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Abstract
The method of fabricating metallic nanowires from directionally solidified eutectics was applied to the silver–copper system. The silver–copper
alloy, 39.9 at.% copper, was directionally solidified in a Bridgman-type oven held at 850 ◦ C. SEM imaging revealed a mixed fibrous and lamellar
microstructure. The fastest solidification rates produced fibres and lamellae with widths as small as 300 nm. Electrochemical conditions for
the selective dissolution of silver and of copper were determined from the combined Pourbaix diagram for silver and copper and applied to
the directionally solidified alloy. Subsequent microscopic investigations yielded copper nanowires with diameters in the 300–640 nm range and
hexagonal arrays of micropits in the silver matrix with diameters of 1 m. The chosen volume fraction of the Ag–Cu system is the only one that
matches exactly the theoretical value of π−1 which separates fibrous from lamellar structures. It is demonstrated that the simultaneous formation
of fibres and lamellae in the same sample occurs for this unique borderline system.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction
Cu–Ag alloys with filamentary structure of double phases
are widely studied for their outstanding strength and conductivity [1–3]. After heavy cold drawing, materials with excellent
properties could be obtained. The nanoscale structure evolved
from the original eutectic colonies consists of secondary precipitates and primary ␣ grains [4–9]. These materials are expected
to be used primarily in the magnetic windings of high field
magnets, where high mechanical strength and excellent electrical conductivity are required to withstand the Lorentz force
and minimize the Joule heating produced by the strong electrical current [10–12]. The attractive properties of a tensile
strength exceeding 1 GPa with a conductivity of (60–70)% International Annealed Copper Standard (IACS) has been realized
in Cu–Ag microcomposites, and further improvements are still
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expected through the development and design of high field
magnets [5,13,14]. Furthermore, Ag–Cu binary and Al–Ag–Cu
ternary systems have often been selected as model systems
for studying the formation of the so-called banded structure in
rapidly solidified alloys and their nucleation [15], microstructure formation, and pattern selection along a ternary eutectic
solidification path [16–19]. Also, a Sn–Ag–Cu ternary eutectic
is considered the best candidate for lead-free solders to replace
Sn–Pb solders as low temperature joining alloys in the electronic packaging industries [20–23]. For a system with such
promising applications, however, studies considering the directional solidification of Ag–Cu binary alloys are rather scarce.
The most detailed work comes from Frommeyer et al., who
analysed the microstructure and properties of directionally solidified and cold drawn Ag–Cu eutectics [4,24]. No information
exists, however, on the production of ordered micro- or nanostructures from this system. Recently a method was developed
for making various nano-structures from directionally solidified eutectics [25–29]. It combines directional solidification of
eutectic alloys to produce self-organised nano-structures and
selective etching and/or electrochemical dissolution to separate
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the phases. In this study, this novel method was applied to the
Ag–Cu system.
2. Experimental
Pre-alloys were prepared from silver (99.99 wt.%) and electrolytic copper (99.99 wt.%) by induction melting under an inert
atmosphere and drop casting into a cylindrical copper mould.
Subsequently, ingots of the eutectic alloy were enclosed in evacuated quartz vials. A vial was suspended within the channel of
a cylindrical furnace heated to 850 ± 5 ◦ C and the alloy allowed
to melt. A motor lowered the vial at a constant rate through
the furnace and into a glass funnel at its base (Fig. 1). The
motor used was manufactured by Faulhaber (Schönaich, Germany) running at a maximum of 14,400 rpm combined with
1:235,067 ultra low translation gears in order to realize constant
and slow movement. This movement from the heat of the furnace
into the funnel provided the temperature gradient necessary for
directional solidification. The glass funnel reduced air currents
within the furnace’s channel, which stabilized its temperature.
Rates of 53 mm h−1 (14.7 m s−1 ), 91 mm h−1 (25 m s−1 ) and
245 mm h−1 (68.1 m s−1 ) were investigated.
Samples for further investigations were cut from the ds-ingot
horizontally to the growth direction to allow a top view into
the structure. After standard mechanical grinding with subsequently finer emery papers, the directionally solidified samples
were treated electrochemically to selectively dissolve either the
silver matrix or the copper wires. The copper phase was dissolved by exposing the sample to 1.0 M acetate buffer (pH 6.0),
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and applying a potential of 0.5 V (SHE). In order to selectively
dissolve the silver phase the samples were polarized to 0.7 V
(SHE) in 0.1 M borate buffer (pH 9.2). The strategies used for
this selective dissolution are discussed in detail in the results
section.
Polarization of the samples was performed with an EG&G
Princeton Applied Research 287 potentiostat in a standard threeelectrode cell with working, counter, and reference electrodes. A
Ag/AgCl electrode was used as a reference. Noticeable dissolution of the copper fibres took only a few hours, while dissolution
of the silver matrix occurred much more slowly. After electrochemical treatment, samples were ultrasonicated in deionised
water to remove surface particles. For samples subjected to
dissolution of the silver matrix, ultrasonication removed the
insoluble copper oxide layer, which could be seen as a reddishbrown powder deposited in the water.
Samples were imaged with a field emission scanning electron microscope (Zeiss LEO 1550VP) using both in-lens and
secondary electron detectors. All chemicals were p.a. grade and
obtained from VWR International GmbH, Darmstadt, Germany.
3. Results and discussion
3.1. The eutectic point
The Ag–Cu phase diagram has been extensively studied. The
liquidus curve was first published by Roberts–Austen as early
as 1875 [30], and the existence of a eutectic was recognized by
the same author in 1891 [31]. The eutectic temperature has been
reported in the range from 777 to 780 ◦ C [32–36]. Hansen [37]
accepted a value of 779.8 ◦ C from Roesner [34]. More recent
thermal analysis by Moser et al. [36] using high-purity materials placed the eutectic temperature at 779.1 ± 0.08 ◦ C. This
value has been favoured in the review by Hansen and Elliot [38].
The composition values for the eutectic have been reported in
a narrow range between 39.8 and 41.0 at.% Cu [33,35,39]. The
value of 39.9 at.% Cu selected in this study has an uncertainty of
less than 0.2 at.% [37]. The composition of the Ag–Cu alloy used
was confirmed by chemical analysis using ICP-OES (inductively
coupled plasma optical emission spectrometry).
3.2. Lamellar versus ﬁbrous growth

Fig. 1. Schematic of the directional solidification setup.

The directional solidification of silver–copper eutectics produced a mixture of fibrous and lamellar microstructures.
According to the theory of crystal growth [40], the morphology
of the eutectic structure depends upon the volume fractions of
the eutectic phases. At high volume fractions Vf of both phases
(Vf > π−1 ≈ 0.318) there is a marked preference for the formation of lamellar structures. On the other hand, if one phase is
present in a small volume fraction (Vf < π−1 ≈ 0.318), there is a
strong tendency to form fibres of that phase. Applying the lever
rule, volume fractions of the phases for the Ag–Cu eutectic are
calculated to be 31.8 vol.% of Cu and 62.1 vol.% of Ag. Among
all systems the Ag–Cu system matches best the theoretical value
of π−1 . The fact that contiguous grains in directionally solidified
alloys often show quite different morphologies is an important
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observation related to the orientation relationships, the implications of which are often insufficiently considered. A plausible
explanation for the observed difference in morphology is that the
orientation relationships between the phases are different in the
two grains. According to Hunt and Chilton [41] the preferential
morphology is the one that grows with the least undercooling. In
an approximate calculation they showed that the undercooling
for fibres is less than that for lamellae when the volume fraction
of the fibrous phase (Vf ) is
 2
σL
(1)
Vf < π
σF
where σ L is the interphase energy per unit area between the
lamellae, and σ F is the interphase energy per unit area around the
fibres. In the case of interphase energy anisotropy and volume
fractions near the critical one, σ L may be small enough – for
some crystallographic orientations and growth directions – for
lamellae to be formed, but for other conditions σ L approaches
σ F , and therefore fibres are formed.
3.3. Quantitative evaluation of the microstructure
Some cells of the samples evidenced a regular hexagonal
arrangement of copper fibres within the silver matrix and an
example of which is shown in Fig. 2. The copper appears darker
than the silver in this SEM image. The hexagonal pattern is often
observed in self-organizing systems under diffusion control, e.g.
in the formation of porous anodic aluminium. The initial copper
wires try to achieve a circular cross-section in order to minimise
their surface energy, and at the same time they are competing
with each other to collect the copper atoms from the undercooled
zone. Thus they tend to minimise the interfibre distance for this
diffusion-controlled process. The densest packing of circles in
a plane is a hexagonal packing. A quantitative measure of how
closely this ideal structure has been achieved can be derived from
the distribution function of the number of nearest neighbours
for each fibre. This figure was analyzed by converting it to a
binary image and using a MATLAB script to sum up the pixels

Fig. 3. Histogram of the cross-sectional areas of the copper fibres. Areas were
calculated by converting this figure to a binary image and using MATLAB
software to sum the pixels of the wires cross-sections.

of the wires cross-sections. The result of this analysis is shown
in the histogram (Fig. 3) that classifies all wires between 0.14
and 0.32 m2 with an average at 0.21 m2 . Approximating the
wires’ cross-sections as circles, the wire diameter would range
from 420 to 640 nm with an average of 520 nm for a growth rate
of 25 m s−1 . The results are summarized in Table 1.
3.4. Comparison of the chemical reactivity
In previous studies the selective dissolution of either of the
phases of a directionally solidified material was possible because
of strong differences in their chemical behaviour [25–27]. In the
present case, however, the chemistry of the two pure phases Cu
and Ag is very similar. Both phases are pure elements in the
copper group, the first sub group of the PSE.
Copper and silver are also known as coinage metals because,
historically, their resistance to corrosion has made them suitable for producing coins. This resistance to corrosion can be
attributed to their nobility. This results both, from the closed
d-shell and the higher nuclear charge (compared to the period’s
alkali metal) which attracts the single valence s-electron. The
d-shell does not adequately shield the valence s-electron, nor is
there a second electron in the orbital as in the Zn group, so it
requires considerable energy to remove the valence s-electron
and corrode these metals. As expected, the nobility increases
with increasing nuclear charge and is higher for silver with
◦
a standard potential of EAg/Ag
+ = +0.799 V as compared to
◦
ECu/Cu2+ = +0.337 V. This difference in potential as well as the
fact that a d-electron can be more easily employed as a valence
electron in the case of copper (d9 -configuration) is the starting
point for the electrochemical separation.
Table 1
Geometrical details of the different solidification batches

Fig. 2. SEM image of the polished cross-section of the directionally solidified
eutectic. The dark circles are the cross-sections of the copper fibres that are
embedded in the lighter silver matrix.

Growth rate,
V (mm h−1 )

Growth rate,
V (m s−1 )

Fibre diameter, a
(nm)

a2 V
(m3 s−1 )

245
91
53

68.1
25.0
14.7

318
526
685

6.9 × 10−18
6.9 × 10−18
6.9 × 10−18
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Fig. 4. Combined Pourbaix diagram for silver and copper. The grey asterisk
indicates the electrochemical conditions used to produce silver nanopits. The
brown asterisk indicates the conditions used to produce copper nanowires. The
lines were calculated for a concentration of 10−5 mol l−1 . (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of the article.)

The combined Pourbaix diagram as shown in Fig. 4 is a superposition of the diagrams for copper and silver and was used as
a guide for choosing conditions for electrochemical processing.
Ignoring kinetics, Pourbaix calculated the domains of these diagrams using the Nernst equation and thermodynamic data [42],
so the combined Pourbaix diagram served only as a starting
point in the search for appropriate conditions. An idea of the
cell’s ideal behaviour can be obtained by applying the Nernst
equation:
E = E◦ +

RT aox
ln
nF ared

(2)

in which E is the cell potential; E◦ the standard potential of the
metal in question; R the ideal gas constant; T the temperature
in Kelvin; n the number of electrons in the half-reaction; F the
Faraday’s constant, and aox and ared are the activities of the
oxidized and reduced species, respectively. For a solid metal the
activity would be that of a pure phase, which is by definition 1.
For very small nano-structures however, this value will approach
more and more that of an alloy, or in this case the volume fraction
of the metal [43].
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Fig. 5. SEM image of micropits in the silver matrix. The copper wires were
dissolved electrochemically.

layers formed to coat the surfaces of the metals. Dissolution proceeded with the sky-blue tinting of the electrolyte characteristic
of hydrated cupric cations (Figs. 5 and 6).
3.6. Selective dissolution of silver
Selective dissolution of the silver matrix occurred in 0.1 M
borate buffer, pH 9.2, at 0.7 V (SHE), and was achieved through
the passivation of the copper with oxide layers and the dissolution of the silver oxide formed concurrently. At anodic potentials
in alkaline solution (pH 9.2) copper initially formed a layer of
cuprous oxide, part of which then oxidized further to create a
second layer of either cupric oxide or cupric hydroxide [44].
This bilayer effectively passivated the copper, preventing further oxidation and dissolution of the fibres. Meanwhile, a silver
oxide was also formed but did not passivate the surface. During dissolution, a greyish-white substance precipitated from the
sample, presumably argentous oxide. Samples were dissolved
in steps totalling from 8 to 48 h. Dissolution of the silver matrix
left protruding copper wires embedded in the sample. Diameters of the arrayed wires ranged from 300 nm (Fig. 7) to 650 nm
(Fig. 8), with lengths of up to several microns. The length of the

3.5. Selective dissolution of copper
◦
In the case of copper dissolution, with E(Cu/Cu
2+ ) =
◦
+0.337 V and E(Cu/Cu2+ ) = +0.500 V, the activity of the oxi-

dized species, Cu2+ , would be formally calculated to be
3.2 × 105 M. Such a concentration is impossible, but it suggests
that the concentration of cupric ions would be thermodynamically driven to its maximum to ensure that the copper dissolution
falls under kinetic control.
The greater nobility of silver made the selective dissolution of
copper relatively straightforward. Selective dissolution of copper occurred in 1.0 M acetate buffer, pH 6.0, at 0.5 V (SHE).
The dissolution is assumed to occur by the direct oxidation of
the copper at a potential insufficient for oxidizing the silver.
As the acetate salts of both metals are sufficiently soluble, no

Fig. 6. SEM image of dissolved lamellar copper structures. The deposits on the
sample could be removed by ultrasonification in pure water.

328

S. Brittman et al. / Electrochimica Acta 53 (2007) 324–329

for the production of a porous silver matrix was straightforward
at pH 6.0 and 0.5 V (SHE) the route to dissolving silver selectively was less obvious. However, at pH 9.2 and 0.7 V (SHE)
the driving force is sufficient for both metals to be oxidized, in
case of copper the rate is sufficiently high to allow the copper to
passivate while silver dissolves slowly.
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Fig. 8. Exposed copper wires after dissolution of the silver matrix for time
segments totalling nearly 48 h. The wires have diameters of approximately
300 nm.

wires could be controlled by the dissolution time, with a longer
time exposing longer wires from the matrix [45].
4. Conclusions
The results of this study demonstrate clearly, that the directional solidification of the silver copper eutectic leads to a
nano-structured material consisting of Cu nanowires and lamellae in a silver matrix. This silver copper system with 31.8 vol.%
Cu is a borderline case between lamellar systems with a symmetric composition and fibrous systems with asymmetric volume
fractions. This is seen in the fact that copper forms both,
lamellae and fibres in the same sample. For this system the
crystallographic orientation relationship between the two solid
phases will steer into either of both structures, depending on
the corresponding structural undercooling and compositional
undercooling. The important proportionality factor a2 V was
quantitatively determined to be 6.9 × 10−18 m3 s−1 .
Favourable working points for the selective dissolution of
either of the phases were derived from a combined Pourbaix
diagram. Whereas the dissolution of the less noble copper wires
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