher concentrations caused the sudden decrease in the
voltage after reaching more than the second plateau value of voltage due to active
dissolution of the aluminum substrate (Fig. 2b, 400 Am™ and Fig. 2c, 100-400 Am™).
Comparing the surface appearances obtained in the different concentrations (inset
photos shown in Figs. 2a through 2c), the whole aluminum surface was covered with a
matte-finished anodic oxide in all cases. However, the uniformity of the anodic oxide
increased with the solution temperature, and a uniform oxide film with a light gray hue
was formed at 333 K (Fig. 2¢). Therefore, the micro- and nanostructural features of the



specimen anodized at 333 K were examined by SEM.

Figure 3 summarizes a voltage-time curve obtained by long-term anodizing in a
2.0 M ammonium carbonate solution (333 K) at 25 Am™ for 300 min and the
corresponding SEM images of the surface and vertical cross-section of the specimens
obtained at different anodizing stages. Here, the lowest current density of 25 Am™ was
selected to examine in detail the nanostructural changes of the anodic oxide during
anodizing, and these SEM images were obtained by anodizing for each operating time.
As described in Fig. 2, two clear plateau voltages measuring approximately 250 V for
10-80 min and subsequently 375 V after 180 min were revealed in the voltage-time
curve (Fig. 3a). When the aluminum specimen was anodized for 3 min, the voltage
rapidly increased with the anodizing time, and a flat, uniform barrier oxide film without
any defects was formed on the aluminum surface (Figs. 3b and 3c). As the anodizing
time increased to 10 min (first plateau voltage at 250 V), visible sparking was
continuously observed on the aluminum specimen, and uneven circular defects and
numerous cracks originating from the sparking were observed on the barrier oxide film.
These defects were gradually expanded to the whole surface with the anodizing time,
and the aluminum surface was completely covered with a rough anodic oxide
possessing numerous concaves for 100 min. The vertical cross section at this stage
shows nonuniform oxide film consisting of an outer microporous layer and an inner
compact layer on the aluminum surface. The roughness of the anodic oxide gradually
increased with the anodizing time, and an extremely rough oxide film possessing
large-scale crevasses was observed via anodizing for 180 min and 300 min. A
high-magnification SEM image of the rough surface formed by anodizing for 180 min is
shown in Fig. 3d, and typical morphology of the PEO film with a microporous structure
can be observed on the surface. Based on these SEM observations, the anodic oxide
grew through the following stages: a) formation of a thin barrier layer, b) formation of a
microporous structure, and c¢) thickening and roughness increase in the microporous
structure.

The average thickness of the anodic oxide formed for each anodizing time was
quantified using the cross-sectional image and image analysis software, and the changes
in the thickness of the oxide film, o, with the anodizing time, ., obtained by anodizing
at 25 Am2 and 50 Am™ are shown in Figure 4. At i, = 25 Am?, the thickness of the
oxide film increased with the anodizing time, although the growth rate gradually
decreased with the time. As the current density increased to 50 Am?2, the thickness of
the oxide film also increased. However, there was no proportional relationship between
the thickness and current density, and the thickness slightly increased to approximately
20-30 % as the current density became two-fold. Such disappearance may be due to the
side reaction of oxygen gas evolution from the aluminum anode during galvanostatic
anodizing.

The structural features of the microporous anodic oxide will now be discussed in
detail. Figure 5a shows an SEM image of the vertical cross section of the specimen



anodized at 25 Am™ in 2.0 M ammonium carbonate solution (333 K) for 670 min. The
anodic oxide consisting of an outer microporous layer and an inner compact layer was
observed on the aluminum surface; such a multi-layer structure can be observed in the
cross sections formed by anodizing for more than 80 min, as shown in Fig. 3. Because
this cross-sectional specimen was mechanically polished with SiC paper and buffed
with a diamond paste before observation, it was difficult to observe clearly the
nanostructure of the anodic oxide. Therefore, the cross-sectional specimen was
chemically etched in a NaOH/K;[Fe(CN)s] solution for a short time [39], and an SEM
image of the etched specimen is shown in Fig. 5b. Note that many nanoscale pores
vertically formed to the aluminum substrate can be observed in the inner oxide layer,
although no morphological change was observed in the outer microporous layer. To
clearly observe the nanostructure of the multi-layer anodic oxide formed by anodizing,
fractured cross sections of the anodized specimens were examined by
high-magnification SEM.

Figure 6a shows an SEM image of the surface of the specimen anodized at 25
Am in a 2.0 M ammonium carbonate solution (333 K) for 10 min, and several circular
defects and numerous cracks originating from the sparking were observed on the
surface. Figure 6b shows a high-magnification tiled SEM image of the flat region
without any defect. A thin, uniform barrier oxide film with a thickness of approximately
400 nm on the was formed on the surface. It was experimentally reported that the
thickness of the barrier layer, o, formed by anodizing can be calculated with the
anodizing voltage, U, as follows [40-42]:

ovb = kU, (1)

where k is the proportionality constant of approximately 1.5 nmV-!. The thickness of the
barrier layer shown in Fig. 6b (approximately 400 nm) is in good agreement with the
calculated value (378 nm at 252 V). On the other hand, a high-magnification SEM
image of the circular defect exhibited a different morphology possessing a melted and
then rapidly solidified microporous structure (Fig. 6c). Hill-like protrusions with
micropores and crevices also appeared in the initial stage of sparking. Figure 6d shows
an SEM image of the fractured cross section of the protuberant defect. Note that an
AAO film with nanoscale pores was observed under the outer PEO film. Namely,
localized sparking in the barrier oxide film leads to the formation of a characteristic
multi-layer structure consisting of the outer PEO film and inner AAO film.

Figures 7a and 7b show SEM images of the fractured cross section of the
specimen covered completely with the multi-layer anodic oxide film, which is formed
by anodizing in a 2.0 M ammonium carbonate solution (333 K) for 180 min at a) 25
Am and b) 50 Am, respectively. Here, the specimens were bent 90 degrees downward
to obtain the fractured cross-section of the anodic oxide. The multi-layer oxide
structures were remained on the aluminum substrate after the bending of the specimens,
and no visible peeling of the film was observed. Although several void defects were
observed inside the inner AAO film, a PEO/AAO multi-layer anodic oxide film was



continuously formed on the whole aluminum substrate. High-magnification SEM
images of the outer PEO layer and inner AAO layer formed at 50 Am are shown in
Figs. 7c and 7d, respectively. A typical PEO film possessing a microporous structure
was observed on the surface (Fig. 7c) [43]. Additionally, a typical AAO film consisting
of an outer nanoporous layer with vertical pores and an inner hemispherical barrier layer
can be observed here (Fig. 7d). The thickness of the bottom barrier layer was measured
to be approximately 340-410 nm, although the thickness strongly depends on the
fracture positions. It was experimentally reported that the thickness of the barrier layer
formed at the bottom AAO, &y, by anodizing can be calculated using the anodizing
voltage, U,, as follows [44, 45]:
Svp =kUa (2)

where k is the proportionality constant of approximately 1.0-1.1 nmV-!. Because the
anodizing voltage under this operating condition was measured to be approximately 380
V, the thickness of the barrier layer can be calculated as 380-418 nm, in good agreement
with the experimental value.

Based on these SEM observations described above, we would like to discuss the
growth behavior of the PEO/AAO multi-layer structure formed by anodizing aluminum
in ammonium carbonate solutions (Figure 8). The pH values of ammonium carbonate
solution used in this investigation were measured to be 8.1-8.7. This weak alkaline
solution may cause the formation of barrier oxide film and subsequent visible sparking
behaviors at high voltages. In the initial stage of galvanostatic anodizing, the voltage
linearly and rapidly increases with the anodizing time (Figs. 2 and 3) due to the growth
of the uniform barrier oxide film on the aluminum substrate (Figs. 3 and 6). As the
voltage reached the first plateau region, continuous visible sparking behaviors began in
the barrier oxide film, and the circularly protuberant oxide was formed (Fig. 6). This
anodic oxide consists of the multi-layer structure with the outer PEO film and inner
AAO film. Why the AAO film is formed under the PEO film via the sparking is unclear
but can be ascribed to the solubility of the anodic oxide. As the local temperature of the
ammonium carbonate solution increases with sparking, the AAO film may be
instantaneously formed under the microporous PEO film due to increasing solubility of
the aluminum oxide. The withstanding voltage of the barrier layer formed under the
AAO film was higher than that of the barrier oxide film formed in the initial stage.
Therefore, the PEO/AAO multi-layer was gradually expanded by continuous sparking
in the initial barrier oxide film, and then the aluminum specimen was completely
covered with the PEO/AAO multi-layer (Fig. 3). Finally, the voltage increased with the
anodizing time once again due to complete covering of the PEO/AAO multi-layer (Figs.
2 and 3), and the thickness of the PEO/AAO multi-layer increases with the anodizing
time due to sparking in the multi-layer (Figs. 4 and 7).

In 2019, Huang et al. reported that Microarc oxidation (MAO)/AAO double
layers could be formed by anodizing in etidronic acid [46,47]. Etidronic acid anodizing
also operates at high voltages measuring more than 200 V. Thus, similar multi-layer



structure may grow via high-voltage anodizing in other electrolyte solution under
appropriate operating conditions such as temperature and pH values.

Figure 9 shows the X-ray diffraction patterns obtained from the a) electropolished
aluminum and b) specimen anodized at 50 Am™ and 333 K for 180 min. Two strong
peaks corresponding to metallic aluminum (200) and (220) were measured from the
electropolished aluminum surface (Fig. 9a). Because the aluminum specimen was
anodized to form the PEO/AAO multi-layer structure, the diffraction pattern associated
with the metallic aluminum and crystalline y-aluminum oxide was obtained from the
specimen (Fig. 9b). Additionally, a small broad peak was evident corresponding to
amorphous aluminum oxide at 10-40 degrees. It was been reported that typical
anodizing aluminum in acidic or alkaline solutions leads to the formation of amorphous
AAO film on the aluminum substrate [48,49]. Therefore, the multi-layer structure
consisting of the outer PEO layer with crystalline y-Al>O3 and the inner AAO layer with
amorphous Al2O3 was formed on the aluminum surface by anodizing in ammonium
carbonate.

The aluminum specimen covering the PEO/AAO multi-layer structure was
immersed in boiling ultrapure water for 15 min to seal the pores. Figure 10 shows SEM
images of a) the surface of the PEO film and b) fractured cross section of AAO film
after immersion. Nanoscale numerous plate-like hydroxides were formed on the whole
surface of the PEO film by the hydration of anodic oxide as follows (Fig. 10a) [50]:

AlOs3 + H,O — 2A10(OH) 3)

Similarly, the inner AAO film was also hydrated after immersion in boiling water, and
the nanopores formed in the AAO film was completely filled with the hydroxide
(pore-sealing, Fig. 10b). Therefore, it is expected that the pore-sealed PEO/AAO
multi-layer structure fabricated by anodizing in ammonium carbonate and subsequent
pore-sealing may be useful for the corrosion-resistant PEO/AAQO coating process of
various aluminum alloys. Further investigations by anodizing of various aluminum
alloys in ammonium carbonate and subsequent analysis for the corrosion protection and
mechanical strength are required near future.

4. Conclusions

The growth behavior of anodic oxide films formed via the galvanostatic
anodizing of aluminum in alkaline ammonium carbonate solution was investigated by
electrochemical measurement and electron microscopy. An uneven surface with a
nonuniform dark gray oxide film was formed by anodizing in a lower concentration of
0.3 M ammonium carbonate solution. Characteristic voltage-time curves with two
high-plateau voltages at approximately 250 V and 375 V were obtained during
anodizing aluminum in a higher concentration of 2.0 M ammonium carbonate solution,
and a uniform oxide film with a light gray hue was formed on the surface by anodizing
at a higher temperature of 333 K. This anodizing condition led to the formation of a
uniform PEO/AAO multi-layer structure on the aluminum substrate through the barrier



layer formation and subsequent continuous visible sparking. The multi-layer structure
consisted of an outer PEO film with crystalline y-Al2O3 and inner AAO film with
amorphous AlbOs. The average thickness of the multi-layer oxide film increased with
the anodizing time, although the growth rate gradually decreased. The nanopores
formed in the AAO film can be filled with hydroxides via subsequent immersion in
boiling water.
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Figure Captions

Figure 1 Changes in the voltage, U,, with time, t., during anodizing aluminum in a 0.3
M ammonium carbonate solution (333K) at 25-200 Am™? for 120 min. An inset photo
shows the surface appearance of the aluminum specimen anodized at 50 Am for 120
min.

Figure 2 Voltage-time curves obtained via anodizing aluminum in a 2.0 M ammonium
carbonate solution at a) 283 K, b) 303 K, and ¢) 333 K and 25-400 Am™ for 120 min.
The surface appearances of the specimen anodized at 50 Am™ for 120 min are shown in
each figure.

Figure 3 a) Voltage-time curve obtained via anodizing aluminum in a 2.0 M ammonium
carbonate solution (333 K) at 25 Am™ for 300 min. b), ¢) SEM images of the b) surface
and c) vertical cross section of the specimen anodized for 3-300 min. d) A
high-magnification SEM image of the specimen anodized for 180 min.

Figure 4 Changes in the thickness of the oxide film, ¢, with anodizing time, #., obtained
via anodizing in a 2.0 M ammonium carbonate solution (333 K) at a) 25 Am™ and b) 50
Am for up to 670 min.

Figure 5 SEM images of the vertical cross section of the specimen anodized in a 2.0 M
ammonium carbonate solution (333 K) at 25 Am™ for 670 min a) before and b) after
chemical etching in a NaOH/ K3[Fe(CN)s] solution.

Figure 6 a) An SEM image of the surface of the specimen anodized in a 2.0 M
ammonium carbonate solution (333 K) at 25 Am for 10 min. b) A tiled SEM image of
the fractured cross section of the barrier oxide film. c¢) A tiled SEM image of the surface
of the plasma electrolytic oxidation (PEO) film. d) A high-magnification SEM image of
the fractured cross section of the PEO/anodic aluminum oxide (AAO) multi-layer
structure.

Figure 7 a), b) Tiled SEM images of the fractured cross section of the PEO/AAO
multi-layer structure obtained via anodizing in a 2.0 M ammonium carbonate solution
(333 K) for 180 min at a) 25 Am? and b) 50 Am=, respectively. c), d)
High-magnification SEM images of the fractured cross section of the c) outer PEO film
and d) inner AAO film formed at 50 Am™, respectively.

Figure 8 Schematic model illustrating the formation behavior of the PEO/AAO
multi-layer structure via anodizing in ammonium carbonate.
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Figure 9 X-ray diffraction patterns of the a) electropolished aluminum and b) aluminum
anodized in a 2.0 M ammonium carbonate solution (333 K) at 50 Am™ for 180 min.

Figure 10 SEM images of a) the surface of the PEO film and b) fractured cross section
of the AAO film after immersion in boiling ultrapure water for 15 min.
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