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Processing methods for production of bulk high-temperature superconductors and the su- 
perconducting properties that can be achieved are reviewed. Conductors made by con- 
ventional ceramic forming and sintering methods can generally sustain only small current 
densitieu. Partial-melting and powder-in-tube methods yield superior conductors, but fur- 
ther improvements are necessary before these superconductors can be employed in most 
large-sede applications. 

I. Introduction 

The recently discovered high-temperature supercon- 
ductors have transition temperatures greater than 90 K 
and can carry large amounts of current in large mag- 
netic fields. Potential large-scale use for these ma- 
teriais require that the materials be fabricated into 
shapes such as wires, tapes, or other bulk forms. Fab- 
rication involves sy ~thesis  of powders, shape forming, 
and heat treatment. Challenges are posed to success- 
ful fabrication, ho~ever ,  by the brittle natures of the 
high-temperature silperconductors and by the difficul- 
ties associated with grain-boundary weak links and flux 
motionl. 

Severa1 methodir are now used to fabricate bulk 
superconductors1-3. The resultant properties are de- 
pendent on both methods and materials. A survey is 
given of fabricatiori of superconductors based on Y- 
Ba-Cu-O, Bi-Sr-Ca-Cu-O, and TI-Ba-Ca-Cu-O. Crit- 
ical current densitj (J,) values are greater than lo5 
A/cm2 for each material under some conditions of tem- 
perature and applie 1 magnetic field. Because the meth- 
ods and results varj among the three compounds, each 
will be discussed in iividually. 

11. Processing and Properties of YBa2Cu30,  

Fabrication of h l k  YBa2Cu30, (YBCO) conduc- 
tors generally begiris with synthesis of powder. Most 
powders are prodiiced by reaction between Yz03, 
BaC03 or BaO2 and CuO or C u 2 0  4. The start- 
ing powders are rnechanically mixed until homoge- 

neous. The rnixed powders are then heated in an oxi- 
dizing atmosphere to a temperature greater than about 
800°C. Depending on the temperature, a reaction to 
form YBCO takes place in one hour to about one day. 
Low oxygen partia1 pressures and flowing gas main- 
tained at low total pressure promote rapid reaction to 
form the superconducting phase. Benefits are derived 
from the rapid remova1 of deleterious evolved species4 

and enhanced diffusional kinetics at reduced oxygen 
pressure516. The YBCO phase is stable over a relatively 
narrow range of 0 2  pressure, however, and the useful 
atmospheres generally range from 2 x 102 to 105 Pa of 
0 2  5 , 6 .  

Chemical solution methods, such as coprecipitation, 
freeze-drying, sol-gel processing, or liquid-mix tech- 
niques are also being used to synthesize YBCO"g. In 
principie, each of these methods is capable of yielding 
a homogeneous mixture of the constituents on a mi- 
croscopic scale. Heat treatments similar to those used 
with mixed-oxide powders are required to produce su- 
perconducting YBCO. Advantages of solution-derived 
powders include introduction of little or no contamina- 
tion during mixing and the possibility of producing very 
fine powders. To date, generally because of difficulties 
in completely removing the solution constituents dur- 
ing heat treatment, solution-derived powders have not 
produced superconductors with properties superior to 
those of solid-state-synthesized powders. 

Once YBCO powder has been synthesized, it must 
be consolidated into bulk forms. Techniques such as 
plastic extrusion and tape casting have been discussed 
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previouslyl~d~g. In these plastic forming methods, 
YBCO powders are mixed with appropriate amounts 
of a dispersant, a binder, a plasticizer, and a solvent 
that is compatible with the other constituents of the 
mixture. The resultant mass is formed into the de- 
sired shape and heat treatedsl1'. Modest texturing of 
the YBCO grains generally occurs during forrning, and 
slight improvements in Jc as compared with, for exam- 
ple, pressed pellets have been reporteds. In the absence 
of some type of partial-melt heat treatment, these types 
of wires and tapes exhibit Jc values less than about 
2 x 103 A/cm2 at 77 K and, owing to weak links at 
grain boundaries, the Jc drops substantially in an ap- 
plied magnetic field"12. Because of the low Jc values 
in field, such conventionally sintered forrns are suitable 
only for low-current-density applications such as cur- 
rent leads13. 

Significant improvements in Jc at 77 K have been 
obtained by severa1 groups by packing YBCO powder 
into a metallic tube and mechanically working the tube 
by swaging, drawing, extrusion, rolling, or pressing to 
produce a conductorl~% YBCO reacts with a11 metals, 
but it is nearly inert to Ag and Au 14; therefore Ag 
tubes are generally used in these techniques. Achieve- 
ment of high core densities in the unfired state, which 
allows for the use of low sintering temperatures, has 
yielded wires with Jc values of R 104 ~ / c m ~  at 77 K 
in zero fieldl. Ag-clad YBCO wires generally exhibit 
only slight texturing of grains and, as with other sin- 
tered forms of YBCO, the Jc values decrease relatively 
rapidly in applied magnetic fields15. 

Grain-boundary weak links remain the most se- 
vere obstacle to the development of useful bulk YBCO 
superconductors. Partial-melt heat treatments are 
capable of eliminating grain-boundary weak links in 
YBCO1. These treatments have been used with 
and without temperature gradients in the furnace. 
~ o n o l i t h s ' ~ - ~ ~  or thick fil& on ceramic substratesZ4 
can be successfully melt-processed. Thick films can also 
be processed on metallic substrates, but owing to diffu- 
sion of Cu from the YBCO into the metal, heat treat- 
ment can be difficult to optimize (Figure 1). In partial- 
melt processing, a bulk YBCO piece is heated above 
the peritectic melting point (R 1020°C in 02)  and is 
cooled either very slowly in a thermal gradient16120, or 
a molten zone is passed slowly along itZ1. Very large 
grains grow. Because the incongruent melting point of 
YBCO can be lowered by reducing the oxygen partial 
pressure3, many substrates can be used. In addition, 
off-stoichiometric compositions of YBCO that form a 
eutectic liquid with Ag can be used to lower the tem- 
perature for melt-texturing to % 930°C 25. 

In the absence of a thermal gradient, large domains 
of elongated, well-aligned YBCO grains will form upon 
so l id i f i~a t ion '~~~.  The transport J,  within each domain 
may be high, but because of nonsuperconducting phases 
between the domains, the J ,  between the domains is 

generally no more than R 103 A/cm2 a t  77 K. For well- 
made melt-textured YBCO, Jc values within the do- 
mains, both transport and magneticZ0, have exceeded 
4 x 104 ~ / c m ~  a t  77 K in fields greater than 1 T.  
The high Jc is due to the existente of large, elongated 
grains separated by low-angle grain boundaries (Figure 
2) that are capable of transporting large amounts of 
currents. In addition, the grains thernselves have high 
Jc ~alues '~~ ' .  The high intragranular Jc appears to be 
related to  high defect concentrations within the grains. 
Flux pinning can come from many defects. Oxygen va- 
cancy ordering appears to improve flux pinning2% In 
addition, melt-texturing produces large concentrations 
of dislocations and stacking faults, both of which have 
been shown to increase pinning20127. Precipitates have 
been shown to  increase pinning also. Among those re- 
ported to  be effective in YBCO are the: Y2BaCu05 
~hase'"~';  CuO, either by direct additionZ9 or from de- 
composition of Y B ~ ~ C U ~ O ,  30; Sn02 31; and BaTiO3 
32 

It is noted that the transport J ,  values of YBCO 
with specific second-phase additions have not exceeded 
that of high-quality melt-textured YBCO without de- 
liberate additions. Transport Jc for a length of wire 
would appear to be controlled more by grain boundaries 
than by the intrinsic J ,  of the grains. Furthermore, 
it has yet to be demonstrated that long, continuous 
lengths can be made by melt-texturing YBCO. Textur- 
ing thick films for small-scale applications remains an 
attractive possibility and use of substrates with higher 
melting temperatures than that of Ag may be helpful. 
In addition, use of larger temperature gradients may aid 
in making longer lengths of wire by drastically reducing 
the processing times33. 

111. Processing and Proper t ies  of Bi- 
Sr-Ca-Cu - O 

The Bi-Sr-Ca-Cu-O (BSCCO) system contains su- 
perconductors that have T, values of about 90 and 
110 K.  The composition of the 90 K phase is ap- 
proximately BizSr2CaCu20, (2212), although the com- 
pound is actually a solid-solution with a fairly large 
range of cation content. The Bi2Sr&a2Cu3Ox phase 
(2223), which is stabilized by partial substitution of Bi 
by Pb and also has a range of solid solution, has been 
found to consistently have Tc values greater than 100 
K '. 

BSCCO powders are commonly synthesized by 
routes similar to those used for Y B C O ' I ~ ~ ~ ~ .  The types 
and amounts of the many possible phases that exist 
in the BSCCO system are dependent upon the start- 
ing stoichiometry, the processing atmosphere, and the 
thermal treatment. It has proved to be very difficult 
to obtain phase-pure powders. In addition, because of 
very rapid anisotropic grain growth, it has prwed to 
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Figure 1: YBCO thick films made by spray pyrolysis: (a) well-made film heat treated in 1% 0 2  at 900°C, consisting 
of textured grains m d  (b) a film that was heat treated in 1% 0 2  at 930°C, which contains extensive Y2BaCu5 
needles along with t he superconducting phase. 

be very difficult to  sinter BSCCO to high d e n ~ i t ~ ~ ~ .  
Thus, largely becalse of poor connectivity between 
most grains, convenr;ionally sintered BSCCO supercon- 
ductors generally exkibit even lower 3, values than does 
sintered YBCO. 

Nove1 approaches such as spin coating have been 
used to produce derise, textured films of BSCCO from 
solutions. In one ex<~mple of this approach36, solutions 
with stoichiometric c:ompositions Bi:Sr:Ca:Cu = 2:2:1:2 
and (Bi, Pb):Sr:Ca:Cu = (1.6,0.4):2:2:3 were prepared 
by dissolving Bi, Ca, and Cu acetates, Sr (and Pb, in 
the case of the doped solution) nitrate in glacial acetic 
acid and water. Changes in pH were achieved with 
arnrnonium hydroxide. Various amounts of polyvinyl 
alcohol were added to change the viscosity of the so- 
lutions. Attempts t 3  change viscosity were also made 
with polyacrylic and tartaric acids, but these acids did 
not produce homogc:neous solutions, and consequently 
good films were not obtained. 

The solutions uscd t o  prepare films by spin-coating 
had a viscosity of m :.O0 C P  at 30°C. The spinning veloc- 
ity was w 3500 revolutions/min. Ag plates were coated 
with 10 layers to  achieve a thickness after heat treat- 
ment of 2-5 pm for hoth compositions. The films were 
heated to  600°C after deposition of each layer of coat- 
ing. Thus, the spin-coating and heating processes were 
repeated 10 times. The final sintering was conducted 
at 850°C for periods less than 1 h. The heat treat- 
ment atmospheres were air, 0 2 ,  or 1% 02199% N2. In 
a11 cases, the, heating and cooling rates were 0.5OC/min 
and 2OC/min, respectively. 

Figure 3, a scaniiing electron micrograph of a Pb- 
doped film made by r:pin-coating and sintering at 825OC 
in 0 2 ,  shows that long grains (m 300pm) originate 
from a few nuclei and that between the long grains are 
equiaxed fine grains that are very dense. The best J, 

values obtained, w 103 ~ / c m ~  at 77 K, were associated 
with this type of textured microstructure. 

Figure 2: Scanning electron microscopy photograph of 
long, aligned grains in melt-textured YBCO. 

In general, the processing methods for BSCCO su- 
perconductors made from synthesized powders are sim- 
ilar to  those for YBCO. Because the BSCCO com- 
pounds melt at lower temperatures than YBCO, and 
because of an absence of low-melting-point eutectics 
in the BSCCO system, melt-processing of BSCCO has 
proved to  be highly effective. The 2212 phase can 
easily be partially melted in Ag or on Ag 
substrate41, and thus long lengths can be formed. Simi- 
lar to the spin-coating process, partia1 melting produces 
elongated 2212 grains aligned with the substrate. Con- 
tact area between the 2212 and Ag can be increased by 
fabricating a wire with an Ag core and an Ag sheath40. 
When Pb-doped 2223 is processed with Ag, usually lit- 
tle melting is allowed to  take place because of problems 



R. B. Poeppel et al. 

Figure 3: Scanning electron microscopy micrograph of Figure 4: Scanning electron microscopy photograph of 
Pb-doped 2223 BSCCO film containing elongated, tex- aligned grains of 2212 BSCCO formed by flat-rolling in 
tured grains. an Ag sheath. 

with phase ~ e ~ a r a t i o n ~ ~ .  
The grain growth inherent in the BSCCO com- 

pounds provides an opportunity to mechanically tex- 
ture tapes and thick filrns. Combinations of flat-rolling 
or pressing and heat treatments designed to  grow grains 
result in dense superconductors40-51 with high degrees 
of texture (Figure 4). An excellent review of the results 
produced by powder-in-tube processing of BSCCO su- 
perconductors can be found in Ref. 52. In brief, the 
Jc values a t  4.2 K of BSCCO/Ag superconductors can 
exceed lo5 A/cm2 in zero field and 104 ~ / c m '  in a 
20 T fie1ds1. At 20 K, J ,  values can exceed 5 x 104 
A/cm2 in fields greater than 10 T 44. Flux motion 
under an applied field is a problem, however, for tem- 
peratures greater than = 30 K 1143144. At 77 K ,  J ,  val- 
ues of BSCCO superconductors have reached m 5 x 104 
A/cm2 in zero field, but because of flux motion, which 
may be most severe at the grain boundaries, the J, de- 
creases rapidly in an applied magnetic field51. The high 
transport Jc values a t  temperatures low enough for flux 
motion to be minimal appear to be related to the high 
degrees of texture in BSCCO/Ag superconductorsl. A 
simple way of viewing the current transport of BSCCO 
superconductors is shown in Figure 5. Although current 
flow may be impeded by high-angle grain boundaries, 
the current may move along the c-axes of the crystals 
and thus follow a tortuous path through the BSCCO 
core1. 

Substantial effort, is now focused on introduc- 
ing flux-pinning centers into BSCCO superconductors. 
Some success has been rèported. Possible pinning cen- 
ters include Ca-Cu-O precipitates53, d i s l o ~ a t i o n s ~ ~ ~ ~ ~ ,  
or radiation-induced defect c a s c a d e ~ ~ ~ ' ~ ~ .  Elirnination 
of 'flux motion in applied magnetic fields through mi- 
crostructural control will be required before BSCCO 
superconductors can be used in most applications at 

C-axis aligned BSCCO grains 

Figure 5: Schematic diagram of current transport in 
aligned BSCCO superconductors. 

temperatures greater than about 20 K '. Commer- 
cid application of these superconductors may also be 
hindered by the fact that BSCCO/Ag superconductors 
have yet to demonstrate good mechanical reliability. 
For example, it has been found recently that strains 
of m 0.4% cause Jc to  reduce by m 50% 51. It has also 
been observed that Ag-clad BSCCO superconductors 
are sensitive to  thermal cycling. 

IV. Processing and Proper t ies  of  T1-Ba-Ca - 
Cu - O 

A Tc of 125 K has been reported for the 
T12Ba2Ca2Cus0, phase5%nd there are many super- 
conducting phases with Tc values greater than 100 K 
in the T1-Ba-Ca-Cu-O (TBCCO) ~ ~ s t e m ~ " ~ ~ .  Although 
the basic layered crystal structures of TBCCO are sim- 
ilar to those in the BSCCO ~ ~ s t e r n ~ ~ ,  bulk TBCCO 
has not been textured mechanically to the extents that 
the BSCCO superconductors have. In addition, bulk 
processing of TBCCO is entirely different from that of 
YBCO or BSCCO because of extensive liquid-phase for- 
mation. T1203 decomposes to  T120 above about 850°C 
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and T120 melts at about 300°C 60. Thus, upon decom- 
position, rapid liq~id-phase sintering results. T1 also 
volatilizes a t  high t,:mperatures. Use of sealed contain- 
ers, most common1:r Au or P t ,  improves compositional 
control by establishing a T120 partia1 pressure and thus 
minimizing loss of 'PI from the starting rnixture. It  has 
also been shown tliat the compounds with one T1-0 
layer suffer less TI loss than do those with two TI-0 
layers6'. It is posjible to use the volatility of T1 to 
one's advantage by fabricating a wires or tape of the 
correct Ba-Ca-Cu-0 stoichiometry and diffusing vapor- 
phase T1 inward to form a ~ u ~ e r c o n d u c t o r ~ ~ - ~ ~ .  

Interest in TBCCO superconductors has increased 
substantially sincc the recent discovery that the 
T1Ba2Ca2Cu30, F hase (1223) has an irreversibility 
line near that of YBCO and much above the lines 
of the other TBCCO compounds and the BSCCO 
~ o m ~ o u n d s ~ ~ .  The inherent promise of the 1223 
TBCCO compound has been demonstrated recently. 
Thick films of 1223 on polycrystalline Ya03-stabilized 
Zr02 substrates have achieved transport J, values of 
greater than 6 x 1C4 A/cm2 at 77 K 64. 

Metal-clad tapes have been made with the 
T12Ba2Ca2Cu30, :ompound, with Sr substituted for 
some of the Ba 67>'id. The best Jc at 77 K in zero field 
was x 104 ~ / c rn ' ,  but apparently because of flux flow, 
Jc dropped to x ]O4 A/cm2 in a 1 T field. Ag may 
react more stronglj with the TBCCO compounds than 
it does with either 'JBCO or the BSCCO c ~ m ~ o u n d s ~ ~ .  
Melting and formation of second phases are promoted. 
Au is much more inert with respect to TBCCO, and 
it has been used ,u a substrate in high-speed zone- 
melting of TBCCC) c ~ m ~ o u n d s ~ ~ ~ ~ .  The microstruc- 
tures produced to date are similar to those of melt- 
textured YBCO and the J ,  a t  77 K has reached m 104 
~ / c m ' .  

It remains to Ee seen whether the problems asso- 
ciated with T1 volatility and toxicity and the possible 
incompatibility with Ag can be overcome so that high- 
quality TBCCO w res or tapes can be fabricated on a 
cornmercial basis. The best Jc values to date are supe- 
rior to those of most YBCO forms and are comparable 
to those of BSCCC, a t  77 K. 

V. Summary 

Each of the high-Tc superconductors presents 
unique challenges for fabrication of bulk conductors. 
Recent results of promise include attainment of J ,  val- 
ues of 104 - 105 A/cm2 in highly textured wires or tapes 
of YBCO, BSCCO, and 1223 TBCCO. Elirnination of 
weak links and procluction of continuous lengths remain 
the principal fabrication goals for YBCO. Reduction or 
elimination of flux motion is the principal goal in fabri- 
cating the BSCCO superconductors. The BSCCO com- 
pounds texture very well, and weak links do not appear 
to be a problem a t  temperatures less than % 20 - 30 

K. Flux motion remains a problem for the TBCCO su- 
perconductors also, although the 1223 phase may to a 
large extent overcome this problem, as demonstrated 
by recent r e ~ u l t s ~ ~ .  
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