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We have studied the e�ect of leaching treatments on the surface microstructure and chemical composition
on the two di�erent twofold surfaces, (10000) and (101̄00), and the tenfold surface (00001) of a decagonal (d-)
Al�Ni�Co quasicrystal. A sample exposing the three surfaces was leached with NaOH solution and then studied
using atomic force microscopy and scanning electron microscopy combined with energy dispersive X-ray analysis.
The leaching treatment preferentially removes the Al present in the crystal surface leaving a mixture of transition
metal and their associated oxides. The high symmetry, tenfold axis was found to be less resistant to leaching
than either of the twofold axes, providing further information regarding the e�ect of crystallographic direction on
leaching kinetic.
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1. Introduction

In previous work, it has been documented that Al
based quasicrystals can be altered through chemical etch-
ing using NaOH, for the production of catalysts [1�3].
The surface Al was removed through leaching to leave a
surface covered in transition metal particles. In the case
of Al�Cu�Fe, a surface consisting of Cu and Fe particles
was observed. It was also found that samples of simi-
lar stoichiometry exhibited di�erent leaching rates that
could be attributed to their crystal structure, crystalline
materials being the most aggressively leached, while the
quasicrystalline materials were the most resistant [4].
A result that suggested this was part of a trend rather
than a single outcome was the �nding that the quasicrys-
tal approximants displayed a leaching resistance greater
than crystalline samples but less than quasicrystal sam-
ples [3]. Despite previous work, there is to date no clear
understanding of the interaction between the quasicrys-
talline bulk and the leached layer [5].

In our previous studies we observed that leaching of
the �vefold surface of the icosahedral Al�Cu�Fe produced
�vefold facets upon the surface [6]. On the leached crys-
tal there were places where pentagonal and pentagonal-
-dodecahedral cavities were found on macroscopic surface
orientations that were no longer well-aligned to the orig-
inal �vefold surface. Similar results have previously been
observed during oxidation studies on the Al�Pd�Mn fam-
ily quasicrystals where agressive treatments unearthed
other �internal� surface orientations [7, 8]. This indicated
a preference for the leaching of the �vefold direction. The
pentagonal-dodecahedral cavities also demonstrated the
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leaching of other �vefold surfaces at angles of 108◦. This
led to the initial conclusion that the �vefold crystallo-
graphic direction was prefered to the others, regardless
of which macroscopic surface was exposed to the leaching
solution.

In a bid to test this hypothesis further and directly,
we used a single crystal decagonal Al�Ni�Co quasicrys-
tal with 3 well orientated surfaces present on the sam-
ple. Decagonal quasicrystals are characterised by the pe-
riodic stacking of quasicrystalline planes [9]. The high
symmetry axes of these systems includes a unique ten-
fold axis along the periodic direction and two inequiv-
alent twofold axes. These twofold planes appear alter-
nately at 18◦ to each other and perpendicular to the
tenfold axis. The twofold planes therefore comprise of
both the periodic and quasiperiodic direction. This al-
lows a direct comparison of the leaching kinetics. An ad-
ditional advantage over the previously studied powdered
samples is the �simpli�ed� nature of the single crystal
surfaces. This paper will outline the experiments under-
taken to compare the leaching characteristics of 3 surfaces
on the d�Al�Ni�Co quasicrystal, two crystalline surfaces
(00001) and (101̄00), and the 2D quasicrystalline plane
(00001). Scanning electron microscopy (SEM) and en-
ergy dispersive X-ray analysis (EDX) were used to inves-
tigate both chemical and structural e�ects of the leaching
treatment.

2. Experimental details

A decagonal Al�Ni�Co quasicrystal was cast into a
cuboid with polished (00001), (10000) and (101̄00) sur-
faces, see Fig. 1. Figure 1a shows the sample �as-grown�
with labelled surfaces, while Fig. 1b shows the relation-
ship of the surface orientations on our sample with those
in the decagonal structure of the crystal.
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Fig. 1. (a) Crystal as-grown and polished. (b) Layout
of the surfaces on a decagonal rod.

The surfaces were mechanically polished using dia-
mond paste with diameter 5�0.25 µm. The crystal was
then suspended in 5 mol concentration NaOH solution
and leached for 5 min in ambient conditions. The surfaces
were then investigated using SEM, EDX, and atomic
force microscopy (AFM).

3. Results and discussion

3.1. The twofold (10000) surface

Figure 2 shows a summary of the SEM data for the
(10000) twofold surface. The surface is characterised
mostly as very �at, with a slight puckering of the surface,
which can be seen in Fig. 2b. This can be attributed in
places to the presence of many small circular depressions
often with at least a single crack forming through the
middle. These can be seen in detail in Fig. 2c and d.
The symmetry of these features is di�erent from the sur-
face symmetry, indicating that any order present from the
twofold surface has been lost. As is common in previous
Al-based quasicrystal leaching experiments, the surface
is coated in a homogeneous precipitate particle layer of
transition metal.

3.2. The twofold (101̄00) surface

With minimum zoom using the SEM the dramatic ef-
fect of leaching can be seen in the (101̄00) surface (Fig. 3).
Surprisingly, compared to the previous twofold surface,
there is the creation of ordered rows of leached grooves
that stretch for long distances across the crystal and ex-
amples from two di�erent parts of the surface can be seen
in Fig. 3b and d. These lines are almost parallel, often
with slight convergence around areas of leached cavities
or at the edges of the crystal. Most lines are separated
either by ≈ 6 µm or ≈ 12 µm (±0.3 µm).
The lines are distinct from those caused by polishing by

their near parallel nature, scale and by the observance of
polishing grooves crossing the leached lines. What makes
these straight grooves of even more note is their orienta-
tion with respect to the rest of the crystal. The grooves
run perpendicular to the tenfold surface and continue for
several hundred µm across the surface.

Fig. 2. SEM images of the (10000) surface following
leaching. (a) Wide zoom of the surface. (b) Character-
istic roughness of the surface observed. (c) Features of
the roughness. (d) Example of repeating facet on the
surface.

Fig. 3. Surface of the leached (101̄00) surface.
(a) Wide zoom of leached surface. (b) Lines aligned
perpendicular to the (00001) tenfold surface. (c) Ar-
eas of non parallel features are still common across the
surface. (d) Similar lines and line separations from a dis-
tant part of the crystal can be directly compared with
that in part (b).

The work of Mäder et al. demonstrated a clean twofold
surface was characterised by a columnar structure per-
pendicular to the tenfold surface [10]. The terminations
of these columns were observed to be parallel to the ten-
fold surface. The columnar structure observed on the
clean surface and the leaching induced grooves observed
in our work are therefore both orientated along the peri-
odic axis. The width of the grooves is signi�cantly larger
than the columnar structures they report. We therefore
suggest that the parallel trenches observed on the etched
surface are formed during leaching, where the exposed
columnar structures on the clean surface act as nucle-
ation sites.
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3.3. The tenfold (00001) surface

The leached surface of the (00001) orientation can be
seen, even optically, to be more leached than the other
surfaces previously mentioned. The surface is very dark
and much darker than the other two surfaces. This was
di�erent to previous experiments with i-Al�Cu�Fe where
similar results would require several hours of leaching.
This indicates a preference for leaching along the ten-
fold direction, and when considered with previous results,
a preference for leaching along the periodic direction. In
comparison the greatly increased leaching resistance of
the i-Al�Cu�Fe system can be considered to be due to
the icosahedral structure, which provides quasiperiodic
ordering in all directions, as opposed to the decagonal
structure, which has periodic directions. The surface
remains mostly �at apart from the presence of similar
troughs to the (101̄00) surface, although these are far less
regularly patterned (Fig. 4). Figure 4c shows an example
of using AFM to identify the depth of these grooves to
be of the order of ≈ 100 nm and to be largely unchanged
in depth at other points across the surface. We sug-
gest that the unusual patterns on the surface displayed
in Fig. 4c, and their inconsistency with the other planes
can be attributed to the quasiperiodic nature of the sur-
face, although no aperiodic order could be identi�ed.

Fig. 4. (a) SEM image at wide zoom of the (00001)
surface. (b) AFM image of etched grooves present on
surface. (c) SEM image of the grooves produced across a
large area. (d) Small scale image of connecting grooves.

3.4. EDX comparison

All the surfaces appear similarly chemically changed
following leaching treatment as measured using EDX.
This appears to suggest uniform leaching of all surfaces
however, the low surface sensitivity of the technique
means that small variations in response to leaching would
not be recognised. EDX has an information depth of
several µm, we do not believe the leach depth to be on
the same scale, based on previous single crystal leaching
work using X-ray photoelectron spectroscopy (XPS) on
i-Al�Cu�Fe. Therefore it is possible that the variation
in leaching stability, from a chemical analysis technique,

will not be visible with such a large proportion of the
signal originating from the bulk. We can however use
EDX to indicate changes in leach depth. We expect the
surface to be Al free for at least the information depth of
XPS (several atomic layers), and therefore any Al signal
in EDX must come from the bulk. Therefore variation
in this signal may indicate the change in depth of the
leached layer.
The EDX results show a reduction in Al in all ob-

served surfaces, as would be expected based upon previ-
ous work. Coupled with this is the observed increase in
transition metals and oxygen. The increase in oxygen is
attributed largely, but not exclusively, to the Cu and Ni
oxide species which are formed during leaching. EDX is
not capable of determining oxide species in the manner
of other spectroscopic techniques such as XPS. Figure 5
shows that there is a consistent increase in Co and Ni on
all three surfaces. The ratio of Co to Ni remains approx-
imately constant during this treatment, indicating there
is no preferential selection of either during the leaching
process.

Fig. 5. Comparison of chemical composition (at.%)
variation across leaching boundaries, or transition re-
gions, on all three Al�Ni�Co surfaces (00001), (10000),
and (101̄00). Numbers represent points across the sur-
face at which spectra were taken. The dark grey area
represents the leached area of the crystal.

There is a di�erence in the chemical characteristics
of the leaching boundary between the twofold surfaces
and the tenfold surface. In the twofold surfaces, the Al
content changes dramatically upon entering the leach-
ing boundary and then changes very little even once to-
tally inside the leached region. This can be seen on both
(10000) and (101̄00) surfaces in Fig. 5, where the Al con-
tent decreases from point 1 to point 2. We have inter-
preted this to be caused by the proposed resistance to
leaching along quasiperiodic directions, which causes the
transition region to be small and to avoid leaching par-
allel to the surface.
In the tenfold surface, the Al content changes steadily

across the leaching boundary and into the entirely
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leached region. This leaching boundary is di�cult to
distinguish in the tenfold surface using SEM, whereas in
the twofold surfaces it was a clear band running across
the crystal. This indicates a continuous increase in leach
depth across the crystal. This is interpreted to be due to
an increased leaching kinetic along the tenfold direction.
The leaching is still present along the other directions
but the speed of this is reduced leading to the continu-
ous slope and a poorly de�ned leaching boundary.

4. Conclusions

Three orientated surfaces of a decagonal Al�Ni�Co
quasicrystal were leached in NaOH and then studied us-
ing SEM and EDX. Both twofold surfaces were found
to be less aggressively leached than the quasiperiodic
tenfold surface. Leached microstructure indicates prefer-
ential leaching along the periodic directions, again indi-
cating that crystallographic direction rather than macro-
scopic surface orientation is the key in�uence on leaching
kinetics of quasicrystals. This gives further weight to
the idea that the quasiperiodic arrangement of Al in the
crystal inhibits alkali leaching.
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