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A characteristic feature of the disordered pore growth at the initial stage of aluminum anodizing is the development of three large
groups of pores: the major pores of larger diameter and two groups of minor pores of smaller diameter. The samples were obtained
by the electrochemical oxidation of thin aluminum films (100 nm thick) on SiO2/Si substrates in a 0.3 M oxalic acid at 30 V at 5 °
C–40 °C. According to SEM studies, the pore distribution by diameter for the films obtained at 20 and 40 °C has three distinct
peaks at ca. 13.5, 17.2, and 20.3 nm. The ratio of the diameter of major pores to the diameter of minor pores of group 1 or group 2
is constant and approximately equal to 1.17 and 1.51, respectively. The generation of local compressive stress influences the
development of porous morphology. The distribution of zones with high and low compressive stress levels inside hexagonal cells is
shown, and their correlation with the porous morphology is confirmed. The generation of local stress and strains in the anodic
alumina layer with a porous, cellular structure is associated with local areas with changes in the geometric properties on its surface.
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The method of two-stage aluminum anodizing is widely used to
obtain films of porous anodic alumina with a highly ordered porous
structure.1–10 According to this, a porous alumina film is obtained in
the first stage of the process, and then it is removed using selective
etching. After that, a pre-pattern in the form of an array of concave
depressions, which are a mirror image of the lower surface of the
porous film, remains on the aluminum surface. In the second stage,
aluminum anodizing is carried out under the conditions used in the
first stage. In this case, the pre-pattern on the aluminum surface with
the centers of hexagonally ordered cells serves as a template for
forming pores in anodic alumina with a highly ordered structure.
Therefore, the first stage of aluminum anodizing is important for
forming a hexagonally ordered cellular porous structure of anodic
alumina films.11–15

The initial stage of forming porous anodic aluminum oxide films
is quite well described in the literature.16–18 In this process of porous
film formation, four main stages are distinguished: 1) formation of a
barrier-type aluminum oxide layer; 2) initiation of chaotic nucleation
of small diameter pores on the surface of the barrier layer; 3)
development of individual small diameter pores; and 4) steady-state
growth of vertical pore channels with hexagonal packing. Each stage
corresponds to a certain segment in the current transients. It should
be noted that at the last (fourth) stage, the formation of a system of
self-ordered pores with hexagonal packing takes place. However,
although the individual stages of the formation of porous films of
anodic alumina are well studied, the detailed mechanism of the
formation of a porous structure and the transition from the stage of
chaotic nucleation of small pores to the formation and development
of large pores remains poorly understood.

In addition to the type of electrolyte, its concentration, and the
anodizing voltage (Ua), the electrolyte temperature (Te) significantly
affects the anodizing rate and development of an ordered
surface.17,19 A local temperature increase leads to faster chemical
dissolution and destruction of the oxide layer, and the temperature
difference between the aluminum substrate and the electrolyte is an
important parameter influencing the formation of the ordered
structure.2,20,21 Therefore, to better understand the pore formation
process at the initial stage of disordered growth, it is necessary to

study the peculiarities of developing porous aluminum oxide surface
morphology at different electrolyte temperatures.

Experimental

Aluminum films (about 100 nm) were deposited on silicon
substrates with a thin silicon dioxide film (SiO2/Si substrate) by
thermal evaporation under a vacuum. From the substrates, square
samples with an area of no more than 7.2 cm2 were cut and anodized
in a 0.3 M aqueous solution of oxalic acid at constant Ua = 30 V and
Te = 5 °С–40 °С until the complete oxidation of aluminum. The
anodizing process was carried out in a two-electrode fluoroplastic
cell similar to that described by Chernyakova et al.22 and was
controlled by a direct current power supply GW Instek (GPR-
30H100). A Viton O-ring set out the anodizing area of ca. 3.14 cm2.
The electrolyte temperature was kept constant using a WK 230
cryostat (Lauda). A platinum grid was used as a cathode. The
complete anodizing times decreased twice from 180 to 90 s with
increasing Te from 5 °С to 40 °С.

According to Chernyakova et al.,22 to provide a more uniform
temperature distribution over the surface of the working electrode at
different anodizing modes and correspondingly greater pore or-
dering, we chose a SiO2/Si substrate because of its higher thermal
conductivity (149 Wm−1 K−1) close to that of aluminum
(200 W m−1 K−1). The anodizing voltage was also selected ac-
cording to Chernyakova et al.22 as, during the oxidation of aluminum
thin films in oxalic acid, Ua of 30 V is a turning point at which the
mechanism of the formation of porous anodic structure is changed.

Additionally, we formed the samples on high-purity Al foil
(99.999%, 250 μm, Alfa Aesar) for the two-stage anodizing experi-
ments and experiments on electropolished Al foil to investigate the
peculiarities of the initial growth of the porous anodic alumina on
bulk samples with the pre-treated surface. The preliminary prepara-
tion operations and the process of the two-stage anodizing of the
aluminum foil samples are described by Chernyakova et al.2

Electropolishing was carried out in HClO4–ethylene glycol–glycerol
solution at 5 °С and 17 V dc for 5 min. The first anodizing was
conducted in a 0.3 M aqueous oxalic acid solution at 20 °С and 50 V
for 30 min. Then, this layer was removed by etching in the mixture
of H3PO4 and CrO3 at 75 °С for 2 h. The second anodizing was done
under the same conditions. Aluminum was chemically etched in the
solution containing CuCl2 and HCl to investigate the reverse side (
i.e., anodizing front) of the samples. Then, the alumina layer waszE-mail: katsiaryna.charniakova@ftmc.lt
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etched in the mixture of H3PO4 and CrO3 at 75 °С to open pores on
the barrier layer side.

The surface morphology of the porous anodic alumina films was
studied by scanning electron microscopy (SEM) using a Model
Quanta 200 F electron microscope (FEI) with further computer
processing of images in the ImageJ software following the data
processing procedure described by Chernyakova et al.22 and
Vrublevsky et al.23 The determination error of pore diameter dpore
did not exceed 3.5%. SEM images of the sample surface were
processed using the ImageJ software to visualize the structure
microrelief and local stress distribution as a color gradient.

Results and Discussion

According to SEM observations, thin anodic alumina films
obtained in a 0.3 M aqueous solution of oxalic acid at Ua = 30 V and
Te of 15, 20, 30, and 40 °С possess a porous structure (Fig. 1). As
seen in Fig. 2, the pore distribution by diameter for the films
obtained at Te of 20 and 40 °C has three distinct peaks at ca. 13.5,
17.2, and 20.3 nm. It is a characteristic of the disordered pore growth
at the initial stage of aluminum anodizing, at which three large
groups of pores develop.24

The larger diameter (D) of 20.3 nm has the major pores in the
anodic aluminum oxide film. The two smaller diameters (d1 and d2)
of 17.2 and 13.5 nm belong to the group of minor pores. From the
pore diameter distribution (see Fig. 2, it is also clear that the number
of pores for each group is approximately the same. This indicates the
location of all pore groups within one unit pore cell in the case of
hexagonally ordered pores.

To clearly show how the electrolyte temperature affects the ratio
of the diameters of the major and minor pores, we introduced the

coefficients K1 and K2 equal to the ratio of the diameter of major
pores (D) to the diameter of minor pores of group 1 or group 2 (d1 or
d2)

24 (Table I):

K
D

d
.=

As seen from Table I, in the electrolyte temperature range from
5 °С to 40 °С, K1 and K2 are constant and approximately equal to
1.17 and 1.51 for the first and second groups of minor pores,
respectively. According to Chernyakova et al.,24 a value of 1.17 for
minor pores with a larger diameter is close to the theoretical value
equal to 2/√3. Increasing Te, the average distribution of the three
main pore diameters does not change significantly, but the deviation
from these values increases more than twice (from ±0.3 to ±0.7).
This shows that the temperature raises the non-uniformity in the
pores during the initial stage of anodic layer growth. In addition, the
part of larger diameter pores increases (Fig. 2).

The stress arising in the oxide layer in the porous alumina cells
during the anodic film growth may affect the development and
termination of minor pore growth, as suggested by Chernyakova et
al.24 In this regard, the general pattern of stress distribution in the
oxide layer in porous alumina cells was investigated. For such
experiments, we used the effect of decreasing the chemical etching
rate of the oxide layer in the case of increasing compression stress in
the oxide structure.25–27 Our proposed research scheme includes
obtaining porous aluminum oxide with a hexagonally ordered cell
structure and then the complete chemical dissolution of the
aluminum oxide barrier layer on the aluminum side. The chemical
dissolution of the oxide barrier layer stops when the pores are
opened, which allows chemical dissolution to be controlled. The

Figure 1. SEM images of surface morphology of porous alumina films on SiO2/Si substrates obtained in a 0.3 M aqueous solution of oxalic acid at Ua = 30 V
and Te of 15 °С (a), 20 °С (b), 30 °C (c), and 40 °С (d).
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resulting surface, where oxide protrudes (in the higher microrelief
areas) corresponding to areas with high levels of compression stress
in the oxide layer, will enable us to demonstrate the distribution of
zones with high and low levels of compression stress within the
hexagonal cells.

Figure 3 shows higher microrelief areas at the triple junction
points, characteristic of the resulting relief of the porous aluminum
oxide when there are areas with different dissolution rates. This
indicates that due to the increased stress level in these areas, there is
a decrease in the chemical dissolution rate of anodic alumina.
Similar results were obtained earlier.8,28,29

As known, the compression stress arises in the oxide layer during
aluminum anodizing due to the volume expansion of aluminum
oxide.30–35 Simultaneously, tensile stress occurs in the aluminum
layer due to structural deformation. In the Al2O3/Al structure,
compression stress disappears if aluminum is removed. However,
the results shown in Fig. 3 demonstrate that removing the aluminum
layer, which is the cause of the structural deformations, did not result
in the disappearance of local stress in the alumina. This suggests a
different nature of the observed local compression stress.

When studying the stress-strain state in a layer of porous anodic
aluminum oxide, it should be considered that local fields of
increased stress may occur in some areas.36 The appearance of
such local fields of stress occurs near various inhomogeneities, such
as a sharp change in geometric shape, for example, a step on the
oxide surface due to pore walls.37–40 As a rule, the region of
increased stress propagation is quite limited, and its dimensions do
not exceed a few dimensions of the geometric inhomogeneity region
itself.

Thus, the occurrence of fields of local stress and strains in the
anodic alumina layer with a porous cellular structure is associated
with local areas with changes in the geometric properties on its
surface, such as the pore walls. At the pore wall, where the
geometric shape changes, the compression stress in the aluminum
oxide will be at a maximum. The stress will sharply decrease as we
move from this point toward the other pores. Based on this algorithm
and the data in Fig. 4, the expected distribution of local stress within
each porous cell is schematically illustrated in Fig. 5. For simplicity,
the pore area in this figure is excluded from consideration of the
stress distribution. The nature of the distribution of local compres-
sive stress outside the pore agrees with the results on the anisotropic
etching effect of aluminum oxide.

The distribution of local stress shows that the places with the
minimum level of local stress, where incipient pores can develop in
the porous cell, are located between each pair of neighboring main
pores. From the presented distribution model of local compression
stress, it is clear that the preferred place for developing minor pores
with the smallest diameter is the boundary between two neighboring
cells. However, under real conditions of the aluminum anodizing
process, the major pore at the initial stage is dominant.
Consequently, the field of local mechanical stresses around it will
be the largest. Therefore, the beginning of the development of each
minor pore with the smallest diameter will be slightly shifted from
this location in the opposite direction to the main pore. The results in
Table I show that the distance from the center of the major pore to
the center of the minor pore with the smallest diameter is
approximately 0.67 R. At the same time, in the ideal case, when
simultaneous development of all major pores takes place, this
distance is equal to 0.5 R (see Fig. 5).

Figure 2. Pore diameter distributions for porous anodic
alumina films formed on a SiO2/Si substrate in a 0.3 M
aqueous oxalic acid solution at Ua = 30 V and Te of 20 and 40
°C. These curves were obtained from computer processing of
images of the surface of porous anodic films shown in
Figs. 1b and 1d, respectively.

Table I. Diameters of the major (D) and two groups of minor pores (d1 and d2) and their ratios (K1 and K2) for films of porous anodic alumina on
SiO2/Si substrates obtained a 0.3 M aqueous solution of oxalic acid at Ua = 30 V and Te = 5 °C–40 °C.

Te, °C 5 15 20 25 30 40

D, nm 20.2 ± 0.2 20.3 ± 0.3 20.2 ± 0.5 20.3 ± 0.7 20,5 ± 0.7 20,5 ± 0.7
d1, nm 17.2 ± 0.3 17.2 ± 0.4 17.4 ± 0.5 17.3 ± 0.7 17.3 ± 0.7 17.1 ± 0.7
K1 1.17 1.18 1.18 1.17 1.18 1.18
d2, nm 13.3 ± 0.3 13.4 ± 0.4 13.5 ± 0.5 13.4 ± 0.7 13.4 ± 0.7 13.5 ± 0.7
K2 1.52 1.51 1.50 1.51 1.53 1.52
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It should also be noted that the growth rate of the minor pores
with the smallest diameter will be less than that of the minor pores
with a larger diameter and the major pores. Therefore, minor pores
with the smallest diameters will be shorter than larger ones. From the
presented model, it follows that the development of a group of

identical pores with a diameter smaller than the diameter of the
major pores stops when the oxide reaches a thickness of about 2–3
diameters of the interpore distance. The reason for this effect is a
sharp increase in compressive structural and mechanical stresses in
alumina with increasing thickness of individual hexagonal cells due
to the growth of the porous anodic film41–44 and an increase in local
compressive stress with increasing pore wall height. The estimation
shows that for the porous alumina film formed at 40 V in oxalic acid,
the layer with disordered pores has a thickness of about 200–300 nm.
This result agrees with the data obtained by Ling18 and Iwai et al.45

As an experimental confirmation of the proposed model, Fig. 6
shows the SEM image of a cross section of the porous anodic

aluminum oxide film. As can be seen from the figure, minor pores
occur only in a thin near-surface layer.

It is of great interest to study and analyze the surface morphology
of porous anodic aluminum oxide for an array of pores containing
both major and minor pores of smaller diameter. Figure 7 shows the

Figure 3. SEM images of the reverse side (i.e., anodizing front) of the
porous alumina film obtained in a 0.3 M aqueous solution of oxalic acid at Ua

= 50 V (a) and of the surface of this film with pores opened on the barrier
layer side (b).

Figure 4. SEM image of the major pores (a) and a model for the distribution of local compression stress within each porous cell (b).

Figure 5. Model for the simultaneous development of the major and minor
pores inside an elementary hexagonal cell composed of the major pores.
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SEM image of the porous anodic aluminum oxide film surface
obtained on aluminum after its electrochemical polishing. The image
displays individual minor pores (blue pores with a larger diameter
and green pores with a smaller diameter) located between two
neighboring pores inside the elementary hexagonal cells (red lines)
formed by the major pores (black pores). However, it should be
noted that the real porous structure of anodic films can differ
significantly from their ideal structure, so the observed deviations of
minor pores from the locations predicted by theory may be a
consequence of the deviation of the elementary cells composed of
the major pores from their ideal hexagonal shape.

It should be noted that the identified patterns of development of
minor pores have common features with the peculiarities of the
formation of branching pore structures of anodic aluminum oxide.
Research on the formation of branching pore structures by reducing
anodizing voltage showed that pore branching starts only when the
anodizing voltage reaches a certain value. As shown before by
Shuoshuo et al.,46 the possible variants of porous morphology
development were studied for the case of four branching pores,
including one stem pore, under decreasing voltage. It was found that
even when the number of branched pores for each stem pore remains
the same, the packing variants of such branched pores can vary. The

results showed that the development of three branching pores inside
one porous cell has six possible development points, and their
combinations have a random character. It means that inside one
porous elementary cell formed by a stem pore, six equivalent points
can serve as centers for developing new secondary pores while
forming a branching porous structure.

Thus, at the initial stage of disordered pore growth during
aluminum anodizing, only three large groups of pores develop out
of all nucleation centers: major pores and two groups of minor pores,
the diameter of which is 2/√3 and (2/√3)3 times less than the
diameter of major pores, respectively. The development of two
groups of minor pores, smaller in size, is not a random process but
occurs in places with the lowest level of local compression stress
inside the hexagonal cells formed from the major pores.

Conclusions

The data obtained demonstrate that a characteristic feature of the
disordered pore growth at the initial stage of aluminum anodizing is
the development of three large groups of pores: the major pores of
maximum diameter and two groups of minor pores of smaller
diameter. An analysis of the results of pore diameter calculation
shows that in the electrolyte temperature range from 5 to 40 °С, the
ratio of the diameter of major pores to the diameter of minor pores of
group 1 or group 2 is constant and approximately equal to 1.17 and
1.51 for the first and second groups of minor pores, respectively.

The stress arising in the oxide layer in the porous alumina cells
during the anodic film growth may affect the development and
termination of minor pore growth. In this regard, we investigated the
general stress distribution pattern in the oxide layer in porous
alumina cells. For such experiments, we used the effect of
decreasing the chemical etching rate of the oxide layer in the case
of increasing compression stress in the aluminum oxide structure.
Our proposed research scheme includes obtaining porous aluminum
oxide with a hexagonally ordered cell structure and then the
complete chemical dissolution of the aluminum oxide barrier layer
on the aluminum side.

Our results indicate that generating local stress and strains in the
anodic alumina layer with a porous, cellular structure is associated
with local areas with changes in the geometric properties on its
surface, such as the pore walls. At the pore wall, where the
geometric shape changes, the compression stress in the aluminum
oxide will be at a maximum. The stress will sharply decrease as we
move from this point toward the other pores. The increase in
compressive stress in the anodic alumina during aluminum ano-
dizing leads to an interruption in the development of two groups of
minor pores.
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