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ABSTRACT

Silver was added to YBasCugzO, (123) powder by a melt technique
using AgNOg3 and heated to ~600°C to decompose the nitrate. This
process yields 123 powder that is uniformly coated with Ag, as indicated
by optical and scanning electron microscopy (SEM). The composite
powder is formed into rods (~4 mm diameter) via drawing and swaging
through conical converging dies. Wires of finer diameter (~1 mm) and
substantially greater linear uniformity have been produced by slurry
extrusion of the composite powder in a polymeric vehicle. Transport
critical current density, J., of these wires at present is about 750 A/cm?2.
This value may be expected to rise due to further reduction of second
phase impurities localized at grain boundaries and better understanding of
the Ag/superconductor interface. This paper describes the wire
fabrication in some detail and discusses the results of microscopic
analyses by scanning electron microscopy (SEM), X-ray photoemission
spectroscopy (XPS), and X-ray diffraction (XRD).
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INTRODUCTION

The most useful shape of an electrical conductor is wire, with a
round or a rectangular cross section or a ribbon, which can be
conveniently made into a coil. It is, therefore, necessary to develop
procedure(s) to convert the recently discovered high temperature
superconductors into coilable forms. Since these materials are oxides,
they are inherently brittle and present a challenge as far as conversion to
wire form is concerned. During the past year, many efforts [1-3] have
focused attention on this aspect with varying degree of success. The most
logical approach appears to be one in which a very ductile metallic matrix
is utilized to impart formability to the oxide [4]. Silver is a preferred
matrix because it does not react with the superconductor even above its
melting point (960°C) [5].

Obviously, for good fabricability and electrical properties, the
distribution of the Ag rnatrix and the YBasCuzO, ceramic must be very
homogeneous. The powder mixing procedures applicable for metal matrix
composites are inadequate. Very high concentration (>75 volume %) of
the oxide is mandatory to maintain superconduction in the composite. It
was discovered that the unique physical properties of silver nitrate allow
the attainment of a very homogeneous coating of Ag on the
superconductor particles. Various wiremaking methods can be applied to
this composite powder for processing into a coilable superconducting
wire of high quality. Equally important, the approach is generic and may
be applicable to all present oxide superconiductors and those yet to be
invented.

EXPERIMENTAL PROCEDURES

Silver nitrate is a white crystalline solid with a melting point to a
liquid phase at 222°C. The liquid decomposes as its temperawure is raised
to 444° evolving nitrogen oxides and leaving only a high purity Ag deposit.
Appropriate amounts of AgNO3 and superconductor oxide powder were
weighed and mixed in a mortar and pestle. The mixture then was heated
on a hotplate in a glass beaker to melt the nitrate (>222°C) and wet the



powder completely by stirring. After cooling, the mixture was ground to
break up the aggregates into a fine powder. The mixture was transferred
‘to an alumina crucible and heated to ~600°C to decompose the nitrate.
This "composite" powder was used for all experiments described.

The composite powder was formed into a wire by swaging.
Typically, the powder was packed into a copper or silver tube as shown
schematically in Figure 1. Tube size and drawing die size sequence are
shown in Table 1. The copper tubes, which required intermediate
annealing during the swaging process, proved reactive towards 123 even
at the relatively low annealing temperature (e.g., ~400°C). This mandated
the use of silver tubes to avoid degradation of thel23 powder.

Transition temperature and current carrying capacity were
measured by the standard, 4-point method. Silver paste was utilized for
connecting copper wire leads to the superconductor. In some later work,
AgNOg itself was used for this purpose. It was observed that the very low
resistance sheath both prevented proper O5 anneal after swaging and
rendered T, and J. measurements difficult because of current
requircments and instrumental sensitivity. The silver sheath, therefore,
was removed by machining to facilitate measurements on the wire core,
composed entirely of the Ag/123 composite superconductor.

RESULTS AND DISCUSSION
Decomposition of silver nitrate may be represented by:
AgNOg --------- > AgNOgj (liquid) @ 222°C

(Brown Fumes)
2AgNQg ------- > 2Ag + 2NO, + Oy @ 444°C

The AgNOg3 liquid formed at >222°C is observed to have very low viscosity.
As a consequence, it spontaneously flows, wets, and encapsulates the 123
powder. After further heating to above its melting point, the nitrate
decomposes leaving a uniform and adherent deposit of Ag on the 123



powder. The optical microstructure of an agglomerate of YBayCugzOy (123)
particles (dark areas) in a silver matrix is presented Figure 2. The silver
coating is continuous with no readily observable porosity. Under high
magnification SEM examination, a typical 123 particle in the as-received
state is characterized by high surface area (Figure 3 at left). A similar
particle after treatment with silver nitrate (Figure 3 at vight) is devoid of
all the surface asperities and morphological features, indicating that the
process is capable of deposiiing Ag on large as well as fine particles. This
feature of the process is very important because the coating is necessary
to permit Cooper pairs to travel from one superconducting grain to the
next. This phenomenon is commonly referred to as the "proximity" effect
[6] and is necessary to enhance the coupling between the grain boundaries
of the 123 particles.

It is pertinent to note here that the composite powder at this
stage is only weakly superconducting. X-ray diffraction analysis was used to
detect if there are any compositional changes occurring during the
fabrication process. After decomposition of the AgNO3, the XRD pattern
consists mainly of Bragg diffraction lines corresponding to the
combination of 123 phase and metallic silver. After the swaging and final
annealing steps, the XRD pattern is qualitatively similar to that taken after
the AgNO3 decomposition with no alteration in composition except for a
reduction in the amount of metallic Ag present. The percent ratio of
intensity for the most intense Bragg line of Ag to that of 123 has
decreased from 30 (value after the AgNO3 decomposition) to 17 after
swaging and to 13 after final annealing. A reduction, and quite possibly
agglomeration, of the Ag content is expected after annealing due to the
high vapor pressure of Ag at the 900°C annealing temperature which is
close to the Ag melting point of 96L C. Furthermore, analysis of the XRD
data presented in Table 2 indicates that significant change in the full-
width-at-half-maximum (FWHM) and peak positions of the Bragg
diffraction lines are taking place after the AgNO3 decomposition, swaging,
and final anneal steps. The origin of these changes is not yet understood,
but it may be related to a change in the oxygen content of the sample or
stresses introduced during processing. More work must be undertaken to
correlate the physical state of the 123 material (with respect to strain,



degfee of shear, etc.) during mechanical processing with its degree of
retention of superconducting properties and, in turn, with the XRD

spectra.

Table 2. Analysis ni (RD Data

PROCESSING STEP

As Received

AgNO3 Melt

(mixture)

AgNO3 Decomposition

Swaging

Final Anneal

PEAK POSITION, 26

FWHM

32.550
32.865

32.550
32.865

32.538
32.844

32.486
32.817

32.522
32.834

0.272
0.312

0.255
0.328

0.203
0.243

0.260
0.296

0.254
0.305

X-ray photoemission spectroscopy (XPS) analysis of the near surface
region of a 15 wt% Ag/123 pellet after swaging and final annealing have
indicated a 20% reduction in the Ag content. XPS analysis also shows that
the near surface region composition contains, in addition to the 123
phase, significant amonnts of Ba and Y carbonate species. After removal of
approximately an 0.5 micron thick layer from the surface by argon ion
sputtering, the Ag content was 22% of its nominal value. This indicates a
significant variation in the Ag content with depth from the top surface of
the sample. These observations are consistent with those of XRD. |



Initia. swaging experiments were very ambitious. The preform was
reduced from the starting outside diameter of 0.250" (6.35 mm) to as low
as 0.030" (0.762 mm) without intermediate annealing. As mentioned
previously, the high conductivity of Ag interfered with T, and Jg
measurements. The Ag/123 powder had suffered deformation beyond its
formapbility limits, and "sausaging" familiar in the low temperature
superconductor processing was encountered [7]. Swaging, therefore, was
terminated at a convenient stage where the removal of the Ag sheath was
possible by machining and the core material 0.155" (3.93 mm) was free
from sausaging effects.

The effort thus far has been concentrated on material containing 15
wt% Ag based primarily on the knowledge that "percolation" effect is
operative up to ~35 wt% Ag [8]. Furthermore, at about 15 wt% Ag,
depending upon particle size, the volume of AgNO3 liquid is sufficient to
adequately encapsulate the 123 powder mass. At lower concentrations, it
is necessary to dilute the AgNO3 with a nonreactive liquid, such as
ethylene glycol, to provide adequate wetting volume. The powder was
prepared in small batches and put through the swaging process (Figure 1).
Typical curve of resistance and magnetic susceptibility vs. temperature for
such rods after oxygen anneal are shown in Figure 4. The relatively high
density (~90-95%) of the material in the swaged rod probably contributes
to the sharpness of the transition. The J, values, however, did not exceed
200 A/cm?2. Increasing the annealing temperature to >950°C and the
annealing time from 18 hours to 72 hours did not improve J.. (Figure 4.)

The sensitivity of 123 and other compositions to environmental
degradation is well documented [5,9]. To determine the protection
provided by the coating, one sample exposed to laboratory air was tested
several times in a period of 3 months. The measured Jc value remained
constant (~150 A/cm?). Such is not the case with pure 123 samples. A
decrease in J. of 40% or more was common with the latter after several
weeks atmospheric exposure. This indicates that the silver coating is
responsible for the stability of the sample.

none wen



WIRE EXTRUSION AT ARGONNE NATIONAL LABORATORY

The demonstrated expertise of Argonne National Laboratory (ANL),
Argonne, IL, in the preparation and extrusion of high temperature
superconductor compounds into wires and coils led to a cooperative effort
in which ANL's 123 superconductor powder was treated with Ag by Naval
Surface Warfare Center (NSWC) using the AgNO3 process. The
superconducting 123 powders are prepared by calcining the precursor
mixture at about 800°C for 4 h in flowing oxygen at a total pressure of
about 2 mm Hg [10]. Silver is added to this powder by the melt technique
using AgNO3. To prepare for extrusion, the composite powders are mixed
with several additives to make a fermulation that has enough fluidity to be
easily formed into various shapes, but still has satisfactory strength in the
green state. This formulation, known as a slip, consists in general of a
solvent, a dispersant, a binder, a plasticizer, and superconductor powder
[11]. This formulation is vibratory milled for 16 h. After milling, some
solvent is allowed to evaporate from the above formulaticn. This yields a
plastic mass that is forced through a die at high pressure to give a
superconducting wire. Superconductor wires have been extruded at ANL
with diameters between 0.1 and 3.0 mm and lengths up to 12 m. In the
green state (i.e., before firing), extruded wires exhibit flexibility and can
be easily formed into the shape of a coil.

The extruded wires and coils are fired in flowing oxygen at a reduced
total pressure ( about 2 mm Hg). This facilitates the removal of gaseous
species formed during decomposition of the organic additives and
prevents their reaction with the supsrconductor. After sintering coils are
annealed in oxygen for 24 h. Transport critical current density of
approximately 750 A/cm?2 in wires and about 300 A/cm?2 in a 15 turn coil
are measured at 77 K.

SUMMARY AND CONCLUSION

A novel, yet simple process, has been developed to produce Ag
coated 123 high temperature superconductor powder precursor for the
preparation of wires and rods via swaging, extrusior, or other wiremaking



path. The swaging of silver coated 123 powder filled in silver tubes has
been carried out successfully. Atmospherically stable rods and wires of
0.1-0.25" (2.5-6.4 mm) outside diameter have been produced.
Measurements on short wire segments indicate a Tc of 92 K with
relatively sharp transition region. The maximum J. measured was about
200 A/cm?. The rods were found to maintain their superconducting
properties in laboratory ambient conditions for at least several months.
A series of microscopic studies on the composite powder by XRD, XPS,
and SEM revealed a reduction in the Ag content from its nominal value
and also some unanticipated Ag non-uniformity in the annealed samples.

The collaborative effort with Argonne National Laboratory has led to
the production of straight and coiled lengths of high temperature
superconductor wire by an extrusion method using HTSC powders coated
by the AgNOg process. These wires have a relatively fine diameter of
0.050" (1.27 mm). Jc measurements performed at 77 K on the wires
indicate typically 750 A/cm?2 in straight sections and about 300 A/cm? in
the coiled form.

ACKNOWLEDGEMENTS

Work supported jointly by Independent Exploratory Development
funds at NSWC, the Materials Division of the Office of Naval Research, and
the Naval Research Laboratory, (NRL/SDIO) and the U.S. Department of
Energy, Conservation and Renewable Energy, as part of a program to
develop electric power technology, under Contract W-31-109-Eng-38.
The authors wish to thank Dr. Chandra Pande of NRL for many useful
discussions.



REI'ERENCES

1. Snow, D. B., Weinberger, B. R., Peterson, G. G., Lynds, L., Eaton,
H. Jr., Burila, C. T., Potrepka, D. M., and Kuwabara M.,
"Processing, Microstructure and Properties of YBaCugO7.x
Superconductors,” 118th Annual TMS Meeting
Proceedings, "High Temperature Superconductor Compounds,
Processing and Properties," TMS Publication, Feb 1989,

S. H. Whang and A. DasGuptaleds.).

2. Curreri, P. A, Peters, P. N, Leong, P. T., Chou, H., Wu, M. K. and
Huang, C. Y., "Processing and Properties of High Tc
Oxide/Silver Matrix Composite Superconductors," TMS
publication cited in [l] above.

3. Tiefel, T. H., Sherwood, R. C., Jin, S., and Fastnacht, "Fabrication

of High Tc Superconductor Wires," TMS publication cited in [l]
above.

4. Suenaga, M. and Clark, A. F., (eds.) (1980), Filamentary A15
Superconductors, Plenum Publishing Corp., New York, NY.

5. Chang, C. (1988) "Reduced Moisture-Induced Degradation of

YBaCuO Superconducting Films by Silver and High
Deposition Temperatures," Appl. Phys. Lett. 53 (12).

6. Chen, 1., Sen, S., and Stefanescu, D. M. (9-11 May 1988},
"Production of Stabilized Superconducting Metal/YBasCuzOy
Composites by Conventional Metallurgical Techniques,"
Proceedings of the 4th Annual Northeast Regional Meeting,
TMS Processing and Applications of High Tc Superconductors
Status and Prospects, Rutgers University, New Jersey.




7. Collings, E. W. (ed.) (1984), Design and Fabrication of

Conventional and Unconventional Superconductors, Noyes
Publication.

8. Singh, J. P., Leu, H. J., Poeppel, R. B., VanVoorhees, E.,

Goudey, G. T., Winsley, K., and Shi, D. (Apr 1989), Report
under Contract W-31-109-Eng-38, U.S. Dept. of Energy, Basic
Energy Sciences-Materials Sciences, and the Office of Energy
Storage and Distribution, Conservation, and Renewable Energy.

9. Chen, K., Maheswaran, B., Liu, Y. P., Giessen, B. C., Chan, C., and

Markiewicz, R. S. (1989), "Critical Current
Enhancement in Field Oriented YBa2Cu307-x," Appl. Phys.
Lett. 55 (3).

10. Balachandran, U., Poeppel, R. B., Emerson, J. E., Johnson, S. A.,

11.

Lanagan, M. T., Youngdahl, C. A., Shi, D., Goretta, K. C., and
Eror, N. G. (1989), "Synthesis of Phase-pure Orthorhombic
YBCO under Low Oxygen Pressure," Mater. Lett. 8, 454.

Dorris, D. E., Dusek, J. T., Picciolo, J. J., Russell, R. A., Singh,
J. P., and Poeppel, R. B. (1990), "YBCO Superconductor Coil:
Processing and Properties," submitted for publication in the
Proc. International Conference on Electrical Machines (ICEM),
Cambridge, MA, August 12-15.




NOILVYVdIdd INHO43¥d Oy/e'T'L 40 STUVYLIA L 1318VL

VIQ ,,551°0 :TYAOWIY LDV ND ¥3L1dV
LL81°0°9
~E02°0°S
JJETOY
20920 €
.662°0°C

a.SEE0°L

SINHO434d

3gN.L ND ¥04 IDNIND3S 3T
swbgl 1A YIAMOd

‘ONO1..9

a,SS1°0 :TVAOWIY LDV By ¥3ldv
-hwpoo -¢
hhmoNuo -m
PET0°T
a.0s¢0°L
SINYO434d 3an.L by
¥0O4 IDXNIND1IS 310
swbzl : 1A YIAMOd

al €
ONO1 .9 ‘a0 .S9E"
d [4



LHYHD MO ONISSID0Yd IUIM SLH "I 3¥NOI3

JHIM 01 WHO43dd MVHG
40 ONY I9VYMS G10D 40 LOH

JdiM

Jid

(WHD434d) £'T°1 7\
a31v02 By HLIM
a3xavd 3ani-nJ 4o by

€71 Q3Lved by FALXIN eTl
ETT £l S
saseb+ By — cQNBY ,.IllnInAlllul.. v £ o+ By A - EonGy
1504W0330 et XIW

XL, X 'I%



EQNOV wois by
jed3jijuj sseN 1apmod ODEA J0 2INPNISONIN ¢ 240914

Yyum pa




129pMmod (ecl) OD8A 40 030Ud WIS € Tand1d

giivud by | Q3IAIFDIUSY

TR

g

n

"



*3LISOJINOD O/M 0Z - XOENDZedLGA 40 NOILISNVYL ONILONANODYIANS RACR SR

ALIEILdIISNS DV ININIYNSYIN IONVLSISIY
{4} ®anasieduaj 1) sanieiadmal’
(1121 ot ool 08 09 07 0%l 01 001 08
I T I T 1 1 I J i 3
o
£ /
£
& T
£ 3
< c
~ -
I-nl\ ~
1 . | 1 1 I ) | 1 I 1









