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This work describes a novel fabrication method of single crystalline Mo nanowires and nanowire
arrays. The method utilizes directional solidiﬁcation (ds) of a NiAl-Mo eutectic alloy and its subsequent electrochemical processing. In the ﬁrst step, a self-organized array of Mo nanowires embedded in a NiAl matrix is obtained. By combining the Pourbaix diagrams of the three elements involved,
a strategy for selective removal of either of the two phases is derived. An oxidizing acidic solution
of pH 0.2 dissolved the matrix and released an array of long and uniform Mo wires. Even a complete extraction of the wires is possible through entire dissolution of the matrix. This method has
several advantages. First of all, it is one of the few top-down methods that allow the production of
large amounts of nanostructures. In addition, both the wires and the matrix are single crystalline
which makes them favorable for various applications. Further, the obtained nanostructures exhibit
extremely high aspect ratios (>1000), unreachable by most other techniques. This technique has
the potential for the production of nanowire arrays either for employment in sensors or in ﬁeld
emission.
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The quest for alternative technologies has stimulated a
surge of interest in nanometer-scale materials and devices
in recent years. Metal nanowires are one of the most
attractive materials because of their unique properties that
may lead to a variety of applications. Examples include
interconnects for nanoelectronics, magnetic devices, chemical and biological sensors, and biological labels. Metal
nanowires are also attractive because they can be readily
fabricated with various techniques.
Recently, a novel method of producing metallic nanostructures from directionally solidiﬁed and electrochemically treated eutectics has been introduced.1–3 It surpasses
several drawbacks of other available techniques for the
fabrication of metallic nanostructures. Firstly, no template
or seed is necessary as it is based on self-organization
of metallic phases through a diffusion controlled growth.
Additionally, both nanowires and nanowire arrays are
available. Moreover, very high quantities of nanowires can
easily be manufactured.
In this study the novel method was adapted and
applied to the NiAl-Mo quasibinary eutectic system. This
system has been investigated as a potential candidate
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for substituting Ni-base superalloys in high temperature
applications.4–16 Microstructure evolution and inﬂuence of
the growth parameters were the main topics of several
publications.4–6 All studies demonstrated that the directionally solidiﬁed NiAl-Mo is of a regular type with ﬁbrous
morphology. Further, it was shown that the ﬁber spacing and diameter are sensitive to chemical composition
and processing conditions. However, mechanical properties of the directionally solidiﬁed in-situ composite such
as yield strength, ductility and fracture toughness attracted
even more scientiﬁc interest.7–12 As the mechanical compatibility of the constituent phases is an important issue
in high temperature applications, only few investigations
were devoted to interface characterization including interfacial strength,13 adhesion,14 dislocation networks15 and
shear properties.16 To the best of the authors’ knowledge,
there is no literature data on using this system in nanotechnology. The NiAl-Mo system has been chosen because it
contains Mo as a minor phase, which would yield Mo
nanowires. Eutectic alloys that consist of phases with similar structures, such as NiAl-Cr, V, W, often adopt identical
growth textures and form a unique orientation relationship
between the phases, any lattice parameter mismatch being
accommodated by structural dislocations at the interfaces.
Walter et al.17 have extensively studied the NiAl-Cr alloy
and various compositional modiﬁcations. In the basic alloy
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the Cr lattice parameter is less than that of NiAl. Additions
of Mo, V and W increased and of Fe decreased the Cr
lattice parameter. When the lattice parameter of the refractory phase exceeded that of the NiAl, a mixture of faceted
rods and lamellae replaced the round ﬁber morphology of
the basic alloy. In each case a unique but different crystallographic orientation relationship was observed.
Molybdenum (Mo) has been an important cathode material for ﬁeld emission arrays (FEAs), due to its good thermal, mechanical and electrical properties.18 Mo nanowires
have been prepared by electrodeposition of molybdenum oxide nanowires at graphite step-edges as “precursors,” and the subsequent reduction of the “precursors”
using hydrogen.19–21 However, the reduction process yields
nanowires of low crystallinity and the poor adhesion
between nanowires and substrate is limiting their application in devices. For technological applications, it is
highly desirable to grow aligned Mo nanowires in a singlestep on large-areas and conductive substrates. Recently,
Zhou et al. have grown aligned Mo nanowires on stainless steel substrates using high-temperature chemical vapor
deposition.22

2. EXPERIMENTAL DETAILS
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2.1. Eutectic Alloy Preparation
Prealloys were prepared from Nickel (99.97 wt%), electrolytic Aluminum (99.9999 wt%) and Molybdenum
(99.99 wt%) by induction melting under an inert Argon
atmosphere. They were drop cast into a cylindrical copper mould and subsequently ﬁtted into alumina crucibles.
Directional solidiﬁcation was performed in a Bridgman
type crystal growing facility, consisting of the crucible
support, cooling ring and heating element (Tungsten net).
The alumina crucible with the as-cast ingot was positioned
in the furnace and heated up to 1700  C for initial melting.
The heating element was then slowly and uniformly shifted
upwards to allow unidirectional heat extraction. This operation was controlled by a servomotor enabling a speed
range between 1 and 200 mm h−1 . This solidiﬁcation was
conducted at a temperature of 1700 ±10  C, a thermal gradient of approximately 40 K cm−1 and a growth rate of
30 mm h−1 .
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2.3. Electronics
Electrochemical investigations of the samples were conducted with a PAR 283 potentiostat/galvanostat manufactured by EG & G. Chemical analysis of the solutions was
performed by inductively-coupled plasma optical emission spectrometry (ICP-OES, Thermo). Scanning electron
microscopy was performed using a Leo 1550 VP microscope (Leo Elektronenmikroskopie GmbH, Oberkochen,
Germany) ﬁtted with an INCA Energy Dispersive System
(EDS) (Oxford Instruments, Oxford, UK). In addition, the
Automatic Crystal Orientation Mapping-ACOM technique
(also known as orientation imaging microscopy, OIM) was
used.23 24 It is based on the automatic evaluation of electron backscatter diffraction (EBSD) patterns, which are
collected by a stepwise scanning of the electron beam on
a regular grid over the sample in the SEM. The analysis of
the individual EBSD patterns yielded the crystallographic
orientations of the crystal at each position of the electron
beam. In the present study ACOM has been applied in
a high-resolution, high-intensity SEM with a ﬁeld emission gun (JEOL JSM 6500 F). A high-speed CCD camera
(DigiView) for pattern recording and the TSL OIM analysis software was used for ACOM.

3. RESULTS AND DISCUSSION
3.1. Microstructures
Typical microstructure of the directionally solidiﬁed
NiAl–9Mo alloy grown at 30 mm h−1 was fully eutectic devoid of any dendritic regions throughout the cross
sections of the specimens, as shown in Figure 1. In
the micrographs throughout the paper, the NiAl phase is
the matrix and the Mo phase the continuous ﬁbers. The
main feature of the eutectic microstructure was the formation of eutectic cells with ﬁne ﬁbrous morphology inside
the colony and the coarse regions at the colony boundaries. The formation of the eutectic colony structure has

2.2. Chemicals and Electrodes
Digestion of the matrix was performed in a mixture
of HCl (32%):H2 O2 (30%):H2 O, 10:10:80. A self made
Hg/Hg2 SO4 reference electrode was used for the polarization experiments. The counter electrode was a strip of
Platinum foil with a surface area of 2 cm2 . Polarization
was performed in acetate buffer with a pH of 6.0. All
chemicals were of p.a. grade and purchased from Merck,
Darmstadt, Germany.
2

Fig. 1. Cellular eutectic structure of the ds–NiAl–Mo alloy grown at
30 mm h−1 . The sample was cut in a direction perpendicular to the growth
direction and subsequently polished.
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been associated to the combined effects of the impurities
rejected from the solidifying eutectic, the growth rate, and
the imposed thermal gradient at the solid/liquid interface,
which produced a zone of constitutionally undercooled liquid ahead of the growing interface. Under these conditions
of growth, the planar solid/liquid interface becomes unstable and transforms into a cellular interface. The growth
characteristics of the colony structure have been investigated by several researchers25–26 and it has been shown
that the colonies are formed by the motion of a cellular solid/liquid interface during growth. Further, it was
observed that ﬁbers do not grow parallel to each other
within the cells, but diverge towards colony boundaries
and tend to increase in thickness as they approach it. The
direction in which the ﬁbers grow in the cells gives a
direct indication of the shape of the growing cellular interface. The formation of a cell structure indicated that the
applied growth conditions were below the critical ones
for achieving the planar solid/liquid interface. The Mo
ﬁbers had a faceted morphology, as shown in Figure 2.
The faceted morphology results from the surface energy
that is anisotropic for the existing crystallographic orientation relationship between the NiAl and the Mo. Similar morphologies of Gold nanoﬁbres were observed in the
Fe–Au eutectoid system.27 28 The ﬁber spacing, deﬁned
as the average distance on a transverse section between
(a)

Fig. 2. Morphology of the Mo ﬁbers embedded in the NiAl matrix at
different magniﬁcations. See Figure 1 for experimental details.
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3.2. Crystallography
An interesting aspect of directionally solidiﬁed eutectics is a preferred crystallographic orientation relationship
between the phases. The existence of such a speciﬁc crystallographic relationship is ascribed to the minimization of
the interface energy between the phases. The high degree
of thermal stability of many eutectics has also been associated to interfaces of low boundary energies. Cantor29
has reviewed the evidence for the development of special
crystallographic relationships during directional solidiﬁcation of eutectic alloys and shown that behaviors ranging
from strict epitaxial to completely independent growth can
occur. Moreover, the propensity for preferred crystallographic relationships and microstructural regularity are not
trivially related. The crystallographic relationship between
eutectic phases is characterized by the growth direction
and the habit plane. The growth direction presents crystallographic axes in each phase parallel to the direction of
solidiﬁcation, while the habit plane is the interface plane
between the phases. Considering NiAl based eutectics,
only few were characterized regarding crystallographic
relationships.30–34
In this study orientation imaging microscopy was used
to determine the growth direction of the two eutectic
phases (NiAl and Mo) and their interfacial planes. EBSD
patterns were taken from the individual phases at different
locations of the sample. Figure 3 shows the EBSD patterns
from the NiAl matrix and the Mo ﬁbers. The growth direction was found to be parallel to 100 directions in both
NiAl and Mo. In addition, in both phases planes parallel to
interface boundaries were (110) planes. This observation
is in agreement with those reported previously.4 34
The (110) habit plane are the closest-packed planes
in the bcc and B2 crystal structures of Mo and NiAl,35
respectively. As such, they are frequently selected as interphase boundaries in order to minimize the boundary energies during the eutectic growth. The ratio of the lattice
parameters of Mo and NiAl is about 1.09,35 which suggest
that the interface between the NiAl matrix and Mo ﬁbers
is semi-coherent.
Comparison of the EBSD patterns of the individual
Mo ﬁbers taken at several different positions of the sample showed that the Mo ﬁbers are single crystalline and
they have the same crystallographic orientation, even
azimuthally. This means that after releasing them from
the matrix, a resulting nanowire array would be composed
of crystallographically identical Mo single crystals, which
might be important for certain applications. Additionally,
such an array is very convenient for mechanical, electrical
or some other kind of characterization.
3
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(b)

the centers of adjacent Mo ﬁbers was ∼1 m and the
ﬁber size, deﬁned as the average edge length of the crosssections was determined to be 530 nm.
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pH
Fig. 4. Combined simpliﬁed pH-potential stability diagram derived
from Pourbaix diagrams of the three elements Ni, Al and Mo.

aluminum corrode, while the molybdenum passivates were
chosen (blue pin at Fig. 4). The samples were immersed
in a solution of HCl and H2 O2 as mentioned previously.
A reference electrode was applied to the setup and the
potential transient during the selective etching of the NiAl
matrix was recorded. This procedure yielded samples with
Mo wires protruding from the NiAl matrix (Fig. 5) forming a nanowire array. It can be seen that a large number of nanowires are released from the matrix and are
standing upright and parallel. It is important to emphasize that the wire length can be easily controlled by the
etching duration.37 In addition, the selective etching of the
matrix provided closer insight into the ﬁber morphology
and enabled examinations of the microstructures in three
dimensions. In fact, the large depth of focus of the scanning electron microscope makes it possible to view both
the longitudinal and the transverse sections simultaneously,
as depicted in Figure 5. This proved the faceted morphology of the molybdenum ﬁbers.
By continuing this process for a few hours the matrix
was completely digested so that subsequent ﬁltration
yielded free nanowires on a ﬁlter paper (Fig. 6). It clearly
shows that the wires are very long, reaching the maximum
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Mo

NiAl

Fig. 3.

EBSD patterns from the NiAl matrix and the Mo ﬁbers.

3.3. Electrochemical Processing
In order to derive the optimum conditions for selective dissolution of the matrix as well as the optimum conditions
for the selective formation of nanopores or nanochannels
through removal of the wires the thermodynamic stability
diagrams36 of the elements in question in aqueous solutions, the so-called Pourbaix diagrams, were combined in
Figure 4. The lines in the diagram depict the areas of relative predominance of the different species involved.
In order to extract the Mo wires from the matrix, the
conditions under which both matrix elements nickel and
4

Fig. 5. Potential transient of matrix dissolution of ds–NiAl–Mo in a
mixture of 3.2% HCl and 3% H2 O2 .
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(a)

(b)

Fig. 7. Mo nanowires on a ﬁlter paper after complete dissolution of the
matrix.

On the other hand, a selective removal of the Mo phase
required completely different conditions which lead to the
passivation of the NiAl phase and the corrosion of the
Molybdenum (red pin at Fig. 4). In order to passivate Al a
mild pH between 4.0 and 8.5 is necessary. Therefore, the
samples were immersed in an Acetate buffer with a pH
of 6.0 where Al has its solubility minimum. Polarization
to a potential of 200 mV SHE yielded an array of pores
(Fig. 8). Forming pores by polarizing to 200 mV SHE in
the Acetate buffer caused a simultaneous depletion of Ni
(a)
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(c)

1 µm

(b)
Fig. 6. Array of the Mo nanowires partially released from the NiAl
matrix at different magniﬁcations.

length of over 500 m, and hence, exhibit an extreme
aspect ratio of more than 1000. Dissolution of the matrix
phase at the free corrosion potential while monitoring this
potential with a reference electrode yielded the potential
transient shown in Figure 7. After an initial equilibration period the potential stabilizes at a value of about
42 mV SHE. This potential corresponds to the potential of
Mo corrosion at a pH of 1.0 just within the “electrochemical window” (Fig. 4).
J. Nanosci. Nanotechnol. 8, 1–7, 2008

200 nm
Fig. 8. (a) Nanopore array in a ds–NiAl–Mo eutectic alloy after selective electrodissolution of the Mo-minor phase in an acetate buffer (pH
6.0) at 0.2 V (SHE). (b) Close view of a single nanopore.
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successful generation of a nanoﬁlter through the matrix
can be seen at the rim. Complete wire dissolution on the
entire sample would to allow the production of nanoﬁlters
or nanomembranes.

4. SUMMARY
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Fig. 9. Current transient of the selective electrodissolution of the Mo
nanowires in an acetate buffer (pH 6.0) at 0.2 V (SHE).

in the outermost layer of the samples and the formation
of a passive Al2 O3 layer while the Mo wires were intentionally corroded. Pores are formed in the channels of the
embedded molybdenum wires. The pores are evenly distributed across the surface. A closer view into one of these
pores is shown in Figure 8(b). The cross section shows
that the hole is elongated in one direction; the longer pore
diameter is 800 nm and the shorter 400 nm. This structure
could be used as a template for electrodeposition of other
metals.38 39
Figure 9 shows the current transient of the wire dissolution. The transient shows a steady decrease in current as
the pore depth increases. This is probably due to a kinetic
hindrance of the dissolution process as a result of the accumulation of dissolved Mo-species in the pores leading to a
chemical gradient opposing further dissolution. Due to the
high aspect ratio of the pores formed it is difﬁcult to look
into these pores. Figure 10 shows a sample that was prepared in the typical procedure used for TEM (transmission
electron microscopy). While the perforation in the center
part of the ﬁgure results from the sample preparation and
the local dissolution of both phases a good insight into the

Directional solidiﬁcation of a quasibinary NiAl–Mo eutectic alloy produced Molybdenum ﬁbers embedded in a NiAl
matrix. The morphology of the ﬁbers was faceted, with
an average cross section of ∼530 nm and an interﬁber
spacing of ∼1 m. Mo nanoﬁbers were proved to be single crystalline having identical crystallographic orientation
and cube-on-cube orientation with the matrix.
A strategy for a selective removal of either of the two
phases has been derived from a combined Pourbaix diagram of the three elements. Matrix dissolution in a slightly
oxidizing acid released an array of long and uniform Mo
wires. The high aspect ratio of these wires was demonstrated to be >1000. The wire length could be easily controlled by the etching duration. After complete removal
of the matrix and ﬁltration bundles of nanowires were
extracted. Producing a large amount of nanowires requires
just the corresponding amount of alloy and a modiﬁcation
of the etching time.
Electrodissolution of the Mo with a simultaneous passivation of the NiAl matrix yielded nanopore arrays with
rectangular pores Electrodeposition of noble metals such
as gold into the pores as it was already demonstrated for
the ds–NiAl–Re and the ds–NiAl–W systems is a promising route for the preparation of sensors.38 39 Complete dissolution of Mo ﬁbers would yield a metallic nanoﬁlter or
nanomembrane. Such a system would have a number of
advantages over ceramic ﬁlters as it could be sterilized by
electrical resistance heating of the membrane.
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