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Calculation of the electrical resistivity of /n situ filamentary superconducting composite tapes
in the normal state taking the size effect into consideration is made. The interfilamentary
resistivity can be very large because of the size effect, but it can be shown that the transverse
resistivity does not significantly increase. Thus the eddy currents, which are responsible for
a large fraction of the a.c. losses cannot be suppressed. The longitudinal resistivity can be
suitably small in spite of the size effect, so all the current can be carried with small power
dissipation by the matrix if some regions of the superconductor are in the normal state. Size
effect is not seen to play an important role in /n situ filamentary superconducting tapes,
therefore it cannot be used for stabilization in these systems, as in continuous filamentary

superconducting tapes.
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The resistivity of multifilamentary superconducting wires
and tapes, in the normal state is one of the most important
parameters for the design and the optimization of a
superconducting system. When the multifilamentary con-
ductor goes to the normal state because of some irregu-
larities the current will be carried by the whole volume
of the conductor. For a decrease of the current consump-
tion in the superconducting filaments the longitudinal
resistivity of matrix of the multifilamentary wire had to
be smaller. In this case the important part of current
can be carried by the non-superconducting matrix. In a.c.
electrical or magnetic fields there is an essential contribu-
tion to energy losses from the arising eddy currents. These
currents flow in a transverse direction and to decrease
energy losses the transverse component of the normal
matrix had to be large to eliminate the eddy currents.
Thus the longitudinal resistivity, p;, of multifilamentary
superconducting composites in the normal state deter-
mines the current flow power dissipation, and the
transverse resistivity, p,, is an important parameter of
the composite superconductor in relation to the a.c.
losses. At present wires and tapes consisting of a few
thousand superconducting thin filaments in a normal
metal matrix with small residual resistivity are most
frequently used.

Several experimental and theoretical works on the
superconducting wires and tapes have been des-
cribed’ ~ ', but the importance of size effect on the normal
resistivity of such superconducting systems has only
recently been recognized. Drobin et al. developed a
method to directly measure the transverse and the
longitudinal resistivities of a normal matrix in commercial
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continuous multifilamentary superconducting wires and
tapes. They also investigated the size and proximity effects
in these systems!'2. There are several other methods for
the indirect determination of p; and p, (References 3 and
4). Taking into account the size effect, numerical calcula-
tions of p; and p, of the multifilamentary superconducting
wires in the normal state were performed>®. Other
authors also investigated the normal resistivity of these
wires and tapes considering the size effect” ~°.

If one of the dimensions of a conductor is smaller than
the bulk mean free path of the conducting electrons, then
the electrical resistivity rises because of the diffuse scat-
tering of the electrons on the boundary surfaces of the
conductor. This resistivity increase is called the size effect.
Size effect can play a more important role in the inter-
filamentary resistivity of granular or filamentary (in situ)
superconducting composites, because the superconduc-
ting filaments are closely associated in these systems.
Several studies have been made on the normal resistivity
of in situ filamentary superconducting composites'®~1°,
but the size effect on the electron transport in the normal
state has not yet been investigated in these systems.

The transverse resistivity of the matrix has to be as
large as possible to suppress the eddy currents, which are
responsible for a sizeable fraction of the a.c. losses. On
the other hand the longitudinal resistivity of the matrix
must be as small as possible, to minimize power dissipa-
tion and the concomitant temperature rise if some regions
of the superconductor suddenly return to the normal
state, when nearly all the current will be carried by the
matrix°.

In this work it is shown that for in situ filamentary
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superconducting composite tapes the transverse resis-
tivity of the matrix will not be large in spite of the fact
that the interfilamentary resistivity can be very large
because of the size effect. The longitudinal resistivity of
the matrix can be small even if the resistivity between the
filaments increases.

Interfilamentary resistivity increase due to
the size effect

Filamentary superconducting composites in which the
resistivity of the superconducting filaments in the normal
state is much larger than that of the matrix, and therefore
regarded as infinite, were investigated. In in situ filamen-
tary superconducting composite tapes the long flat fila-
ments are randomly distributed in a normal metal matrix.
A diffusive electron scattering at the matrix-supercon-
ductor interface in the normal state of superconductor
and an isotropic bulk electron mean free path is con-
sidered. Under these circumstances the Fuchs—Sond-
heimer—Lucas theory'” ~'° or the model in References 20
and 21 can be used to describe the increase in resistivity
between the overlapping filaments. On the basis of these
theories the interfilamentary resistivity is
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where p,, 4 and D are the resistivity of the bulk matrix,
the isotropic bulk electron mean free path and the
distance between the overlapping filaments, respectively.
Ifthe tape is very elongated and/or flattened the condition
D « A can be realized.

Calculation of the average bulk resistivity
considering the size effect

Using Carr’s cell model'>~ !4, an in situ filamentary
superconducting composite is considered as a continuum
with anisotropic properties averaged over the volume
containing the large number of superconducting fila-
ments. In this model only the resistivity of a uniform
cell is investigated, and the composite consists of uniform
cells. The average resistivity of the composite is equal to
the resistivity of one cell.

A uniform cell of the in situ filamentary superconduc-
ting composite tape can be seen in Figure 1 where x,, y,,
2y, 1, w,d, X -y are the side length of the uniform cell and
the filament in the directions x, y, z; and the area of the
overlapping interfilamentary region, respectively. The
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Figure 1 Two neighbouring superconducting filaments over-
lapped, the interfilamentary region of the matrix and a uniform cell
of the in situ composite
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ment is placed in the uniform cell coaxially. p,, p; and
p; are the resistivity of the matrix, the filament and the
overlapping interfilamentary region, respectively. The
resistivity p, will be taken as infinite, the resistivity p; is
increased by the size effect as can be seen in Equation
(1). The direction of elongation of the composite is the
direction of axis x; and the composite is flattened parallel
to the xy surface. It is assumed that [>»>w>d, so
significant size effect only occurs between the overlapping
Xy surfaces of the neighbouring filaments. The distri-
bution of the resistivity in a cell can be seen in Figure 2.
Assuming current lines parallel to surfaces, the average
resistivity of a uniform cell in the directions x, y, z is
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An in situ filamentary superconducting tape is elongated
and flattened from an initial granular superconducting
composite. For the elongation and the flattening the
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Figure 2 The distribution of the normal resistivity p(x, y, z) in a
cell of the composite. The origin of the system of co-ordinates is
the point 0
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following can be written

X1y12y = X3 = Iwd/c = IJ/c (6)
E:l/lo=x1/xo’ yl/x():W/lo’ Zl/xo=d/lo (7)
k=w/d ®)

where x,, I,, ¢, E, k are the initial side length of the
composite cell, the average grain size, the superconduct-
ing volume ratio, the degree of elongation and flattening,
respectively. From Equations (6), (7) and (8) we obtain

1=1,E, w=I(k/E)2, d = | (kE)~ /2
xy,=1,Ec™3 y, =1 ¢~ Y3(k/E)\/?
zy =l,c73(kE)™1? ©9)

The average resistivity of an uniform cell, using Equation
(9) in the x, y, z directions is

Px= nylzl/xl = Rxlo/(Ezclla)
py = Ryxlzl/yl = RonE/(kCI/3)

pzzRZXIYI/Zl:RzlokEC_1/3 (10)

The filaments have a random distribution in the matrix.
This can be taken into account in the Carr’s model, so
an average overlapping area is assumed with the following
average side length.

x=nl y=nw (11)
Using Equations (3)(5) and Equations (9){(11) and
substituting p; = oo into Equations (3)5) the direction—

dependent average resistivity of the in situ filamentary
superconducting tape is determined

px= Py (1 —c'P)1 —c(n, —1)]

| — 13 -1
=) (12)
%+c"/3—nx
Po

py=puy(1 —c'P)1—c'n, —1)]
n(l — cl/3 ~1
{1 —¢'") 13)
MPi | -3y,
Po g
Pz = pu/(1—c*?) (14)

Since the composite is elongated in the direction x
(I>w > d), the longitudinal resistivity is described by the
expression for p,, and the transverse resistivity is des-
cribed by the expressions of p, and p,. It can be seen
that size effect is only important in the longitudinal
resistivity and the transverse resistivity of direction y.

In Carr’s model the average distance between the
overlapping filaments is

D=z, —d=I(KE)y""2 (c" "3 —1) (15)

Size effect occurs if D < 1. From Equations (1) and (13)
it can be seen that p,/p, > 1 when D « 4. D can be small
if kE> 1 at a given [ and c. So the size effect can increase
the interfilamentary resistivity for large elongation (E > 1)
and/or for large flattening (k > 1) of a composite. In the
case of large p,/p,, the following expressions can be given
for the average longitudinal resistivity and the transverse
resistivity of direction y

px=pp{(1 —c'?) ['P(1 —n)+ 17} (16)
py=puil =) [cP(1 —n)+ 17} 7" (17)

Taking into account n, = n,, because of the random
distribution of the initial grains in the matrix, p, and p,
are described by the same expression. So the requirement
for p, to be large while p, is small, cannot be realized.
When p, is small then p, is also small.

From Equations (14), (16) and (17) it can be seen that
the average resistivity of a composite only depends on
the superconducting volume ratio, so the size effect does
not have a significant role. Size effect can only change
the interfilamentary resistivity.

Conclusions

The interfilamentary normal resistivity can be very large
in in situ filamentary superconducting tapes because of
the size effect if elongation and flattening of the tape is
large. On the other hand the average normal transverse
resistivity cannot be large because of the size effect, so
the eddy currents, which are responsible for a sizeable
fraction of the a.c. losses cannot be suppressed. The
average normal longitudinal resistivity remains small for
a small superconducting volume ratio in spite of the size
effect, so all the current can be carried with small power
dissipation by the matrix if some regions of the super-
conductor go to normal state.

The size effect does not play a significant role in the
normal resistivity of in situ filamentary superconducting
tapes. So size effect cannot be used for stabilization as in
the case of conventional, continuous filamentary super-
conducting tapes or wires. This conclusion can be en-
forced by the difference of the structure of in situ and
multifilamentary superconducting tapes. In in situ super-
conducting tapes there is a random distribution of finite
filament sections and in this case the appropriate current
distribution does not take into account the parts of the
conductor with locally enlarged interfilamentary resis-
tivity. This can explain the insensitivity of the size effect
in in situ superconducting tapes.

The simple geometrical calculation of a uniform cell
can be based on the low concentration, ¢, of the super-
conducting filaments. In this case the current distribution
is very inhomogeneous between the cells because of their
random arrangement. The evaluation of this effect is a
percolation task described elsewhere. The inhomogeneity
of the current lines between the cells is more important
than that inside the cells, therefore almost homogeneous
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current lines parallel to the surfaces can be assumed inside
the cells.
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