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The aim of this investigation was to reveal the processing differences in achieving nanoporous
anodized aluminium from aluminium alloys and their application for cobalt nanowires
electrodeposition. The following types of aluminium were tested: pure Al (99.99%), commercial
AA1050 alloy, commercial 6082 alloy and commercial 6060 alloy. Because of the differences in the
surface temperature and high voltages during the anodizing steps, some stresses can be built up in the
material. Therefore a strict temperature control should be was done to limit thermal stresses in
materials. Alloying elements (Si, Mg) cause precipitates that are observed on the surface, especially
for 6060 alloy. Nevertheless, a nanoporous structure can be obtained at the end of second anodization
step on all aluminium alloys investigated. It was shown that the number density of pores on the
surface is practically independent on the aluminium alloys used. However, the degree of hexagonal
distribution of the pores depends on the type of anodized aluminium alloy. Also, a successful
fabrication of Co nanowire arrays using nanoporous anodic alumina template produced on Al alloy
has been demonstrated, and the uniform filling of the template by cobalt nanowires arrays is
discussed.
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The anodization of aluminium is an electro-
chemical process resulting in surface passivation and
obtaining of distributed pores on the surface. In 1995
Masuda et al. reported a two-step anodization which
leads to a regular distribution of the pores due to a
self-organization process [1]. Anodic aluminium
oxide (AAOQ) is very important material in
nanotechnology applications. It is basically used as a
template for production of nanorods, nanowires and
nanotubes. Easy and low costly control of properties
such as pore diameter, interpore distance, tube
height, time and temperature are advantages of AAO
in nanotechnologies since controlling these also
means controlling properties of nanostructured
materials. This raises an increasing interest in these
pores as they offer structures in the nanometer scale
which can be used in various applications such as
magnetic storage [2], solar cells [3], carbon
nanotubes [4], catalysts [5] and metal nanowires [6],
as well as the substrates for artificial lipid
membranes [7]. Besides production of nanostruc-
tured materials, nanoporous AAO is an option for
applications where self-lubricating might be needed
[8-11]. A high purity aluminum foil (min 99.99% of
Al) is usually used mostly as a substrate for
anodization in order to produce ordered nanoporous
templates [1, 12, 13].

However, during anodization electrolyte can
affect the composition of the oxide film and conta-

minate it. Anodic aluminium oxides have an outer
oxide that starts at oxide-electrolyte interface and an
inner oxide which starts at oxide-metal interface.
Outer oxide consists of alumina containing
incorporated anions while inner oxide actually
consists on high purity amorphous alumina [9].
These incorporated anions should be taken into
account when final AAO is used in different
applications.

The aluminium alloys, from the economical point
of view, are very interesting materials because of
their reasonable price — a thousand times cheaper
than high purity aluminium. Another issue is that the
alloys give possibilities for specific use depending
on alloying elements. There are only few reports
subjected on the alloys anodizing [8, 14, 15].
Synthesis of AAO template from the alloys is
complicated issue and often requires the specific
conditions [15], outstanding from those usually
applied to a pure aluminum anodization.

The main aim of this work was to find out if there
is any correlation between alloy used for anodization
and structural features, and nanopore arrangement of
anodic alumina layers formed by two-step anodizing
of low purity aluminum in the sulphuric acid
electrolyte. The following types of aluminium were
tested: pure Al (99.99%), commercial AA1050
alloy, commercial 6082 alloy and commercial 6060
alloy. Each step of nanoporous oxide formation
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Table 1. Composition limits (wt.%) of the tested aluminium alloys

Metals present in alloys | AA1050 alloy ‘ 6082 alloy | 6060 alloy
wt.%
Si 0.25 0.7-1.3 0.30-0.6
Fe 0.40 05 0.10-0.30
Cu 0.05 0.10 0.10
Mn 0.05 0.40-1.0 0.10
Mg 0.05 0.60-1.2 | 0.35-0.6
Cr - 0.25 0.05
Zn 0.07 0.20 0.15
Ti 0.05 0.10 0.10
Others (total) 0.03 0.15 0.15
Al Min. 99.5 Balance Balance

(from Al electropolishing to second anodizing) is
discussed in details. Moreover, the fabrication of Co
nanowire arrays using nanoporous anodic alumina
template produced on Al alloys has been carried out.

EXPERIMENTAL PROCEDURE

As aaterial, the following types of aluminium
were anodized under the same operating conditions:
pure Al (99.99%), commercial AA1050, 6082 and
6060 alloys (Table 1).

Cleaning and Electropolishing

Prior to any anodizing of industrial aluminium
sheets, the samples have been ultrasonically
degreased in acetone and ethanol followed by a rin-
sing with deionised water. Dependent on the type of
oil or grease contamination present on industrial
samples, the thoroughly cleaning may require a
more drastic cleaning process. In order to achieve a
good nanoporous anodization, an electropolishing of
the samples has to be performed before starting up
the anodizing process itself. In that respect, pure
aluminium and Al alloys were electropolished at a
constant current density of 500 mA-cm™ for 1 min.
The electrolyte used contain HCIO, (60 wt%) and
C,HsOH (abs.) in a volumetric ratio of 1:4. The bath
temperature was kept low by preference at about
~ 7-10°C. It should be mentioned that electro-
polishing reaction is not accompanied by oxide
formation. Surface smoothing efficiency is limited to
coarser textures on the surface [16-19].

First anodization

Anodizing of electropolished samples was carried
out in a sulphuric bath to produce nanoporous ano-
dised aluminium surfaces. The first anodizing was
performed in a 20 wt% sulphuric acid electrolyte
using a two electrode electrochemical cell set up
with a magnetic stirrer rotating at 500 rpm. The
temperature was kept at ~ 0-1°C during anodizing at
a potential of 21 V for 10 min.

Oxide removal

After the first anodizing step, samples have been
rinsed with deionised water and then immersed in a
solution of CrO; (1.8 wt%) and HsPO, (6 wt%) for
30 min at ~ 60°C to achieve a removal of oxide layer
obtained during the first anodizing. In that way, a
pre-patterning of the aluminium surface is obtained
allowing the growth of a more or less regular hexa-
gonal pattern of nanopores to grow during the
second anodization. Depending on the type of alu-
minium alloy used, the duration of the oxide remo-
val step has to be experimentally selected. It is
important to avoid a complete removal of the first
anodizing layer since that will hinder the regular
growth of a nanopattern of pores during the second
anodization.

Second anodization

This second anodization was performed under
similar conditions as the first anodising, namely in a
sulphuric bath at a constant potential of 21 V for
15 min at ~ 1°C. The expected thickness of the ano-
dized layer is ~ 10 um with a pore diameter of about
~ 20-25 nm.

It should be mentioned that in the case of alumi-
nium alloys treatment and/or on anodizing thick
samples one has to be aware of a possible risk of
heating up of the samples due to high currents
(voltages) applied during electropolishing. This
seems to be even more critical in the case of highly
alloyed aluminium. After each anodisation step
(including electropolishing and oxide removal),
SEM images have been taken in order to evaluate
the influence of the condition on the each anodising
step and after electropolishing.

Cobalt electrodeposition

Following the second anodization, the voltage
was systematically reduced to promote thinning of
the barrier layer that formed between the porous
alumina and the Al substrate, thus facilitating the



electrodeposition of metal. Barrier layer thinning
was conducted by reducing the voltage by 2 V-min™
to 15 V, 1 V-min™ to 10 V. The anodization was
then continued for 5 min at this final voltage to
equilibrate the barrier layer. The cobalt nanowires
were electrodeposited from the electrolyte consisting
of 100 g-I™*, CoSO, and of 30 g:I"* boric acid under
alternative current (AC) and pulse current (PC). The
pH value of the electrolyte solution was about 4. The
AC electrodeposition was carried out using a 200 Hz
sine waveform (reductive time = oxidative time =
25 ms) in which the deposition voltage was
30 Vpickpick (Where reductive and oxidative voltages
are =15 V and 15 V, respectively). The pulse
electrodeposition was carried out with different
reductive/oxidative conditions using sine waveform
also. The deposition parameters were selected as
treductive = toxidative =25 ms and toff = 30 ms, and
70 ms. Scanning electron microscopy was used to
confirm the morphology of the samples. Also focus
ion beam (FIB) where used to evaluate the
uniformity of grow of Co nanowires along the AAO
template.

RESULTS AND DISCUSSION
Anodisation of Aluminium alloys

During anodization of aluminium, oxygen
evolves and covers the anode and AAO is formed.
Anodizing occurs on the interchange surface
between aluminium and aluminium oxide which
grows inwards aluminium. Under applied potential,
electric field focuses on fluctuations locally, leading
to temperature or/and field-enhanced dissolution of
the oxide via the shortest paths between the base
metal and the electrolyte. As dissolution carries on
until the bottoms of the tubes reach the same level
and current density decreases. Once each tube has
the same height current density becomes steady.
lons move by high field conduction via this path.
Oxygen containing ions O%/OH" immigrate to the
bottom of the pore from the electrolyte and reacting
with aluminium, they form Al,O; at metal-oxide
interface as in barrier type oxides. Meanwhile, at
oxide-electrolyte interface at the bottom of the tubes,
alumina dissolves. Pores grow inwards aluminium
according to this mechanism. The part of the barrier
oxide formed at the early stage of pore formation
becomes a part of the cell wall while the bottom
goes deep inside making the tubes thicker. Pore
diameter remains fixed.

The thickness of the barrier film is also constant
during this process due to formation and dissolution
reactions occurring simultaneously. This lets the
potential applied and the current remain stable while
the film thickness [9, 12]. The spontaneous reaction
causing the formation of aluminium oxide in air

atmosphere can be linked to the large negative
Gibb’s free energy changes. The driving force
behind the self-assembly of AAO is linked to the
repulsive forces between adjacent pores causing
mechanical stress. These repulsive forces are
occurring because of the density difference between
aluminium and alumina. Atomic density of
aluminium in Al,O; is lower than that in the
metallic aluminium by a factor of 2, therefore the
volume of anodized alumina expands to appro-
ximately twice regarding the original volume. This
volume expansion leads to a compressive stress at
oxide-metal interface pushing the pore walls
vertically. If the stress is too high, no pores are
generated. Disordered structure is obtained if the
stress is too small. In case of moderate forces, pores
grow in an ordered manner [12].

The fabrication of alumina templates using pure
and commercial aluminum alloys yields the different
morphology of the samples at each step of the
process (Table 2). The thickness of the obtained
anodized layer was ~ 10 um with a pore diameter of
about ~ 20-25 nm. It seems that the density of pores
on the surface is almost independent on the type of
aluminium alloys used. On the contrary, the degree
of hexagonal distribution of the pores depends on
the type of anodized aluminium alloy (Table 2). In
the first anodization step, porous structure starts to
form. However, the arrangement of pores is not
really ordered (Table 2). Pores start to grow inwards
aluminium base in the random directions until a
period when all the tube bottoms are at the same
level and parallel to each other. This is a case when
oxide removal process is carried out. By removing
this oxide, a pre-pattern is produced on aluminium
for the second anodization step during which well-
ordered structure is obtained (Table 2). Finally, the
second anodization, which is basically the same as
the first one, is performed to produce a surface
consisting of well-ordered nanopores [12, 13,
20, 21].

Because of the differences in the surface
temperature and high voltages applying for
anodization, some stresses can be built up in the
material. Therefore, a strict temperature control
should be done to limit thermal stresses in materials
(Figure 1). Characterization of the stress state of the
materials (cold rolled, annealed, percentage of
alloying elements, thickness of the sheets etc.) to be
anodized is another parameter that should be taken
into consideration. Alloying elements (Si, Mg)
seems to be cause precipitates on surface that are
seen in the SEM pictures, especially for 6060 alloy
(Table 2, white bumps on the surface after second
anodization). Nevertheless, a nanoporous structure
can be obtained at the end of second anodization
step on all investigated aluminium alloys.



Table 2. SEM images of the surfaces of pure Al and Al alloys at all stages of the template synthesis.

99,99 Al | AA1050 Alloy

| 6082 Alloy | 6060 Alloy

Initial surface

After electropolishing

After first anodization

After oxide

removal

After second anodization

Fig. 1. SEM images of the surfaces of the Al alloys after second anodization, when temperature control failed.

The obtained nanoporous AAO materials can
serve as a perfect template for fabrication of
nanostructural materials. Electrodeposition is simple
and effective for producing high quality nanowires
upon the AAO template. Two common
electrodeposition methods can be used to obtain
uniform and complete filling of the pores of the
AAO template. In the first method, a direct current
(DC) is used for the deposition. The DC method
requires a through-hole AAO template that needs to
be detached from the Al substrate. Subsequently, a
conductive film must be sputtered on one side of the

template before proceeding with deposition. For
most nanostructure applications, the thickness of an
AAO template is required only a few hundred
nanometers. However, for transferring and handling,
the thickness of a free-standing AAO template
should be thick enough. In the contrast, the AC
method and pulsed electrodeposition method allow
us directly to deposit metal nanowires into the pores
of an AAO template with Al substrate still present.
Several attempts to apply PC mode were made by
varying the value of t. to deposit Co into the pores
of the alumina. Typical cross section SEM micro-



Fig. 2. SEM images of alumina cross section partially filled Fig. 3. SEM images of alumina cross section filled with Co

with Co using AC electrodeposition (toyreq = 2.5 ms,

Torg = 30 ms, t =10 min).

(@)

using AC electrodeposition (f = 200 Hz, t = 15 min).

_(b)

®

Fig. 4. SEM images of top surfaces of ion-milled Co-filled templates to show degree of pore-filling as a function of depth: (a), (b)
3.85 um, (c), (d) 4.77 um and (e), (f) 6.44 um removed from the top of the 12 um deep-pores.

graphs of Co nanowires were made using back-
scattered electrons mode to maximize atomic
number contrast and spectra analysis were carried
out. The first successful condition was observed in
the case of trequctive = toxidaive = 2.5 ms and
tor = 30 ms, but no total pores filling was reached
(Fig. 2) only the bottom site of the membrane was
filled with Co, that was detecting during EDX
analysis.

The AC electrodeposition was carried out using
different frequencies (50-1000 Hz) as sine
waveform (reductive time = oxidative time =
2.5 ms) in which the deposition voltage was
30 Vpickpick- It was revealed that the optimal
frequency is closed to 200 Hz (Figure 4). Thus,
under these conditions we could reach the growth on
the entire length of the AAO template of the cobalt
nanowires (Figure 4).



In order to investigate the membrane pores filling
by cobalt, a FIB analysis was performed on the most
successful  samples obtained under optimal
electrodeposition conditions:  Vpickpick = 30 V,
f = 200 Hz, and t = 20 min. The fraction of pores
filled as a function of depth beneath the initial
electrode surface is presented in the Figure 4. Where
the fraction of pores filled is the ratio between white
dots (Co nanowires) and dark dots (empty AAO)
estima-ted from FIB/SEM pictures.

FIB analysis (Fig. 4) revealed different picture in
comparison with data received from SEM images of
alumina cross-section (Figure 3). Nevertheless, that
cobalt was deposited along entire length of AAO
template as it seen from Fig. 3, the true picture of
alumina filling by cobalt nanowires vary from those
images. Thus, the fraction of pores filled 3.8 um
below the top of AAOQO surface is ca. 30% only
(Fig. 4a,b), by going deeper with ion beam we can
found that close to 50% of cobalt nanowires filling
can be reached (Fig. 4c,d), while the fraction filled
to a level of 6.5 um below the initial surface is
~ 85% (Fig. 4e,f). The most probable explanation of
non-uniform filling of AAO by cobalt nanowires can
be given taking into account that side reaction
accompanying cobalt electrodeposition is hydrogen
evolution, which can block the pores randomly. The
hydrogen evolution will influence drastically on the
uniformity of nanowires growth, and result is seen in
Figure 4. Thus, AC method gives a good possibility
to deposit cobalt nanowires into AAO without
removing of the barrier layer, but electrodeposition
should be performed only for short times (short
nanowires will be obtained), because in this case
blocking pores by hydrogen is overcoming. In
addition, diffusion limits of the Co(ll) into pores
exist, which is the second major factor affecting the
uniformity of grow.

CONCLUSIONS

We demonstrated a successful anodization of
industrial aluminum alloys in order to obtain ordered
nanoporous structure using the common procedure.
The effect of the temperature rising during alloys
anodization should be taken into account to avoid
failure in receiving ordered pores. Different
electrochemical conditions and porous alumina were
applied for template synthesis of cobalt nanowire
arrays, revealing several cases. It was shown the
possibility to deposit Co under AC electrodeposition
mode in the produced AAO. The study under
different AC conditions current frequencies
(50-1000 Hz), V,., = 30 V, revealed that the optimal
frequency is in the range 150-200 Hz. Using pulse
AC electrodeposition mode does not improve the
uniformity of pores filling.
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Llesibt0 TAHHOTO WCCIEOBaHHsl OBLIO BBISIBHTH €CTh
JIM pa3nudus pyd 06paboTKe MPOMBIIUICHHBIX aTFOMUHU-
€BBIX CIUIABOB ISl MOJNYYCHHSI HAHOMIOPHCTOTO aHOAUPO-
BAHHOTO ANTIOMHUHWS, W HMX HCIIOJb30BAHHE B KAueCTBE
TEMIUIATA  JUIL  SJIEKTPOOCAXKICHUS  HAHOIPOBOJIOB
kobanbra. B 1anHOl paboTe aHOMMPOBAIUCH CIIEIYIOIIHE
tunsl amfoMuaust: Al (99,99%), MpOMBINUICHHBIE CIITaBBI
AA1050, 6082 u 6060. M3-3a paznuuuii B TeMmeparype
MOBEPXHOCTH M BHICOKUX MOTEHIMAIIOB BO BPEMsl aHOIH-
POBaHUS, OCTATOYHbIE HANPSKEHUS MOTYT HAKAILIMBATH-
¢l B Marepualie, 0COOEHHO B IPOMBIIUICHHBIX CILIABAX.
[TooTOMY JOJDKEH MPOBOAUTCS CTPOTHI KOHTPOJIb TEMITE-
paTypsl, YTOOBI OrPAHHYUTH TEPMUUECKHE HAMPSHKEHHUS B
Mmarepuaie. [IpUCYTCTBHE JIETHPYIOIIMX  3JEMEHTOB
(Si, Mg) npuBOAMT K TIOSIBIICHHUIO OCAIKOB Ha TMOBEPXHO-
ctH, ocobenno mis crutaBa 6060. Hanonopucras cTpyk-
Typa MOXeT OBITh MOIydYeHa Ui BCEX MCCIIEI0BAHHBIX B
JaHHOM paboTe AIIOMHHHMEBBIX CIUIABOB B Ppe3yJIbTaTe
IBYXCTaHIHOTO aHOAUPOBAHHS. BBUIO yCTAHOBIIEHO, YTO
HOPHUCTOCTh AHOAUPOBAHHOTO CIUIABA B OCHOBHOM HE
3aBHCHT OT THIIA UCIIOJIB3YEMBIX aFOMHHHUEBBIX CILIABOB,
B TO BpPEMsl KaK CTEIEHb IeKCaroHaIbHOIO pacrpejele-
HUSI TIOP 32BUCHUT OT THIA aHOJIUPOBAHHOTO ATIOMHHHE-
Boro cruiapa. Takke OBUIO IMOKAa3aHO, YTO BO3MOXHO
YCIEIIHOE HW3TOTOBJIEHHE MACCHBOB  HAHOIIPOBOJIOB
KOOabTa C HCIOJIb30BAHHEM TEMIUIATA HAHOMOPHCTOTO
AHOJIHOTO OKCHJA aJIOMHHUS, MOJYYEHHOTO M3 CILIABOB
AfOMUHKS. Bblia uccneoBaHa OJHOPOIHOCTD 3aroJiHe-
HHS TEMIDIATa MACCHBOM M3 HAHOMPOBOJIOK KOOAIIBTA.

Kniouegvle cnosa. npomvluiiennvle AmOMUHUESbIE
CnIagbl, MeMNIAM HAHONOPUCMO20 AHOOHO20 OKCUOA
AMIOMUHUSA,  HAHONPOBOJKU  KobOAIbmd, O0OHOPOOHOe
3anoaneHue.



