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The influence of manganese content on the formation of well-ordered porous anodic alumina was studied. Porous anodic alumina
has been produced on aluminium substrate of different manganese content by single-step anodizing at 50 V in 0.3 M oxalic acid
at 15◦C for 60 minutes. The well-ordered pore and cell structure was revealed by subjecting the porous anodic alumina to oxide
dissolution treatment in a mixture of chromic acid and phosphoric acid. It was found that the manganese content above 1 wt%
impaired the regularity of the cell and pore structure significantly, which can be attributed to the presence of secondary phases in
the starting material with manganese content above 1 wt%. The pore diameter and interpore distance decreased with the addition
of manganese into the substrates. The time variation of current density and the thickness of porous anodic alumina also decreased
as a function of the manganese content in the substrates.

1. Introduction

Porous anodic alumina (PAA) is a self-organizing porous
material. After the confirmation of the classical cell model
proposed by Keller et al. [1], PAA has attracted enormous
attraction as inexpensive template for the fabrication of
various nanostructured materials without the need of costly
and complex lithographic techniques [2–6]. PAA is a suitable
template for the synthesis of nanostructured materials
because its cell parameters such as pore diameter, interpore
distance, and pore depth can be controlled easily by varying
anodizing conditions [7, 8]. The fabrication of nanostruc-
tured materials by template synthesis method employs well-
ordered PAA because well-ordered PAA provides regular
pore shape and narrow distribution of specific pore diameter
and interpore distance for the synthesis of nanostructured
materials of uniform dimensions. Since the properties of
nanostructured materials are significantly influenced by the
dimensions, it is important to synthesis nanostructured
materials of uniform dimensions [6, 9, 10].

In order to fabricate well-ordered PAA, various ap-
proaches were proposed. First, well-ordered PAA was realized
by Masuda and Fukuda in 1995 [11]. They employed a two-
step anodizing method for the synthesis of well-ordered PAA.

Since then, owing to the commercial potential and scientific
significance, there has been an ongoing research effort
towards the fabrication of well-ordered PAA. prepatterning
method such as imprint lithography [12–14], focused ion
beam lithography [15], and electron beam lithography [16]
were also developed for the fabrication of the well-ordered
PAA. These methods involved the formation of indented
concave periodic patterns on the aluminium substrates prior
to the anodizing process. These patterns served as guide for
the nucleation and growth of well-ordered PAA. Besides,
high field anodizing was also proposed as an alternative
for the synthesis of well-ordered PAA [17]. Critical high
anodizing potential which is the anodizing potential required
to induce high current density while preventing local current
density concentration on the aluminium surface was applied
during the high field anodizing.

Although many techniques for the synthesis of well
ordered PAA were reported, these techniques employed
high-purity aluminium (99.99%) substrate as a starting
material. The cost of high-purity aluminium is high and
it has limited the commercial potential and applications of
well-ordered PAA in the large-scale template synthesis of
nanostructured materials. Therefore there is always a need
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to find an alternative of high-purity aluminium substrate to
widen the applications of PAA. Comparing to high-purity
aluminium, the costs of aluminium alloys are relatively low.
Thus, anodizing of aluminium alloys is a good alternative to
obtain low-cost template for the synthesis of nanostructured
materials. However, due to the complexity of the anodizing
of aluminium alloys, there are only a few reports on
the fabrication of PAA film from aluminium alloy and
most of these studies are emphasized on the commercially
available aluminium alloys [18–21]. Commercially available
aluminium alloys normally consist of Si, Fe, Mg, Mn, and Cu
as alloying elements. These alloying elements have different
behaviours during the anodizing process. They may promote
or hinder the fabrication of well-ordered PAA. Furthermore,
these alloying elements may react among each other before or
during the anodizing process. The study of synthesis of PAA
from commercially available aluminium alloy is therefore
difficult to be analyzed and concluded.

Manganese (Mn) is one of the major alloying elements
used in aluminium alloys. It is added up to two percent
to enhance the corrosion resistance of aluminium alloys,
especially in 3xxx series. To the best of our knowledge, there
is no study conducted on the effect of Mn in the synthesis
of PAA. Limited study was reported on the synthesis of
barrier type anodic alumina from Al-Mn alloys [22]. There
is a growing interest in the development of economic
alternative for the synthesis of well-ordered PAA. The cost
of large-scale production of nanostructured materials can
be significantly reduced when the well-ordered PAA is
fabricated from aluminium alloys instead of expensive-high-
purity aluminium. Thus, the purpose of this study is to
investigate the effect of addition of Mn into aluminium
substrate on the fabrication of well-ordered PAA. The results
of this study are important in the analysis of anodizing of
commercially available aluminium alloy and in determining
the suitable alternative of the high-purity aluminium for
the fabrication of well-ordered PAA. In this context, we
report a comparative study of the characteristic parameters
of well-ordered PAA fabricated from high-purity aluminium
(99.99%) and Al-Mn alloy (up to 2% of Mn) under the same
operating conditions.

2. Experimental

For high-purity (99.99%) aluminium samples, about 150
gram of aluminium pellets (99.99%) were weighted and
melted at 850◦C. The molten aluminium was then poured
into a 25 mm diameter stainless steel cylindrical mould.
To fabricate substrate of different Mn content, high-purity
(99.99%) aluminium pellets and Al-20 wt% Mn master
alloys of respective mass were cast in the same manner as
the high-purity aluminium samples. Substrates of 4 mm in
thickness were sectioned from respective casting products. To
remove the residual stress in the substrates that was formed
during the sectioning process, the substrates were annealed
at 450◦C for four hours and annealed in furnace to room
temperature.

All substrates were grinded by using silicon-carbide
paper up to 2000 grit to remove scratches formed on the

substrate surfaces during sectioning process. The substrates
were then polished by using alumina polishing suspension
of 6 μm, 1 μm, and 0.05 μm successively to achieve mirror-
like surface. Substrates were degreased by dipping in a stirred
ethanol and rinsed with deionised water. Microstructures
of the polished substrates were captured by using optical
microscope. The mass of the substrates before subjecting to
anodizing were weighted and recorded.

Substrates were then anodized under the same operating
conditions. Lead plate was used as cathode. The distance
between the lead cathode and aluminium anode was 40 mm.
Anodizing was performed at constant voltage for a sufficient
time for the development of steady-state morphology within
the film. Anodizing was conducted in 0.3 M oxalic acid of
15◦C at constant voltage of 50 V. The temperature variance
was controlled within ±0.5◦C. Current density-time curve
was recorded during the anodizing process. The anodized
substrates were rinsed with flowing ethanol followed by
deionised water and dried.

Three samples of 5 mm × 5 mm in area each were
sectioned from each anodized substrate. The cross sections
of the substrates were observed under SEM. The thickness
of the PAA film was measured by using software JEOL
SmileView version 2.1. The steady-state structure of PAA
beneath the initially formed irregular structure was revealed
by oxide dissolution treatment. A mixture of chromic acid
and phosphoric acid was prepared from 20 g of chromic
acid and 35 ml of 85 wt% phosphoric acid in 1000 mL of
distilled water. One anodized substrate of 5 mm × 5 mm in
area was then subjected to oxide dissolution treatment in a
stirred mixture of chromic acid and phosphoric acid at 70–
80◦C for eight hours. The substrate was rinsed thoroughly
with ethanol followed by distilled water and dried. The
morphology of the treated PAA was observed under SEM.
Pore diameter and interpore distance of PAA were measured
by using software JEOL SmileView version 2.1.

To measure the mass of oxide film formed, same solution
which was used for oxide dissolution treatment was pre-
pared. The mass of the anodized substrates of 5 mm × 5 mm
in area before subjecting to dissolution process was recorded.
The anodized substrate was then stirred in the mixture at
70–80◦C for 8 hours. The substrate was rinsed thoroughly
with ethanol and distilled water and dried. The weight of
the respective substrate was recorded. The difference of the
weight of substrate before and after subjecting to the oxide
dissolution treatment is the mass of the PAA, mp. The current
efficiencies of the anodizing of substrate of different Mn
content were calculated based on the reported literature [23].
The mass of aluminium metal converted to oxide, (mAl)η was
related to mass balance over the anodized sample in

mp = (mAl)η +
(
mf −mi

)
(1)

in which mi and mf are the masses of the anodized sample
before and after anodizing and these values were recorded
previously. Current efficiency is defined as the ratio of
the actual amount of current used for oxide formation
relative to the total current passed. Mass of oxide formed,
mp, was determined from the difference of the mass of
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Figure 1: Microstructure of substrates prior subjecting to anodizing (a) high-purity aluminium, aluminium with (b) 0.5 wt% Mn, (c)
1.0 wt% Mn, (d) 1.5 wt% Mn, and (e) 2.0 wt% Mn, respectively.

anodized sample before and after oxide dissolution. By fitting
experimental values of mp, mf , and mi into (1), (mAl)η
was determined. The mass of aluminium metal converted to
oxide with current efficiency, η = 100%, was determined by
using

(mAl)η = η
2MAl3Atit

zF
(2)

in which MAl is the molecular weight of aluminium or
aluminium alloy, At is the anodized area, i is the current
density, t is the anodizing duration, z is the number of
electron involved in the reaction, F is the Faraday constant,
and (mAl)η=100 is the mass of aluminium or aluminium alloy
calculated using equation with current efficiency, η = 100%.

The current efficiency, η, was then determined by

η = (mAl)η
(mAl)η=100

. (3)

3. Result and Discussion

Figure 1 shows the microstructures of the substrates before
subjecting to anodizing. We observed from Figures 1(a) and
1(b) that high-purity aluminium and Al-0.5 wt% Mn have
similar homogeneous grain microstructures. No secondary
phase is present in these substrates. Spot analysis by ele-
ment dispersive X ray spectroscopy (EDX) in Figure 2(a)
shows that this phase is aluminium rich and the amount
of manganese is too little to be detected. However, for
substrate with Mn content range from 1.0 wt% to 2.0 wt%,
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Figure 2: Energy dispersive X-ray spectroscopy spot analysis spectra for (a) bright grain structure and (b) dark precipitates.
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Figure 3: The current density as a function of time during anodiz-
ing.

we observed two phase microstructures. Dark-precipitated
phases are distributed in the lighter matrix phase. The size
and occurrence of precipitated phase increase when the
Mn content in the substrates increases from 1.0 wt% to
2.0 wt%. EDX spot analyses in Figure 2(b) reveal that these
precipitated phases consist of both Al and Mn species. By
referring to phase diagram, the Mn containing phase is
suggested to be MnAl6 compound [24].

Figure 3 shows the variation of current density as a
function of time for aluminium substrate of different Mn
content. The plots of all substrates shared similar features
and exhibited a typical manner of anodizing of aluminium
in oxalic acid [25]. At the commencement of anodizing, there
is a current surge. This current density surge is followed by
a rapid fall in current density to a minimum. The current
density then increases slowly to a steady-state value and
maintains at this value for the rest of the anodizing time. At
the initial stage, due to the low-electrical resistance of the
clean surface, the current density increases rapidly. When
reaches the peak, the thickening of nonconductive barrier
type alumina occurs and the current density drops rapidly to

a minimum value. However, the thickness of the barrier type
alumina film is not uniform and pores exist on the surface of
the film. The thickness of the alumina is lower at these pores
and the electric field will concentrate at these pores. Field-
assisted dissolution mechanism of the oxide film commences
and the field electric resistance decreases with the emergence
of the pores and the current density increases subsequently.
The steady-state current density is reached when the rate of
oxide dissolution at the base of the pores equals the rate of
oxide formation at the metal/oxide interface, indicating the
finish of pore-organizing process [26].

Since anodizing current density is mainly dependant on
the ionic current, the current density is considered an
indicator of the growth rate of alumina during the anodizing
process. Although the plots in Figure 3 show similar shapes,
the overall anodizing current density decreased as a function
of Mn content. This indicated the Mn content in the
substrate impedes the formation of the alumina film. Fur-
thermore, the addition of Mn into the substrate has delayed
the occurrence of lowest point of current density during
the anodizing process. This means that the addition of Mn
into the substrate has retarded the pore nucleation and pore
organization process during the anodizing process. As a
consequence, the steady state current density was achieved
within a longer anodizing duration. For Al-Mn alloys, when
the anodizing was started, preferential oxidation of alu-
minium occurred and enrichment of Mn species in the form
of thin layer formed beneath the PAA [22]. We believed
that the enrichment of Mn species beneath the anodic film
lead to the reduced availability of Al for oxidation and
subsequently reduced the recorded current density. As pore
nucleation only started when a certain thickness of PAA
film is reached, the reduced Al availability retarded the pore
nucleation and pore organization; therefore the minimum
and maximum values of current density were reached within
a longer duration.

As the anodizing behaviours are affected by the Mn
content of the substrate, considerable modifications of
microstructure of the PAA were expected. Figure 4 shows
the SEM images of PAA film after the removal of ini-
tially formed irregular PAA by oxide dissolution treat-
ment. Generally, as the Mn content in the aluminium
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Figure 4: Top view SEM images of anodized substrate of (a) high-purity aluminium, (b) Al-0.5 wt% Mn, (c) and (d) Al-1.0 wt% Mn, (e)
Al-1.5 wt% Mn, and (f) Al-2.0 wt% Mn.
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Figure 5: Variation of pore diameter and interpore distance of PAA
as a function of Mn content.

substrates increases, the regularity of the pores arrangement
decreases. We observed that the PAA formed on the high-
purity-aluminium substrate exhibits a nearly ideal hexag-
onal arrangement of pores, as shown in Figure 4(a). The
pores are uniform in both shape and size. As the Mn content
in the aluminium substrate increases up to 0.5 wt% and
1.0 wt% in Figures 4(b) and 4(c), respectively, the hexagonal
arrangements of pores are still retained. However, the shapes
of pores formed in the Al-1.0% Mn substrate are slightly
elongated and turned into oval shape. Furthermore, pits
are found on the PAA for Al-1.0% Mn substrate at higher
magnification, as shown in Figure 4(d). The pores around
the pits are deflected and pressed into oval shape. We believed
that these pits are attributed to the intermetallic particles

that are embedded in the starting aluminium substrates.
These intermetallic particles are either not oxidized or
only partially oxidized during the anodizing process and
incorporated into the PAA. These intermetallic particles are
removed during the oxide dissolution treatment and as a
result, pits are formed at these locations. As a result of
nonuniform oxidation rates and volume expansion between
the intermetallic particles and the aluminium alloy matrix,
the pores around the intermetallic particles are deformed.
Furthermore, pores may stop to grow when the reaction
front reaches the intermetallic particles. As the reaction
front passed the intermetallic particles, the aluminium alloy
matrix will be anodized again. Due to the tendency of the
pores to grow perpendicular to the surface, the pores formed
beneath the intermetallic particles are deviated [27]. As the
Mn content in the substrates further increased to 2.0 wt%,
the hexagonal arrangements of the pores are disturbed to a
greater extend. In addition, as shown by Figures 4(e) and
4(f), the size of the pits is also increased significantly as
a function of Mn content in substrate. This is due to the
increase of the size and occurrence of intermetallic particles
as the Mn content increases. This is in good consistence
with what we observed from Figures 1(a) to 1(f) in which
the intermetallic particles size and occurrence increase with
the Mn content. Cracks and flaws are also caused by these
intermetallic particles, as can be seen in Figures 4(e) and
4(f), which are mainly due to the difference of volume
expansion that is associated with the formation of PAA from
aluminium alloy. Hexagonal pores arrangement around the
pits is significantly interfered in PAA formed on aluminium
substrate with 1.5 and 2.0 wt% Mn.
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Figure 6: Cross-sectional SEM images of anodized substrates of (a) high-purity aluminium, (b) Al-0.5 wt% Mn, (c) Al-1.0 wt% Mn, (d)
Al-1.5 wt% Mn, and (e) Al-2.0 wt% Mn.

Pore diameter and interpore distance are two important
characteristics that define the applications of PAA. The pore
diameter and interpore distance for PAA formed on each
substrate were measured and presented in Figure 5. We
observed that smaller pores were formed for Al-Mn sub-
strate. Although the relationship is not linear, we observed
that the pore diameter decreases as the Mn content increases
in the substrate. Similar to pore diameter, the interpore
distance also decreases with the increasing Mn content of
substrate, although to a smaller extent. We believed that
the variation of pore diameter and interpore distance are
attributed to the enrichment of Mn species at the oxide/metal
interface. It is well known that the oxide grows at the
oxide/metal interface. The distribution of electric field at
this interface will determine the nucleation sites of the pores

and subsequently define the pore diameter and interpore
distance. The enrichment of Mn species in the oxide/metal
interface changed the properties of the interface and influ-
enced the field distribution at this interface. Thus, the pore
diameter and interpore distance varied substantially with the
Mn content in the substrate. The mechanism that causes this
variation is still under studied.

Thickness of PAA is an indication of the growth rate of
the oxide film. It is important to control the thickness of
the PAA to grow nanostructured materials of specific length.
Figure 6 shows the micrographs of cross-sections of PAA
formed on substrates of different Mn content. The average
thicknesses of the PAA were plotted in Figure 7. In general,
the thickness of PAA formed at same operating conditions
decreased as a function of Mn content in the substrate.



Journal of Nanomaterials 7

0

1

2

3

4

5

99.99%
Al

Al-0.5%
Mn

Al-1%
Mn

Al-1.5%
Mn

Al-2%
Mn

Fi
lm

 t
h

ic
kn

es
s 

(µ
m

)

Figure 7: Thickness of PAA as a function of Mn content.
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This observation is in good consistency with the trend of
recorded current density as a function of Mn content in
the substrate, as shown in Figure 2. As explained above, we
believed that the reduction of PAA thickness with the Mn
content of substrate was attributed to the enrichment of Mn
species at the metal/oxide interface. However, the thickness
of PAA does not decrease linearly with the Mn content.
The thickness of PAA film decreased significantly, when the
Mn content increased from high-purity aluminium up to
1.0 wt% Mn. When the Mn content further increased from
1.5 wt% to 2.0 wt%, the thickness of PAA film decreased to
a lesser extend. We also observed the changes of integrity of
PAA film as the Mn content increased. The PAA formed on
high-purity aluminium substrate and Al-0.5% Mn substrate
has parallel pores that are normal to the metal/oxide
interface. No void or secondary phase was observed in the
PAA cross-section of these substrates. For substrates with
Mn content greater than 1.0 wt%, voids are present in the
PAA film, indicated by red arrows in the micrographs. The
occurrence of these voids or secondary phases increases with
the content of Mn in the substrate.

The calculated current efficiencies of the anodizing of
respective substrate are shown in Figure 8. We noticed that
the high-purity aluminium substrate has the highest current
efficiency. The current efficiencies of the anodizing process
decreases as the Mn content in the substrate increases up to
1.0 wt%. Above 1.0 wt%, the current efficiencies rise and for
substrate with 2.0 wt% Mn, the current efficiency is almost
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Figure 9: Oxide mass of PAA formed on various substrates as a
function of time.

on par with the current efficiency of the anodizing of high-
purity aluminium substrate. The observation is inconsistent
with the reduction of thickness of PAA with the increasing
Mn content in the substrate, as shown in Figure 6. According
to Figure 6, the current efficiency of the anodizing process
should decrease as a function of Mn content. Combining
with the micrographs in Figure 1 and anodizing behaviour
in Figure 2, we explained this trend by the presence of the
precipitated phases in the Al-Mn substrate. When the Mn
content in the substrate increases up to 1.0 wt%, the current
efficiencies decrease, as expected by considering the reduced
current density versus time plots in Figure 3. We believed
that this is attributed to the enrichment of Mn species at
the oxide/metal interface and this reduces the Al availability
for the formation of oxide. However, when the Mn content
increases up to 2 wt%, the current efficiencies increases, and
this is contradictive to the reduced thickness and current
density with the Mn content. We believed this inconsistency
to be originated from the presence of secondary precipitates
in the PAA. These precipitates have either low or no solubility
in the electrolyte and therefore, low or no mass loss at these
areas during the anodizing process. As a result, the current
efficiencies increase when the Mn content increases from
1.0 wt% to 2.0 wt%.

To cross-check the influence of Mn content on the
current efficiency of the anodizing process, the mass of
PAA on various substrates were plotted against anodizing
duration. Figure 9 shows the change of mass of oxide as a
function of anodizing duration for Al substrates of different
Mn content. In general, we observed that the mass of oxide
increased as a function of anodizing duration. The relation
between the oxide mass gain rate and the anodizing duration
is closed to a linear one. This indicated that the oxide grows
at an almost constant rate during anodizing process. Similar
to the current efficiency, we noticed that the high-purity
aluminium substrate has the highest rate of oxide mass gain
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and the rate of oxide mass gain also shows the same trend as
the current efficiencies. We thus confirmed that the presence
of secondary phases in the starting material of Mn content
is responsible for the higher oxide mass gain of Al-1.5% Mn
and Al-2.0% Mn.

4. Conclusion

The presence of Mn content in the aluminium substrates,
although in a small portion, affects the anodizing behaviour
and microstructure of PAA and the current efficiency of
the anodizing process. The steady-state current density
decreased with the increasing Mn content in the Al sub-
strates. Addition of Mn above 1.0 wt% reduces the unifor-
mity of the structure of PAA and leads to the presence of
embedded secondary precipitates in the PAA. Embedded
secondary precipitates induce the formation of cracks in the
PAA formed on Al-2.0 wt% Mn substrate. The pore diameter
decreases significantly while interpore distance shows little
change with the addition of Mn species. The thickness
growth rate of PAA decreases with the addition of Mn.
Current efficiency of anodizing of Al-Mn alloys decreased
with the addition of Mn up to 1 wt% and increased when
the Mn content increases from 1.0 wt% to 2.0 wt%. This is
attributed to the presence of secondary precipitates in the
PAA which have either low or no solubility in the electrolyte
led to low or no mass loss during the anodizing process.
This also explained the reason behind the increasing rate of
increase of oxide mass with the Mn content.
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