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Abstract Nanoporous anodic aluminum oxide (AAO)
membranes can be fabricated with highly controllable
thickness and porosity, making them ideal for filtration
applications. Use of these membranes is currently limited
largely due to their size and overall fragility. The objective
of this research was to improve mechanical properties of
AAO membranes through use of high temperature heat
treatment to induce phase transformations in the material.
A repeatable two-step anodization process was developed
for consistent sample fabrication and heat treatments were
performed at 900 °C and 1200 °C in air. The pore mor-
phology and phase composition of the as-anodized and
heat-treated membranes were then observed using scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM). Microhardness testing was utilized to
evaluate the mechanical behavior of the membranes before
and after heat treatment. As-anodized AAO mem-
branes were determined to be amorphous, and membranes
heat-treated to 900 °C and 1200 °C were transformed to
crystalline phases while retaining their original porous
structure. Heat treatment to 900 °C resulted in formation of
the y-alumina transition phase in the skeleton regions of the
membrane and nanocrystalline regions of o-alumina
throughout the structure, while heat treatment to 1200 °C
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completely transformed the material to the stable «-alu-
mina structure. The microhardness testing showed an
increase in hardness from 2.5 + 0.4 GPato 4.7 £ 1.0 GPa
in the transformation from amorphous to a-alumina.

Introduction

Anodic aluminum oxide (AAO) has been utilized since the
early 1900s as a protective coating and for coloring pur-
poses on aluminum and its alloys. In 1953, Keller et al. [1]
proposed a model for porous AAO based on an array of
ordered nanopores, with each individual pore contained
within a hexagonal cell. In 1995, Masuda and Fukuda [2]
discovered the self-ordering mechanism of pores in AAO
through the use of a two-step anodization procedure. The
fabrication of AAO membranes with self-organized pore
structures has been well-reported and utilized as templates
for a variety of nanostructures [3-6].

In 1981, Thompson and Wood [7] reported that the
AAO microstructure can be separated into two regions: a
relatively pure alumina region (inner layer), consisting
entirely of Al,O3, and an acid anion-contaminated region
(outer layer), resulting from incorporation of anions into
the alumina structure during anodization. Vrublevsky et al.
[8] have reported a similar structure, with 90% of the oxide
comprised of the outer layer and 10% comprised of the
inner layer. These regions were investigated and verified by
Ko et al. [9] using a scanning transmission electron
microscope (STEM).

Recently, the phases present within the AAO structure
have been of interest to those hoping to use AAO
membranes in applications requiring mechanical strength.
Extensive X-ray diffraction (XRD) and transmission
electron microscopy (TEM) work has been performed to
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determine that the as-anodized alumina is amorphous, and
that heat treatment of amorphous AAO at high tempera-
tures will lead to changes in crystal structure [9-13].
In addition to possible improvements to mechanical prop-
erties, it has been reported that heat treatment of amor-
phous membranes at high temperature may improve
thermal stability and resistance to chemical attack [14].

The thermodynamically stable phase of alumina is
o-Al,O3 (corundum). Aluminum oxide also exists in a wide
array of metastable polymorphs, sometimes referred to as
“transition aluminas.” These metastable structures fall
under one of two categories: face-centered cubic (FCC) or
hexagonal close-packed (HCP) in terms of the oxygen
anion sublattice. FCC aluminas include 7y, #, 0, ¢/, 6", 9,
and 4 types, while HCP aluminas include o, x, and y types.
As reported by Levin and Brandon [15], alumina poly-
morphs are based on FCC or HCP packing of oxygen in the
sublattice, with aluminum in the tetrahedrally and octahe-
drally coordinated interstitial sites.

In order to understand the transformation of amorphous
AAO into a-Al,03, it is important to examine the exact
transformation sequence including intermediate phases.
Levin and Brandon [15] determined many common trans-
formation routes to the stable a-Al,O3 phase, including the
transformation route from an AAO precursor as follows:

Amorphous (anodic film) -y — § — 0 — o — AlL,O;

Similar transformation sequences were reported other
researchers from amorphous aluminum oxides fabricated
using methods other than anodization [16, 17]. It is
reported in literature that the complete transformation
from amorphous alumina to a-Al,O5; will occur between
1000 °C and 1200 °C with heat treatments of only 1 h [11].

In contrast, several authors reported that heat treatment
at temperatures equal to or greater than 1200 °C was
necessary to complete the transformation of amorphous
AAO to w«-alumina. Differential scanning calorimetry
(DSC) has been used to measure the heat flow in the
sample during heat treatment to determine the exact tem-
peratures at which phase transformations would occur.
In addition, thermogravimetric analysis (TGA) has been
used to measure the weight loss of the material versus
temperature. The TGA results, coupled with mass spec-
trometry, have allowed researchers to determine the
amount of decomposition and removal of chemical species
from the sample as temperature is increased [18].

Mata-Zamora and Saniger [19] observed transition
phase formation at 900 °C and a transformation to o-alu-
mina just above 1200 °C using DSC analysis. They per-
formed both DSC and TGA analysis on AAO membranes
fabricated in sulfuric acid, oxalic acid, and phosphoric acid
electrolytes. In general, it was found that the electro-
lyte used during anodization has a strong effect on
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transformation temperatures during heat treatment. It has
been reported that dehydration of the AAO membranes
occurs up to 400 °C, dehydroxylation occurs between
400 °C and 700 °C, and incorporated species from the
electrolyte decompose at high temperatures before the final
transformation to o-alumina [14]. The variation in chem-
istry of membranes fabricated in each electrolyte and the
corresponding decomposition during heat treatment is
likely the cause in the large difference in transformation
temperature to o-alumina [19-21].

Experimental procedure
Fabrication of AAO membranes

Aluminum sheets (99.99% metals bias) were used as
anodes and graphite sheets were used as cathodes in the
fabrication of AAO membranes. Aluminum and graphite
sheets were cut into sections measuring 3 cm x 4 cm for
use in the anodization process. The aluminum sheets were
first electropolished for 45 s at a constant current of 45 A
in a solution consisting of 235 mL orthophosphoric acid,
190 mL 95 vol% ethanol, and 100 mL deionized water in
order to improve surface quality of the substrate. An
acrylic coating was applied to one side of the aluminum
and first anodization was performed for 2 h at a constant
voltage of 40 V in a 2.7 wt% oxalic acid solution. The
initial oxide was removed in a solution composed of 4 wt%
chromic acid and 8 wt% orthophosphoric acid at a ratio of
1:1, after an exposure time of 1 h at 60 °C. The desired
membrane thickness (greater than 50 p) was achieved after
a 20-h second anodization, using the same electrolyte and
applied voltage. During both anodization steps, the elec-
trolyte temperature was maintained between 0 and 5 °C
using an ice water bath. Following second anodization, the
aluminum substrate was etched away in a solution com-
posed of 0.1 M copper chloride and 10 vol% hydrochloric
acid at a ratio of 4:1 for 8 h, and the barrier layer was
removed using an 0.1 M orthophosphoric acid solution for
1 h. All steps were performed at room temperature unless
otherwise noted.

Heat treatments

In order to determine the exact temperatures at which
crystalline transformations would occur during heat treat-
ment, DSC analysis was performed on an as-anodized and
a commercial AAO sample using a Netzsch STA 409. The
commercial samples were circular Whatman membranes
with a nominal pore size of 100 nm, a diameter of 13 mm,
and a membrane thickness of 60 p. Using TGA, the mass
loss of the material during heat treatment was also
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monitored. Using expected transformation temperatures for
the membranes obtained from DSC tests, heat treatment
was then performed in air in a Thermo Scientific tube
furnace. Peak heat treatment temperatures of 900 and
1200 °C were chosen slightly higher than the temperatures
in the DSC analysis corresponding to expected phase
transformation. Samples were held at peak temperature for
1 h, and an extremely low constant heating and cooling
rate of 1 °C/min was chosen to prevent thermal cracking of
the material.

Microstructural characterization

Microstructural characterization and analysis was per-
formed using a Hitachi 4300 FEG SEM and a JEOL
2000FX TEM. The specimens were observed in the SEM
before and after heat treatment in order to analyze changes
in size and morphology of the pores. Samples were pre-
pared for the TEM using a focused ion beam (FIB) tech-
nique on a FEI Strata DB 235, by thinning a small portion
of the membrane to approximately 200 nm. Diffraction
patterns of as-anodized and heat-treated samples were
taken and indexed in order to determine the phases present
within the samples. JCPDS-ICDD cards N. 10-0173,
10-0425, 35-0121 and 16-0394 were used for «, y, 0, and ¢
phases, respectively.

Mechanical testing

Microhardness testing was performed using a LECO
MA400FT hardness tester and a Vickers diamond pyramid
indenter. Several loads were used, but it was found that a
300 g load provided an optimal indentation in the material
without cracking the samples. The Vickers Hardness was
then calculated using the area of the resulting indentation
in the sample and the applied load. Any indentations
resulting in a large amount of cracking within the mem-
brane were discarded as the corresponding hardness value
was not considered valid. Microhardness testing was

performed in 10 locations on two as-anodized samples and
the average hardness value of the as-anodized samples was
calculated. This was repeated for two samples heat-treated
at 1200 °C to determine the average hardness of the heat-
treated samples.

Results and discussion
Pore morphology

A comparison of high magnification SEM images taken
before and after heat treatment to 1200 °C is shown in
Fig. 1. A regular pore structure can be observed both
before and after heat treatment of the membranes. There is
a loss of the overall round shape of the pores, as the pore
walls appear to have become slightly deformed by the heat
treatment. The circularity of the pores, defined as
C= 47IA/P2, where P is the perimeter and A is the area of
the pore [22], was used to quantify this change and the
results are shown in Table 1.

The results from Table 1 show that, as a consequence of
heat treatment performed at 1200 °C, an increase in aver-
age pore size of 15.3% and a loss of circularity of 6.7%
were observed, while the number of pores per unit area
dropped from 94 to 82 pores/pum?.

A change in the overall pore structure of AAO mem-
branes is expected during heat treatment to high tempera-
ture, largely due to the increase in density that accompanies
the phase transformation from amorphous to crystalline
o-alumina. Because there is an increase in density during
phase transformation, accompanied simultaneously by a
reduction in mass due to the dehydration, dehydroxylation,
and loss of anions, a substantial decrease in the overall
volume of the membrane and consequently in the effective
pore density is to be expected. It has been reported in
literature that heat treatment will result in cracking per-
pendicular to the pore channels [20]. In this research, the
straight-channel pores remained reasonably unaffected and

Fig. 1 High magnification SEM image of AAO pore structure before heat treatment (a) and after heat treatment to 1200 °C (b)
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Table 1 Changes in pore morphology due to heat treatment at
1200 °C

C = 4mA/P*  Average pore PD

size (nm)* (pores/um>)°

0.89 £0.04 755+£92 94
0.83 £0.05 87.1 £14.0 82

Before heat treatment

After heat treatment

% Mean value of maximum feret measurements

® PD number of pores per unit area

only minor morphological changes were observed after
heat treatment as can be seen in Table 1, which is in
agreement with the results from Kirchner et al. [18] and
Fernandez-Romero et al. [23]. Accordingly, the structure
can be considered suitable for manufacturing diverse bio-
medical devices such as hemodialysis membranes, where
an uneven distribution of pore size and shape can cause
protein leaking problems and adsorption of small mole-
cules inside the membrane [24].

Phase transformations

Figure 2 shows both heat flow and mass% versus temper-
ature for a fabricated AAO membrane before heat treat-
ment. Early features of both curves can be attributed
largely to dehydration and dehydroxylation of the mem-
brane. As reported previously, dehydration will occur up to
400 °C and dehydroxylation will occur up to 700 °C [14].

A large exothermic peak was observed in the DSC curve
at approximately 860 °C, corresponding to the expected
transformation temperature of amorphous alumina to
y-alumina. The formation of this transition phase is in good
agreement with other DSC results the literature, found to
form between 850 and 900 °C for the same electrolyte and

similar heating rates [19, 20]. According to DSC results in
literature, the exothermic peak corresponding to a transition
to az-alumina should have been present between 1000 and
1200 °C [14, 19, 20]. While such a well-defined peak was
not observed in the sample, evidence of internal transfor-
mations occurring in the material after y-alumina formation
can be recognized in Fig. 2. In particular, it is noted that a
reduction of specific volume accounts for a compensation of
thermal expansion up to approximately 1000 °C, where the
slope of the DSC curve becomes stable and the micro-
structure is likely composed mostly of the z-alumina phase.
These results suggest that the z-alumina structure becomes
stable at temperatures far below 1200 °C.

The TGA curve in Fig. 2 shows a steady loss of mass up
to approximately 800 °C, which has been credited to loss
of H,O and OH-species during the dehydration and dehy-
roxilation processes, respectively. A sharp drop of mass is
seen at the same point as the large exothermic peak seen in
the DSC curve at 860 °C. At this point, the transition of
amorphous AAO to y-alumina is expected to begin, as well
as the thermal decomposition of the incorporated anions
within the alumina structure. For membranes fabricated
with oxalic acid, this compound is likely CO,. Further
testing would be needed to determine the exact composi-
tion of the decomposing species, but the large drop in mass
following the transition to y-alumina is supported by the
literature [19].

The DSC and TGA curves for the commercial sample
can be seen in Fig. 3. While the early peaks corresponding
to dehydration and dehydroxylation are not as pronounced
in DSC results of the commercial sample when compared
to the results shown in Fig. 2, the exothermic peaks cor-
responding to y-alumina phase formation are in good
agreement in both DSC curves. The exact processing

Fig. 2 DSC and TGA curves 120
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parameters of Whatman membranes are unknown, but it is
possible that the commercial membranes were put through
a low temperature heat treatment following fabrication to
promote dehydration and dehydroxylation before their sale.
The DSC results of the commercial sample display a more
prominent exothermic peak just below 1000 °C, where the
transformation to o-alumina is expected to occur, but both
samples appear to be completely stable above 1100 °C.
The actual phases observed after heat treating at 900 °C
and 1200 °C will be described in detail in the following.

Microstructural characterization

Before any heat treatments were performed, TEM
characterization of the as-anodized samples was done. A

Temperature (C)

bright-field TEM image of the pore cross-section and the
diffuse diffraction rings from the as-anodized sample are
shown in Fig. 4. The image in Fig. 4b supports the well-
known belief that AAO has an amorphous structure.
Straight-channel pores can be seen and their amorphous
structure will be used in comparison to the heat-treated
samples at 900 and 1200 °C.

As discussed earlier, AAO consists of an anion-incor-
porated region surrounding each of the pores and a pure
alumina [7]. Figure 5 shows a TEM image of a commercial
membrane heat-treated to 900 °C. As shown in the image,
the pure alumina skeleton is the first region to become
crystalline. A higher magnification TEM image of the same
sample is shown in Fig. 6 with the anion-incorporated
region (A) and pure alumina skeleton (B) labeled. The

5 1/nm

Fig. 4 Bright-field TEM image of as-anodized AAO sample (a) and corresponding diffuse diffraction rings (b)
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Fig. 5 Bright-field TEM image of commercial membrane heat-
treated to 900 °C with important features labeled

Fig. 6 Bright-field TEM image of commercial membrane heat-
treated to 900 °C with amorphous anion-incorporated region (a) and
crystallized pure alumina region (b) labeled

diffraction patterns corresponding to these two regions
within the commercial membrane are then shown in Fig. 7.
As seen in this figure, after heat treatment at 900 °C, the
anion-incorporated region still shows a diffuse diffraction
pattern corresponding to an amorphous structure. Mean-
while, the pure alumina region has crystallized and shows a
spot pattern corresponding to crystalline y-alumina.

@ Springer

As suggested in the literature, the difference in micro-
structure can be explained by the difference in chemical
composition across the walls of the membrane resulting
from the incorporation of anions during anodization. While
the pure alumina region of the AAO has undergone a
crystalline transformation after heat treatment at 900 °C,
the anion-incorporated region remains amorphous. Before
the crystalline transformation occurs in this region, it is
possible that decomposition of the incorporated species
must occur first.

The samples fabricated from the oxalic acid electrolyte
and heat-treated at 900 °C showed similar features to the
commercial membranes in terms of the regions observed in
the samples. Both samples were found to be completely
amorphous before heat treatment and exhibited a pure
alumina skeleton region with a crystalline y phase after
heat treatment at 900 °C. The skeleton regions in the
commercial membranes were approximately 50 nm in
width, while these regions in the oxalic acid membranes
were less defined and were found to be only 25 nm wide.
The commercial samples showed a more developed crys-
talline structure within the skeleton regions, displaying
well-developed shear bands within the crystals and high
order diffraction spots.

Figure 8 shows one of the membranes fabricated in
oxalic acid and the corresponding diffraction pattern. The
thin skeleton region can be observed in Fig. 8a, consisting
primarily of y-alumina. The ring diffraction pattern
obtained from a region of the sample including both the
skeleton and the anion-incorporated areas shows that the 7
phase is present in the material as expected, but the outer
rings in the pattern also show a contribution from the o
phase. None of the rings matched the expected positions
corresponding to the interplanar spacings in 6 and § tran-
sition aluminas. This nanocrystalline « phase, seen in the
TEM bright-field image as small dark regions, was found to
form outside of the ) crystalline strips in the amorphous
anion-incorporated region. The presence of the o phase is
unexpected at 900 °C and contradicts the transition tem-
peratures reported by previous research [15, 18, 25].

A higher magnification TEM image of the sample is
shown in Fig. 9a with an area of interest circled for phase
identification. Limitations of the spatial resolution in the
instrumentation made direct identification of the nano-
crystalline regions difficult, so identification of the phase
contribution in the remaining area was performed. The area
of interest encompasses as little of the nanocrystalline
phase as possible, in order to ensure that the remainder of
the sample consisted primarily of the y phase as expected
with little or no contribution from the o phase. The indexed
spot pattern from this area can be seen in Fig. 9b, identi-
fying the crystalline phase in the skeleton region as
y-alumina.
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B=[112],

Fig. 7 Diffraction patterns from the anion-incorporated region (a) and pure alumina region (b) in Fig. 6

Fig. 8 Bright-field TEM image of a sample heat-treated to 900 °C (a) and corresponding ring pattern, showing contributions from both y- and

o-alumina phases (b)

The diffraction rings in Fig. 8b show that a-alumina is
present in samples heat-treated to just 900 °C. The low
intensities and complete absence of several of the «-alu-
mina rings may suggest that the first z-alumina grains may
form with preferential orientations. It is possible to spec-
ulate also that the phase transition sequence as accepted in
the literature [15] may only apply to the pure alumina
skeleton region.

The transition from amorphous AAO to y-alumina is
expected between approximately 850 and 900 °C, while
the final transition to a-alumina is expected between 1000
and 1200 °C. The skeleton region appears to follow the
expected transition sequence, but the anion-incorporated
region appears to show a transformation to «-alumina at a
much lower temperature. Meanwhile, the anion-incorpo-
rated region remains amorphous after heat treatment to
900 °C with nucleation of nanocrystalline regions of

o-alumina. Further work needs to be performed to fully
understand what mechanisms drive the unanticipated
nucleation and growth of o phase below 1000 °C.

Figure 10a shows a TEM image of a sample fabricated
in oxalic acid and heat-treated to 1200 °C. The samples
heat-treated to 1200 °C showed a higher degree of crys-
tallinity and stability than the samples heat-treated to
900 °C. After this high temperature heat-treatment, the
samples consisted completely of the « phase. As seen in the
figure, there was some coalescence of the nanocrystalline o
grains.

Figure 10b shows the ring diffraction pattern taken from
one of these samples. The diffraction pattern shows the
presence of the o phase exclusively in the sample, as the y
phase from the skeleton regions as well as the amorphous
material in the anion-incorporated region transformed
completely to o-alumina.
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Fig. 9 Higher magnification bright-field TEM image from the sample heat-treated to 900 °C with the area of interest circled (a) and spot pattern

from area corresponding to y-alumina phase (b)

W S S et 4, S

Tl ot 21 o o

5 1/nm

Fig. 10 Bright-field TEM image of a sample heat-treated to 1200 °C (a) and corresponding ring pattern, showing contribution from o-alumina

phase only (b)

The increased number of rings in the diffraction pattern
in Fig. 10b show that the « crystals became more randomly
oriented throughout the sample, though some differences in
relative ring intensities when compared to the expected
ring pattern could still provide evidence of one or more
favorable orientations during o formation. For instance, the
(300) ring in Fig. 10b is expected to have the highest
intensity of the pattern, but the intensities of the (213) and
(222) rings are comparable or even higher in the observed
ring pattern. Also, the (300) ring shows a high amount of
discontinuity. This provides further evidence of favorable
orientations during «-alumina growth.

A high magnification TEM image of a large a-alumina
crystal is shown in Fig. 11a, along with the corresponding
spot pattern in Fig. 11b. The spot pattern has clearly
been identified as o phase, supporting the theory of
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nanocrystalline o crystal nucleation and growth with
increasing temperature.

Mechanical properties

A microindentation such as the one in the Fig. 12a was
accepted after observation in the light optical microscopes
and the corresponding hardness value was recorded,
because no cracking was observed in the area of the
indentation. A high magnification SEM image of this
indentation can be seen in Fig. 12b, showing the presence
of a microcrack approximately 1.5 pm in length that was
indistinguishable using light optical microscopy alone.
Features such as microcracking within the microindenta-
tions could have an effect on the final measured hardness
value.
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100 nm

5 1/nm

Fig. 11 Higher magnification TEM image from the sample heat-treated to 1200 °C with enlarged nanocrystal circled (a) and spot pattern from

nanocrystal corresponding to o-alumina phase (b)

Fig. 12 SEM image of a microindentation (a) displaying microcrack formation (b) in an amorphous AAO membrane

Table 2 Microhardness data for 20 areas in amorphous and «-alumina membranes

As-anodized (amorphous)

Heat-treated to 1200 °C (a-alumina)

Hardness (HV300gr)

Hardness (GPa)

Hardness (HV300,¢) Hardness (GPa)

Average 252.2 2.5
Standard deviation 42.8 0.4

474.7 4.7
103.0 1.0

The microhardness values observed in amorphous and
o-alumina AAO membranes are presented in Table 2.
While a substantial standard deviation was found using the
microhardness testing technique, it is important to note a
significant increase in hardness from the amorphous to the
crystalline AAO membranes. The average hardness in the
measured samples increases by nearly a factor of two
through heat treatment of AAO alone. While it was diffi-
cult to achieve high precision within these experiments, the
overall trend shows a definite increase in hardness after
heat treatment to 1200 °C and resulting crystalline trans-
formation. The measured hardness of the samples treated at

1200 °C (4.7 = 1 GPa) is significantly lower than the
values found in literature for pure, well crystalline corun-
dum or sapphire, which are usually in the range between 20
and 25 GPa [26, 27]. This difference is mainly attributed to
the porous structure, which is responsible for the unique
mechanical response of the membranes as discussed below.

One potential source of error associated with microh-
ardness testing of AAO can be explained through the
microcracking seen in Fig. 12b. Cracking within a material
will affect the size of the microindentation by reducing the
amount of deformation in response to the applied load. In
turn, the length of the average diagonal will be lower in the
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indentation and the apparent hardness of the material will
be slightly higher. In addition, the overall porosity of the
material and defect presence following the anodization
procedure may result in variation in the measured
microhardness data.

Considering that alumina is a ceramic material, the
actual mechanism of deformation within the material dur-
ing microindentation comes into question. A high magni-
fication SEM image of an indentation in an amorphous
membrane is shown in Fig. 13, in which pore crushing is
evident as the mechanism causing the permanent indenta-
tion in the material. The corner of the indentation, seen in
Fig. 13, is surrounded by the normal pore structure, while
the pores appear deformed within the indentation due to
overall collapse of the porous structure. The same mech-
anism is observed in Fig. 14a in a crystalline o-alumina
membrane. A SEM image taken at even higher magnifi-
cation presented in Fig. 14b shows not only crushing of the
pores under the force of the indenter but nanocrack initi-
ation between the pores as well.

Fig. 13 High magnification SEM image of the corner of a microin-
dentation exhibiting pore crushing in an amorphous membrane

Rather than through pure material plasticity, the
overall structure of both amorphous and crystalline
nanoporous AAO membranes is permanently deformed
by the indenter through pore collapse and crack initiation.
These mechanisms of apparent deformation are estab-
lished and have also been observed by Gall et al. [11]
and Xia et al. [12]. Ng et al. [28] used focused ion beam
milling in order to observe the cross-sections of the
microindentations in great detail. It was observed that
while the underlying porous structure remains intact,
crack formation perpendicular to the pore columns under
the indenter load causes crushing of the porous structure
towards the indentation. Microhardness values between
3.5 and 8 GPa for amorphous AAO membranes have
commonly been reported in the literature [29], but
because of the unusual deformation mechanisms and the
nanoporous structure of the material, there is some error
inherent in the process.

Conclusions

The effect of high temperature heat treatment on the pore
structure, phase composition, and mechanical properties
of AAO membranes was investigated in this research.
Amorphous membranes were fabricated using a repeatable
two-step anodization process and an oxalic acid electrolyte.
High temperature heat treatment at 900 °C resulted in a
transformation to the metastable y-alumina phase with
nanocrystalline regions of az-alumina, while heat treatment
to 1200 °C resulted in a complete transformation to the
thermodynamically stable «-alumina phase. Based on
observations and the data acquired, the following conclu-
sions were drawn:

e AAO membranes heat-treated at high temperature
maintain their overall porous structure and straight-
channel cross-section.

Fig. 14 High magnification SEM image of the corner of a microindentation exhibiting pore crushing (a) and nanocrack initiation between pores

(b) in a crystalline z-alumina membrane
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e As-anodized AAO membranes are amorphous, but
transform to y-alumina after heat treatment to 900 °C
for 1 h. Nanocrystalline regions of «-alumina begin to
form at these temperatures, far below the expected
transformation temperature for this phase.

e High temperature heat treatment of AAO to 1200 °C
for 1 h results in a stable a-alumina structure as verified
by both DSC and TEM analysis. No other phases were
observed in the samples after this heat treatment was
performed.

e Microhardness testing showed an increase in AAO
membrane hardness by a factor of two after transfor-
mation from amorphous to crystalline o-alumina.
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