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Abstract. Highly ordered Anodic Aluminum Oxide (AAO) structures produced from aluminum by
using an electrochemical anodizing method were developed towards its application for the next
generation of micro/nano medical and energy devices. In addition of analyzing the anodizing
current profile, the surface morphology was characterized by using Scanning Electron Microscopy
(SEM), the crystalline structure by X-Ray Diffraction (XRD) and the mechanical properties by
nanoindentation experiments. The anodizing time and applied potential determines the nanopores
regularity and their size, although the effect of the potential is more pronounced than the effect of
temperature in the transformation from crystalline alumina to amorphous alumina. Optimum pore
growth was achieved with an applied potential of 17 V which led to a pore fraction - P(f) - of about
17.5%. The experimental Berkovich nanoindentation method was used to determine the AAO
hardness as a function of the indenter depth, during the loading stage, using mechanical response
and deformation behaviour of the nanopores structure. From the experimental data of the load-
displacement curves, this method allows the calculation of the indenter contact depth at each
reloading point, thus leading to the estimation of the material’s hardness. The results reveal that the
hardness depends on the processing conditions used for the production of the AAO samples that
also strongly influences the organization and pore size uniformity.

Introduction

In recognition of the potential applications in nanoelectronics, energy and nanomedical fields,
during the last decade, interest in one-dimensional nanomaterials such as nanotubes, nanorods and
nanowires have significantly grown in both research and industrial sectors [1]. Templates consisting
of nanopores with uniform diameter and length are regularly used to develop uniform
nanostructured designs. The production of such templates holds the key to controlling the size and
the shape of nanostructures [2]. Electrochemical production methods have been used to fill
nanopores in the template with conducting, semiconducting or bio-molecular materials, in order to
fabricate nanostructures and integrate them in circuit components [3]. Porous anodic aluminum
oxides (AAO) have been attracting considerable attention in both the scientific and the commercial
fields as an indispensable part of nanotechnology [4]. In 1970, O’Sullivan and Wood presented a
model to describe self-regulating pore growth [5]. During the anodizing process within an acidic
medium, the aluminum (Al) surface is oxidized where the oxide layer consists of a self-organized
nanoporous structure. Interest in AAO nanostructures and their production using the two-step
anodizing process has recently been revived, as described by Masuda and Fukuda [6]. A two-step
anodizing process is believed to be essential in order to regulate the nanoporous structure, since
irregular nanopores are formed on the Al substrate after the first anodizing step. Well-ordered
nanopore arrays are obtained by etching out the oxide layer with irregularly arranged nanopores
towards the film surface. Using this two-step method, and by applying a constant anodic voltage of
40 V in a 0.3 M oxalic acid solution, Masuda and Fukuda obtained a well ordered nanopore array
[6]. The plasticity model describes the formation of the anodic metal oxides, where it is believed to
be a consequence of the flow of the film material in the barrier layer region beneath the porous
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layer. The material flows from the region of pore bases towards the cell wall regions due to growth
stresses and field-assisted plasticity of the film material [7-9]. However, the formation mechanism
of the pores is more complicated than previously thought [10]. Although the formation mechanism,
pore ordering, inter-pore distance and pore size control have been extensively studied, there is much
work still to be done in order to understand the electrochemistry and the anodizing process.

The applied potential in each anodizing process depends on the type of the electrolyte used. The
effect of a variety of acids has been studied resulting in diverse degrees of success, which are
determined by the pore ordering of the arrays obtained [11]. Sulphuric acid proves to be the most
commonly used acid among the more effective electrolytes. When characterizing nanopore arrays,
nanoindentation is a technique that provides invaluable information such as the hardness and the
elastic modulus of the nanostructure under investigation [12]. Xia et al studied the effect of a heat
treatment on AAO nanostructures and showed that increasing the temperature up to a maximum of
600 °C leaves the elastic modulus unaffected [13]. In this work, it is discussed the outcomes of the
research studies into the mechanical properties of nanoporous AAO using nanoindentation.
Furthermore, the mechanism of AAO template formation and structural properties were also
determined and discussed.

Experimental

The nanopores AAO structures were electrochemically produced from Al sheet substrates by
using a two-step anodizing process. The electrochemical setup comprised a 0.3 M H,SO4 acid, an
anode (a pre-treated Al sheet) and a cathode (a Pb plate). The complete process for the synthesis of
porous alumina is described below. Prior to anodizing, a chemical pre-treatment is undertaken in
order to create micro-scale roughness on the Al substrate surface, as follows. After standard
substrate cleaning, the Al foils (99% purity) are subjected to a pre-treatment by ultra-sonication in
ethanol/benzine for 10 to 15 minutes at room temperature. The Al foils are then dried and used as
anodes in the electrochemical cell.

The first anodizing was carried out until the residual Al film thickness approaches the desired
level, over a 60 minute period, then the oxides are removed by immersing the sample in a
phosphoric acid (6 wt% H3PO,4) and chromic oxide (1.8 wt% Cr,O;) mixture for a further 60
minutes at 60 °C. In the second step, the remaining Al is anodized using the same conditions as the
first anodizing but over a longer period of time (120 minutes) in order to achieve the desired
thickness of the AAO layer. The final part of the experimental sequence involves etching in a
solution of H3PO4 (5 wt %) at room temperature during 60 minutes (Table 1). For each anodizing
step, the samples were immersed in the electrochemical deposition cell only when the temperature
reaches 5(£1) °C, while rinsing with de-ionized water concludes each step. In this study, the current
density was monitored during the anodizing procedure using a remotely controlled ammeter/voltage
source. The conditions in which the samples were produced are given in Table 1.

Table 1 - Experimental conditions.

.. Etching of AL,O; 2nd anodizing .
1st anodizing —( o s _ o s Etching of ALO;
Pre-treatment [T=5+1 °C, Time = 60 min.] [T=60 l(]l],i;fl]me 60 [T=5+1 g],l :“;me 120 [T=RT]
SAMPLE - -
Time H:80, Voltage H:80, Voltage Time
Chemical . Concentration 8 Chemical Concentration 8 Chemical .
[min] V] [VI] [min]
[M] M]
ethanol 10
AAO (1-20) 1 1
benzine 15
20 20
ethanol 10 9
AAO (0.3-20) H;PO, 6 wt% HPO: 1 60
benzine 15 Cr0; 1.8 wt% 5 wt%
0.3
0.3
ethanol 10
AAO (0.3-17) 17 17

benzine 15

X-Ray diffraction (XRD) was performed using a Bruker AXS D8 Discover diffractometer, operated
in 6-260 geometry using Cu (K,) radiation. XRD patterns were obtained with a step size of 0.02° and
an integration time of 1 s. Scanning Electron Microscopy (SEM) imaging was performed with a FEI
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Nova 200FEG for all samples in order to evaluate the pore diameter and the inter-pore spacing. A
Hysitron Nanoindentation system equipped with a Berkovich diamond indenter was used for the
mechanical characterization.

Results and Discussion

Current density profile and pore formation. Fig. 1 shows a typical current density plot during the
anodizing process, which consists of three noticeable current density regions related with the
formation of porous alumina.
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Fig. 1: (a) Current density j(#) monitored during the two-step anodizing process in 0.3 M sulfuric acid, (U,
=20V, T= 5 °C) presenting two clear regions; region A with varying current density and region B with a
steady current density. (b) The region A where a sharp decrease in the current density is observed resulting
from the growth of the oxide barrier layer (region Al). With this process, transport of AI’* ions and their
ejection to electrolyte results in a slow increase in the current density (region A2).

As has been previously reported, at the initial stage (region A), a barrier layer is first formed on the
surface of the aluminum substrate when the potential is applied [14]. With the growth of the oxide
barrier layer through the relatively fast reaction at the very early stages of the process (Eq. 1), the
resistance of the electrode increases resulting in a sharp decrease in current density, as shown in the
region Al of the inset. With this process, the transport of AI’" ions and their ejection to electrolyte
results in a slow increase in the current density (region A2). However, steady current density is
observed as shown in region B, when equilibrium is achieved between the AAO formation and the
AI*" ion ejection. Singh et al attributed the pore initiation and self-organization of the porous
structures at the initial stage to the considerable elastic stress in the oxide layer [15]. Although, the
phenomenological description that the mechanical stress inflicted by the volume expansion on the
structure due to the difference in ionic densities of AI’" and Al in anodic alumina, a consequence of
the difference in mass densities was possibly accountable for the self-organized formation of
hexagonal pore arrays [16], the pore formation and the porous film growth is better described using
the “Plastic ionic flow model”. In this model, the pore formation in the anodized oxide is explained
in terms of mass migration of metal ions within the oxide from underneath the pores to pore wall [7-
9]. As described in the literature, barrier-type anodic alumina films grow by migration of AI’" ions
outward and O® ions inward [17]. As Thompson ef al explained, about 40% of the film thickness
forms at the AAO film/electrolyte interface as a consequence of the migration of AI’™ jons. The
remainder of the film thickness is formed at the metal/film interface by migration of O* ions [18].
The formation of the porous film takes place when there is no film material being added at the
film/electrolyte interface. While increased stresses from electrostriction assist stabilization of the
pores, the absence of growth of new oxide at the film surface prevents pore filling.

Although, in general, the current densities of the first and the second anodizing step had similar
overall behavior over time, some differences could be observed. The lowest current density was
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higher for the second anodizing step than for the first and the time taken to reach the constant
current density during the second anodizing was shorter than that in the first step. This irregularity
can be attributed to the fact that, in the first anodizing step, the porous structure is not yet formed
and in the second anodizing the patterning of the pores has already taken place, after removing the
aluminum oxide layer by etching in phosphoric acid solution (H;POy).

The formation of AAO itself occurs under an applied potential, following the surface oxidation,
as more aluminum at the oxide-metal interface continues to oxidize (Eq. 1). Part of these Al’"
cations migrates across the oxide layer leading to the formation of a porous AAO structure. The
migrated cations are released to the electrolyte where the liberated Al** are solvated and complexed.
Thus, the main reaction that contribute to the porous AAO formations are:

241+ 3H,0 — ALO; +6H™ +6e” (4 210dc) W

By another hand, the dissociation of water supplies anions to the oxide layer, but also plays an

important role in governing the porosity of the porous AAO films [19].

Scanning electron microscopy and pore size analysis. The SEM micrographs presented in Fig.
2(a-c) show a well-defined, self-ordered, nanopored AAO structure obtained in this work.

Fig. 2 — Surface SEM micrographs of AAO samples: (a) AAO (1-20), (b) AAO (0.3-20) and (c) AAO (0.3-
17).

Samples AAO (1-20), AAO (0.3-20) and AAO (0.3-17) (see Table 1), anodized in different
concentrations of electrolyte (I M and 0.3 M), different applied potentials (17 V and 20 V) and at
the same temperature (5 °C) have reasonably regular pores (Fig. 2). The samples presented pores
diameters between 10 to 25 nm and an inter-pore distance of approximately 41 nm. The nanosized
pore structure is well developed presenting an uniform distribution of the nanopores. As described
by Nielsch et al [20], the porosity or the pore fraction P(f) of the AAO structure can be determined
by using the Eq. 2.

P(f)=Qr/N3)0r/ D,,)’ )

where,  and D;, are the pore radius and the inter-pore distance respectively. Since a well defined
AAQO structure, (7/Djy) is constant, and hence the optimum porosity calculated from Fig. 2, where r
=9 nm and Dj,; =41 nm, is ~17.5%. However, slight changes in the electrolyte concentration and
temperature could shift the porosity due to the change in nature of acid attack on pore walls.
Furthermore, the controlled adjustment of » and D;, by varying the applied potential has been
observed in this work. When increasing voltage (or temperature), the pore diameter slightly
increased being the variation insignificant. However, as Nielsch et al have shown, for alumina, the
inter-pore distance, Diy, is linearly proportional to the applied potential U (Eq. 3) with a
proportionality constant k of approximately £ ~2.5 nm/V.
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Dint =kU
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With an applied potential of 17 V for the AAO samples presented in Fig. 2, Diy = 42.5 nm
which correlates with the measured value of 41 nm. In contrast, the average pore diameter remained
constant for the two concentrations of sulphuric acid, suggesting the independent nature of the pore
diameter from the acid concentration. As Masuda and Fukuda first reported self-organized pore
growth leads to a densely packed hexagonal pore structure for certain sets of parameters as
illustrated in Fig. 2.

AAO structure: X-ray diffraction (XRD) was employed to investigate the phase transformation of
the AAO. In order to study the influence of temperature in the crystalline nature of the AAO
structures, an additional sample (not presented in Table 1) was produced by using a electrolyte
solution at 15 °C. Fig. 3 shows the X-ray diffraction spectra of anodized aluminum with different
temperature and voltage in the same electrolyte.
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Fig. 3 - XRD spectra of AAO samples produced by using the electrolyte concentration and different applied
voltage.

The (311) and (400) peaks of Al,O3 can be observed in the diffraction spectra of samples made
under the same voltage (17 V) but different temperature conditions. However, the intensity of the
two peaks is insignificant in the spectrum of the AAO sample made by applying a higher potential
(20 V) in comparison with those made by applying a lower potential (17 V). The possible reason for
this observation could be the formation of amorphous aluminum oxide under higher applied
potentials. Higher intensities of the two peaks of Al,O; can be seen from the sample made under
low temperature in comparison with that made at higher temperature. However, it can be seen that
the effect of the applied potential is stronger than the effect of temperature in the transformation of
phase from crystalline alumina to amorphous alumina. The other diffraction peaks can be assigned
to the aluminum substrate.

Nanoindentation. Nanoindentation has been widely used for measuring mechanical properties such
as hardness and Young’s modulus of samples. In a depth sensing indentation test, an indenter is
pressed into the surface of a test solid and both the indenter load P and the indenter displacement h
into the material are continuously recorded during the entire measurement. This provides a load-
displacement curve (P-h), which is a “fingerprint” of the mechanical properties of the tested
material, from which the hardness and elastic modulus can be calculated. A Micro Materials
Nanotest equipped with a Berkovich (triangular pyramid) diamond tip having a nominal edge radius
of ~100 nm was used in this study.
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A schematic representation of a typical indentation (P—/4) curve obtained with a Berkovich
indenter is presented in Fig. 4(a).
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Fig. 4 - A schematic illustration of indentation load-displacement curve with several important parameters
used in the Oliver and Pharr analysis: (a) loading/unloading cycle showing the main displacement parameters
hy, he and hy,, (b) sectional view of the physical parameters under maximum load: /.,,x (maximum indenter
displacement), 4. (indenter contact depth) and 4, (residual depth after complete unloading).

There are three important quantities that can be measured from the (P—#) curves: the maximum
load, Ppax, the maximum displacement, 4,,,,, and the elastic unloading stiffness, S = dP/dh, defined
as the slope of the upper portion of the unloading curve during the initial stages of unloading (also
known as the contact stiffness). Another important parameter is the residual depth, hr, which is the
permanent depression after the indenter is fully unloaded.
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Fig. 5 - Load—displacement curves of the produced AAO samples: (a) one complete cycle of loading and
unloading and (b) expanded view of the first loading steps.



Journal of Nano Research Vol. 25 83

Fig. 4(b) shows the physical parameters of the indentation process in a cross sectional illustration in
which it is assumed that the behavior of the Berkovich indenter, can be modeled by a conical
indenter with a half- angle, 8= 63.5°. The corresponding (P—%) curves of the AAO samples, AAO
(0.3-20), AAO (0.3-17) and AAO (1-20) with an indentation maximum displacement of 320 nm are
shown in Fig. 5(a). The maximum displacement was limited to 320 nm in order to avoid the
contribution from the non-oxidized Al metallic foils.

As the load increased, the indenter penetration displacement also increased (Fig. 5a). However,
some small differences were noticeable. For example, for a given applied load (during the loading
stage), the indenter displacement is not the same for all the analyzed AAO samples. In fact, it was
observed that for a given applied load, the indenter did not penetrate the AAO (0.3-20) sample as
much as it did in the other samples. This result suggests that the AAO (0.3-20) sample appears to be
better able to withstand a state of deformation, which behavior is ascribed to the differences of the
AAO pore sizes that are achieved by using different processing conditions. For a given applied
load, the greater the pore diameter, the higher the material deformation is.

In addition, the results show (see Fig. 5b) that the pop-in behavior occurs at the beginning of the
loading process. This behavior, which is different from the dislocation-slip phenomenon, as Fang et
al described, is because the nanopore walls crash with one another [21]. In fact, a Berkovich
diamond indenter with a radius of about 100 nm was used in this study. Although the indenter size
is greater than the average pore or cell size, in the early stages of the applied load, the surface
contact area between the indenter and the AAO material should be very small, which condition
makes the average contact pressure higher than that of the rupture strength of the material, leading
to the material collapse.

Furthermore, in order to characterize the mechanical properties of the AAO samples, it was
determined the hardness and Young’s modulus. The hardness, H, is the pressure exerted by the
indenter at the maximum load P,,,, on the material, thus being determined from the Eq. 4.

Pmax
H="mn

4 (4)

where A is the projected (or cross sectional) area of the indenter at a distance /. back from its
tip. The distance 4. is the depth along which contact is made between the indenter and the sample.
Under full load, the indenter is impressed to a total (maximum) depth 4,,,,, which can be taken from
the load-displacement curve as indicated in the Fig. 4(a) and (b). After unloading is completed,
there remains a residual depression of depth 4,, which is also given in the load-displacement curve.

Because the hardness is defined as being based on the projected contact area under load, it may
not be as same as the conventional hardness (measured from the surface area of the residual
hardness impression), if there is significant elastic recovery during unloading. The elastic modulus
relates to contact area and the measured unloading stiffness through the Eq. 5 [22].

2 A
fE 5)

where E,, the ‘reduced elastic modulus’ (or the effective elastic modulus), is given by:

E E E,
r i (6)
The reduced elastic modulus takes into account the fact that elastic displacements occur in
both the sample and the indenter. The Young’s modulus and the Poisson’s ratio of the sample and
the indenter E, v and E;, v; respectively. The properties of the diamond indenter used in this study
are E£;= 1140 GPa and v; = 0.07 [23] and the Poisson’s ratio of the AAO samples is 0.22 [21].
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The Eq. 5 is a general relation that applies to any axisymmetric indenter [24,25], where the
dimensionless parameter, [, is used to account for deviations in stiffness caused by the lack of axial
symmetry for pyramidal indenters. Indentation experiments are often conducted with non-
axisymmetric indenters. King [26] used finite element analysis to predict the [ values for different
indenter geometries. He found that 5= 1.034 for a triangular punch, the value that has been widely
adopted for instrumented indentation testing with a Berkovich indenter.

Although the Eq. 5 and Eq. 6 have been used for isotropic materials and a partial effect from
other directions exists in the transversely isotropic case, it is still possible to apply those equations
to estimate the elastic constant in the indentation direction.

The analysis used to determine the hardness, H, and elastic modulus, E, is an extension of the
method proposed by Doerner and Nix [27] that accounts for the fact that unloading curves are
distinctly curved in a way that cannot be explained by the flat punch approximation. Generally, in
the flat punch approximation, the contact area remains constant as the indenter is removed, and the
resulting unloading curve is linear. In contrast, experiments performed by Oliver and Pharr [28] has
shown that unloading curves are distinctly curved and usually well fitted by a specific power law.
The procedure used to measure H and E, following the work performed by Oliver and Pharr, is
based on the unloading process shown schematically in Fig. (4a), in which the elastic deflection, 4.,
of the sample surface at the maximum load is given by:

Pmax
h,=&———
3 (7)

where £ is a constant that depends on the geometry of the indenter and takes the numerical
values of 1.00 for a flat punch, £= 0.72 for a conical punch, and £= 0.75 for a Berkovich indenter
[22].

From the geometry of Fig. 4(b) that the depth along which, the contact is made between the
indenter and the sample, /. = hyax — e, 18:

(®)

In order to determine the hardness of a material, Eq. 4 should be used. However, since the
definition of hardness is based on the projected contact area under load, Oliver and Pharr [22] have
defined an “area function”, F(h.) that describes the projected (or cross sectional) area of the
indenter at a distance, /., back from its tip. The area function is given by a multi-term polynomial
fit of the form [22]:

8
A=F(h)=>.C, ()"
n=0 (9)
For a perfect pyramid or cone, the area function can be reasonably represented by the first term
alone. By assigning the constant Cy associated with the quadratic term to a value determined by the

face angles of a Berkovich pyramid (with a half- angle of 65.3°), the resulting contact area is given
by:

A =(3/3tan’ G)h* = 24.56h’ (10)

Meanwhile, the monitoring of the average contact pressure is difficult due to the fact that the
indenter displacement, rather than the contact depth, is measured during a nanoindentation test. The
indenter displacement is the sum of the contact depth and the elastic deflection of the sample
surface at the contact edge. It is therefore necessary to subtract the elastic deflection from each
displacement measurement in order to calculate the average contact pressure. Oliver and Pharr
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technique, which is most often used to manipulate the nanoindentation test results, only provides the
elastic deflection at the peak load.

Thus, to monitor the average contact pressure during reloading of the indenter, the procedure
suggested by Novikov et al [29] and Carneiro et al [30] was used. The instantaneous value for the
elastic deflection 4(,;); of the sample surface at contact perimeter was obtained as:

(hel)i =hel(1)i/1)max)1/2 (11)
where P; is the instantaneous value of the applied load.
Using Eq. 11, the elastic deflection for all data points of the loading curve was calculated. The
load dependence over the contact depth was found by subtracting the instantaneous elastic
deflection from the instantaneous displacement data, according to the following equation.

(h,); =h;, - h(el)i (12)
where (4.); is the instantaneous contact depth and /4; the instantaneous displacement at each
indentation reloading point.
The corresponding load-depth curve of the AAO (0.3-20) sample is shown in Fig. 6, which for
comparison purposes, also includes the corresponding load-displacement curve presented
previously in Fig. 5(a).
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Fig. 6 — Comparison between the load-depth and load-displacement curves of AAO (0.3-20) samples.

It can be observed that the load-contact depth curve is shifted to the left side when compared
with the load-displacement curve. This effect results from the subtraction of the elastic deflection of
the test material from the displacement of the indenter. The greater the shift to the left, the more
resilient is the material.

Meanwhile, the dependence of contact depth as well as the material surface elastic deflection
over the applied load (under the loading process) is revealed in Fig. 7.

The surface elastic deflection of the tested sample increases slowly with the indenter
displacement. However, for the same applied load, the magnitude of the contact depth is much more
pronounced. In fact, at the peak load, the elastic deflection represents only 25% of contact depth. It
can be noted that for an applied load smaller than 2.5 mN, the contact depth increases quickly as a
result of the crash of nanopore walls.
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Fig. 7 - The dependence of contact depth, indenter displacement and the surface elastic deflection as a
function of the applied load for AAO (0.3-20) sample. The surface elastic deflection of the tested samples
increases slowly with the indenter displacement. For a small-applied load (< 2.5 mN), the contact depth
increases rapidly that may result from the crash of nanopore walls.

Hardness as a continuous function of penetration depth can be calculated in two steps. At
first, the elastic deflection of the sample surface at the peak load 4., was found using the Oliver and
Pharr method. Then Eq. 12 was substituted in Eq. 4 in order to calculate the instantaneous hardness,
H; (see Fig. 8).
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Fig. 8 - Hardness as a function of the indenter depth.

The hardness values are obtained from all loading curve data points and correspond to the ratio
between the instantaneous applied loads and the instantaneous projected contact areas:

(H), =~ [, = E(Pyy I S)P, I Pyy) 17

24.56 (13)
Two regions can be highlighted on the hardness dependence over the indenter depth. In the
first region, at a depth up to 75 nm, a significant decrease in hardness is observed. The hardness
decreased from 75 GPa at a depth of ~ 20 nm to ~25 GPa for samples AAO (0.3-20) and (0.3-17)
and to ~ 15 GPa for sample AAO (1-20). However, from ~ 75 nm to 245 nm the hardness decreases
slowly with the indenter depth. Such behavior in hardness is due most probably to the fact that

hardness measurements should be made (ideally) using sharp indenters.
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Since real pyramid indenters (such as Berkovich indenter) have a small rounded
imperfection on its tip (inevitably occurs during its grinding process), for accurate measurements of
hardness, the contact area between the indenter and the test material should be much larger when
compared with the area of the defect at the indenter tip. This requirement is easy to attain for soft
materials such as metals. However, for hard materials (oxides, carbides, nitrides etc.) at the
beginning of an indentation experiment (very low applied loads), the area of the defect at the
indenter tip can eventually be comparable to contact area. Under this condition, it is expected that
small tip-rounded indenters can have some influence in the hardness calculations, since it can lead
to the estimation of hardness with high magnitudes.

In fact, for the tested AAO samples, it was observed that for loads lower than approximately
2 mN, the hardness increases substantially. Meanwhile, as the contact depth increases, the contact
area between the indenter and the AAO tested material should surpasses the size of defect at the
indenter tip, and the hardness of the AAO material has decreased. This behavior may also result
from the fragile and porous structure of the oxide material so that as the indenter penetrates the
material, it is more and more cracked/broken to interior layers below the indenter tip.

On the other hand, for the region lying from about 75 nm to 245 nm, the hardness remains
almost constant in spite of the increase in indenter depth, therefore partly reflecting the mechanical
properties of the crushed oxide material. The porous structure of the oxide material should lead to a
deformation mechanism via crushed pores although the solid barrier layer may partially relieve the
crushed pores underneath the indenter.

Moreover, for the region corresponding to the greater indenter penetration depths, the nearly
constant hardness values suggest that the effect from the contribution of the substrate is not detected
(since the penetration depth is much lower than that of the layer thickness). Fig. 8 also shows that
the highest hardness value (calculated for maximum indenter penetration depth) was achieved for
the AAO (0.3-20) sample, despite presenting a small difference when compared with the other
samples. For the three tested samples, namely AAO (0.3-20), AAO (0.3-17) and AAO (1-20), the
slight differences in hardness may be due to the different average pore diameters, 22 nm, 25 nm and
27 nm respectively (calculated from the imagelJ software).

The hardness, H, and Young’s modulus, E, of the AAO samples are presented in Table 2.

Table 2 - Average Hardness and Young’s modulus calculated from indentation analysis.

SAMPLES Hardness [GPa] Young’s modulus [GPa]
AAO (1-20) 7.6 131.2
AAO (0.3-17) 10.6 163.2
AAO (0.3-20) 13.7 192.4

The hardness of the sample AAO (0.3-20) is higher than that the sample AAO (1-20) and AAO
(0.3-17). This can be explained by the morphology of the surface of the samples, as previously
mentioned.

The Young’s moduli of the three nanoporous AAO samples, calculated for the highest
indentation depth (of about 245 nm), are 131.2 GPa, 192.4 GPa and 163.2 GPa, respectively.
Moreover, the Young’s moduli obtained here are slightly higher (of about 15%) than those found
elsewhere [31] because of the average pore diameter is lower than in the other study. Additionally,
the values of the Young’s modulus herein obtained may also be related with either absorbed
moisture or residual water from the anodizing process, or the exposure to air.

Conclusions

Well-defined, self-ordered, porous alumina structures were obtained by a two-step
electrochemical anodizing process of Al substrates. The applied potential affects the regularity and
size of the nanopores and the effect of the potential appear to be stronger than the effect of
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temperature in the transformation from crystalline to amorphous alumina. While the inter-pore
distance, is linearly proportional to the applied potential pore diameter remained independent of the
electrolyte concentration. Optimum pore growth was achieved with a pore fraction of about 17.5%.
This experimental attained pore fraction probably needs further optimizing when improved pore
ordering is required.

The mechanical properties of AAO structures were studied using nanoindentation
measurements. It was observed that the AAO (0.3-20) sample, with the smallest pore diameter,
presented the highest hardness value. The analysis of the hardness—contact depth data reveals that
for the three tested samples, the indentation hardness decreased as the indenter penetration depth
increased. Furthermore, for each of the tested samples, the corresponding hardness remains nearly
constant in spite of the increase in indenter depth.
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