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Critical currents of in situ formed 
multifilamentary Cu-Nb3 Sn composites 
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Critical current densities of in situ formed Cu-Nb3Sn composites with discontinuous fila- 
ments were measured as a function of superconducting volume fraction, matrix resistivity, 
area reduction ratio, and applied magnetic field. In agreement with recent modelling by 
Tinkham and co-workers, the effective superconducting volume fraction in a given com- 
posite was found to be field-dependent, necessitating the distinction between micro- 
structural and electrical percolation. In composites with a low filament volume fraction, 
proximity effect coupling, controlled by matrix resistivity, was found to be the dominant 
factor determining both the composite remnant resistivity and the critical current density. 
For sufficiently high filament volume fractions and area reduction ratios, the remnant 
resistivities fall below the level of detection, as predicted by theory, and critical current 
densities become comparable to those of continuous filament composites. SEM, TEM, 
and STEM analysis reveal a dense distribution of submicron, ribbon-like Nb3Sn filaments 
in relatively pure Cu matrix. The microstructure of the filaments is equi-axed with an 
average grain size of -~ 400 ~., ensuring effective flux pinning. 

1. Introduction 
A number of recent investigations on in s i tu  

formed Cu-Nb-Sn superconducting composites 
[1-5] have demonstrated that these conductors 
are interesting not only as model systems for the 
study Of transport properties in multiphase 
materials but also as practical conductors. Besides 
high critical temperature, Te, and critical current 
density, Je, we recently reported on two other 
important aspects of these composites related to 
their stability: high resistance to plastic defor- 
mation and extremely low matrix resistivity [2]. 

The mechanisms which lead to a vanishingly 
small resistance in these conductors with discon-  

t i nuous  filaments are not yet fully understood. 
Tsuei [6] suggested that proximity effect might 
play an important role in interfilament coupling; 
on the other hand, Davidson e t  al. [7] demon- 
strated, by means of a simple geometrical model, 
that for sufficiently large reductions in cross- 
sectional area, the composite resistivity would be 
undetectable even if the matrix remains completely 
normal. Some of the experimental features they 
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observed suggested a percolation threshold, attri- 
buted indirectly to the proximity effect. Other 
explanations include the existence of supercon- 
ducting bridges due to the presence of small super- 
conducting precipitates between the filaments [8] 
and a physically interconnected filament network 
above the percolation threshold [ 7, 9]. 

In this paper we report results on in s i tu  formed 
composites containing superconducting volume 
fractions both above and below the predicted [ 10, 
11] percolation threshold (15-+2vo1%). This 
allows us to look both at the regime well below 
the percolation threshold where measured remnant 
resistivities are of interest and at the high filament 
volume fraction regime where high critical current 
densities, comparable to those found in the best 
continuous filament composites, are observed. 

2. Experimental details 
The experimental procedure was essentially the 
same as that described in greater detail elsewhere 
[2, 12]. Samples were prepared metallurgically by 
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Figure 1 Scanning electron micrograph of a transverse cross-section of a 0.53 mm diameter Cu88Nb~oSn 2 composite 
wire, etched lightly to reveal the ribbonqike filaments. 

melting together the three constituent elements 
using an r.f. levitation melting technique which 
ensured adequate mixing. The final melting of 
each of the 10 to 12g charges was performed in a 
vertical water-cooled container, again using r.f. 
heating, which provided a controlled cooling rate 
on the order of 500 ~ C sec -1 . The ingots, consisting 
of an array of niobium precipitates in a surrounding 
copper- t in  matrix, were then swaged and drawn 
down to cross-sectional area reductions varying 
from 40 to 160. Finally, in order to form the 
Nb3Sn layer, the wires were heat-treated at either 
650 or 700 ~ C for times ranging from 12 to 48 h. 

Optical microscopy was used on unreduced 
ingots to determine both the uniformity and size 
distribution of the precipitates. The final wires 
were polished and lightly etched to remove a layer 
of matrix material and then examined in a scanning 
electron microscope. Samples from both the 
annealed and unannealed wires were mechanically 
polished to a thickness of 50#m and then thinned 
in an ion micro-miller for observation in a trans- 
mission electron microscope. 

The current-voltage characteristics of each of 
the annealed wires were determined as a function 
of applied transverse magnetic field using a 150 kG 
solenoid. Contact heating precluded measurements 

in the lowest fields due to the excessively high 
currents. The overall critical current density, Jo, 
was defined as the current at which the voltage 
drop across 8 mm of the wire exceeded 1 ~V (the 
lowest voltage detectable above the magnet- 
induced voltage noise), normalized to the entire 
cross-section of the wire. In wires with a low 
volume fraction of superconductor where remnant 
resistance was clearly observed even at zero 
current, the value of critical current used for com- 
parison was the point at which the I--V curve 
departed by 1/~V from the linear resistive baseline. 

3. Results and discussion 
Fig. 1 shows a scanning electron micrograph of a 
C u - N b - S n  composite after mechanical reduction 
to a wire 0.53 mm diameter. The etched surface 
reveals a uniform, dense distribution of Nb-Sn  
filaments with a ribbon4ike shape, indicative of a 
plane-strain deformation mode during mechanical  
reduction [12]. The filaments, as seen in Fig. 1, 
have a smaller effective diameter than in the case 
of axially symmetric flow and the diffusion dis- 
tances are correspondingly shorter. This allows for 
short annealing times at relatively low tempera- 
tures and, in turn, small grain size. Since the flux- 
pinning force in most A-15 compounds, including 
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Figure 2 Transmission electron micrograph of an annealed Cu84Nb12.sSn3.s composite showing the fine, equi-axed 
grain structure in the filamentary material. The diffraction patterns are from the copper matrix and the Nb3Sn ftlament. 

NbaSn, where the primary source of pinning are 
grain boundaries, is inversely proportional to the 
grain size, high critical currents should be expected 
in such materials with extremely fine microstruc- 
ture. 

Fig. 2 shows a transmission electron micrograph 
of a C u - N b - S n  composite, 0 .51mm diameter, 
after annealing at 650~ for 48h. The Nb3Sn 
grains appear to be equi-axed with an average grain 
size of "- 400 A, considerably smaller than in con- 
ventional composite tapes or wires. The broad 
beam diffraction pattern from the Nb3Sn filament 
is compatible with the A-15 structure; it shows no 
significant preferred orientation in contrast to the 
case prior to annealing in which the niobium fila- 
ments possess a well-defined (1 1 0) orientation 
due to texture formation. The diffraction pattern 
and the contrast from the matrix in Fig. 2 are 
typical for recrystallized material. The X-ray 
analysis and element mapping obtained by scan- 
ning-transmission electron microscope (Fig. 3) 
show that in the annealed specimens, essentially all 

the tin has diffused from the matrix into ~he fila- 
ments to form Nb3Sn, the signal from tin being at 
the background noise level. This observation is 
consistent with the measurements of residual elec- 
trical resistivity which will be discussed later. 

The critical current density results are sum- 
marized in Table I. For comparison, the highest 
Jc values obtained in our previous study of 
CussNbl0Sn2 and CusT.sNbloSn2.s composites are 
also included (specimens 1 t - 1 4 ) .  

It is clear that Jc increases significantly by 
increasing both the volume fraction of niobium 
and the initial tin content in the matrix. By keep- 
ing the niobium content constant at 10 at. % and 
increasing the tin concentration by only �89 (from 
2.5 to 3 at. %), Jc increases .by almost a factor of 
two at high fields, with a smaller yet still significant 
increase at lower fields. This is at least partially due 
to the fact that the superconducting filaments in 
the CusvNbloSn 3 sample are much closer to the 
ideal 3:1 niobium-to-tin ratio. 

Increasing the niobium content has an even 
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Figure 3 Scanning transmission electron micrograph, (a) of the area shown in Fig. 2, and the corresponding elemental 
maps for (b) copper, (c) niobium and (d) tin. At the top of the figure are X-ray energy dispersive analysis spectra from 
the centre of the filament (left) and matrix (right). 

more pronounced effect on the current carrying 
capacity of  these wires; the highest Je values for 
the Cus4Nb12.sSns.s samples are a factor of  five 
above the best 10at .% Nb values reported pre- 
viously [2] .  In fact, the overall critical current 
density o f  the best in situ composites measured 
here is comparable to that of  conventional contin- 
uous-filament Cu-Nb3Sn conductors and can 
possibly be further improved. More important, 

both the matrix conductivity and the mechanical 
strength are significantly higher than the values 
reported in the literature for conventional com- 
posites. In the case of  the better Cus4Nb12.sSn3.s 
samples, the low temperature matrix resistivity 
values, listed in Table I, are ~ 0.2/z~ era, appreci- 
ably lower than reported values for in situ com- 
posites formed by external diffusion [5] ,  and 
about a factor o f  20 lower than in conventional 
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Cu-Nb3Sn composites. This difference represents 
a key advantage in terms of the overall stability of 
the composite as supplied by the surrounding 
matrix. In addition, because of the strengthening 
mechanisms which come into play when the fila- 
ment diameter and interfilament spacing become 
sufficiently small, the mechanical properties of 
these in situ composites are greatly improved over 
their conventional counterparts [2, 12]. 

Before turning to the results for the Cu~aNbsSn3 
composition, which was chosen to study the 
characteristics of an in situ formed composite 
below the superconducting percolation threshold, 
it is important at this point to make the distinc- 
tion between microstructural and electrical percol- 
ation. Microstructural percolation requires a con- 
tinuous path of Nb-Nb3Sn material from one end 
of the conductor to the other, whereas electrical 
percolation merely requires a continuous path of 
"superconducting" material, where some of the 
surrounding copper-t in matrix falls into this 
"superconducting" category because of the prox- 
mity effect. Since for the high aspect ratio fila- 
ments considered in this study this extra sheath of 
proximity-effect-induced superconducting Cu-Sn 
around each filament can be comparable in volume 
to the actual filament material, one would expect 
the threshold for electrical percolation to occur at 
a considerably lower filament volume fraction 
than the threshold for microstructural percolation. 
The degree of the discrepancy between the two 
depends primarily on the matrix coherence length 
which is a function of the mean free path in the 
matrix material. A study of these effects in Cu-  
Nb in situ formed composites is covered by Lobb 
et al. elsewhere [13]. 

Only slightly above the threshold, percolation 
theory predicts not just one but many continuous 
paths through the Nb-Sn material. One therefore 
expects to find a sponge-like, interconnected net- 
work of filamentary material throughout the com- 
posite. However, when the composites considered 
in the present study are etched until the matrix 
material is completely dissolved, the individual 
filaments fan out away from one another in a 
brush-like fashion [ 2], indicating the lack of such 
cross-linkage or sponge-like interconnections. This 
behaviour was observed even in the composites 
with the highest volume fraction of filaments, thus 
placing the microstructural percolation threshold 
above 18.2vo1% Nb (12.5 at.%). 

It should be noted that the theoretically pre- 
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dicted percolation threshold of 15-+ 2vo1% is 
based on an idealized random system. For a real 
system, such as Cu-Nb or Cu-Nb-Sn ,  this value 
can be much higher because during the formation 
of the dendritic structure, contact between adja- 
cent precipitates is discouraged. However, precipi- 
tation kinetics can be altered drastically in the 
presence of small amounts of impurities, such as 
carbon or oxygen. Verhoeven et al. [5] investi- 
gated this effect in detail by melting Cu-Nb alloys 
in different types of crucibles followed by chill- 
casting. They observed a variety of microstructures 
ranging from a "flower-like" configuration of Nb 
particles when using graphite crucibles, as pre- 
viously reported by Roberge and co-workers [9, 
14] to a dendrite morphology, similar to ours, 
when using thoria crucibles. The difference in the 
observed microstructures was correlated with the 
impurity content and supports our earlier conten- 
tion [15] that the microstructural percolation 
threshold in Cu-Nb is not a well-defined value but 
depends sensitively on a number of experimental 
parameters such as quenching rate, impurity con- 
centration, etc. Such considerations are clearly 
important when evaluating properties such as a.c. 
losses and stability. 

As discussed above, the electrical percolation 
threshold is a strong function of the degree of 
proximity effect coupling and hence dependent 
upon the electron mean free path in the matrix. 
Davidson and co-workers [7, 16, 17] were able 
to detect, using a very sensitive SQUID voltmeter, 
a remnant resistance plateau in the resistance versus 
temperature curves for a Cu93.sNbsSnl.s compo- 
site, but saw no such plateau in a Cuss.sNbloSn~.s 
composite, presumably indicating electrical perco- 
lation. In order to look at the high-current behav- 
iour of composites clearly below this electrical 
percolation threshold, we prepared a new series of 
samples with the composition Cu92NbsSn3. The 
excessive amount of tin was chosen to ensure a 
"dirty" matrix after annealing, thus further reduc- 
ing proximity effect coupling. 

The result is a qualitative change in the shape of 
t h e / -  V curves of the wires of this composition as 
compared to the higher fdament volume fraction 
samples. Instead of remaining fiat up to very high 
current densities, the curves for the wires with 
only 5 at. % Nb (7.6 vol %) display a positive slope 
already at the origin, indicative of a remnant resis- 
tivity, PREM- 

The values of the zero field remnant resistivity 



T A B L E I I Zero-field remnant resistivities 

Diameter Annealing Reduction Normal state (H=O) DBT theory* 
PREM 

(ram) time ratio composite resistivity (~2 cm) P o 
at 650 ~ C R Po [s R3 
(h) (A/Ao) (10 -6 D. cm) 

0.51 12 160 4.1 < 1.2 X 10 T M  1.3 X 10 -11 
0.51 24 160 2.7 < 1.7 X 10 -11 8.7 X 10 -12 
0.51 48 160 1.7 < 2X10 -11 5.5X10 -12 
0.76 12 70 6.4 2.5 X 10 -s 2.5 X 10 -1~ 
0.76 24 70 6.2 < 8 X 10 -8 2.4 X 10 -1~ 
0.76 48 70 5.8 < 1.1 X 10 -8 2.2 X 10 -1~ 
1.02 12 40 7.3 7.7 X 10 -9 1.5 X 10 -9 
1.02 24 40 7.2 9.4 • 10 -8 1.5 X 10 -9 
1.02 48 40 6.7 3 3 X 10 -s 1.4 X 10 -9 

* fs, the superconducting volume fraction, is assumed to be the original volume fraction of Nb, i.e. 0.076. 

106= , , , ~ ,  , , g ' ' , , 

2 

ld 7 
02 

o z / 48 h at 650~ 
/ 

- g  

0 50  100 150 
H(kG] 

Figure 4 Remnant resistivity below the superconductive 
transition as a function of applied transverse magnetic 
field in a 1 mm diameter composite containing only 5 at. % 
niobium. 

for each of the 5 at.% Nb specimens tested are 

listed in Table II. These values are compared with 
the predictions of the theory of Davidson et al. 
[7] in which these discontinuous-filament compo- 
sites are modelled by a regular three-dimensional 

array of finite-length superconducting rods 

embedded in a normal matrix. Such a model is 

clearly an oversimplification and is intended more 

to predict qualitatively the dependence of O•EM 
on composite area reduction, R, than to give its 
exact value. Still, as is evident in Table II, the 
absolute values for the remnant resistivity pre- 

dicted by the theory are in general order of mag- 
nitude agreementwi th  the experimental values we 
measured. The agreement is even better if the 

1.0( 
J 
X 

9 o.~ 
taJ 
la- 

O 0.( 
Ld 
N 

0.4 

0 . 2 -  

~K 
U. 0 . 0  

0 

Cu92 Nb5 Sn 3 

4 8  h at 6 5 0 ~  

0 ~ 0  A =dc(H) /dc(H=O)  0 = f s ( H ) / f s ( H = O )  

. . . .  

50 100 150 
H(kG) 

Figure 5 The computed normalized values offs , the effec- 
tive superconducting volume fraction (open circles), as a 
function of field for the same specimen as that in Fig. 4, 
plotted together with the corresponding normalized are 
values (open triangles). 

correction is made for the experimental observation 
that, during the early stages of reduction, the 

niobium precipitates deform at a lower rate than 
the surrounding matrix material. Our samples do 
not span a wide enough range of reduction, 

because of the rapid work-hardening of the 
copper - t in  matrix, to test the 1JR 3 dependence. 

The determination of PREM from the I - V  
curves allows us to measure this quanti ty also as a 
function of applied magnetic field. Fig. 4 shows 

that,  with increasing field, PREM increases appreci- 
ably, as one would expect. The applied field both 

weakens the proximity effect coupling and drives 
normal the "weaker", off-stoichiometric Nb3Sn, 
thus causing the transport current to traverse 

more normal material. Within the context of the 

Davidson-Beas ley-Tinkham theory mentioned 

above, which predicts that 
Po 

PREM = f s R  ~ , 
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one could think of this effect simply as the result 
of a decreasing superconducting volume fraction, 
fs, due to the effects mentioned above. At low 
temperatures, the magnetoresistance effect in pure 
metals in high fields can be significant (a factor of 
4 for Cu at 150kG [19]). However, in the present 
composites, where the electron mean free path is 
much shorter due to the dirty matrix, the effect is 
only on the order of a few per cent, and hence P0, 
the normal-state composite resistivity, can effec- 
tively be considered a constant. Under these 
simple assumptions, we can then generate a curve 
of the effective fs as a function of field, with the 
individual data points shown as open circles in Fig. 
5. As indicated by the open triangles in the same 
figure, the normalized critical current density, 
defined earlier as the point of departure from the 
initial remnant resistivity baseline, follows the 
same functional dependence as the computed fs- 
Upon further reduction the normal state resistivity 
of wires of this composition gradually decreases 
(see Table II) while the remnant resistivity falls 
precipitously below the level of detection. The 
accompanying rapid increase in Je by about two 
orders of magnitude strongly suggests that the 
current carrying capacity of these composites 
depends more on proximity effect coupling, 
dictated by the properties of the matrix, than 
on the characteristics of the superconducting 
filamentary material itself. 

In conclusion, an analysis of the I -  V curves of 
the in situ composites with a low volume fraction 
of superconducting filaments and low area- 
reduction ratios clearly indicates that the proxi- 
mity effect plays an important role in the trans- 
port behaviour of these materials. In composites 
with higher filament volume fraction reduced to 
smaller size, the remnant resistivity drops to 
undetectable values, and the overall critical 
current densities compare favourably with those 
of conventional composites. In addition, excellent 
mechanical properties and high matrix conduc- 
tivity should provide high overall stability - an 
important requirement for practical applications. 
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