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New Superconductors: A Slow Dawn 
Step-by-step improvements in the craft of making these balky materials into wires and 

films have readied them for a commercial debut 

What ' s  extraordinary about the pilot plant 
on the ground floor of a humble, two-story 
industrial building in Watertown, Massachu- 
setts, is just how ordinary it seems. In many 
ways the facility looks just like any other 
plant that makes electrical wires. But there 
are hints nearby of something unusual. In a 
darkened room just off the factory floor, mi- 
croscopists slice and examine the wires, while 
upstairs, amidst sweating tanks of liquid ni- 
troeen and measurine 
equipment, engineers 
test whether the~roducts 
have what it takes toper- 
form in the real world. 

The  wires being 
made here every day, 
you see, aren't the kind 
that might connect your 
tele~hone to the wall. 
The company is the 
American Supercon- 

research area," says Alex Malozemoff, ASC's 
vice president of research and development. 
"We have moved things to this next stage'- 
development and manufacturing. 

Each of the new HTS materials being ex- 
ploited by these small companies offers a com- 
bination of strengths and weaknesses (see 
box on page 308). In all likelihood none of 
them will overcome at a single stroke all the 
daunting processing and engineering prob- 

lems researchers face in 
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making HTS materials 
practical. ASC and its 
competitors, such as In- 
termagnetics General 
Corp. (IGC) in Guild- 
erland, New York, Su- 
mitomo Electric Indus- 
try in Japan, and Vac- 
uumschmelze GmbH. 
in Germany, don't ex- 
pect that. Instead, these 

ductor Corp. (ACS), high-tech entrepreneurs 
and hidden within the practice an approach 
pretty silver jackets of that KevinOtt, director 
the wires and tapes are of the Council on Su- 
s u p e r c o n d u c t i n g  perconductivity for Am- 
threads made from a erican Competitiveness 
gritty, brittle ceramic (CSAC) calls "raging 
called BSCCO (for its incrementalism." 
atomic constituents, Now in production. A high-temperature And as that kind of 
bismuth, strontium, cal- superconducting magnet winding. incrementalism im- 
cium, copper, and oxy- proves the materials, 
gen). BSCCO is a descendant of a family of prospects for technologies based on HTS ma- 
high-temperature superconducting (HTS) ce- terials have brightened -at least according 
ramics that in 1986 ~arachutedfromnowhere to the o~timists. Savs Thomas Schneider of 
directly onto science's center stage, then made 
an offstage exit as the materials failed to live 
up quickly to the high hopes that had been 
offered for them. 

Now, however, ASC has brought them 
back onto center stage in a nearly commer- 
cial form. The company now routinely trans- 
forms the rock-like substances into 100- 
meter-long wires and thinner, ribbon-like 
tapes, then sells them to companies like Pirelli 
Cable Corn.. which aims to use them in HTS 

the 0ff;ce of ~x~1o;atory and Applied Re- 
search at the industry-funded Electric Power 
Research Institute (EPRI) in Palo Alto, Cali- 
fornia: "If today's rate of progress continues, 
the common assumption that we will have to 
wait until the next century for applications 
of high-temperature superconductors will not 
prove to be correct." Among the HTS-based 
prototypes that Schneider says researchers 
already have demonstrated are underground 
Dower transmission lines for cities and more 

L ,  

cables for underground power transmission, compact and efficient motors. Microelec- 
and Reliance Electric Co.. which is deve10~- tronic circuits based on thin films of HTS. 
ing prototype HTS motois. And ASC isi't which have always been more tractable than 
alone: A handful of other companies in the wires, may be even nearer at hand (see box 
United States and abroad have started mak- on opposite page). 
ing and selling the materials-mostly to other Not everybody sees things in hues as rosy 
companies hoping to turn the wares into as Schneider does. But even less optimistic 
pathbreaking technologies. "A lot of people types like Simon Foner, associate director of 
still think of HTS materials as an exploratory the Francis Bitter National Magnet Labora- 

tory at the Massachusetts Institute of Tech- 
nology (MIT), don't dispute the assertion 
that HTS materials are approaching feasibil- 
ity. Whether they also turn out to be profit- 
able, says Foner, depends on whether mar- 
kets emerge that can support the materials' 
high manufacturing costs-and the costs of 
employing them at temperatures that, propo- 
nents are realizing, may never be quite as 
high as the name high-temperature super- 
conductor implies. 

Promise deferred 
In defending their side of the argument, the 
pessimists point to the fact that, when it comes 
to superconductivity, hopes have been de- 
ferred before. In the 1960s, when the first 
(low-temperature) superconductors were for- 
mulated, proponents dreamily envisioned 
superconducting wires and cables, which 
could save the many millions of dollars wasted 
as the resistance of standard conductors turns 
electricity into heat, and compact magnets 
powerful enough to levitate trains. 

Such ~romise. however. has been realized 
only on small scales or in experimental set- 
tings, because the first generation of practi- 
cal superconductors live up to their name 
only at temperatures colder than the surface 
of Pluto. In practice, that means they need to 
be cooled with liquid helium, which at 4 
degrees above absolute zero is expensive to 
maintain. The only major commercial appli- 
cation that has been able to support those 
costs so far is magnetic resonance imaging 
(MRI) for medical diagnosis. Many of the 
4000 or so MRI machines in use generate the 
powerful magnetic fields needed for imaging 
by relying on magnetic coils of niobium titani- 
um alloy, a low-temperature superconductor. 

No wonder the science and technology com- 
munity was excited in 1987 when researchers 
at the University of Alabama and the Univer- 
sity of Houston unveiled a ceramic that be- 
comes superconducting at the relatively trop- 
ical temperature of 92K. The new material 
promised all the advantages of conventional 
superconductorsat a temperature reachable 
in a bath of dollar-a-gallon liquid nitrogen. 

From the beginning, though, cautious 
observers warned that getting the brittle, rock- 
like HTS substances to behave as though 
they were ductile metallic wires-the form 
best suited for many of the envisioned larger 
scale applications-is a transformation of 
matter meriting the talents of a Merlin. The 
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first efforts vielded onlv a few brittle inches. 
And unlike conventional, metallic supercon- 
ductors. these ceramic ones are made UD of 
tiny grains that suffer from a so-called weak 
link ~roblem: Current can't alwavs travel ef- 
ficiently between grains. As a result, the first 
HTS wires carried a mere trickle of current- 
far too little for underground power lines or 
train-hefting magnets. And magnetic fields 
themselves conjure up another depressing 
problem. If the field is strong enough, it breaks 
into so-called flux lines that Denetrate the 
material. When current flows through the 
ceramic, it can push the lines around in a 
phenomenon called flux creep, giving rise to 
electrical resistance. 

By 1989, the problems appeared so daunt- 
ing, particularly for bulk preparations like 
wires, that some researchers suspected these 
beguiling HTS materials would forever stay 
off the big-time stage. The highwater mark of 
the pessimism may have come in May of that 
year, when Science ran a news story titled 
"Superconductivity: Is the Party Over?" 

Against that background of frustration, 
it's startling to see how quickly the field has 
moved in the past year-so quickly, in fact, 
that a handful of small and large companies 
have succeeded in making long lengths of 
HTS wires and tapes that carry enough cur- 
rent to put at least some dreamed-of applica- 
tions within technical, if not yet commer- 
cially practical, reach. "Twelve months ago, 

we had the potential of making long wires 
out of high-temperature superconductors," 
says David C. Larbalestier, head of the Ap- 
plied Superconductivity Center at the Uni- 
versity of Wisconsin. "Now, the real capabil- 
ity of making long wire has been put in place." 

Wired again 
At the World Congress of Superconductiv- 
ity in Munich last September, Sumitom- 
often cited as the outfit to beat-reported 
spinning out 114-meter wires of bismuth- 
based HTS that, at 77K, can carry 11,300 
Amps of current for every square centimeter 
of wire thickness. ASC makes more flexible 
cables of com~arable lenmhs that carrv about - 
12,000 Amps per square centimeter under 
similar conditions, says Gregory Yurek, the 
president of the company. Ditto for IGC, 
says Carl Rosner, its president. 

Although none of these wires retains its 
high current capacity at liquid nitrogen tem- 
peratures in the presence of moderate mag- 
netic fields, they do approach a long-stand- 
ing benchmark, points out Roger Poeppel of 
Argonne National Laboratory. As a perfor- 
mance standard for new conductors in the 
power industry, he says, "we always have 
picked 10,000 Amps per square centimeter 
in a magnetic field of 2 tesla." That's well 
beyond the current carrying capacity of cop- 
per, even when copper cables are refrigerated 
to carry away heat generated by resistance. 

Behind that milestone lies a step-by step 
victory over the weak link problem. Soon 
after the development of high-temperature 
superconductors, researchers realized that 
they couldn't simply draw the ceramic mate- 
rials into wires, as is done with conventional 
metallic conductors. If the material didn't 
simply crumble, it would end up riddled with 
weak links. Instead, they began looking for 
ways to synthesize the materials in the shapes 
of the finished objects-wires and coils. The 
most promising strategy now-the so-called 
powder-in-tube approach-was first shown 
to work for an HTS material in 1989 by re- 
searchers at Vacuumschmelze when they ap- 
plied it to a bismuth-based superconductor. 

In a typical powder-in-tube process, ma- 
terials engineers fill a hole bored in a cylindri- 
cal silver billet with a powdered precursor of 
a ceramic HTS. Next, the workers pull the 
silverlHTS composite through a die that 
reduces its diameter, and then flatten it 
through rollers if they are making a tape. The 
silver, a malleable metal, deforms easily, and 
the powdered HTS deforms with it. The 
mechanical pressing and rolling overcomes 
the weak link problem in some HTS materi- 
als by aligning the crystalline grains in the 
powder. As a result, when the billet is in final 
form and is heated in a furnace, the grains 
sinter, or fuse, into a continuous supercon- 
ductive path. 

Although that technique isn't new, ex- 

HTS Film-Makers Look for a Happy Ending 
In the recent burst of improvements in high-temperature super- tent quality at  the large sizes needed for mass-producing elec- 
conducting (HTS) materials, much attention has focused on tronic devices. But Conductus president John Rowel1 says that 
wires (see main story). After all, wires and tapes are vehicles for during the past year or two, by honing their processes, finding 
large-scale uses such as power transmission and electromagnets. optimum temperatures and pressures, and reducing contaminants, 
But, by one criterion, thin HTS workers at Conductus, W o n t ,  
films-candidates for speedier and other companies have been 
electronics, higher capacity com- 3 able to pattern substrates with 
munications, and ultrasensitive 8 HTS films up to 10 centimeters 
detectors-are further ahead. wide, a key to mass production. 
They were the first to make it to The result is that thin films of 
market in a commercial product: HTS "are ready now," at least for 
Mr. SQUID, a detector of weak military use, says Alan Lauder, 
magndtic fields introduced last program manager for supercon- 
year biConductus Inc. of Sunny- ductivity at  DuPont, which has 
vale, California. And other prod- invested tens of millions of dol- 
ucts are waiting in the wings. lass in HTS R&D since 1987. 

Thin films started with some Chtptochip chat CMwentional s i l i  chip are linked with net- This year the company plans to 
advantages over their bulk-mate- works of HTS film in a prototype superfast module. start making several thousand 
rial cousins. For one thii, micro- HTS thin film devices annually, 
electronic components made from thin films are not apt to be for uses such as delay lines in radar units and high-frequency 
bathed in the magnetic fields that readily kill superconductivity microwave resonators. And last month, Illinois Superconductor 
in many HTS materials. In addition, the weak link problem that in Evanstonreceived an Advanced Technology Program award of 
limits the amount of current bulk materials can carry is more almost $2 million from the Department of Commerce to develop 
easily overcome in thin films. The reason is that their crvstal HTS-film microwave circuitrv. which the comDanv h o ~ e s  to 
gra& can be aligned by growing them on  templates of o&er market for cellular telephone bLe stations. 1f that k i o f  p& 
crystalline materials, creating a continuous path for current. keeps up, HTS films may win a technology Oscar. 

Even so, mearchers couldn't always grow thin films of consis- -1.A. 
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periments with it in the past year have led to 
better and better products. In essence, Dean 
Peterson, head of the Superconductivity 
Technology Center at Los Alamos National 
Laboratory, notes in the November/Decem- 
ber 1992 Materials d Processing Report, super- 
conductivitv workers. like novice Dotters. are 
getting to kiow their medium. AS-the keis to 
last year's progress, Peterson points to im- 
provements in the quality of superconduc- 
ting powders as well as empirical lessons about 
wire deformation and sintering conditions. 

Now developers are looking for shortcuts 
to usable wires. Last fall. for exam~le. Maloz- 
emoff of ASC announckd a variaiio; on the 
powder-in-tube theme that may yield equally 
good results without requiring so much fi- 
nesse. The difference is that the billet is filled 
not with a ceramic powder but with metallic 
precursors. As a result, the wire blanks can be 
deformed more dramatically and therefore 
may be better for high-volume manufactur- 
ing and for making flexible multifilament 
wires, Malozemoff says. Once the precursor 
has been spun into wire, of course, it still has 
to be oxidized into the ceramic product. That 
can be done by heating the wire in a chamber 
containing oxygen, which diffuses in through 
the silver and reacts with the metal powder 
to form the HTS material. 

Even proponents admit, however, that 
100-meter lengths of wire, no matter how 
good, won't make it on--or under-Broad- 
wav. To nive their wares a real future in cables , " 
and magnets, superconductor makers need to 
refine their craft further, until they-can regu- 
larly spin out mile-long wires with unbroken 
superconductive pathways. And even then 
users will still have to confront another ob- 
stacle: the materials' sensitivity to magnetic 

fields. At  the moment, none of the bismuth- 
based wires work well at the liquid nitrogen 
chill of 77K when they are exposed to any- 
thing like the fields generated in powerful 
electromagnets and motors. Only below about 
30K, the temperature at which the magnetic 
flux lines "freeze" in   lace. can these wires . , 

carry highcurrents and still retain their super- 
conductivity in a strong magnetic field. 

That might seem to close the door on 
manv of the most prized a~~l icat ions  of HTS 

ance the intrinsic virtues of HTS-based tech- 
nology against the large capital costs of chang- 
ing to superconducting electrical systems, the 
advantage may not be compelling. Rosner, 
though optimistic that HTS materials will 
find major technology roles, doesn't see them 
carving out vast new commercial niches any- 
time soon. Instead, he thinks they will begin 
by "augmenting and expanding" the com- 
mercial market for low-temperature materi- 
als. which now centers on MRI and corn- *. - --- 

wires: compact, efficient industrial motors, mands several hundred million dollars. 
for example, and powerful magnets 
for energy storage. But raging in- 
crementalism offers a potential so- 
lution to the flux creep problem, 
too: In effect, give in to the need 
for lower tem~eratures. "There is I 
nothing sacred about liquid nitro- 
nen temperatures." Larbalestier " 
says. Alan Wolsky, associate direc- 
tor of the energy systems division 
at Argonne National Laboratory, 
calculates that maintainii temper- 
atures of 30K using, say, Avanced I - 

(a40-year-01drefrigera- Threads bared. Magnified 300 times, a slice of supercon- 
tion technology now being refined ducting wire is laced with filaments of BSCCO. 
for HTS applications) might cost 
only five times or so as much as liquid ni- 
trogen-based cooling. That's still a fraction 
of the cost of the liquid helium needed for 
low-temperature superconductors, he notes. 

At the end of the rainbow 
Since the new materials and cooling tech- 
nologies rank as incremental improvements, 
however, they may herald incremental growth 
in markets rather than the HTS boom propo- 
nents hoped for. Foner of MIT warns that 
when managers of utilities and industries bal- 

How big that expanded niche might grow 
to be is anybody's guess. Last May at the 
International Superconductivity Industry 
Summit in Washington, D.C., TsuneoNaka- 
hara, vice chairman and deputy CEO of Sum- 
itomo, projected that even assuming that the 
"high-temperature" materials will have to be 
chilled to 20 K, the market for HTS magnets, 
generators, Josephson junction devices (su- 
per-efficient digital components for computer 
chips), and other products could grow to $3.9 
billion a year by 2000. By 2010, he projected, 

) Ceramic Superconductors, Warts and All 
F o r  the first few years after high-temperature ceramic superconductors burst on the 
scene in 1986, activity focused on the search for new materials that might have 
dramatically better properties-work at higher temperatures, resist magnetic fields 
better, orstand up better tobeing shaped into devices. No miracle material has turned 
up, but here are the three groups that have emerged as the most promising. 

Yttrium-hiurn-Copper-Oxide (YBCO). In early 1987, a research wildfue brokc 
out with the discovery of this compound (YBa2Cu3O7), which remains superconduc- 
tive at 92K, well above the liquid nitrogen temperature of 77K. Though YBCO suffers 
from the weak link problem, thin samples can carry the most current of any HTS 
material, and it remains a candidate for both bulk and thin-film applications. 

Bismuth-Strontium-Calciurn-Copper-Oxide (BSCCO). In 1989, researchers in 
Germany found that this compound is less prone to the weak lid problem than 
YBCO. Although it may end up requiring sub-liquid nitrogen temperatures for reli- 
able operation, it has become a favorite material of wire makers. 

Thallium-based copper oxides. In 1988, the arrival of these compounds, one of 
which becomes superconducting at the record temperature of 127K, revived hopes 
that superconductivity at room temperature (300K) was still a real prospect. Al- 
though these materials stand up well to magnetic fields, the weak link problem so far 
has made them underdogs for bulk applications. For thin films that would work 
reliably at liquid nitrogen temperatur&,however, they're a leading contender. 

superconductors that work at liquid nitrogen 
temperatures ought to become ava i l ab le  
and the market would thendouble. But Renke 
Ford, editor of Materials d Processing Report, 
demurs. Given the hundreds of millions of 
dollars already invested in research and de- 
velopment, she says, "HTS wire .probably 
will not make money in our lifetime." 

Even if HTS wires turn out to be less 
profitable than Yurek, Schneider, and others 
hope, perhaps bulk HTS materials will find 
some quite unexpected niches. Last year, for 
example, Illinois Superconductor Corp. be- 
gan selling HTS dipsticks for electrically de- 
termining the level of cryogenic fluids like 
liquid nitrogen--something that could prove 
useful to those who, say, ship bull semen or 
store sensitive medical supplies. That may 
not be the bull market some visionaries once 
imagined. But just as MRI emerged out of the 
blue in the 1980s to make the 20-year-old 
low-temperature metallic su~erconductors 
profitabie, there is hope eternd that a similar 
godsend might bring HTS ceramics back into 
the technology spotlight for good. 

-Ivan Amato 
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