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Fabrication of Porous and Nanoporous Aluminum via
Selective Dissolution of Al-Zn Alloys
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Porous and nanoporous aluminum have been fabricated via selective dissolution. Al-Zn alloys were dealloyed in an aqueous
solution of nitric acid to selectively dissolve zinc. Fast solidification methods permitted to adjust the precursor microstructure
of the parent alloy in order to induce supersaturation of zinc in aluminum. An electric potential applied during corrosion affected
the final morphology of porosity. Electronic imaging evinced the presence of regions with less than 100 nm diameter pores. This
nanoporosity was only present in electrochemically dealloyed samples. We observed two types of porosity in dealloyed samples: a
primary porosity resulting from the selective removal of zinc-rich interdendritic phases and a secondary porosity resulting from
nanoporosity evolution inside zinc-supersaturated dendrites.

1. Introduction

Nanoporous metals are composed of a metallic ligament
network and an open cell interconnected structure (pores).
Theirmost significant feature is their high surface area, which
generates a potential formany applications [1–4].While there
are various ways of manufacturing nanoporous metals, the
easiest and least expensive method is selective dissolution or
dealloying. In thismethod a less noble species or phase can be
selectively removed from ametallic solid solution or alloy [5].
As it is well known, the most noble metals in a galvanic table
are usually preciousmetals. Hence, nanoporousmetals can be
expensive to produce. This is why new studies focus on the
fabrication of nanoporous metals with low or null precious
metal loading [6–8].

In many applications, aluminum is selected as the mate-
rial to be removed (less noble) and remains one of the most
popular choices [3]. The main reason for its selection is its
high activity, ease to be alloyed with many desired metals,
abundance, and low cost. However, such high activity does

not necessarily close the possibility for aluminum to become
the more noble metal. If there exists a binary system where
aluminum is nobler, itmight be possible to create nanoporous
aluminum via dealloying. At the moment of writing this
paper, to our knowledge there were scarce accounts available
in the literature about the use of aluminum as the noble
specie for a dealloying process and no published reports
about nanoporous aluminum (NPAl). As a consequence, the
challenge of the present research was to fabricate relatively
inexpensive nanoporous aluminum via chemical dealloying.

2. Experimental Procedure

2.1. Materials Selection. Traditional fabrication techniques
use as parent alloys binary isomorphous systems, that is,
systems with single-phase solid solubility across all com-
positions. This homogeneity is the preferred scenario for
nanoporosity evolution [9]. The Al-Zn binary system does
not have this type of solubility although zinc has a large
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solubility in aluminum. In a typical Al-Zn binary alloy
microstructure aluminum-rich dendrites contain dissolved
zinc, while zinc solid solution is present around the dendrite
arms. If such Al-Zn alloy is to be selectively leached to
remove Zn, nanoporosity formation would only take place
inside the aluminum-rich areas while the rest of the porosity
would result from pure Zn removal. To successfully create
nanoporosity inside the aluminum-rich dendrite, we pro-
posed that zinc atoms be forced inside the solid solution
dendrite. In our work, the use of large solidification rates
helps increase the metastable retention of Zn atoms in the Al
solid solution, which becomes supersaturated. This reduces
the amount of zinc around the dendrites and ultimately
promotes the formation of a better precursor microstructure
with the potential to create nanoporosity in ample regions of
the alloy sample.

In order to observe the effects of concentration on final
porosity, for the precursor alloys, we selected chemical com-
positions ranging from 15 at.% to 70 at.% Zn balanced with
aluminum. To produce them we used 99.5% pure aluminum
metal shots from Fisher Scientific and 99.9% pure zinc pieces
(1.5–7mm in diameter) from Sigma Aldrich.

2.2. Alloy Fabrication. Both zinc and aluminum pieces were
mixed and melted in a graphite crucible at 750∘C. A cover
with carbon dioxide prevented further oxidation of themelts.
After homogenization via mechanical stirring, the molten
material was directly transferred from the crucible into a
quenching media, that is, liquid nitrogen, to facilitate the
formation of a finer microstructure via fast solidification.
The actual solidification rate was estimated at 350∘C/s. After
quenching, 0.5mm thick slices of the solidified sample were
cut and polished to serve as test specimens.

2.3. Selective Dissolution. A 1wt.% water solution of nitric
acid (HNO

3
) allowed dissolving zinc selectively. Aluminum

and zinc react different in nitric acid: aluminum is passivated
while zinc dissolves. The chemical reaction involving the
dissolution of zinc in HNO

3
is Zn(s) + 2 HNO

3
(aq) →

Zn(NO
3
)
2
(aq) + H

2
(g).

The products of this reaction are zinc nitrate Zn(NO
3
)
2

andhydrogenH
2
, which forms bubbles that became the visual

indicator of the reaction. Zinc nitrate is in aqueous form
and is not perceivable by the naked eye. The dissolution
process was held for 24 hours and recurred to two methods.
The first one, hereon called free corrosion, involved only the
immersion of the sample into 50mL of electrolyte solution
at room temperature and using a magnetic stirrer. The
second one, hereupon noted as electrochemical corrosion,
involved the application of an electrical potential to the
system. The purpose of using two dissolution methods (free
and electrochemical) was to observe their effect on porosity
morphology. No current density was measured or additional
electrical/chemical analysis was performed for the intent of
the present work was to become a proof of concept and to lay
the ground for further ongoing research.

The electrochemical cell consisted of 50mL of HNO
3

solution contained in a 500mL beaker. A 0.5 cm thick, 0.5 cm

+−

Figure 1: Electrochemical corrosion setup.

wide, and 5 cm long graphite rod was used as the positive
electrode while the sample was the negative one (Figure 1).
We submerged the electrodes approximately 1 cm into the
corrosive solution and kept the distance between electrodes at
50mm.Amagnetic stirrerwas used tomaintain homogeneity
and to assist in the ready evolution of hydrogen bubbles.
At all times a power supply applied one DC to the system.
The selection of 1V was based on observation of the reaction
(hydrogen bubbles formation and speed of reaction). After
dealloying, the samples were washed with deionized water
and stored in ethyl alcohol to minimize further oxidation.

3. Results and Discussion

3.1. PrecursorMicrostructure. As aforementioned, high solid-
ification rates helped prepare the adequate microstructures
of the precursor alloy. It also provided a method to study
the effect of zinc solid solution on porosity formation within
the primary aluminum-rich dendrites. As one can observe
in a typical Al-Zn phase diagram, zinc has a high solubility
in aluminum. In a typical Al-Zn binary alloy microstructure
rich in Al that solidifies under normal cooling rates, primary
Al dendrites containing dissolved zinc are surrounded by
interdendritic regions containing zinc solid solution. Natu-
rally, this nonhomogeneous microstructure would directly
affect the porosity obtained by chemical dealloying since this
depends on the local concentration of Zn. In effect, if the
corrosive media removes Zn atoms, nanoporosity evolution,
as described by Erlebacher [9], would only take place inside
the aluminum-rich areas while the rest of the porosity
would be the result of pure Zn removal. Nanoporosity
formation is favored when there is a complete homogeneous
mixture between the two metallic elements. Such favorable
microstructure was achieved by adjusting the solidification
rate. Many binary systems have a natural tendency to create
nonhomogeneous microstructures mostly because of phase
precipitation and microsegregation, which can be prevented
or minimized by rapid cooling upon solidification. In this
work, fast cooling rates increase the metastable retention of
Zn atoms in the Al solid solution; this reduced the amount
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Figure 2: Optical microscopy image of Al-25 at.% Zn alloy. The
sample was quenched in liquid nitrogen, polished, and etched for
5 s with 10wt.% NaOH solution.

of zinc around the dendrites and ultimately formed a better
microstructure with the potential to create nanoporosity
in larger regions of the alloy sample. Figure 2 shows the
resulting precursor alloy microstructure quenched in liquid
nitrogen. The measured average secondary dendrite arm
spacing (SDAS) was 28.81 𝜇m.This SDAS value might be the
result of large amounts of zinc forming solid solution with
aluminum.

3.2. X-Ray Diffraction. We not only were interested in the
precursor microstructure but also were curious about the
effectiveness of corrosive media to selectively dissolve zinc.
X-ray diffraction (XRD) served this purpose. Since only two
metals were used in the alloys, XRD provided sufficient
evidence to corroborate selective removal of one of the
metallic phases. This characterization technique was applied
to all samples, before and after corrosion. The characteristic
diffraction peaks for each metal were identified with a
powder diffraction database. Figure 3 shows typical XRD
spectra obtained from an Al-15 Zn at.% alloy before and
after corrosion. The spectrum at the bottom is from a
nondealloyed sample and served as a benchmark to compare
other dealloyed sample diffraction patterns. XRD diffraction
of samples after dealloying evinced the selective dissolution
of zinc. Aluminum does not dissolve in nitric acid but
rather resists the etching by passivation; this provided the
necessary scenario for dealloying to occur. Complete absence
of zinc peaks is observed after corrosion (upper spectrum in
Figure 3).The exclusive presence of aluminum peaks appears
to confirm the effective removal of zinc from the sample.

At this point it should be noted that XRDwas used as one
method to confirm the selective dissolution provided that Al
and Zn be present only as two separate phases. Unfortunately
solid solutions of Zn in Al (and vice versa) bear the same
crystal structure of the matrix metal. Both spectra in Figure 3
were obtained using the same diffractometer settings, that
is, power voltage, 2𝜃 steps, and dwelling time. The widening
of the bottom spectrum (alloy without selective dissolution)
proves the extensive metastable supersaturation of Zn in the
Al phase and vice versa (although in a lesser amount). As Zn
is selectively removed from the alloy (upper spectrum), two
occurrences reveal the successful removal: (a) the Zn-rich
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Figure 3: XRD patterns obtained from anAl-15 Zn at.% alloy before
(lower spectrum) and after corrosion (upper spectrum).

phase peaks are evidently absent and (b) the Al peaks from
the Al solid solution are not broad and match the expected
2𝜃 position of pure Al pattern. This is a key finding since it
proves that Zn was removed not only by dissolving the HCP
interdendritic phase but also by selective dissolution of the
zinc atoms dissolved in the 𝛼-Al phase. Nonetheless, further
experimental data was needed to completely understand the
dissolution of zinc in aluminum and subsequently assess
the selective dissolution of zinc. For this reason we used
energy dispersive X-ray spectroscopy (EDS), which allowed
observing species distribution throughout the samples.

3.3. EDS X-Ray Mapping. Figure 4 corresponds to an EDS
analysis obtained fromanAl-25 at.%Zn alloy sample, without
selective dissolution. This specimen had been quenched
into liquid nitrogen to retain the metastable presence of
zinc supersaturating the aluminum-rich dendrites. In this
image, dendrites and interdendritic regions are readily dis-
tinguishable. Figure 4(b) shows in red the distribution of
aluminum throughout the sample. While Al-rich dendrites
are evident, aluminumdoes not appear in large amount in the
interdendritic regions. Finally, Figure 4(c) shows zinc content
in green evincing that this metal is present throughout the
entire sample but not homogeneously; zinc segregates in the
interdendritic regions and the outer dendrite boundaries.

Knowing that selective dissolution occurs when only one
of the species in the binary system is dissolved, this finding
suggests that selective dissolution of zinc is more aggressive
on the interdendritic region. It also suggests that after selec-
tive dissolution, individual zinc atoms might remain trapped
inside aluminum-rich dendrites.
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Figure 4:X-raymapping ofAl-25 at.%Zn alloy quenched in liquid nitrogen. (a) Sample surface prior corrosion. (b)Distribution of aluminum.
(c) Distribution of zinc.
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Figure 5: Al-15 at.%Zn alloy quenched in liquid nitrogen solution and freely corroded in 1 wt.%HNO
3

solution. Zincwas selectively dissolved
creating a porous structure. (a) Aluminum-rich dendrites surrounded by voids. (b) Selective removal of zinc from interdendritic regions
creating a primary porosity. (c) Resultant morphology in the walls of passivated aluminum. (d) No nanoporosity was observed in this sample.

3.4. Free Corrosion Study. As aforementioned, two corrosion
methods were used to observe the selective removal of
zinc. Figure 5 shows the result of free corrosion. Formation
of porosity via selective dissolution of zinc was readily
observed in specimens with free corrosion. Figure 5(a) shows
a secondary electron image of an Al-15 at.% Zn alloy freely
corroded in 1 wt.% nitric acid solution. In this image, one
can also observe hollow regions, which evince the removal of
large zinc-rich areas. Figure 5(b) further reveals the selective
dissolution of zinc by nitric acid. Deep and empty channels
formed while passivated dendrites served as ligaments for
an interconnected network. A characteristic morphology in
the walls of passivated aluminum-rich dendrites can be also
observed (Figure 5(c)). These areas, which were once the
interface between aluminum-rich dendrites and zinc (i.e.,
before selective dissolution), seem shallowly perforated and

scratched. Despite this special morphology, further inspec-
tion revealed no nanoporosity when nitric acid was used for
free corrosion in any of the alloy concentrations.

3.5. Electrochemical Corrosion. The selective dissolution of
zinc in electrochemical corrosion with HNO

3
solution pro-

duced different results compared to free corrosion. The
application of electrical potential provided the energy needed
to produce smaller pores, especially on the aluminum-rich
regions. Large pores are initially observed but a closer inspec-
tion reveals secondary porosity with smaller pores. This sec-
ondary porosity is concentrated inside dendrite islands and
appears as the result of the applied potential. One should note
that no secondary porosity was observed when no potential
was applied.
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Figure 6: Al-35 at.% Zn alloy quenched in liquid nitrogen and electrochemically corroded in HNO
3

. (a) Passivated aluminum dendrites
forming interconnected three-dimensional structure. (b) Secondary porosity.
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Figure 7:Al-25 at.%Zn alloy quenched into liquid nitrogen and electrochemically corroded inHNO
3

. (a) Typicalmicrostructuremorphology
after selective dissolution. (b) Roughness observed in walls suggests presence of secondary porosity. (c) Resulting morphology of dendrite
walls. (d) Higher magnification of image. (c) An interconnected ligament network with nanosized pores can be observed.

Figure 6(a) shows an Al-35 at.% Zn alloy, which was
electrochemically corroded in HNO

3
. Dendrites are easily

identifiable. Pockets of passivated aluminum-rich areas create
an interconnected ligament network. These micrographs are
apparently similar to those of Figure 5 with aluminum-rich
dendrites separated by voids initially occupied with zinc,
that is, in the parent alloy. Nonetheless, a closer examination
evinced the opposite. In Figure 6(b) a smaller secondary
porosity is visible with pore diameters smaller than 1𝜇m.
These pores seem to be interconnected and are found every-
where in the dendrites islands especially in the outer layers.

Figure 7 shows an Al-25 at.% Zn alloy electrochemically
corroded. Secondary porosity is again evident but this time
is apparently restricted to the outer regions of the dendrites.
This might indicate a relationship between zinc concen-
tration and porosity formation since one should expect

microsegregation of zinc towards the last solid to form upon
freezing. Canyons (deep depressions) carved by dealloying
resulted in very porous walls. Figures 7(c) and 7(d) are mag-
nified micrographs of a wall from Figure 7(b). Small inter-
connected pores are apparent, while many pores are less than
100 nm in diameter. Both primary and secondary porosity
were present throughout the sample and in all directions. In
Figure 7(b) the presence of the secondary porosity can be
observed in all the canyon walls.

4. Conclusions

Our results evince that porous and nanoporous aluminum
can be fabricated via selective dissolution of zinc in Al-Zn
alloys using an aqueous solution of HNO

3
. We observed

two different types of porosities: a primary, bigger porosity
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resulting from the selective removal of zinc-rich regions, and
a secondary, smaller porosity formed on the outer region of
the dendrites. Pores with less than 100 nm in diameter were
observed in aluminum when electrochemically dealloyed.
Coupling X-ray diffraction and EDS analysis one was able to
demonstrate that even though there is zinc inside aluminum-
rich dendrites, almost complete removal of zinc crystals is
possible via dealloying.
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