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Abstract — This paper presents the studies on the cooling of
the aluminum surface during its anodization by controlling
the rate of electrolyte stirring and its effect on the morphology
of the nanoporous anodic films. The obtained data
demonstrates the possibility to control the pore diameter
during the anodizing process without changing the anodizing
voltage and interpore distance. This allows a higher utilization
factor of the anode oxide when it is used as a matrix to obtain
metal nanowires.

Keywords — anodic oxide template; copper nanocomposite;
copper nanowires; fluxes, transmission spectrum.

I. INTRODUCTION

Anodic alumina is widely used as a matrix for the
manufacture of metal nanowires using electrochemical
filling of nanopores [1]. The pores in the oxide matrix can
be filled with various metals, and the oxide thickness, as a
rule, determines the length of nanowires [2]. The diameter
of the nanowires depends on the diameter of the oxide
matrix nanopores [3]. If larger diameter metal wires are
required, a higher anodizing potential is used. At the same
time, the ratio between the interpore distance and the pore
diameter for oxide matrices remains practically constant
[4]. This means that the yield of the mass of the metal wire

(&) to the unit area will also be a constant value:

e = (N nd?)/4 (1)
where N is the number of pores per unit area; d is pore
diameter, nm. Consequently, if the pore diameter is
increased, then the amount of metal deposited per unit area
will increase too.

It is known for anodizing processes that increasing the
temperature of the aluminum substrate, the pore diameter
of the formed Al,O; films increases too [5]. This can also
lead to an acceleration of dissolution of the pore walls and,
consequently, to an increase in the pore diameter. This
process can be controlled by cooling the plate holder [6] or
by controlling the temperature of the electrolyte. It should
be noted that when the electrolyte temperature is high
enough, it may be difficult to maintain the required
temperature dynamics due to the large volume of
electrolyte in the electrochemical cell and its thermal
inertness. Therefore, the problem of obtaining a higher
electrolyte temperature at the oxide-aluminum interface
and at the same time a lower electrolyte temperature in the
cell volume is relevant for aluminum anodizing processes
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[5]. Since anodizing is an exothermic process, then at a
constant potential, the anodizing current strongly depends
on the temperature and the rate of the electrolyte. The
effect of temperature has been the subject of many
researches, while the rate of electrolyte stirring is usually
not even mentioned.

This paper studies the effect of the cooling of aluminum
surface during its anodization by controlling the rate of
electrolyte stirring.

Il. EXPERIMENTAL PART

Aluminum foil with technical grade purity (99.5%) and
thickness 100 pm was used. The test specimens were made
in the shape of a boat (Fig. 1-a). The anodization process
was accomplished in 600 mL of 1.0 M phosphoric acid
solution at 150 V as samples were allowed to float on the
electrolyte as shown in Figure 1-b. The electrolyte
temperature varied from 1.8 to 7.0 °C.

(b)
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Fig. 1. Scheme of the experimental setup: (a) aluminum sample in
the shape of a boat: 1 — the outside board of the boat, coated with
varnish, 2 — the upper surface of the boat, for which the
temperature was measured, 3 — the anodized under side of the
boat, 4 — the narrow boat wall used for electrical contact;
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(b) top and side view of the electrochemical cell: 1 — electrolyte,
2 - pieces of styrofoam fixed with a rod; 3 - magnetic stirrer bar; 4
— boat sample; 5 — stainless steel cathode; 6 — magnetic stirrer.

Experiments on measuring the temperature of the
aluminum substrate were carried out for different rotation
rates of the stirrer and were recalculated in linear speed for
the average radius on which the aluminum boat was located
(Fig. 2-b). The electrolyte speed was 7.5, 109, and 382 mm
s, The determination accuracy was 3.5% in terms of
velocity and 7% in terms of location.

The temperature of the aluminum sample (Ta.r) was
measured from the upper side of the aluminum foil using
IR. To ensure a stable emissivity, this surface of the foil
was covered with a thin layer of hydrophilic oxide and
wetted with a thin layer of water. In this case, the
emissivity of the coating was close to the value of a black
body.

The temperature in the electrolyte volume (Te.yg) in the
electrochemical cell was controlled with an accuracy of
+0.1 °C using a mercury thermometer (integrating rapid
changes). A thermal imaging camera (FLIR camera) was
used to monitor the temperature of the upper side of the
aluminum foil (Ta.r) as well as the temperature at
electrolyte-air interface (Te.r). Before the beginning of the
anodizing process, the temperature of the electrolyte and
foil was determined. In this case, the electrolyte was not
stirred and the anodizing voltage was not applied to the
sample. The surface morphology of anodized samples was
observed by scanning electron microscopy (SEM).

Some of the samples were used as a matrix to obtain
copper nanowires. For this purpose, first the barrier layer at
the oxide-aluminum interface was dissolved
electrochemically and then an electrochemical deposition
of copper from an electrolyte containing 0.5 M copper
sulfate was conducted at constant cell voltage of 0.3 V.

I11. RESULTS AND DISCUSSION

The dependence of the anodic current density on
temperature for the process of anodizing aluminum is
presented in Fig. 2. It was found that with a decrease in the
stirring rate, the anodizing current increases, while the
electrolyte temperature does not change significantly. At a
lower stirring speed, the current density increases.
However, this leads to instability of the temperature control
process.
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Fig. 2. Change in the anodizing current density depending on the
temperature of the electrolyte at flow rates 109 and 382 mm s™.

It is of great interest to establish if the electrolyte
temperature at the pores bottom is the result of a decrease
in heat removal or this is achieved by changing the diffuse
and drift flows in the pore channels.

Before anodizing the temperature values were the same
over the entire surface of the sample and were equal to the
electrolyte temperature (Fig. 3-a). During anodizing at low
stirring rate, the temperature of the sample increased to 11
°C at the left end of the sample (Fig. 3-b). If cooling is not
effective at low electrolyte flows (<109 mm s?), an
increase in the temperature of aluminum was observed and
the temperature rises extremely that led to a breakdown of
the anodic layer in individual points (Fig. 4-a). When the
sample was heated, vortices of the heated electrolyte were
observed in the upper electrolyte layer. If the rate of
stirring of the electrolyte was increased, then the
temperature decreased and the process stabilized (Fig. 4-b).
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Fig. 3. Thermal image of the experimental sample before (a) and
after start working mode at low stirring rate (b)
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Fig. 4. Thermal image of the sample in the breakdown mode (a)
and at a fast rate (b) of the electrolyte flow (flow rate 382 mm/s).

Fig. 5 shows the fluctuations of the anodizing current
when the electrolyte flow rate was periodically decreased
from 382 to 109 mm s*' at a stationary electrolyte
temperature of 3.3 °C. It can be noted that the electrolyte
temperature at the electrolyte-air interface rises slowly
during anodizing process.

The change in current density and temperature of the
aluminum anode with time as the electrolyte velocity
decreases from 382 to 109 was studied. The experiments
were carried out for oxide films with a thickness from 1 to
80 um. The results on oxide thickness 2 and 30 pm are



presented in Fig. 6. Regardless of the oxide layer thickness
and bulk electrolyte temperature, the obtained dependences
of are very similar. They demonstrate that lowering the
electrolyte flow rate leads to an increase in the anode
temperature (Ta.ir), Which reflects in an increase in the
anode current density, i.e. the rate of the anodizing process.
In this method of stirring, the heat energy released during
anodizing heats the surface layer of the electrolyte by about
0.5 °C (Fig. 6, green line), while the temperature in the
volume of the electrolyte (Te.ng) remains unchanged (Fig.
6-b, black lines). Therefore, the temperature most often
measured and controlled by the researchers in the volume
of the electrolyte does not correspond to the actual
temperatura
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Fig. 5. Changes in anodizing current at the electrolyte flow rate
109 (shaded area) and 382 mm s™ at electrolyte temperature 3.3°C
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Fig. 6. Change in temperature of aluminum foil (red line) and
current density (blue line) depending on the flow rate of
electrolyte ranging from 382 to 109 mm s at oxide layers with
thickness of 2 um (a) and above 30 um (b)

In addition, at slow stirring (or at elevated anode
temperature) and at thicker oxide layer, greater fluctuations
in current density were observed. A similar effect of
temperature on the stability of the anode current was
reported in other experimental setup [5] and was associated
with increased process instability at high temperatures.

The results demonstrated above refer to a short-term slow
stirring within 2-3 minutes. In the case of a long process
(for 40 min) at low flow rate, a linear increase in the
current density was observed when the speed was increased
again (Fig. 7-a, red lines). Therefore, the anode temperature
rises as a result of the difficulty of removing heat from the
anode surface and additional heating of the top layer of
electrolyte. Such an increase in current density was not
observed when the duration of electrolyte flow fluctuations
was less than 2 min (Fig. 7-a, green lines). If the duration
of the fluctuations is longer, then again a slight increase in
current is registered with rapid stirring (Fig. 7-b, red lines).
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Fig. 7. Current transients for porous anodic aluminum oxide
formation at a flow rate of 109 mm s for 40 min (a) or
with variation 382 to 109 mm s~ with a frequency of less than 2
min (a) and more than 2 min (b); (c) flow rate changes from 382
to 109 mm s and also from 382 to 7.5 mm s™*
at an electrolyte temperature of 3.3 °C



As noted above, slowing electrolyte rate from 382 to 109
mm st significantly increases the current density.
However, the additional flow deceleration does not have
such a noticeable effect. For example, reducing the speed
from 382 to 7.5 mm s leads to a slight increase in the
temperature of the electrolyte, and hence to a slight
increase in current compared to a speed of 109 mm s* (Fig.
7-c)

Figure 8 present SEM image of anodic aluminum oxide
layer fabricated at electrolyte temperature contacting with
anode Tg.z of 9 °C and anode temperature about 40 °C. In
this case of insufficient cooling of the sample as a result of
the local temperature increase in the aluminum-oxide
interface, the pore walls dissolve intensively, which leads
to increase the pore diameter without changing the
interpore distance.

Fig. 8. Surface morphology of the porous matrix of anodic
alumina with dissolved pores obtained in phosphoric acid

Using a template with wide pores, copper wires were
obtained by electrochemical filling of the template at 0.3 V
and then dissolving the oxide. The resulting copper wires
can be used to prepare nanocomposites or introduced into
pasty materials in order to change their composition and
improve their properties. The copper nanowires mixed with
soldering pastes to obtain a diffusion-hardening joint is
presented in Fig. 9 [7].

IV. CONCLUSION

The results obtained show that by adjusting the
temperature of the aluminum substrate, it is possible to
maintain a higher temperature of the electrolyte at the
bottom of the oxide pores and to control the process of
obtaining pores with a large diameter. This makes it
possible to increase the yield of copper scraping by weight
per unit area of oxide. By controlling the speed of rotation
of the stirrer, it is possible to rapidly cool the aluminum
substrate and prevent the breakdown process. These
nanowires can be used to obtain various nhanocomposites.

Fig. 9. Soldering paste DP 5600 (Interflux) with added nanowires.
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