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ABSTRACT

We report on our recent progress in the elaboration of silver sheathed high-Tc superconducting
wires. It is shown that careful optimization of the swaging and pressing stages leads to a
compacity of nearly 100 % for the green ceramic, which considerably reduces the problem of
its shrinkage in the silver clad during sintering, and consequently increases the critical current
density far above 103 A/cm2 at 77 K. Electrical and microstructural characterization of the wires
ore presented and compared with other published data. In particular, for both YBaCuO and
BiSrCaCuO ribbons, it is shown that the thinner the ribbon the higher the critical current
density. But this effect is much more pronounced for BiSrCaCuO because, due to partial
melting of the former ceramic during the elaboration process, there is a pronounced
enhancement of its texture as its thickness is reduced.
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INTRODUCTION

Ir is generally asserted that ribbons and wires of high-Tc superconducting ceramics would be of
a large practical interest if they were able to transport current densities of at least a few 104

A/cm2 at the liquid nitrogen temperature, under magnetic fields of a few teslas. If the single
crystalline grains of these ceramics individually, do have these capabilities, the best reported
performances for very short lengths (2 to 3 cm) of wires or ribbons are several tens times
lower. Consequently a lot of focussed fundamental research on the difficulties to overcome,
and a lot of test of possibly efficient solutions have to be carried out, on such short
superconductors, before the manufacturing of several hundred meters long superconducting
wires or ribbons can be considered as a realistic goal. To obtain the relevant informations, the
most popular route is to prepare the required specimens by the powder in tube technique [1-9].
In the present paper, we report on the current status of our researches in that field following that
route.

EXPERIMENTAL PROCEDURE

REBaCuO (RE = Y or Er) and also BiSrCaCuO powders of different grade were used as the
starting material. Some of these powders were poured in a latex clad and cold pressed
isostatically at pressures ranging from 300 to 500 MPa. After removing the clad, the rod so
obtained was machined with a lathe and thoroughly adjusted in a silver tube, the internal and
external diameters of which were respectively 5 and 7 mm. The tube was closed at its two tips
with a silver cork and swaged down, to make a silver sheathed wire of 1 mm in diameter and a
few meters in length. The wires were then cut into sections, of about 10 cm in length, and most
of them were subsequently annealed. For REBaCuO, sintering was carried out over 24 h at
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925 C in air, and re-oxygenation for 72 h at 450 C under 1,1 bar of flowing oxygen. Whereas
the BiSrCaCuO specimens were merely sintered for 30 h at 880 C. Some other parts were cold
pressed down to the thinnest possible section (> 100 (J.m), either before or after sintering.

ELECTRICAL CHARACTERIZATION

The electrical resistivity of the prepared wires was systematically measured as a function of
temperature under a helium atmosphere, using the well known four point probes technique with
direct current. By dissolving the silver sheath in a solution of 50% NHLjOH + 50% H2Û2, it
was determined that the diameter of the ceramic core was 0.7 mm. Hence, to get the apparent
resistivity data, the measured ohmic resistance were merely referred to the corresponding
section, assuming that the ceramic was perfectly compact. It is worth noting that under such an
hypothesis, the section of the ceramic is nearly equal to that of the silver, which allows a fast
but crude comparison between the resistivities of these two components of the wires. Because
the four copper wires used for the measurements were soft-soldered onto the silver sheath, the
electrical resistance measured is that of the ceramic in parallel with that of the silver sheath,
hence above the offset temperature the impinging current is divided between the ceramic and the
sheath. Consequently to get the genuine resistivity versus temperature curve, for a given
constant density of the current which actually flows through it, apparent data have to be twice
corrected. The same procedure was adopted for the ribbons, except that the average area
through which the current flows was determined on polished cross secdons.

Four typical apparent resistivity-temperature curves, corresponding to various densities of the
green body rod of YBa2Cu307, are shown in figure 1. Above 90 K, the apparent resistivity is
that of silver weighted by the ratio of the section of the ceramic core to that of the sheath (which
is nearly 1 as noted before). This is so because above 90 K, the ceramic which is in its normal
conducting state has a resistivity three orders of magnitude higher than that of silver. Beiow
90 K, the apparent resistivity of the wire drops, sharply for the two most compacted products,
and more slowly for the other two. Very similar results were obtained with ErBaoCusO?.
In order to determine the critical current density on the usual 1 |J.V/cm criterion, the specimens
were dipped into liquid nitrogen and the voltage drop was measured versus the current density
under normal atmospheric pressure (T ~ 77 K) and also under a reduced pressure (T ~ 63 K the
triple point of nitrogen). The twice corrected plot, giving the resistivity of our thinnest YBaCuO
ribbon (e = 80 (J.m) versus the current density flowing through it, is shown as figure 2, for two
temperatures : 77 and 63 K. The intersection of these two curves with the dashed line
corresponding to a voltage drop of 1 nV/cm gives a critical current density of about 1850 A/cm^
at 77 K and 3500 A/cm2 at 63 K.
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Fig. 1 : Plot of the resistivity versus temperature
of some wires prepared with YBCO powders
compacted to 60, 70 and ~ 95 % of the
maximum density theoretically achievable.
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Fig. 2 : Plot of the resistivity versus current
density of a flat ribbon prepared with an
YBCO powder compacted to -95 % of the
maximum density theoretically achievable.



The same kind of determination gave us Jc(77 K) = 65 A/cm2 and Jc(63 K) = 850 A/cm2 on a
2212 BiSrCaCuO wire the ceramic core of which was 0.7 mm in diameter. This wire was then
subsequently cold pressed down to about 100 \im and re-sintered for 30 h at 880 C. As will be
explained later because of the so produced texture, this treatment results in a strong
enhancement of the critical current density values : Jc(77 K) = 140 and Jc(63 K) = 2730
A/cm2.

The comparison with other published results on silver sheathed superconductors shows that for
a given thickness of the ceramic core, our YBaCuO specimens have a critical current density
which is among the highest measured values, see figure 3, for example. For the Bi based
ceramic, despite our specimens are as textured as those of other groups [10-11], their Jc is a bit
lower. This is most probably due to the fact that our specimens are made of pure BiSrCaCuO
whereas those referred are partially substituted with lead, a recipe which is known to increase
both Jc and Tc and that we will try soon.
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Fig. 3 : Comparison of the present data (crosses)
with that of Osamura et al [9], bold circles
are for cold-rolled ribbons and open circles for
cold-pressed.
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Fig. 4 : Resistivity versus temperature of a
silver sheathed 2212 BiSrCaCuO wire
measured with a flowing current density of
50 A/cm2

Examination in scanning electron microscopy of our first YBaCuO wires, prepared with the
60 % dense green body has indicated that their ceramic core was hollow and full of large
cavities and cracks nearly interrupting the percolation of the superconducting path. Because
these defects are due to the fact that the ceramic shrinks during the sintering stage whereas the
silver sheath does not, to minimize this problem, the emphasis was put on the density of the
green product. In a first step of optimization of the filling, the outguessing and the swaging
procedures, a 80 % dense green bo jy was achieved. As expected, with such a density, the
ceramic core of the sintered wires sa.~ . '.bbons was much compact. Nevertheless, there was still
too many large veins and cracks in the ceramic as shown in figure 5. Further optimization of the
cold pressed stage allowed us to reach 95 % for the density of the green body, but, though
again improved, the compacity of the ceramic was not perfect. On sections parallel to the largest
face of the ribbon (Fig. 6) some long and narrow cracks, nearly parallel to the ribbon axis,
were observed at low magnification. This leads us to think that when the ribbons are cold
rolled, instead of being cold pressed, these cracks are normal to the ribbon axis instead of being
parallel, which would explain why cold rolling is worse than cold pressing (cf. Fig. 3).
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Fig. 5 : Longitudinal and transverses cross
sections of a silver sheated YBaCuO wire
prepared from a 80 % dense green body
(scanning electron microscopy).

Fig. 6 : Large longitudinal section of a
100 (im thick YBaCuO ribbon prepared
from a ~ 95 % dense green body
(scanning electron microscopy).

Still at low magnification, on the small longitudinal section, as well as on the transverse one,
the thickness of the ceramic core of the ribbons prepared by cold pressing looks very irregular,
which indicates that there was some instability in the codeformation of the green bodies and of
their silver sheath. These irregularities were so substantial that it was necessary to examine
several cross sections of the-prepared ribbon to get a reasonably accurate value of the averagi-
area through which the current was flowing. The direct consequence is that the critical current
densities reported here are underestimated, since they are lowered by all the sections which are
smaller than the average one.
At higher magnification, in addition to the detailed structure of these cracks, a lot of small pores
corresponding to an incomplete densification become visible (Fig. 7). Furthermore, it is worth
to note that the grains are rather small (~ 5 |im) and a little elongated, roughly along the ribbon
axis, which indicates that the ceramic is slightly textured, as more convinceiy shown by the X-
ray diffraction diagrams we have carried out on that face.

Fig. 7 : Enlarged vue of the microstructure
of a longitudinal crack (scanning electron
microscopy).

Fig. 8 : Cross section of a ~ 100 urn thick
YBaCuO ribbon prepared from a 95 %
dense green body (optical microscopy).



To go deeper in the comprehension of the phenomena restricting Jc, several thin foils suitable
for transmission electron microscopy were prepared from disks of 3 mm in diameter grinded
out of tested superconducting ribbons. As will be reported in detail elsewhere [12], it was
found that : 1° silver does not interact with YBaCuO, it just lays in the material as precipitates
mainly located at grain boundary triple junctions, 2° there is a few percent of secondary phases,
mainly 211, BaCuU2 and CuO in the ceramic, 3° the ceramic is slightly textured, 4° some grain
boundaries are very clean, some others are coated with an amorphous BaCuOa layer and some
others are cracked, 5° the density of twins and consequently the oxygénation is not
homogeneous.
The situation of the Bi based wires and ribbons is very different for, conversely to YBaCuO,
the former ceramic can be partially melted (at 880 C) in the silver sheath, which makes the
density of the green body considerably less important. Moreover, since the smallest grains
dissolve in the liquid phase and the matter constituting them is redeposited on the bigger ones,
there is that way a purification of the material and a strong improvement of the crystalline
quality of its grains. This point is very well highlighted by the comparison of the X-ray
diffraction diagrams of the calcinated powder (Fig. 9) with that of the ceramic core of a cold
pressed ribbon which was calcinated, then sintered a first time as a 0.7 mm in diameter swaged
ceramic wire and a second one as a 100 \im thick ceramic ribbon (Fig. 10). It is quite clear that
the chemical reactions are much more complete in the specimen corresponding to Figure 10 than
in the one related to Figure 9. In addition, it is also clear that the ceramic core of the cold
pressed ribbons is highly textured.

To know wether some degree of texturing was already present in the green body, we have cold
pressed a non sintered swaged wire, open it and carried out an X-ray diffraction on its ceramic
core. Rather surprisingly, we get a very flat diagram (Fig. 11). Our suggestion, which is still
under test, is that the diffraction peaks of the BiSrCaCuO crystalline grains are extremely
broadened because these grains are heavily plastically deformed by the very high stress used to
flatten the wire. When the temperature is increased, the grains recrystallize giving rise to a
pronounced texture. Then, during the sintering stage at 880 C, the ceramic partially melts,
which considerably enhances the coarsening of its grains and the disappearance of the grain
boundaries of highest energies. Consequently, the texture is reinforced and can be further
reinforced by repeating the cold pressing plus sintering runs several times.
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Fig. 9 : X-ray diffraction diagram of the
calcinated BiSrCaCuO powder used to
prepare the green bodies.
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Fig. 10 : X-ray diffraction diagram of the
100 (im thick ceramic core of a BiSrCaCuO
ribbon.
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Fig. 11 : X-ray diffraction diagram of the
BiSrCaCuO green body contained in a
ribbon obtained by cold pressing a non
sintered wire.
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Fig. 12 : X-ray diffraction diagram of the
YBaCuO green body contained in a ribbon
obtained by cold pressing a non sintered
wire.



Texturing of YBCuO is somewhat different. First, it was found that the very high uniaxial
stress used to flatten the swaged wires did not substantially deform the grains of YBaCuO
plastically, since at this stage of the process the peaks of their crystalline structure clearly shew
up on the X-ray diffraction diagram (Fig. 12). Second, if both ceramics are sintered, in the
present study, with the assistance of a liquid phase, the nature and the amount of this phase are
very different. In YBaCuO, the liquid phase originates from the very small amount of the
various oxide precursors which have not yet reacted, and/or of the very slow decomposition of
the 123 phase. Whereas in BiSrCaCuO, the liquid phase, which is much more abundant, comes
from the incongruent melting of the 2212 phase. Third, grain growth which proceeds in both
cases by dissolution and redeposition is much more anisotropic in BiSrCaCuO than in
YBaCuO. All these arguments allow to understand why the BiSrCaCuO ribbons are much more
textured than the YBaCuO ones, but do not really explain how texturing occurs in the t./o
materials. To reach that goal, we are currently carrying a systematic study of texturing in high-
Tc superconducting [13].

CONCLUSION

We have succeeded in preparing YBaCuO and BiSrCaCuO wires and ribbons by the powder in
tube method. In a certain sense, it is very encouraging to see that despite all the defects
observed : macro and micro cracks, porosities, secondary phases, thickness irregularities,
slight under stoichiometry in oxygen for the YBaCuO material and absence of lead in the
BiSrCaCuO one, our wires and ribbons carry a non negligible current density. There is no
doubt that a thoroughly optimization of our process should improve the performances of our
conductors substantially. But to really try to reach the critical current density useful for practical
applications, the emphasis must be put on texturing.
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