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In the present study, we investigated the effect of an anode temperature on current transient process during porous anodic alumina
growth and morphology of the anodic layers. Alumina films were formed in a 0.4 M oxalic acid at a constant voltage mode and
electrolyte temperature. The temperature of the Al anode was controlled by thermoelectric Peltier element and varied in the range
of 5 °C-60 °C. Surface morphology of both sides of anodic films and their cross-sections were analyzed by scanning electron
microscopy (SEM) with subsequent statistical analysis of the SEM images by ImageJ software. It was found that when anode
temperature was increased from 5 °C to 50 °C the pores diameter and interpore distance has not changed, but the porous structure
became more ordered. According to these results, the rate of chemical dissolution of the barrier layer and pore walls did not depend
on the anode temperature. At the anode temperature of 60 °C, pores diameter has increased 1.7 times and there was a distortion of
the ordering of porous cells. It was concluded that the temperature difference between the aluminum substrate and electrolyte is an
important parameter affecting the formation of ordered structure of nanoporous anodic alumina.
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Temperature is a frequently discussed factor in investigating the
growth rate and morphology of self-ordered layers of porous anodic
aluminum oxide (AAO). It was found that highly ordered anodic
alumina is only obtained at a suitable combination of synthesis
conditions such as nature, concentration, and temperature (7;) of the
electrolyte, anodizing current (J,) and voltage (Up.! To improve the
homogeneity of the nanoporous structure, usually, anodizing at low
temperatures is recommended (at or below 10 °C), because of the
perception that the low rate of AAO growth is favorable for the
process of self-organization.”™ However, nowadays many authors
carry out experiments at elevated electrolyte temperature (at or
above 20 °C) to determine the optimal conditions for rapid growth of
high-ordered AAQ.7® Additionally, the increase in the temperature
results in the acceleration of chemical dissolution and in the local
burning of the oxide layer."**!'® The following thermal effects may
occur during aluminum anodizing.

® Joule heating as a result of the current flowing through the
electrode and thin film at the bottom of the Pores;'(H3

* exothermic reaction of aluminum oxidation; %!

® an endothermic chemical reaction of aluminum oxide
dissolution."!

The electrolyte temperature also affected the entire anodizing
process, but particularly on the rates of:

* aluminum oxidation by the speed-up of the diffusion of AI** and
O* ions throughout the barrier layer in the electric field;'*"”

* circulation of the electrolyte in the pores;'®

* chemical dissolution of the pore walls®’”'7 that resulted in the
changes of AAO morphology.'*'*2°

It was also shown that due to the heat generation and low thermal
conductivity of the alumina at the Al/oxide interface the temperature
is higher than that at the oxide/electrolyte one.'® Consequently, the
temperature on the surface of the film is much lower than that inside
the film. Moreover, as aluminum is a good heat conductor, both its
thickness and its temperature should also influence the heat balance
and from there the growth rate and morphology of porous anodic
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alumina films. At the same time, the process of heat dissipation
during aluminum anodizing is rather complicated and mechanism of
its effect on the growth of anodic alumina has not been clearly
defined. Although most studies are devoted to the investigation of
the influence of electrolyte temperature®®'"*'=> there are several
works dealing with the temperature of the anode and its effect on the
oxide structure.”'>>*23

Different approaches of influencing the temperature of the anode
have been proposed. So, T. Aerts et al. controlled the anode
temperature (7,,0qe) Using thermostatic holder based on the Peltier
effect®>?® with a thermo-electronic component. In their study
aluminum was anodized in aqueous solution of sulfuric acid (with
additives of Al,(SO,);) at a constant current mode. However, these
conditions allowed the determination of the effect of T,,04e Only on
the anode potential and the rate of oxide growth but not on the
morphology of the films because of the use of anodizing at a
constant current. At the same time, it is known that U, is one of the
key parameters affecting the size of cells, the interpore distance, and
pore diameter. Furthermore, from our point of view, large distance
between heat-exchanger and aluminum surface (Al foil thickness
was 300 pum), as well as, the distance between temperature control
module and anodized surface (50 mm) are the points that cause
doubts about the efficiency of heat removal and accuracy of its
delivery to the work surface. Chowdhury et al.?* reported the
original approach for measuring in situ the temperature of aluminum
anode during the self-ordered growth of porous anodic alumina films.
They were deposited a Pt thin film as a Resistance Temperature
Detector sensor on the backside of aluminum sample with a 12 or
50 pm dielectric alumina layer. The anode temperature was changed
by the value of the applied anodizing voltage. However, in these
experiments it was impossible to control T,oq. directly.

In our previous studies,”’28 it was shown that the thermal
conductivity of the substrate influenced dissipation of the Joule
heating and hence the rate of oxide layer dissolution and surface
morphology of the films. Obviously, it was not possible to measure the
temperature directly at the pore bottom, but by varying the anodizing
conditions, e.g., anode temperature, one can influence the process of
electrochemical oxidation of aluminum, consequently, this should be
reflected in the morphology of the films.

So, in the presented work the effect of the Al anode temperature
on the structure of the nanoporous anodic alumina films formed in a
0.4 M aqueous solution of oxalic acid at constant voltage mode and
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electrolyte temperature was studied. The anode temperature was
controlled by thermoelectric Peltier element and changed in the
range of 5 °C-60 °C. These experiments aimed to show that due to
the Joule heat generation, the electrolyte temperature in the electro-
chemical cell is considerably lower than the one at the pore bottom
near the barrier layer and, consequently, the surface morphology of
the film in a greater extent should be more dependent on 7 in the
pores than on T in the electrochemical cell.

Experimental

The high-purity aluminum foil (99.999%, 25 pm thick,
AlfaAesar) was used as a starting material. The aluminum specimens
were pretreated in a hot solution of 1.5 M NaOH for 15 s, neutralized
in 1.0 M H,SO, for 2 min, then carefully rinsed in distilled water and
air-dried. The first anodizing was carried out on both sides of the
samples in a 0.4 M aqueous solution of oxalic acid at 20 °C at
constant voltage of 40V for 30 min. Then the first layer was
removed by etching in the mixture of H;PO4 and CrOj; at 75 °C for
2 h. The second anodizing was done from one side under conditions
that were the same as in the first anodizing in the electrochemical
cell shown in the Fig. 1. All experiments were carried out at constant
electrolyte temperature (7.) of 20 °C. The anodized area of ca.
2.54 cm® was set out by a silicone gasket sealing. The anode
temperature was controlled by one or two thermoelectric Peltier
elements in the range of 5 °C-60 °C. The second anodizing was
carried out for 45 min for Tyee < 40 °C and until the complete
aluminum oxidation for T,y04e = 40 °C. To determine the rate of
oxide layer growth, part of the samples was anodized for 1260 s at
different T,,0q.- The anodizing process was controlled by a direct
current power supply Voltcraft® Germany (40V/5A). Transient
current and voltage values during anodizing were measured and
recorded on a computer in real time using two digital multimeters
UNI-T UT 71E with data sampling rate of 60 points/min.

Surface morphology of the films and their cross-sections were
analyzed by scanning electron microscopy (SEM) on a LEO DSM
982 (Germany) with subsequent statistical analysis of the images by
ImagelJ software using the procedure described in Refs. 27, 28. It
should be noted that pore diameter (d,or.) Was determined using the
top view of the films, at the same time, an interpore distance (Djper)
was calculated using bottom view, as the top view possessed the
structure of the initiated Al surface (after the first anodizing) and it
was difficult to evaluate the accuracy of the obtained results.

Results and Discussion

Effect of anode temperature on the current transient processes
during porous anodic alumina formation.—At T,,0q. = 40 °C in
current transients one can distinguish three stages shown in Fig. 2 for
maximal T,,.q. dependency:

e Stage I (inset in Fig. 2) is the initial stage at which initial
anodizing current is very high, then it drops sharply and after
that slightly increases, reaching a steady-state value;

¢ Stage II of the porous oxide growth corresponds to the constant
average value of J,;

® Stage III is the final stage at which J, gradually decreases and
the anodizing process ends.

It should be noted that each of the three stages takes a different
time at different 7,,04. due to the different rates of oxide growth.
Therefore, at Typoqe < 30 °C the process was carried out for 45 min
and stage III was not achieved because of very slow oxide growth.
At Tonode = 40 °C-60 °C, within the same time, the aluminum foil
was oxidized completely and linear decrease in the anodic current
density could be observed as a result of the reduction of the
aluminum surface due to its local exhaustion (Fig. 2). Considering
the initial surface roughness, thickness of aluminum foil (less than
30 pm) and its pretreatment without polishing, we suggest that the
observed effects are driven by irregularities in the thickness resulting
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Figure 1. Schematic representation of the electrode temperature control
system. 1—Teflon holders; 2—temperature probe I; 3—mechanical stirrer;
4—glass serpentine heat exchanger; 5—glass cell; 6—Pt counter electrode;
7—silicone gasket sealing; 8—aluminum foil; 9—brass plate with connector
to (+) pole; 10—temperature probe II; 11—Peltier module with radiator and
temperature probe III.
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Figure 2. Current transients for porous anodic alumina formation at
different anode temperatures of 5 °C—60 °C in a 0.4 M oxalic acid solution
(20 °C). Inset shows the initial stages of the anodic alumina formation.
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Figure 3. Variations in the average current density (@), maximal (-) and
minimal (.) values of oscillations during aluminum steady-state anodizing in
a 0.4 M oxalic acid (20 °C) at 40 V as function of the anode temperature.

in spatially variable rates of heat and mass transfer which cannot be
avoided. In this respect, all subsequent calculations were made
without the data obtained on Stage III.

As can be seen from the inset in Fig. 2, at Typoge < 40 °C during
the initial stage anodizing current sharply drops in 5-7s, so it
decreases 4-5 times comparing to the initial value. In the anode
temperature range of 5 °C—40 °C with increasing Typoge the initial
value of J, increases, reaching its maximum of 47 mAcm™ at
Tanode = 40 °C. This is explained by the strong influence of
temperature on the rate of both chemical dissolution of the natural
passive lager on the aluminum surface and the electrochemical
process.*” At 5 °C-30 °C the initial anodizing process before the
start of pore formation (the decrease in current density) take about
1 min, but at Ty,0q. = 40 °C this period is shortened and J, reaches a
minimum value of 8 s. At anode temperatures of 50 °C-60 °C, in the
current transient curves the current drop is absent in the stage I (the
inset in Fig. 2), only gradual growth of J, by 5-10 mA cm™ s~! with
subsequent reaching of a steady-state value is observed. That can be
explained by the speed-up of the formation of AI*™ ions at higher
anode temperatures and a low rate of chemical dissolution of
aluminum oxide at a rather low electrolyte temperature. Very similar
results with increased electrolyte temperatures were obtained by
Sulka and Stepniowski.'

In the steady-state of porous oxide growth, the average values of
J, do not change significantly (Fig. 2, stage II), indicating kinetic
control of the process.8 However, rise in T,,0qc increases the
amplitude of J, oscillations from 0.3 mA cm™ at 5 °C to more than
3mAcm™ at 60 °C and this indicates instability of the heat
dissipation process at Typode = 40 °C. Therefore, to determine the
dependence of J, on the T, during stage II, we calculated
the arithmetic mean of the J, for each substrate temperature. At
the steady-state of oxide growth, the current density exponentially
rises with increase in Tyyoqe (solid line in Fig. 3) and can be
described by the following equation:

Jy = 2.26¢%0%Tanode [1]

where J, is anodic current density in mA cm™?

anode temperature in °C.

Theoretically, if time is a constant, the thickness of the oxide
layer formed at each T04e Should be proportional the growth rate of
alumina expressed through the density of anodizing current. To
verify this statement with respect to AAO growth, the oxide
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Figure 4. The effect of anode temperature on specific quantity electricity
(red points) and specific thickness of oxide layer (green triangles). Inset:
Variation in the thickness of anodic layers obtained for 1260 s as function of
the anode temperature.

thickness (k) was measured in ym by SEM images of the cross-
sections of the oxide layers obtained at different 7,04 during the
same period of anodizing (1260 s) (inset in Fig. 4). Indeed, the
thickness also increases exponentially with temperature:

h = 0.88¢%0%anoa 2]

where T,,04e 1S the anode temperature in °C.

The factor multiplied T,,.q. in exponential function argument
remains the same as in Eq. 1, but the coefficient before the
exponential function is lower. That indicates that the thickness
increases more slowly with increasing temperature relative to the
current density.

Practically, the dependence of J, on the anodizing time provides
only indirect information on the rate of the alumina formation, as the
barrier layer possesses high thermal resistance and part of the
electrical energy converts to thermal energy that consequently
speeds-up alumina dissolution. To exclude the loss of electrical
energy as heat dissipation and chemical dissolution of oxide, the
specific quantity of electricity (Qy) was calculated as the quantity of
electricity required to form the layer of anodic alumina with a
thickness of 1 um using to the following equation:

Q
h

1 t
0, =2 = Zfo I(t)dr [C/pm] 3]

where Q is the quantity of electricity calculated using transient
current passed through the system over the time ¢ € [0, 1260] s. The
specific quantity of electricity slightly increases with the anode
temperature and accordingly its reciprocal value of specific thickness
of the anodic alumina layer decreases (Fig. 4). Therefore, it can be
assumed that the rate of its chemical dissolution weakly increases.
However, the anisotropy of porous alumina dissolution should be
considered, which means that pore walls dissolve faster than the bulk
alumina does. So, to evaluate the effect of anode temperature on the
rate of chemical dissolution of alumina and electrochemical oxida-
tion of aluminum we should also study the morphology of the films
formed at different anode temperatures.

Effect of anode temperature on the structure of nanoporous
anodic alumina.—Usually, during aluminum anodizing the anode
temperature rises as a result of current flow at high anode potentials.
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Figure 5. SEM images of the top (a)—(e) and bottom (f)—(j) view of self-ordering of anodic alumina membrane formed at different anode temperatures 5 °C-60 °C,

40V in a 0.4 M oxalic acid solution (20 °C).

At these modes, the so-called burnout effect takes place and disorder
of the oxide layer structure increases.’®*! Each new portion of
electrolyte reaching the pore bottom participates both in the
formation of new layers of anodic alumina and in the dissolution
of the barrier layer, which determines the thickness of this layer.! At
the same time, due to Joule heat generation the temperature of
electrolyte portion leaving the pore is higher than T, therefore, the

pore walls dissolve faster as the process progresses, and, conse-
quently, the size and shape of the pores should change. This effect
should be the strongest at the pore bottom where the electrolyte
temperature is maximal. Despite these expectations, when Tpoge Was
increased from 5 °C to 50 °C neither d,ore nOT Djpe, has significantly
changed (Figs. 5 and 6). In the mentioned temperature range, dpore 1S
maintained at 31 nm and Dj, ., is 104—111 nm. Therefore, the rate of
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Figure 6. Variations in the average pore diameter and average interpore
distance of self-ordered anodic alumina films obtained in a 0.4 M oxalic acid
(20 °C) at 40 V as function of the anode temperature.

chemical dissolution of the barrier layer and pore walls was constant
and did not depend on the anode temperature. That indicates that the
temperature of the electrolyte leaving the pores was higher than
50 °C. However, at Typoge = 60 °C dpore increases to 52nm
(in 1.7 times) at the same time, the uniformity in the ordering and
the size of the cells was destroyed (Fig. 5).

To calculate dpore and Djpeer the SEM images were processed by
Imagel. So, we plotted the curves of dore and Dy, size distribution
and fitted by Gaussian curves.”’””® Then a full width at half
maximum (FWHM) of the Gauss curves for D;,., obtained at each
Tanode Were determined. In this way, the size disturbance of the cells
was characterized (Fig. 7). Initially FWHM decreases from 12 (at
Tanode = 5 °C) to 4-5 nm (Typ0qe = 20 °C-50 °C) and then increases
again to almost 20 nm (at T,u0qe = 60 °C). As one can see, at
different anode temperatures both dp,. and FWHM changed
significantly while the average Dj,., varies slightly (Figs. 6
and 7). That confirms the model for coupled electrical migration
and stress-driven transport of oxide toward the pore walls during
aluminum anodizing.**7® According to this theory, growth of the
anodic film at the barrier region of the porous film is accompanied
by a displacement of film material from the barrier layer towards the
cell walls in such a way that the interpore distance is maintained
along the entire thickness of the oxide.

Therefore, the entire range of anode temperatures can be divided
into three regions depending on the ratio of 7},04e to T, as follows:

Region 1: 5 °C < Typode < 20 °C (Fig. 8a), in this region T, >
Tanode> therefore, some part of the heat from the reaction of alumina
formation and from the electrolyte was transferred to the substrate.
Therefore, the temperature of electrolyte leaving the pores was not
much higher than 20 °C, i.e., diameter of pores and cells depended
on the temperature of the electrolyte flow. At the lowest temperature,
this supercooling effect at the AI/AAQ interface was maximum and,
as a result, the oxide structure was disordered, FWHM of the Gauss
curves for Dj,, was about 12 nm (Fig. 7), despite the fact that the
average value of dp,. Was constant;

Region 2: 20 °C < Typode < 50 °C (Fig. 8b), in this region 7, <
Tanode- In that case, more and more parts of the heat from the
anodization process were transferred to the electrolyte flow leaving
the pores. Its temperature was even higher than that of the bulk
electrolyte. The substrate temperature was probably still lower than
that in the barrier layer due to the Joule heating. This complies with
the results obtained by Schneider et al. which show an increase in the
aluminum substrate temperature more than 55 °C compared to that
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Figure 7. Full width at half maximum of the Gauss curves for Dj,., as a
function of anode temperature for the anodic alumina films formed in a
0.4 M oxalic acid (20 °C) at 40 V.

of the bulk electrolyte.'® The resulting films were highly ordered,
FWHM of the Gauss curves for D, Wwas constant and equal to
4nm, dyore Was also independent on the T,noqe (Figs. 6 and 7).
Therefore, it can be assumed that the temperature of the electrolyte
in the pores does not significantly depend on that of the substrate.
Moreover, the average values of the current density J, did not
change during anodizing process even when relatively thick alumina
(thicker than 15 ym) was formed. One could expect that with
increasing thickness of anodic alumina layer, the heat transfer
from anode to the electrolyte would be impeded and at the pore
bottom 7, would grow increasing J,. However, the results did not
demonstrate such behavior of anodizing current (Fig. 2);

Region 3: Ty,04e = 60 °C (Fig. 8¢), Tanode >> T. and higher than
the temperature of electrolyte leaving the pores, therefore, electro-
lyte can be additionally heated by the anode. The temperature
gradient between the two alumina sides was maximal and this was
reflected in an increase in the circulation rate of the electrolyte in the
pores. As a result, the increase in the rate of chemical dissolution of
pore walls was observed. Moreover, SEM results also show that the
cells were disordered and FWHM of the Gauss curves for D;, ., rises
to 20 nm (Fig. 7).

According to SEM observations the pore diameter does not
change over the entire length of the channels at the all studied T, 0qe-
As an example, Fig. 8d presents the cross-sectional SEM image at
the bottom and at the mouth of the pores for anodic film obtained at
15 °C. Therefore, it can be assumed that the film structure self-
regulates as a result of establishing equilibrium along the entire
length of the pore channels due to cooling of the electrolyte when it
moves from the bottom to the pore mouth. If the electrolyte leaving
the pores remained hot, the pores would have to be conical rather
than cylindrical due to the longer dissolution of the walls near the
alumina/electrolyte interface.'> However, this was not observed and
all pores were cylindrical even with a large thickness of the anode
film. It is likely that maintaining equilibrium between the processes
that accelerate and inhibit the dissolution of pore walls takes place
only at temperatures from 20 to 50 °C, and, therefore, the structure
manages to self-regulate and a high degree of ordering of the cell
structure is preserved. Compared to our results at T, = 20 °C, those
obtained by other authors at higher electrolyte tem}s)eratures also
show accelerated pore walls dissolution at 30 °C.51 At Tanode =
60 °C, an imbalance between the rate of chemical dissolution and the
rate of formation of new oxide layers occurs. As a result, with
increasing thickness, the structure of the porous alumina becomes
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Figure 8. Schematic illustration of heat flow during anodizing process at different anode temperature: (a) supercooling, (b) low temperature heating and
(c) overheating; (d) cross-sectional SEM image at the bottom and the mouth of the pores for anodic film obtained at 15 °C.

more disordered According to A.P. Leontiev et al. at high electrolyte
temperature and AAO thickness above a certain critical value (only
5 pm at 50 °C) the kinetically controlled anodizing switches to the
mixed regime destroying the hexagonal pore ordering.® However, it
should be noted that according to our results at T,poqe = 50 °C the
thickness of the resulting oxide layer was 20 ym and the degree of
pore ordering was fairly high (FWHM = 4 nm).

Therefore, it could be assumed that the condition for obtaining a
high-ordered structure is rather a suitable optimal temperature
difference between the aluminum substrate and electrolyte than a
fixed low electrolyte temperature. This assumption supports the
convective mechanism proposed by Pashchanka and Schneider to
explain self-organization on nanoscale.'® This optimal temperature
difference is necessary to ensure a good circulation of the electrolyte
inside the pores. Thus, a high degree of ordering can also be
achieved at a higher electrolyte temperature (e.g., 20 °C), but at
slightly elevated anode temperature. These conditions also allow for
a significant acceleration of the anodizing process and the formation
of a high-structured layer in a short time.

Conclusions

It was established that the average values of J, and oxide
thickness over steady-state region increase exponentially with the
anode temperatures rise, but the specific quantity of electricity did
not depend on the anode temperature significantly. It has been
suggested that depending on the aluminum substrate temperature,
the heat flow during anodizing process affects the electrolyte
temperature at the pore bottom and thus influences the rate of
chemical oxide dissolution and electrolyte circulation to formation
of porous structure of anodic films.

It was shown that at anode temperatures ranging from 20 to 50 °C
neither dpore NOT Digeer has changed (dpore is 31 nm and Diyeer is
104 nm) indicating that the temperature of the electrolyte leaving the
pores was higher than 50 °C as results of Joule heating.

A distortion of the cells ordering was observed both at super-
cooling (at 5 °C) and at overheating (at 60 °C) of aluminum
substrate.

It was suggested for the obtaining of anodic alumina with high
degree of ordering, optimal temperature gradient from the aluminum
substrate to electrolyte is needed rather than a fixed low electrolyte
temperature. Thus, a high growth rate of nanostructured AAO can
also be achieved at a higher electrolyte temperature, but at slightly
elevated anode temperature.
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