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Abstract: A series of anodic aluminum oxide(AAO) was grown on the commercially pure 1050 aluminum sheet by controlling
electrolyte temperature (2—15 “C) and anodizing time (0.5—6 h), using a fixed applied current density of 3 A/dm?in diluted sulfuric
acid electrolyte. A crack-free thick AAO with the thickness of 105—120 pm and containing unidirectional nano sized pores (average
pore diameter of 5—7 nm) is successfully achieved in the specimens anodized for 2 h, irrespective of electrolyte temperature. When
anodizing time reaches 6 h, very thick AAO with the thickness of 230—284 pm is grown, and average diameter of unidirectional
pores is in the range of 6—24 nm. The higher values in both the AAO thickness and pore diameter are attained for the specimens
anodized at higher temperatures of 10—15 C. A crack is observed to exist in the AAO after anodizing up to 4 h and more. A higher
fraction (more than 9%) of the crack is shown in the specimens anodized at higher temperatures of 10—15 ‘C for 6 h and a

considerable amount of giant cracks are contained.
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1 Introduction

Anodizied aluminum oxide(AAO) is well known to
be formed by the anodizing (electrochemical oxidation)
of aluminum in an electrolytic cell in which the
aluminum acts as the anode. If the anodizing is
performed in an acid electrolyte such as sulfuric acid,
oxalic acid or phosphoric acid, the AAO contains a
periodic array of nanosized pores aligned in one
direction within the rigid alumina[l—4]. Recently, the
nanoporous AAO has attracted considerable interest
because the unidirectional nanoporous alumina is
applicable as nanotemplates in fabricating one-
dimensional nanoscale materials including nanowires
and nanotubes[5—8], which can be used in the electronic,
photonic and biological devices[9—13]. Since the length
of one-dimensional nanoscale materials is governed by
the thickness of nanotemplates, the thicker AAO is
essential to obtain the longer nanowires and nanotubes.
Especially, the crack-free (sound) thick AAO should be

developed to make the nanoporous alumina fit for
practical usage. In this study, we attempted to fabricate a
crack-free thick (larger than 100 pm) AAO containing
the unidirectional nanoporous structures on the
commercially pure 1050 aluminum sheet.

2 Experimental

The commercially pure 1050 aluminum sheet
(99.5% in purity, 40 mmX40 mm X 0.5 mm in size) was
used in this study. In order to clean the surface of
aluminum before anodizing, a pretreatment was carried
out as follows: ultrasonic cleaning in acetone for 30 s,
followed by acid etching using 15% (volume fraction)
sulfuric acid solution at 50 ‘C for 180 s, and then rinsed
thoroughly in deionized (DI) water. The pretreated
aluminum sample was masked by an acid-resistant tape
in order to expose the surface area of 20 mm X 100 mm
during anodization. The prepared aluminum sample was
anodized in diluted sulfuric acid electrolyte using a mesh
shaped Pt cathode and a fixed current density of 3 A/dm?.
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Anodization was carried out at different electrolyte
temperatures of 2, 10 and 15 °C for various anodizing
time from 0.5 to 6 h. After anodizing, the acid-resistant
tape was removed by ultrasonic cleaning in acetone, and
immediately the of the anodized
aluminum surface was observed by a scanning electron
microscope(SEM). The thickness of AAO was measured
from an optical microscope(OM) observation of the
polished cross section. The fracture section of the AAO
was also observed by SEM after fracturing in liquid
nitrogen.

microstructure

3 Results and discussion

The average thickness of AAO formed on the pure
1050 aluminum specimen is presented in Fig.l1 as a
function of the anodizing time at different electrolyte
temperatures. For the specimens anodized at 10 ‘C and
15 C, the thickness of AAO increases almost linearly
with increase in the anodizing time. In contrast, a
parabolic increment in the thickness of AAO is found to
occur with anodizing time for the specimens anodized at
2 °C. When the anodizing time reaches 2 h, a thick AAO
larger than 100 pm is formed at all the electrolyte
temperatures. Namely, the thicknesses of AAO are
measured to be 120, 105 and 114 um for the specimens
anodized at 2, 10 and 15 C, respectively. When the
anodizing time increases up to 6 h, very thick AAO
layers with the thickness of 230, 279 and 284 pm are
grown on the specimen anodized at 2, 10 and 15 C,
respectively.

Interestingly, for the specimens anodized up to 4 h
and more, a crack appears in the AAO layer, and the
fraction of the crack depends upon the anodizing time
and electrolyte temperature. The three OM images taken
from the cross-section of AAO containing cracks are
exhibited in Fig.2. In this figure, the cracks are indicated
by arrows. A smaller (<100 pm) crack (Fig.2(a),
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Fig.1 Variation of AAO thickness with anodizing time at
different electrolyte temperatures
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Fig.2 OM images of cross section for AAO containing cracks
anodized at 2 °C for 4 h (a), at 10 'C for 4 h (b) and at 15 C for
6h(c)

anodized at 2 ‘C for 4 h), larger (>300 pum) crack
(Fig.2(c), anodized at 15 °C for 6 h), and intermediate
sized (100—-300 um) crack (Fig.2(b), anodized at 10 ‘C
for 4 h) are observed in the AAO layer.

The fraction of crack existing in the AAO is
summarized in Table 1. As shown from this table, when
the anodizing time changes from 4 to 6 h, the fraction of
crack increases rapidly for the specimens anodized at 10
and 15 ‘C, compared with the specimen anodized at 2 C.
As a result, for the specimens anodized up to 6 h, a lower
fraction (<<2%) of crack is obtained for the specimen
anodized at 2 ‘C, although noticeably higher fraction
(>9%) of crack is attained for the specimens anodized at
higher temperatures of 10 and 15 C.

In order to investigate the relationship between the
crack size and the fraction of crack, relative frequency of
crack length is measured by the OM micrographs taken
from the whole cross-section area of AAO. Fig.3 shows

Table 1 Summary of areal fraction (%) of crack existing in
cross-section of AAO

Electrolyte Anodizing time/h
temperature/C 0.5 1 2 4 6
2 0 0 0 0.2 1.8
10 0 0 0 1.5 9.4
15 0 0 0.3 13.8
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the plot of relative frequency of crack length for the
specimens containing cracks in AAQO. For the specimens
with crack fraction of 0.2% (Fig.3(a), anodized at 2 C
for 4 h) and 0.3% (Fig.3(c), anodized at 15 C for 4 h),
only small sized cracks (crack length<<100 pum ) exist in
AAO. An example of such a crack can be seen from
Fig.2(a). In the case of the specimen with the crack
fraction of 1.5% (Fig.3(b), anodized at 10 ‘C for 4 h),
the intermediate sized cracks (crack length of 100—300
pm, as shown in Fig.2(b)) are also observed in addition
to the small sized cracks. For the specimen having the
crack fraction of 1.8% (Fig.3(d), anodized at 2 ‘C for 6
h), a considerably small amount (relative frequency of
4.3%) of the large sized crack (crack length>300 um)
exists in addition to both the small and intermediate sized
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cracks. In contrast, in the case of the specimens showing
the higher fraction of crack, such as 13.8% (Fig.3(f),
anodized at 15°C for 6 h) and 9.4% (Fig.3(e), anodized
at 10 C for 6 h), relative frequencies of the large sized
cracks reach around 27% and 12%, respectively. It is
concluded that the higher fraction of the crack (9.4% and
more) exhibited in the specimens anodized at higher
temperatures (10—15 °C) for longer time (6 h) is closely
related to the development of a giant (large sized) crack
during anodizing process. Also, although a detailed
mechanism concerning the formation of the giant crack
is not understood yet, it is clear that decrease in the
electrolyte temperature during anodizing is effective to
retard the formation of the giant crack.

Fig.4 shows SEM images of fracture section of AAO
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Fig.3 Relative frequency of crack length for cracks existing in AAO anodized at 2 “C for 4 h (a), at 10 “C for 4 h (b), at 15 C for
4h(c),at2 'C for6h(d),at10 C for6h(e)andat 15 C for 6 h (f)
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grown at 10 C for 2 h. In the surface region of AAO

(Fig.4(a)), nano-sized (about 7 nm) porous structure is
well developed and a uniform distribution of the
nanopores is observed. In the cross-section region of
AAO (Figs.4(b) and (c)), the pores and cell walls are
clearly seen. Fig.4(d) shows a cross-section morphology
in the vicinity of the interface between porous layer and
barrier layer.

The average pore diameter measured from the SEM
observation on the surface region of AAQO is summarized
in Table 2. According to this table, at a given electrolyte
temperature, the pore diameter tends to increase with
increasing anodizing time except the case of 6 h at the
electrolyte temperature of 2 'C.

Table 2 Average pore diameter (nm) measured from surface of
AAO

Electrolyte Anodizing time/h
temperature/C 0.5 1 2 4
2 2 3 5 18
10 3 4 7 8 20
15 5 6 10 24

4 Conclusions

A series of anodic aluminum oxide (AAO) was
grown on the commercially pure 1 050 aluminum sheets
by controlling the electrolyte temperature from 2 to

15 °C, and changing the anodizing time from 0.5 to 6 h,
using a fixed applied current density of 3 A/dm?’ in
diluted sulfuric acid electrolyte.

1) A crack-free thick AAO with the thickness of
105—120 pm and containing unidirectional nano-sized
pores (average pore diameter of 5—7 nm) is successfully
achieved at the anodizing time of 2 h, irrespective of
electrolyte temperature.

2) When anodizing time reaches 6 h, very thick AAO
with the thickness of 230-284 pm is formed. The
average pore diameter of unidirectional pores is in the
range of 6—24 nm. The higher values in both the AAO
thickness and pore diameter are attained for the
specimens anodized at higher temperatures of 10—15 C.

3) A crack is found to exist in the AAO after
anodizing up to 4 h and more. A higher fraction (more
than 9%) of the crack is shown in the specimens
anodized at higher temperatures of 10—15 ‘C for 6 h
and a considerable amount of giant cracks are contained.
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