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The influences of different pre-treatment approaches, comprising sandblasting, grinding, chemical polishing,
and plowing, and various anodizing parameters, including electrolyte composition, temperature, current
density, time, and final voltage, on the quality of anodized aluminum oxide (AAO) film on AA 6061 were
studied in the present research. It was found that, during both mild and hard anodization treatment, the
thickness andmicrohardness of AAO film increased as the anodization current density increased. Under mild
anodization treatment, when the current density increased from 0.5 to 2.0 A/dm2, the anodization efficiency
decreased from 90 to 52% and 71 to 44% during the mild anodization treatment performed at 22�C and 0�C,
respectively. However, on the other hand, the anodization efficiency increased from 55 to 56% and 57 to 64%
when the current density increased from7.0 to 8.0A/dm2 during the hard anodization treatment carried out at
22�Cand 0�C, respectively. Therefore, different AAOfilm formationmechanisms prevail during themild and
hard anodization treatment. Moreover, the microhardness of AAO film formed at 22�C or 0�C dropped
heavily when the current density was higher than 9.0 A/dm2 due to the burning reaction. In addition, the AAO
film can achieve higher hardness and resistance to corrosion through the sealing process, which can effectively
decrease the size of the tubes due to the volume expansion effect (23%) after the sealing treatment.

Keywords AA 6061, anodization, efficiency, hardness, oxide,
pre-treatment

1. Introduction

In recent years, themarket demand for aluminumalloys to be used
in building materials, mechanical components, electrical apparatus,
and sports equipment has increased year by year. Light alloys, such as
magnesium, aluminum, and titanium-based materials, are low in

density but have a high strength-to-weight ratio, so they are very
suitable for engineering materials (Ref 1, 2). The strength-to-weight
ratio of aluminumalloys can reach twice that of structural steel,which
means the weight of aluminum alloy can be half that of steel for the
same strength. Furthermore, unlike other 1xxx to 7xxx aluminum
alloys, the 6061 AA is a Al-Mg-Si series heat-treatable strengthened
aluminum alloy with an ornamental appearance, namely a glossy,
semi-glossy or satin-like glossy exterior, higher specific strength, and
good corrosion resistance, so it has become the most widely used
aluminum alloy (Ref 2, 3). However, aluminum alloys are soft and
prone to corrosion, both of which are characteristics that limit their
engineering applications (Ref 3-5).

Surface treatment is a practical solution for materials with a
high strength-to-weight ratio but susceptibility to surface degra-
dation. Aluminum alloy is an active material whose surface is very
suitable for anodization but not for electro-deposition. Anodic
oxide film, which is self-assembled and grows from its parent
substrate, gives the surface of aluminum alloy high hardness and
very good protection properties. There are many potential
applications for anodization. For example, oxide film produced
on aluminum by anodization is used for corrosion resistance, wear
resistance, electrical resistance, and decoration (Ref 6-10).

The original form of the film is an aluminum oxide layer of the
barrier type. In the acid condition, however, the film has a porous-
type film structure. During anodization, the applied electric field
accelerates hydroxide ions to arrive at the aluminum surface,
penetrate the existing oxide film, and combine with the metal
aluminum to form a new oxide film. That is, the formation and
dissolution of the aluminum oxide film occur in equilibriumwith
each other to form a porous film with a honeycomb pattern.

The thickness of the natural oxide layer on aluminum pieces
is about 5 lm (Ref 9, 10). However, this native oxide film has
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high porosity and low mechanical strength, which implies that
aluminum alloys without adequate surface treatment have
limited corrosion resistance in certain environments, such as
industrial environments. On the other hand, an artificial anodic
oxide film with a larger and controllable thickness and a porous
structure can be obtained by anodizing aluminum metal in acid
solution. Moreover, this thicker oxide film has excellent
hardness and resistance to corrosion and wear. Due to the high
porosity of the anodic oxide film, the film formed on the metal
can be further used for electroplating, painting, and decorative
coloring (Ref 11-13). In addition, due to its regular arrangement
on the surface of aluminum alloy, such anodic oxide film is also
widely utilized in the medical field for bio-chip fabrication (Ref
14-16), protein purification engineering (Ref 17-19), DNA
sequence identification (Ref 19), cell growth (Ref 20-22), tissue
engineering (Ref 21), drug release (Ref 23, 24), and x-ray
scintillation screens (Ref 25).

Aluminum anodization can be processed in an acid or
alkaline bath (Ref 12). Unlike the oxalic, chromic and
phosphoric acid baths, the sulfuric acid bath is the most
commonly used in industry. It has the advantages of low cost,
rapid action, and comparatively low operating voltage, so it is
commonly used in anodization processes (Ref 11).

In general, industrial anodization processes include multiple
steps: degreasing, alkaline etching, anodization, electrolysis
coloring, electrophoresis, sealing, and air drying. The steps of
anodizing used in industrial production can be summarized as
follows: (1) moving the aluminum work-piece into a sulfuric
acid bath (90 g/L, room temperature, 4 min) for acid cleaning,
(2) removing the degreased work-piece for water washing, (3)
moving the aluminum work-piece into alkaline solution with
sodium hydroxide for alkaline washing (50 g/L, 50�C, 3min),
(4) water washing before alkaline etching of the aluminum
work-piece, (5) anodization (20�C, 1.2 A/dm2), (6) water
washing after anodization of the aluminum work-piece, (7)
moving the anodized work-piece into a bath comprising tin
sulfate 8 g/L and nickel sulfate 17 g/L and electrolyte for
coloring (21�C, 200 sec, 21V), (8) moving the colored work-
piece into an electrophoresis bath (5 g/L, conductivity 900 l s,
pH = 8, 120 V), (9) sealing, and (10) curing (50 min, 180�C)
(Ref 26-29).

The resulting anodic oxide film is porous and has good
permeability, so the surface of aluminum alloy can be soaked
with organic or inorganic dyes, which penetrate into the
capillary pores to form a variety of colors on the finished
products. It is generally used for surface modification and is
also known as decorative mild anodization. The thickness
resulting from mild anodization is below 10 lm (Ref 28).
Because of the fierce competition in decorative anodizing,
major anodizing manufacturers are also actively developing
new markets so that the anodizing process can be smoothly
included as a key process in the next generation of products.
Once a new target product is developed for anodizing, it is
expected to become a slice of the pie that manufacturing
industries compete for (Ref 30-33).

Research on the surface characteristics of aluminum alloy
and the microstructure of aluminum anodic oxide film has
attracted great attention (Ref 34-39). Generally, the growth
parameters of anodized aluminum films are easily affected by
process conditions, such as the current density, temperature,
and electrode distance. The high quality of controllable anodic
film is well known in academic research (Ref 6). However,
many engineering problems still need to be overcome to

promote its application in industry. For example, the anodic
oxide growth rate is a challenging problem because local
reaction heat easily induces pitting and burnout on the anodic
oxide film, which can lead to failure of the anodization (Ref
11). Therefore, to overcome the local heat or exothermic
reaction problem, a new anodization mold and bath system
were developed in the present study. The objective of this study
was to investigate the formation of anodic oxide film by a
sulfuric acid electrolyte anodizing process. Moreover, to
develop deep insight on the effects of the various anodization
conditions on the quality of the resultant anodized film, such as
anodization efficiency, film hardness, film color, and film
microstructure, various anodization parameters were used in the
present study.

Since anodization processes are sensitive to the operation
conditions, defects will appear in anodic film if unsuitable con-
ditions are applied. The controllable conditions include the
electrolyte composition, temperature, applied voltage, cooling
cycle, and current density. In anodization, the working
electrode presents an exothermic reaction. Thus, when prepar-
ing small-scale samples for academic research, it is not a
problem to deal with the small heat quantity of the exothermic
reaction. In mass production, however, the maintenance of a
constant current density and temperature are critical issues,
especially in the case of large Al workpieces. Therefore, in the
present study, we designed the electrochemical mold and the
chemical bath, and we controlled the complicated anodization
parameters to verify that high-quality anodic aluminum oxide
film could be formed on a large Al specimen if the reaction heat
could be dissipated efficiently.

2. Experimental Procedure

The experimental procedure is shown in Fig. 1. The anodic
oxide film was formed on the AA 6061 by anodization in the
present study. The experimental procedure can be primarily
categorized into three stages: pre-treatment, anodizing, and
post-treatment. The main experimental conditions of the
aluminum surface pre-treatments, anodization, and post-treat-
ment are described as follows:

2.1 Aluminum Surface Pre-Treatments

To release the residual stress from rolling, the 4-inch-
diameter disk of AA 6061 was first annealed in an air furnace at
120�C for 1h. Second, the Al disk was mechanically ground to
remove any obvious scratches. Then the surfaces were further
polished by both chemical polishing (85% H3PO4, at 95�C for
2 min) and electrolytic polishing (15 vol.% HClO4 + 15 vol.%
(CH3(CH2)3OCH2CH2OH + 70 vol.% C2H6O, at 25 V and 0�C
for 15 min).

2.2 Anodizing

The anodization included mild anodization (10 vol.%
H2SO4, at 20 min and 0�C, and 22�C) for anodic oxide film
with low hardness, and hard anodization (5 vol.% H2SO4 + 6
vol.% C2H6O2 + 2.4 wt.% C2H2O4, at �4�C) for anodic oxide
film with high hardness.
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2.3 Anodic Film Post-Treatments

For decoration, identification, and patterning purposes, the
anodic oxide film was dyed (commercial dye, 5g/L, 40�C, 5
min) with varied colors. The colors were stabilized by sealing
(H2O, 100�C, 40 min), a high-quality surface was ensured by
polishing, patterning was accomplished by engraving, and
partial surface protection was conferred by electrophoresis
(commercial electrophoretic paint, 6g/L solution, 50�C, 2 min).

The microstructures of the AA 6061 and anodic oxide film
were characterized by optical microscopy (OM, Nikon LV
150), scanning electron microscopy (SEM, 10 kV, HITACHI
Regulus 8100 Field emission scanning electron microscopy
(FE-SEM)), and transmission electron microscopy (TEM,
JEOL-2100F, 200 kV). The free-standing anodic oxide film
for TEM observation was made by removing the aluminum
substrate with an aqueous etching solution (8 vol.% HCl +
saturation CuCl2, 25�C, 20 min). Moreover, the chemical
compositions of the AA 6061 and anodic oxide films were
measured using energy dispersive X-ray spectroscopy (EDS)
and element mapping. The hardness data were obtained by a
Vickers hardness tester (FM-300e, Future-Tech Corp.) with a
load of 1000 g and averaged from measurements at 20 different
sites near the joint regions. In addition, the electrochemical
behavior was examined by AC impedance measurement and
Tafel polarization test (Zahner Impedance Measuring Unit (IM
6)).

3. Results and Discussions

Figure 2 shows the anodization mold and anodization bath
system used in the present study. The present anodization
process has the following three main features: (1) The
anodization mold with the anodization reaction area (4 inches
in diameter) is made of Teflon and uses copper as a conductor;
(2) the exploded view includes an up-cover with an anodization
reaction area, a silicone ring as the water sealing material, a
copper plate and rod as conductivity conductors, and an
aluminum sheet set between the silicone ring and copper plate;
and (3) the anodization bath system includes a cooler, pump,
filter, heat exchange plate, and anodization bath.

Because the anodization reaction produces heat when metals
or components are ionized in the anodization processes, the
ionization reactions include Eq 1-3, which are all exothermic
reactions (1), where DH is standard enthalpy.

H2SO4 ! 2Hþ þ SO2�
4 ; DHo

f ¼ �909:3 kJ ðEq 1Þ

Al ! Al3þ þ 3e; DHo
f ¼ �531:4 kJ ðEq 2Þ

H2O ! Hþ þ OH�; DHo
f ¼ �230:1 kJ ðEq 3Þ

This large amount of exothermic reaction heat affects the
anodization temperature and makes the electrochemical reac-
tion less stable (Ref 9, 13). To maintain a stable anodization
temperature in the reaction, we designed an anodization bath
system, shown in Fig. 2(c). The main feature of the anodization
bath is that it can keep the temperature stable during the entire
anodization process due to the cycling by a pump of the
electrolyte between the anodization bath and the cooler bath
with a heat exchange plate.

Figure 3(a) and (b) shows OM and SEM images of the
original AA 6061, which present many obvious rolling traces
regularly dispersed within the Al alloy. Moreover, the main
elements, Al, Mg, and Si, can be also found in the EDS
spectrum (Fig. 3c). After the electro-polishing treatment, the
parent AA 6061 revealed obvious white light a-Al phase along
with some particles randomly precipitated within the a-Al
grains (Fig. 3d). According to previous studies (Ref 40-42),
these precipitates, Mg2Si, contribute strength to the Al alloy.
Furthermore, the Al alloy had a clear surface without any
scratches after the electro-polishing treatment, which was
critical for the following anodization treatment (Fig. 3d).

To obtain surfaces of different roughness on the AA 6061,
the surfaces were pretreated. Retained stress was released by
annealing, and scratches were removed by sandpaper grinding.
Then a uniform surface roughness was created by sandblasting,
plowing, mechanical polishing, and chemical polishing. Fig. 4
shows OM and atomic force microscopy (AFM) images of the
surface of the AA 6061 after sandpaper grinding, sandblasting,
plowing, and chemical polishing. The following information
was obtained from observations of the microscopic images: (1)
The AA 6061 surface still retained straight sandpaper traces
after grinding; (2) the surface was uniformly roughened after
sandblasting (# 80, Al2O3 powder); (3) a surface with holes
presented after plowing, and (4) the surface presented a porous
film (Al + H3PO4 fi Al(H2PO4) + H2) after chemical
polishing. Table 1 shows the surface roughness of AA 6061
after sandblasting, chemical polishing, grinding, plowing, mild
anodization, and hard anodization treatments. The maximum
roughness on the aluminum alloy surface (Ra = 2.38 lm) was
obtained after sandblasting (# 80), and the minimum roughness
of Ra = 0.27 lm presented after grinding and plowing. The
surface roughness treatments of grinding, blasting, plowing,
and polishing could be used to control the surface roughness of

Fig. 1 (a) Flow chart illustrating the entire experiment process. (b-g) Steps of anodizing and patterning on AA 6061 surface; (b) 4-inch AA
6061 disk, (c) mechanical grinding, (d) mechanical polishing, (e) anodizing, (f) dyeing, (g) electrophoresis
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Ra to between 0.27 and 2.38 lm. Therefore, AA 6061 can
present a smooth shiny surface with a surface roughness of Ra

0.31 lm or an anti-reflection surface with a surface roughness
of Ra 1.83 lm.

It is generally accepted that Al3+ ions can form from
aluminum alloy in an acid aqueous solution at a specific
voltage. Therefore, based on the reaction formula, the relation-
ship of ion concentration and equilibrium potential can be
drawn into a graph; i.e., a Pourbaix diagram (Ref 39). In the Al
Pourbaix diagram, when the electrolyte pH value is kept below
4 and the applied voltage is higher than �1.8V (Ref SHE),
anodic aluminum oxide (AAO) can form on the surface of Al
alloy. The structure of AAO is a honeycomb-like tubular
structure, and each cell has a circular hole in the middle. During
the anodization, the applied voltage causes the oxide film to
continue growing and the film to expand in volume, squeezing
the holes against each other. The holes generate repulsive forces
between them, and the anodic film expands to form a dense
hexagonal stacking structure.

Figure 5 shows the results of Al alloy specimens covered in
aluminum oxide films of various colors after undergoing mild
anodization treatment (50 cm2, 22�C, and 20 min) at different
current densities (1-12 A/dm2). It can be clearly seen that the
aluminum oxide film was variably translucent, brown, or black
when the current densities were at 1 to 4, 5 to 8, and 9 to 12 A/
dm2, respectively. Moreover, these oxide films of different

colors are suitable for distinct purposes. For example, only
translucent aluminum oxide film is suitable for dyeing to any
kind of color (Ref 9, 10). However, aluminum oxide film that is
brown or black in color is not suitable for dyeing due to its deep
color. Ref 21, 28. On the other hand, Fig. 6 shows the results of
Al alloy specimens covered in aluminum oxide films of various
colors after undergoing mild anodization treatment (50 cm2,
0�C, and 20 min) at different current densities (1-12 A/dm2). It
can be clearly seen that the aluminum oxide film was variably
translucent, brown, or black, or had partial burring, when the
current densities were fixed at 1 to 4, 5 to 6, 7 to 9, and 10 to 12
A/dm2, respectively. To understand the influence of the
anodizing temperature on the quality of the aluminum oxide
film, some detailed experimental results of anodizing treatments
at 0 and 22�C are presented in Tables 2 and 3, respectively.

The anodic aluminum oxide reaction can be expressed as
Al3+ + 3OH- fi Al(OH)3 (Ref 1, 41, 42). According to
Faraday’s laws, the relationship between anodic current and
film thickness can be expressed as Eq 4, which can be further
simplified to Eq 5:

Q ¼ It ¼ nfN ¼ nFqDA=M ðEq 4Þ

D ¼ ItM=nFqA ðEq 5Þ

where Q is power (C), I is current (A), T is time (sec), n is
valence, F is Faraday constant (i.e., 96,500), N is mole, q is

Fig. 2 Schematic diagrams showing experimental facility setup. (a) anodizing mold, (b) exploded view of anodizing mold, and (c) anodization
bath
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density (g/cm3), D is thickness (cm), A is surface area (cm2),
and M is molecular weight (g/mol).

In the present study, the anodizing time was 1200 seconds,
and the anodizing area was 50 cm2. Therefore, Eq 5 can be
simplified to Eq 6, and the anodization efficiency can be
calculated using Eq 7, where Da and D are experimental
thickness and calculation thickness, respectively.

D lmð Þ ¼ 26:94� I ðEq 6Þ

g %ð Þ ¼ 100� Da=D ðEq 7Þ

In Table 2, the anodization treatment at 22�C can be divided
into four regions: mild anodization, with a current density of
0.5-2 A/dm2 (region I); semi-hard anodization, with a current
density of 3.0-6.0 A/dm2 (region II); hard anodization, with a
current density of 7.0-8.0 A/dm2 (region III); and burring, with
a current density higher than 9.0 A/dm2 (region IV). The mild
anodization presented after a lower final voltage of 7-17 V and
produced a hardness of 142-185 HV1.0. In contrast, the hard
anodization presented after a higher final voltage of 30-43 V
and produced a hardness of 335-359 HV1.0. The burring
anodization presented after an unstable final voltage, thickness,
and efficiency, and the hardness was 329-168 HV1.0. The
anodization efficiency had a high value of 90% at the lower
current density of 0.56 A/dm2. The efficiency was lower (52-
56%) when the current density was higher than 2 A/dm2.
Similar results were obtained with the anodization treatment at
0�C, as can be seen in Table 3. From comparing Table 2 with 3,
it was deduced that when the anodizing treatment occurs at a
lower temperature, then a long anodization time, higher
anodization voltage, and higher current density are needed

due to the anodized oxide film tending to form slowly in the
electrolyte. The reason is that two primary mechanisms, the
growth mode and the dissolving mode, compete with each other
during the anodizing treatment (Ref 8, 12, 15). Furthermore, the
growth mechanism dominates at low anodizing temperature,
resulting in a thicker alumina oxide film after anodizing
treatment. On the other hand, the thickness of anodized oxide
film increases slowly at high temperature because the dissolv-
ing mechanism prevails.

Figure 7 shows samples of AA 6061 after mild anodization
at different temperatures under the same reaction area (50 cm2)
and time (20 min). Several valuable points can be deduced from
Fig. 7, as follows: (1) The final voltage value can be used to
evaluate the anodic oxide film thickness and resistance
properties because a higher final voltage leads to higher film
thickness and resistance; (2) the theoretical anodization oxide
film thickness can be calculated by Eq 6. Moreover, the oxide
film thickness is proportional to the current density; (3) The
anodization efficiency can be calculated by Eq 7. Comparing
the anodization temperatures of 22 and 0�C, the anodic oxide
films had lower anodization efficiency; (4) Anodic oxide film
with a higher hardness can be obtained at a lower anodization
temperature (0�C).

Figure 8 shows the partial burring region within the anodic
oxide film, which was caused by a high anodization current
density. It was also found that the burring zone began at the
mold edge when the current density reached 10.0 A/dm2

(Fig. 8a). Holes were burned in the anodic oxide films when the
current density rose to 12.0 A/dm2 (Fig. 8b). Furthermore, the
burring zone had a lower hardness than did the other normal
anodized film regions. For example, the hardness values at

Fig. 3 Surface morphologies (a, d) Optical microscopy morphologies, (b) SEM image, and (c) corresponding EDS analysis of original AA
6061 before (a, b) and after (d) electro-polishing treatment
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points 1, 2, 3, and 4 were 468, 450, 320, and 293 HV1.0,
respectively, when the anodization treatments were performed
at 10.0 A/dm2 (Fig. 8a). Similarity, the hardness values at
points 1, 2, 3, and 4 were 402, 320, 105, and 50 HV1.0 when the
anodization treatment was performed at 12.0 A/dm2 (Fig. 8b).

From Table 2 and 3 and Fig. 8, it was deduced that a good
quality of mild anodized film can be achieved at a current
density below 2.0 A/dm2. On the other hand, when the current
density is higher than 9.0 or the final voltage is higher than 50
V, the anodization oxide film tends to be burned out (unsuit-
able anodization).

Fig. 4 (a-h) Optical microscopy morphologies and (i-p) AFM images of 6061 aluminum alloy after different surface pre-treatments: (a, i)
sandblasting, (b, j) sandblasting and chemical polishing, (c, k) sandblasting, chemical polishing and mild anodizing, (d, l) grinding, (e, m)
grinding and chemical polishing, (f, n) grinding and plowing, (g, o) grinding, plowing and mild anodizing, and (h, p) grinding, plowing, and
hard anodizing
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To further increase the film hardness and anodization
efficiency, the hard anodization conditions were modified in
the present research. For example, the hard anodization

temperature was lowered to �4�C instead of being kept at
22�C or 0�C. The chemical composition of the hard anodization
aqueous electrolyte was modified to 5 vol.% H2SO4 + 6 vol.%

Fig. 4 continued
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C2H6O2 + 2.4 wt.% C2H2O4. In addition, a two-step current
density approach was utilized in the anodization process, as
follows: In the first step, the current density was increased from
0 to 2.0, 3.0, or 4.0 A/dm2 within 20 min; in the second step,
the current density was maintained at 2.0, 3.0, or 4.0 A/dm2

until the final voltage of 70 V. Fig. 9 shows the I-V and I-T
curves of AA 6061 under hard anodization with experimental
parameters of 50 cm2 and �4�C. The quantities of electricity in
the two-step current density approach were 4410 C, 4050 C,
and 4200 C when the current densities were 2.0, 3.0, 4.0 A/dm2

in the voltage range of 0-70 V, respectively. As shown in
Table 4, the anodic oxide film and anodization efficiency were
576 HV1.0 and 60% when the current density and final voltage
were 2.0 A/dm2 and 70V.

Figure 10 presents TEM images of anodic oxide films
formed on AA 6061. Several microstructural characteristics
were observed in these images. The first was an anodic oxide
film with a hollow tube structure, which had an outside
diameter of 240-280 nm and an inner diameter of 70-90 nm.

Second, the tube surface had a random texture. Third, from
EDS analysis and element mapping images, it was found that
the tubes mainly consisted of Al (62.31 wt.%), Mg (1.21 wt.%),
Si (0.30 wt.%), and O (36.18 wt.%). Fourth, the tubes had an
amorphous structure. When aluminum is placed in a specific
electrolyte under suitable anodization conditions, the oxide film
forms a regular cell or nanotube structure, and the bottom of a
nanotube, which is between a barrier layer and the aluminum
substrate, forms a hemispherical shape (Ref 9, 10). The
characteristics of the barrier layer, diameter of the nanotube,
tube density, pore wall thickness, and tube length depend on the
anodization parameters.

AA 6061 is a precipitation hardening alloy; the alloying
elements Mg and Si precipitate and form Mg2Si in the anodic
oxide film during anodization (Ref 2-5). The microscopic
morphologies showed that the nanotubes had a random texture
on the surface. That is the reason why, when the aluminum
substrate was removed, the separate anodic film exhibited
brittleness.

Table 1 Surface roughness of AA 6061 after various surface pre-treatments

Surface pre-treatment Roughness, Ra lm

1. Sandblasting 2.38 ± 0.3
2. Sandblasting + Chemical Polishing 1.64 ± 0.5
3. Sandblasting + Chemical Polishing + Mild Anodizing 1.83 ± 0.3
4. Grinding 0.12 ± 0.4
5. Grinding + Chemical Polishing 0.47 ± 0.6
6. Grinding + Plowing 0.27 ± 0.2
7. Grinding + Plowing + Mild Anodizing 0.31 ± 0.3
8. Grinding + Plowing + Hard Anodizing 0.65 ± 0.4

Fig. 5 Images of films of various colors produced under mild anodization conditions of 1-12 A/dm2, 50 cm2, 22 �C, and 20 min
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The anodic oxide films formed primarily through deposition
(film growth) and dissolution (film dissolving) mechanisms.
Thus, the anodized films contained pores and some moisture
after anodization. Therefore, for use in industry, a dense anodic

film must be obtained through a sealing procedure. The method
of sealing is usually to immerse the anodic film in boiling water
for a period of time. After the sealing procedure, the anodic

Fig. 6 Images of films of various colors produced under mild anodization conditions of 1-12 A/dm2, 50 cm2, 0�C, and 20 min

Table 2 Thickness and hardness of anodized aluminum oxide film obtained by anodization treatment of AA 6061 (50
cm2) at 22�C for 20 min under different conditions

Symbol Treatment
Current,

A

Current
density, A/

dm2
Power,

C

Final
voltage,

V

Measured
thickness,

lm

Calculated
thickness,

lm
Anodization
efficiency, %

Hardness,
HV1.0

H-M1 Mild Anodization 0.28 0.56 336 7 6.8 7.5 90 142 ± 7
H-M2 Mild Anodization 0.4 0.8 300 8 8 11 73 148 ± 10
H-M3 Mild Anodization 0.5 1.0 600 12 10 13 71 163 ± 6
H-M4 Mild Anodization 1.0 2.0 1200 17 14 27 52 185 ± 7
H-S1 Semi-Hard Anodization 1.5 3.0 1800 20 22 40 54 196 ± 4
H-S2 Semi-Hard Anodization 2.0 4.0 2400 22 28 54 52 197 ± 7
H-S3 Semi-Hard Anodization 2.5 5.0 3000 24 36 67 53 255 ± 9
H-S4 Semi-Hard Anodization 3.0 6.0 3600 27 45 81 56 312 ± 7
H-H1 Hard Anodization 3.5 7.0 4200 30 52 94 55 335 ± 15
H-H2 Hard Anodization 4.0 8.0 4800 43 60 108 56 359 ± 11
H-B1 Burring 4.5 9.0 5400 50 fi 40 75 � 65 121 54�61 329 ± 13
H-B2 Burring 5.0 10.0 6000 50 fi 40 88 � 75 134 56�65 292 ± 10
H-B3 Burring 5.5 11.0 6600 50 fi 40 80 � 92 148 53�62 189 ± 6
H-B4 Burring 6.0 12.0 7200 50 fi 40 108 � 95 161 59�67 168 ± 7
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oxide film can achieve the advantages of increased film
hardness, anti-pollution, and corrosion resistance (Ref 33).

The sealing process converts amorphous Bayerite, i.e.,
aluminum trihydrate (Al2O33H2O or 2Al(OH)3) containing
85% Al2O3, into Boehmite, i.e., aluminum monohydrate
(Al2O3H2O or 2AlO(OH)), through the hydration reaction of
anodic film in pure water at the boiling point. The sealing
reaction of anodic film from the conversion of Bayerite into
Boehmite can be expressed as Eq 8 (6-10, 33, 43, 44).

Al OHð Þ3! AlO OHð Þ þ H2O ðEq 8Þ

Because the molecular volume of Boehmite is larger than
that of Bayerite, the volume expansion causes the micro-pores

of the anodic oxide film to be filled and closed. The volume
expansion of the above phase transformation can be calculated
with Eq 9, where V is volume (cm3), M is molecular weight
(g/mole), and q is density (g/cm3). Based on Eq 9, the volumes
of 1 mole AlO(OH) (q: 3.03 g/cm3, M: 60 g/mole), Al(OH)3 (q:
2.53 g/cm3, M: 78 g/mole), and H2O (q: 1.0 g/cm3, M: 18
g/mole) can be calculated as 19.8 cm3, 30.8 cm3, and 18.0 cm3.
Based on Eq 8, the anodic film volume expands from 30.8 cm3

to 37.8 cm3, an increase of 23%.

V ¼ mole�M=q ðEq 9Þ

Figure 11 presents TEM morphologies of AA 6061 anodic
film before and after the sealing treatment. The size of the

Table 3 Thickness and hardness of anodized aluminum oxide film obtained by anodization treatment of AA 6061 (50
cm2) at 0�C for 20 min under various conditions

Symbol Treatment
Current,

A

Current
density,
A dm22

Power,
C

Final
voltage, V

Measured
thickness,

lm

Calculated
thickness,

lm
Anodization
efficiency, %

Hardness,
HV1.0

L-M1 Mild Anodization 0.25 0.5 300 24 5 7 71 130 ± 6
L-M2 Mild Anodization 0.5 1.0 600 26 9 13 69 159 ± 7
L-M3 Mild Anodization 1.0 2.0 1200 27 12 27 44 166 ± 5
L-S1 Semi-Hard Anodization 1.5 3.0 1800 29 20 40 50 215 ± 8
L-S2 Semi-Hard Anodization 2.0 4.0 2400 30 27 54 50 243 ± 6
L-S3 Semi-Hard Anodization 2.5 5.0 3000 35 38 67 57 296 ± 10
L-S4 Semi-Hard Anodization 3.0 6.0 3600 45 49 81 60 358 ± 12
L-H1 Hard Anodization 3.5 7.0 4200 52 54 94 57 453 ± 13
L-H2 Hard Anodization 4.0 8.0 4800 63 70 108 64 456 ± 12
L-B1 Burring 4.5 9.0 5400 74 fi 71 57 � 76 121 47�62 293 ± 6
L-B2 Burring 5.0 10.0 6000 87 fi 65 70 � 100 134 52�74 98 ± 5
L-B3 Burring 5.5 11.0 6600 110 fi 50 85 � 95 148 57�64 85 ± 7
L-B4 Burring 6.0 12.0 7200 1000 fi 45 70 � 100 161 43�62 50 ± 6

Fig. 7 The variation of (a) applied power, (b) anodization efficiency, (c) thickness, and (d) hardness with current density for AA 6061 under
anodizing treatment conditions at 22 �C and 0 �C
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hollow tubes shrank after the sealing treatment due to the
volume expansion resulting from the above phase transforma-
tion. For example, the inner diameters of the tubes were
reduced from 150 to 80 nm and 20 nm after sealing treatments
at 100�C for 60 min and 80 min, respectively. Moreover, the
EDS analysis and element mapping images showed Al (63.65
wt.%), Mg (1.18 wt.%), Si (0.32 wt.%), and O (34.85 wt.%)
distributed uniformly within the nanotubes.

The corrosion property of the aluminum anodized oxide film
was also evaluated in 3.5 wt.% NaCl. Figure 12 shows the
electrochemical behaviors of 6061 AA with and without
anodization treatment determined by Tafel polarization mea-
surement and AC impedance test. It can be clearly seen that,
compared with 6061 AA with anodization treatment, AA 6061
without the anodized aluminum oxide film had a larger
corrosion current density (Fig. 12a), 10�2.7 A/cm2, and smaller

Fig. 8 The appearance of the partial burring region on the surface of AA 6061 after anodizing treatment at various current densities: (a) 10.0
A/dm2, (b) 12.0 A/dm2

Fig. 9 (a) I-V curves and (b) I-T curves for AA 6061 alloy after hard anodizing treatment at � 4 �C, 70 V, and various current densities: 2.0,
3.0, and 4.0 A/dm2

Table 4 Thickness and hardness of anodized aluminum oxide film obtained by anodization treatment of AA 6061 (50
cm2) at -4�C and 70V for various times

Symbol Treatment
Current,

A
Current density,

A dm22
Power,

C
Measured

thickness, lm
Calculated

thickness, lm
Anodization
efficiency, %

Hardness,
HV1.0

L-H1 Hard Anodization 1.0 2 4410 99 60 60 576 ± 28
L-H2 Hard Anodization 1.5 3 4050 90 54 59 503 ± 20
L-H3 Hard Anodization 2.0 4 4200 94 57 60 525 ± 23
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corrosion voltage, �0.56 V (SCE), which indicates that the
better corrosion resistance ability can be achieved by anodiza-
tion treatment. On the other hand, from the AC impedance
measurement (Fig. 12b), the Bode plots revealed that 6061 AA
with the anodized oxide film had higher impedance (106 ohm)
than that of the bare 6061 AA (102 ohm) in the lower frequency
range. Furthermore, Nyquist plots also showed that the 6061

AA with anodization oxide film had higher impedance
(Fig. 12c-d). Therefore, from the above results, it can be
deduced that the better corrosion resistance resulted from the
anodized oxide film with large resistivity. In addition, Sarah
L�Haridon-Quaireau et al. also investigated the effects of
parameters on pitting and uniform corrosion of the aluminum
alloy 6061-T6 in the conditions found in material testing

Fig. 10 (a, c, f) TEM morphologies of aluminum oxide film revealing tube structure and some micro-cracks, (b) schematic diagrams illustrating
the microstructural characterization of these aluminum oxide tubes, (d) EDS analysis, (e) diffraction pattern showing amorphous structure and (g-
j) element mapping images
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Fig. 11 TEM morphologies showing the microstructural characterization of anodized aluminum oxide (a) before, (b, c, d) after sealing
treatment at 100�C for (b, d) 60 min and (c) 80 min, (e) diffraction pattern. (f) EDS analysis, and (g-j) element mapping images
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reactors (MTR). They also found that at low temperature
(70�C), the film is composed of two layers of different
aluminum hydroxide phases. These two phases have different
corrosion behaviors depending on the PH (45).

4. Conclusions

In the present study, an aluminum oxide layer was produced
under different anodization treatment conditions, and oxide
films with various properties, including thickness, hardness,
and microstructure, were measured. The anodization process
included pre-treatment by annealing, mechanical grinding, and
chemical polishing; anodization; and post-treatment of acidifi-
cation, dyeing, water sealing, polishing, laser engraving,
electrophoresis, and curing. In the process, the pre-treatment
by sandblasting gave the AA 6061 surface uniform roughness.
Chemical polishing removed the slight friction scratches and
contaminants on the AA 6061 surface, smoothed the surface,
and produced a surface with a high mirror brightness.

Furthermore, the anodic oxide film has the following
characteristics:

1. Anodic oxide film with hollow tube structures having in-
ner diameters of 70-90 nm and outer diameters of 240-
280 nm can be obtained with the mild anodization treat-
ment. Furthermore, the oxide film can achieve higher
hardness and resistance to corrosion through the sealing
process, which can effectively decrease the size of the
tubes due to the volume expansion effect (23%) during
the sealing treatment. The hardness values of the films
are between 142 and 359 HV1.0.

2. Anodic oxide films of different colors, namely, translu-
cent (suitable for dyeing), brown (suitable for dyeing
with dark colors), and black (unsuitable for dyeing), were
obtained when the current densities of the anodization
treatment (22�C) were from 1 to 4 A/dm2, 5 to 8 A/dm2,
and 9 to 12 A/dm2, respectively.

3. Anodic oxide film with a higher hardness can be ob-
tained at a lower anodization temperature (0�C) than at
room temperature (22�C).

4. The sealing process can reduce the inner diameters of the
anodic tubular film from 150 to 80 nm and 20 nm after
sealing treatments at 100�C for 60 min and 80 min,
respectively.

5. A two-step current density approach was used in the hard
anodization treatment. The hardness values of the film
were 576, 503, and 525 HV1.0, and the anodization effi-
ciencies were 60, 59, and 60%, when the current densi-
ties were 2, 3, and 4 A/dm2, respectively.

6. 6061 AA after anodization presents very good corrosion
resistance, according to the Tafel polarization measure-
ment and AC impedance tests. The 6061 AA with anodic
film has a higher corrosion voltage (�0.3 V, SCE), lower
corrosion current density (10�7.8 A/cm2), and higher im-
pedance (106 ohm) than those of 6061 AA without
anodization treatment (corrosion voltage, �0.56 V, SCE;
corrosion current density, 10-2.7 A/cm2; impedance, 102

ohm.
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