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Abstract—The type-11 superconducting properties of heavily deformed Cu-Ag—Nb wires, containing only
4 wt% (4.18 vol.%) of elongated Nb filaments as a separate superconducting phase, were investigated as a
function of microstructure, temperature, total wire strain, and external magnetic fields. The microstructure
of the wires was examined using optical and electron microscopy. The experimental observation of the
proximity effect, i.e. of the penetration of the superconducting state into the normal resistive Cu—Ag matrix
leading to bulk-superconductivity, is explained in terms of the experimentally determined topology of the
microstructure in conjunction with Ginzburg-Landau theory. The pronounced drop of the critical tempera-
ture and of the critical magnetic field with increasing wire strain is explained in terms of the reduced thick-
ness of the ductile Nb filaments which is at large strains of the order of the Ginzburg-Landau correlation
length in Nb. © 1999 Acta Metallurgica Inc. Published by Elsevier Science Ltd. All rights reserved.

1. INTRODUCTION

Ternary metal matrix composites consisting of Cu
as matrix metal, a non-soluble body-centered cubic
refractory metal such as Nb or Cr as a second
phase, and face-centered cubic Ag as a precipitated
second phase, Cu—Ag eutectic, or solid Cu—Ag sol-
ution, represent a recently introduced class of func-
tional materials with high strength and high
resistive conductivity [1-3] for applications
robotics and high field magnet design [4-8]. Since
alloys consisting of Cu, Nb, and Ag are very ductile
at room temperature, fiber reinforced metal matrix
composite wires or foils can be produced by an in
situ process, i.e. by melting, casting, swaging, and
heavy wire drawing or cold rolling. The process can
be complemented by an adequate heat treatment
for optimizing the precipitation state of the Ag.
Composites containing 8.2 wt% Ag and 4 wt% Nb
(Cu balance) were observed to provide an optimal
profile in terms of mechanical response, process
technology, and electrical properties [1-3]. During
the imposed large degrees of deformation both the
Nb and the precipitated Ag gradually form into
thin elongated filaments. After very large true (log-
arithmic) wire strains of up to #=10.5
[n =In(A4y/A) where A is the actual wire cross sec-
tion and A, the initial wire cross section], filaments
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with an average thickness of only a few nanometers
can be observed.

Whilst the mechanical and resistive electromag-
netic properties of heavily drawn Cu—8.2 wt% Ag—
4 wt% Nb composite wires have been the subject of
recent studies [1-3], their unusual superconducting
properties have not yet been investigated. In this
context two experimental observations attract par-
ticular attention, namely, first, the pronounced
proximity effect and second, the strong influence of
microstructure on the stability of the superconduct-
ing state in this material. The proximity effect,
which phenomenologically describes the electronic
influence that superconductors and normal resistive
metals exert on each other across a common
interface, manifests itself in the fact that a
composite, which contains only 4 wt% (4 wt%
Nb = 4.18 vol.% Nb) of the type-II superconduct-
ing Nb phase, shows a transition from the normal
to the superconducting state at a critical tempera-
ture close to that of pure Nb [7.(Nb) = 9.2 K]. The
strong influence of the filament morphology and
topology on the stability of the superconducting
regime is evident from the observed drop of the
critical temperature and of the critical magnetic
field with increasing wire strain at constant sample
current density.

In view of these observations, the objective of
this paper is the investigation of the superconduct-
ing properties of heavily wire drawn Cu-8.2 wt%
Ag—4 wt% Nb composite wires and the interpret-
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Fig. 1. Optical micrograph of the as-cast Cu-8.2 wt% Ag-4 wt% Nb sample. The dark areas are Nb.
The white areas are Cu—Ag eutectic and Ag precipitations.

ation of these properties on the basis of microstruc-
ture and Ginzburg—Landau theory.

2. WIRE MANUFACTURING

A Cu-8.2 wt% Ag—4 wt% Nb alloy was prepared
by inductive melting at a frequency of 10 kHz and
a generator power of 50 kW wusing a crucible of
high purity graphite. Due to the possibility of a
miscibility gap in the liquid phase resulting from
the presence of foreign interstitials, a peak tempera-
ture of 1830-1850°C was employed in order to
assure complete dissolution of the Nb. Cylindrical
ingots of 18 mm diameter were cast under Ar at-
mosphere at a pressure of 0.6 x 10° Pa into a pre-
heated mould of high purity graphite. From the as-
cast ingots cylindrical samples were prepared by
grinding and rotary swaging. Wires were sub-
sequently manufactured by drawing the cylindrical
samples through hard metal drawing bench dies
without intermediate annealing. The final minimum
wire thickness amounted to 0.1 mm corresponding
to a maximum true (logarithmic) wire strain of
n = 10.5. Further processing details were reported
in Refs [1,9, 10].

3. EXPERIMENTAL METHODS

The morphology and topology of the Cu, Ag,
and Nb in the Cu-82wt% Ag—4wt% Nb wires
were determined using optical microscopy, scanning
electron microscopy (SEM), and energy-disperse X-

TA reliable measurement of the Nb diameters between
n=29.5 and 10.5 is only possible by use of transmission
electron microscopy.

ray spectrometry (EDX). The morphology of iso-
lated Nb filaments was also investigated by use of
an etching technique, where the Cu and Ag were
dissolved by dilute nitric acid.

The resistivity of the wires was measured as a
function of wire strain (in the range n = 3.5-10.5),
temperature (in the range 4.2-300 K), and external
magnetic fields (in the range 0-1.2 T) by means of
the direct current (d.c.) four-probe technique using
a similar sample current density in each measure-
ment. This means that each conductivity measure-
ment was separately carried out on an individual
portion of wire with a length of 12-15cm which
had a given strain, i.e. a constant cross section. The
sample current was then chosen in accord with the
actual wire cross section in a way to obtain the
same sample current density for different measure-
ments independent of the sample diameter. The
data were taken continuously during cooling.

4. EXPERIMENTAL RESULTS

4.1. Microstructure

Figure 1 shows an optical micrograph of the as-
cast Cu-8.2 wt% Ag—4 wt% Nb sample. The dark
areas are Nb. The white areas are Cu—Ag eutectic
and Ag precipitations. After removing the Cu-
matrix and the Ag by etching, the Nb appears in
the form of Wulff polyhedra [Fig. 2(a)] and den-
drites [Fig. 2(b)]. Figure 3 shows some isolated Nb
filaments (matrix removed by etching) at a true wire
strain of # = 10.5. Figure 4 shows the average di-
ameter of the Nb filaments as a function of wire
straint between = 3.5 and 9.5. At large strains the
average Nb diameters were around or below
100 nm, e.g. dnp=113nm at 4 = 7, dnp=96 nm at
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Fig. 2. After removing the Cu-matrix and the Ag by etching, the Nb appears in the form of Wulff poly-
hedra (a) and dendrites (b).

n="75 dyw=8nm at n =28, dyp,=93nm at
n = 9.0, and dnp,=661nm at y = 9.5. The random
arrangement of the dendrites in the micrograph
(Fig. 3) is an artifact stemming from sample prep-
aration. In the as-drawn composite, where the Nb
is surrounded by Cu and Ag, the filaments are
aligned parallel to the wire drawing axis.

4.2. Electromagnetic properties

Figure 5 shows the electrical resistivity of Cu—
8.2 wt% Ag—4wt% Nb as a function of tempera-
ture and wire strain. The inner figure magnifies the
transition regime from the normal resistive to the
superconducting state. The diagrams show that the
normal state resistivity above the transition regime
increases with the degree of wire strain. In the tran-
sition regime the critical temperature of the wires
drops with increasing strain [Figs 5 and 6(a)], i.e.
with decreasing average diameter of the Nb fila-
ments [Fig. 6(b)]. The influence of strain and micro-
structure is even more pronounced for the decrease
of the critical magnetic field with increasing wire
strain [Fig. 6(c)] and decreasing average Nb diam-
eter [Fig. 6(d)]. The critical values of transition are
taken where the resistivity has fallen to 50% of the

normal conductive state. The range of transition
was defined as the gap between the onset and offset
values Tynser and Togser OF Bonser and Bogpser, rESpEct-
ively (T = temperature in K, B = magnetic field in
T). The various resistivity measurements were con-
ducted with similar sample current densities, inde-
pendent of the actual cross sections of the samples.
Figure 7 shows the transition regime for the pure
constituents Cu, Ag, and Nb.

5. APPLICATION OF GINZBURG-LANDAU
THEORY TO THE PROXIMITY EFFECT

Changes in the normal state conductivity of a
resistive metal due to the influence of an abutting
superconductor and changes in the superconduc-
tivity of a superconductor due to the influence of
an abutting resistive metal are referred to as proxi-
mity effects [11].

In the present case of Cu-8.2wt% Ag—4wt%
Nb wires which show bulk superconductivity, the
proximity effect can be used to explain the pen-
etration of the superconducting state that exists in
the Nb filaments into the normal resistive Cu—Ag
matrix which by itself does not have intrinsic super-
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Fig. 3. Some isolated Nb filaments (matrix removed by etching) at a true wire strain of # = 10.5. The
random arrangement of the dendrites stems from sample preparation. In the as-drawn composite,
where the Nb is surrounded by Cu and Ag, the filaments are aligned parallel to the wire drawing axis.

conducting properties. In this context it is of par-
ticular importance to understand how a composite
wire which contains only 4 wt% of the supercon-
ducting Nb phase (4 wt% Nb = 4.18 vol.% Nb)
can reveal transition from the normal to the super-
conducting state altogether at a temperature close
to the transition temperature of pure Nb
[T:(Nb) =9.2K]. Since no Nb filaments were
observed to have a length comparable to the dis-
tance between the voltage leads (12—15 cm) it is not
possible that a continuous connection of Nb fila-
ments existed over the distance examined. The
observed bulk superconductivity of the wires can
hence only be explained in terms of the occurrence
of weak links between the Nb filaments, i.e. in
terms of a local penetration of the superconducting
state into the Cu—Ag matrix (proximity effect).

The proximity effect can be predicted using
Ginzburg—Landau theory [12]. The order parameter
in the Ginzburg-Landau equation ¥ has the mean-
ing of the wave function of Cooper pairs present in
the Bose condensate. In the absence of an external
magnetic field in a bulk superconductor ¥ is inde-
pendent of spatial coordinates. Near the critical
temperature ¥ is small and the free energy density
g may be expanded into a Landau-typet series in
powers of |¥|?

1
SI¥P) = go +a¥P +5b¥ 1+ (1)

where a and b are coefficients which can be
expanded in powers of © = (T — T¢)/T,, where T is
the critical temperature. Following a model by
Abrikosov [13] one can now consider a supercon-
ductor (here: Nb) at a temperature slightly below
its transition temperature 7.(Nb), which has an

+The introduction of a quadratic term as basis for the
expansion is pertinent since the wave function is a com-
plex quantity whilst the energy is a real quantity.

interface with a normal resistive metal that either
does not become a superconductor at all (here: Cu—
Ag matrix) or has a critical temperature far below
T.(Nb). Neglecting at first the filament morphology
of the Nb we assume that the interface separates
two semi-infinite one-dimensional bulk metals (Nb
and Cu—Ag matrix). Abrikosov [13] showed that
for this case the integral of the Ginzburg-Landau
equation is

. 2N |

é(a) +¥ _E\P =5 2
where x is the spatial coordinate and ¢ the corre-
lation length, which is also referred to as the
Ginzburg-Landau parameter [12] or Pippard
coherence length [14]. The wave function Y
is expressed in units of W, = (x|t|/b)"* with
o=ajt = (aTl.)/(T — T.). The constant on the
right-hand side of equation (2) is derived from the
condition that in the bulk of the superconductor in
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Fig. 4. Average diameter of the Nb filaments as a function
of wire strain between n = 3.5 and 9.5.
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Fig. 5. Experimentally determined electrical resistivity of Cu—-8.2 wt% Ag—4 wt% Nb wires as a func-

tion of temperature and wire strain (showing wire strains between 7 and 10). The inner figure magnifies

the transition regime from the normal resistive to the superconducting state. The measurements were
conducted with similar sample current densities.

the absence of an external magnetic field, ¥ =1
and (d¥/dx) = 0. For a planar interface the bound-
ary condition assumes the form

av

1
a |, E‘P(O) (©)

where & is a correlation coefficient which can be
determined in the framework of Bardeen—Cooper—
Schrieffer theory [13,15]. Zaitsev [16] showed that
for pure superconductors & amounts to 0.6 - &,
where &, is the standard correlation length. &, can
be calculated according to &, = (0.187%vg)/(kgTe),
where 7 is Planck’s constant divided by 2z, vg the
Fermi velocity, and kg Boltzmann’s constant. The
solution of equation (2) assumes the form [13]

X — Xy
Y= tanh( ) 4
NG
The value of x; can be calculated from
ﬁx 0 sz
inh =——. 5
sin ( é ) = s)

The temperature dependence of the Ginzburg—
Landau parameter ¢ is given by

6T—>O (6)
VI=(T/T)

For temperatures close to 0 K the literature suggests
a value for the Ginzburg-Landau parameter of
39 nm [17-19]. Combining equations (4)—(6) then
allows one to calculate the proximity effect at an

«T) =

interface between the superconducting Nb phase
and the resistive Cu—Ag matrix (Fig. 8).

6. DISCUSSION

6.1. Basic physical phenomena

In the interpretation of the experimental data one
should distinguish between two physically different
phenomena, the first one being the proximity effect
which is held responsible for the existence of bulk
superconductivity in an alloy with only 4.18 vol.%
of the superconducting Nb phase (see Fig. 5) and
the second one being the pronounced decrease of
the critical temperature and of the critical magnetic
field with increasing wire strain (see Fig. 6).

6.2. Proximity effect

Since there were no Nb filaments observed to
have a length comparable to the distance between
the voltage leads it is not likely that a closed super-
conducting percolation path solely along the
Nb existed over the wire distance examined. The
average diameter of the Nb particles in the as-
cast state amounted to dnpx1481 nm [2]. This
means that in wires with a total strain of n =7
the average length of the Nb filaments was
INo(1=7 =R, -exp(n) =1.6mm. In contrast,
the voltage leads had a spacing of 120-150 mm.
This discrepancy is even more pronounced for
less deformed wires which had an average
filament length of only /Np(y =6)=0.6 mm and
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Fig. 6. Experimentally determined dependence of the critical temperature (a, b) and critical magnetic

field (c, d) on wire strain and average diameter of the Nb filaments, respectively. The critical values of

transition are taken where the resistivity has fallen to 50% of the normal conductive state. The range

of transition was defined as the gap between the onset and offset values Tyneer and Togger OF Bonser and

Borset» Tespectively (7 = temperature in K, B = magnetic field in T). The measurements were conducted
with similar sample current densities.

Ino(n = 5.5) = 0.36 mm. Nonetheless, samples of
both wires showed a pronounced transition to the
superconducting state (Fig. 9). The observed bulk-
superconductivity of the Cu-8.2wt% Ag—4wt%
Nb wires can thus only be attributed to the proxi-
mity effect, i.e. to the existence of weak links
between the isolated Nb filaments where the super-
conducting state penetrates the Cu—Ag matrix (see
Section 5).

The observation of weak links and their qualitat-
ive interpretation in terms of the proximity effect
was already made in previous studies which investi-
gated the resistivities of Cu based composites with
about 15-20 vol.% Nb [20-24]. However, due to its
low content of only 4.18 vol.% Nb, the explanation
of bulk superconductivity is, in the case of the pre-
sent alloy, less straightforward.

The analytical Ginzburg-Landau calculation
(Fig. 8) shows that the predicted penetration range
of the superconducting state into the Cu—Ag matrix
is of the order of 100 nm. At first view this result of
the calculation is not in good agreement with the
microstructural data, which suggest a much larger
average spacing between the neighboring parallel
superconducting Nb filaments. The average spacing

between the Nb filaments z‘f\‘}b can be fitted from ex-

perimental data [1-3]. The data for the samples
shown in Figs 5 and 9 are tﬁ}b(r/ =5.5) = 3297 nm,
A1t (n = 6) = 2708 nm, M (p = 7) = 2723 nm,
M (n =17.5) = 2314 nm, M (7 = 8) = 2191 nm,
M (1 =9)=2237nm, and A (n =9.5) = 1602 nm.
The clear result that the fitted spacings exceed the
proximity spacing, as predicted by Ginzburg—
Landau theory, for all examined wires by more
than one order of magnitude can be discussed in
terms of five aspects.

First, it was shown by Verhoeven et al. [25,26]
that filament data determined by use of SEM are at
large strains less accurate than those obtained by
use of transmission electron microscopy. It must
thus be taken into account, that the true average di-
ameters of the Nb filaments might at large strains
be smaller than those observed in the SEM and
that their average spacings might consequently be
lower than suggested by our fitted data. Second, it
may be assumed that the Nb filaments are not
exactly parallel so that their spacing might locally
be much smaller than the fitted data suggest. Third,
in cases where the current density is not too high,
the existence of a closed superconducting percola-
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Fig. 7. Experimentally determined electrical resistivity in the transition regime for the pure constituents
Cu, Ag, and Nb.

tion path along the Nb filaments is not only depen-
dent on the average spacings but on the minimum
occurring spacings between the Nb filaments. These
minimum spacings can be much smaller than the
average ones [2]. Fourth, it is conceivable that nor-
mal resistive Cu—Ag weak links existed between the
Nb filaments, the residual resistive contributions of
which were simply not detected due to the limited
precision of the d.c. four-probe technique. Fifth,
some limitations of the Ginzburg—Landau calcu-

Y2[1/¥2] 42K
1.0

Cu-Ag matrix

42K

lation might also explain the deviation, such as the
exact value for the Pippard coherence length, the
distance from the transition temperature of pure
Nb, and the fact that the Nb has no semi-infinite
extension.

6.3. Microstructure dependence of the critical tem-
perature and of the critical magnetic field

The observed drop of the critical temperature
and of the critical magnetic field with increasing

5K gk

9K

Nb phase

interface

-100 -50 0 50

100 150 200 250

distance from the interface [nm]

Fig. 8. Analytical Ginzburg-Landau calculation of the proximity effect at an interface between a one-

dimensional superconducting Nb phase and a one-dimensional resistive Cu—Ag matrix. The plot shows

the square of the order parameter in the Ginzburg-Landau equation ¥, which has the meaning of the

wave function of Cooper pairs present in the Bose condensate, in units of Wy = (a|t|/b)"/* with

o =a/t = (aT.)/(T — T.) where a and b are coefficients of the Landau-free-energy density form which

can be expanded in powers of t = (T — T)/T.. The result shows that the predicted penetration range
of the superconducting state into the Cu—Ag matrix is of the order of 100 nm.
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had an average filament length of only /Ny(y = 6) =
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of temperature and wire strain.

wire strain (see Fig. 6) cannot be explained on the
basis of the calculation presented in Fig. 8.
According to the proximity effect in the framework
of Ginzburg-Landau theory, an increase of the fila-
ment length with increasing wire strain should lead
to a better percolation and thus to a shift of the
critical temperature towards that of pure Nb.
However, this straightforward conclusion is in clear
contradiction to our data which show exactly the
opposite tendency (Figs 5, 6 and 9).

A likely explanation of this contradiction can be
found in the microstructure of the Nb filaments. It
is a well-known result of Ginzburg—Landau theory
that thin type-II superconducting filaments, which
have a thickness of the order of the correlation
length, first change from type-II to type-I supercon-
ductors and gradually, with increasing strain, cease
to be superconductive altogether [12,13]. A similar
effect was observed in a heavily rolled composite
with about 20 vol.% Nb [21,22]. For instance, at a
temperature of 5.7 K, which is the transition tem-
perature of wires with a total strain of n =9 [Figs 5
and 6(a)], the correlation length of Nb amounts to
63 nm. This value is indeed very close to the aver-
age filament diameter of 93 nm. A similar obser-
vation holds for the other samples. This means that
with increasing wire strain less and less Nb fila-
ments can contain Cooper pairs due to their insuffi-
cient thickness. This gradual loss in the
superconductivity of the Nb filaments entailing the
loss of the bulk superconductivity as a function of
their thickness distribution is well documented by
the smeared out transition regime, particularly of
the heavily deformed wires (see Fig. 5, small figure).

7. CONCLUSIONS

We investigated the superconducting properties
of heavily drawn Cu-8.2 wt% Ag—4 wt% Nb com-

posite wires as a function of microstructure, tem-
perature, total wire strain, and external magnetic
fields. The main observations and results are:

e The observed proximity effect, i.e. the penetration
of the superconducting state from the Nb fila-
ments into the normal resistive Cu—Ag matrix,
was explained in terms of the composite micro-
structure in conjunction with Ginzburg—Landau
theory.

e The pronounced drop of the critical temperature
and critical magnetic field with increasing wire
strain was explained in terms of the reduced
thickness of the ductile Nb filaments which is at
large strains of the order of the Ginzburg—
Landau correlation length in Nb.
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