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ABSTRACT 

Metallurgical microstructure plays a major role, 
through its influence 011 magnetic flux pinning, on 
the critical current density of superconducting 
materials It has been found in technological prac- 
tice that the capabilities of superconducting materials, 
a s  measured in short length samples, a r e  rarely 
realized when loiig lengths of the same material a re  
wound in a solenoid. This degradation has been 
attributed to magnetically induced thermal instabil- 
ities. A method is proposed for the preparation of 
stable superconducting cables comprising a fila- 
nieiitary phase of one superconducting in a matrix 
of another This is to be achieved by directional 
solidification of appropriate superconducting s y s -  
tems under 0 g conditions. 

Metallurgical microstructure plays a major role, through its influence 
on magnetic flux pinning, on the critical current density of supercoii- 
ducting materials. It is the purpose of this paper to outline the rea- 
sons for this relationship and indicate how , by taking account of recent 
theoretical and experimental advaiices, carefully chosen eutectics 
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solidified under coiiditioiis of 0 g would have major advantages over 
materials presently available. 

First ,  coiisider only ideal homogeneous superconducting materials. 
These may be easily separated into two groups by their traiisitioii 
from the superconducting to the iiormal state in aii increasing external 
magnetic field, He (Fig. 1). A s  the applied magiietic field is 
iiicreased, type I (soft) superconductors have an abrupt transition at a 
single critical field (Hc) , while type I1 (hard) superconductors undergo 
a gradual transition to the iiormal state between a lower critical field, 
Hc 2 and an upper critical field, Hc2. Thermodynamic relationships 
hol for both reversible processes, and the work done in driving the 
material iiormal is giveii by the area under the curves. 
material, aii imaginary thermodynamic critical field, Hc, may be 
defined by assuming aii abrupt traiisitioii enclosing an equal area 
(dashed line in Fig. lb). The degree of type I1 behavior may then be 
described by the dimensionless Ginzberg-Landau parameter , 
c = Hc2/42 Hc. 
the superconducting critical temperature, Tc , the electron density 
of states a t  the Fermi level, N( 0) , and the iiormal state resistivity, 
P K is, therefore, sensitive to  alloy coiiceiitratioii. Its relatioii- 
s h p  with the resistivity is giveii by the followiiig equation: 

For. type I1 

Theory indicates that K depends primarily on 

is the K value for the pure element or compound, and Y is 
where the coef K?- icieiit of electronic specific heat. Thus ,  while elements 
(with the exception of Nb) a re  known to be type I ,  solid solutioiis, 
other than the very dilute, a re  type 11. 
compouiids a re  also type 11, because their high N(0) values result in  
a large KO. Table I gives values of Tc for metals, alloys, and com- 
pouiids, together with H or Hc2 (listed as  H,) values at 4. 2 O K .  It 

I1 characteristics, i. e. , they must be either alloys or compouiids. 

Intermetallic superconducting 

is apparelit that high fie E d superconducting materials must have type 

Between H c l  and Hc2, type I1 materials a r e  described as being iii a 
"mixed state. I t  To be use fu l  for high field applications, a supercoii- 
ducting material must not oiily have a high Hc-, but must be able to 
carry large resistanceless currents in this mixed state. A s  the 
applied field is iiicreased above Hc , partial field penetration occurs 

normal core supported by a vortex of shielding current. 
lattice, r resenting an internal magiietic field, B, has been directly 

of the fluxoids and the applied field force. If a current (J ' )  is passed 
through the conductor at right angles to the directioi%of the, applied 
field, a Loreiitz force giveii by the cross product of J aiid B acts on the 

in the form of quantized magnetic f r ux threads which consist of a 
This flux 

and a balance is reached between the mutual repulsion 
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f lux  threads in a direction perpendicular to both the applied field and 
the impressed current. In a homogeneous material, the flux lilies 
will move and resistance will appear if the drift rate is sufficieiitlp 
high. T h u s  , ideal reversible type I1 superconductors a re  expected 
to have low critical currents (Fig. 2).  

If ,  however, the flux motion can be impeded by imperfectioiis in the  
superconductor, the Lorentz forces may be resisted aiid the material 
can carry large superconducting,c rreiits without reverting to the 

arraiigemeiits, coherent precipitates , finely dispersed secoiid phase, 
and voids can all aid in raising the critical transport current density, 
Jc. A flux line will remaiii "piiiiied" a t  an inhomogeneity uiitil the 
Loreiitz force exerted on it exceeds the piiiiiing strength. When,  as 
a result of increasing applied field or impressed current, tlie Lorentz 
force exceeds tlie value of the local piiiliiiig forces, a cliaiige in the 
f lux line gradient will occur. If a balance with local piiiiiing forces in 
another part of tlie superconductor does not take place, the supercoii- 
ductor will traiisform to the noriiial state and a resistance to current 
flow will be observed. The greater the differences in free energy of 
the inhomogeneity and the superconducting matrix, tlie greater its 
effectiveness in raising Jc (or , the greater the difference iii clectronic 
properties , tlie greater the piiiiiing force). 

normal state. Iiihoniogeiieities 4 8 such a s  iioiiuniform dislocation 

This resistance to the motion of maglietic flux lilies under the iiiflueiice 
of the Loreiitz forces will also result in  ai1 altered magnetization 
curve. 
penetration in iiicrcasing fields and impedcs the f lux thread escape in 
decreasing fields. This means that tlie magnetization curves for high 
f ie ld ,  high transport current superconductors a re  irreversible. Fig. 
2 is a scheiiiatic represeiitatioii of the way magnetization characteris - 
tics aiid critical current deiisitics a r c  altercd by deviations from ideal 
bchavior produced by iiilioniogeiieitics. Note that tlie maglietic liyster - 
esis resulting from the nonhomogciicous nature of the material is a 
measure of tlic resistaiice to flux motion aiid, hciice, of critical cur- 
rent densities in tlic mixed state. A-quantitative theory relating Jc 
and magnetization data is available. ' J 

Tlie presciice of  :ieterogeiicitics causes a resistance to field 

Thus, the dtimate critical current densities which can be carried a re  
controlled by iiiteractioii bctwccii tlic metallurgical microstructure of 
the sample aiid the magnetic flux thread lattice present in the mixed 
state. 

In practice, it has been found that the capabilities of superconducting 
materials , as  iiicasui-cd in short leiigth samples , are rar-ely realized 
when tlic saiiic material is used iii a solenoid. 
hct.n attributed to magiictically induced thermal instabilities and may 

This degradation has 
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be explained a s  follows. Increasing temperature (T) results in a 
parabolic decrease in the critical field and critical current of a super -  
conductor for T < Tc. 
equation 

The relationship for Hc is given by the 

Hc(t) = Ho (1 - tL) 

where t = T/T is the reduced temperature, and Ho  is the critical field 
at 0 "I<. The fact that Jc usually decreases at  a faster rate than Hc is 
generally ascribed to thermally activated flux creep past barriers. 9 
Local variations in the movement of flux past the piniiiiig sites (e. g. , 
due to mechanical shock) can result in a local r ise iii temperature. 
Since dJc/dT is negative, the local Jc value is decreased, allowing 
more flux motion for a given applied field, He, aiid creating more 
temperature rise,  etc. 
can result iii a premature transition to normality. A s  a result of the 
heat generated, severe damage to the device may occur. This has 
been a major problem in superconducting solenoids aiid the reason for 
the incorporation of large volumes of high conductivity copper (a iion- 
superconductor) in magnet design. 

Some experimental results reported by Livingston lo indicate a possible 
solution to this problem. 
supersaturated Pb-In- Sn solid solutions (which a re  superconducting 
above 4. 2 "I<) results in flux pinning and magnetic hysteresis as  shown 
in magnetization measurements made at  4. 2 "I< (Fig. 3, curve A).  
However, magnetization curves talteii at  2. 0 "I< (Fig. 3, curve B) 
indicate that, although Hc2 increased a s  expected, a decrease in mag- 
netic hysteresis and, hence , the critical current density, were also 
reported. These results can be explained 011 the basis of the different 
flux pinning ability of the Sn particles a t  the temperatures a t  which the 
data were taken. Si1 is superconducting- at  temperatures below 3. 7 "I<. 
The Sn precipitates act a s  preferred flux pinning sites for the fluxoids 
at  2 "I< because, although the Sn particles a re  superconducting at  this 
temperature, their order parameter (a measure of the proportion of 
available electrons which a re  superconducting) is smaller than that for 
the higher superconducting transition temperature Pb-In- Sii matrix. 
However, as  the temperature increases, the Si1 particles become 
normal at a faster rate than the matrix, and a re  normal at  4. 2 "I<. 
During the temperature rise , their flux pinning ability increases with 
respect to the matrix and increases substaiitially when the traiisforma- 
tion to normality occurs. 'Therefore , although Hc2 (controlled by the 
matrix) decreases with increasing temperature, the magnetic hyster - 
esis and Jc characteristics increase. Briefly, this means that within 
the range of applied magnetic field indicated in Fig. 3, dJc/dT is 
positive over the temperature range -2. 0 to 4. 2 "IC. This is  signifi- 
cant, since it offers a method of controlling those magnetic (i. e. , 

This is commonly known as  a flux jump and 

It is known that the precipitation of Si1 from 

138 



transport current) instabilities in which a negative dJc/dT plays 
such an important role. 

A n  examination of the commercial superconducting materials presently 
available indicates that although high pinning characteristics have 
beeii achieved through highly disordered structures and the iiitroduc- 
tion of the heterogeneities iii the form of second phase particles, no 
attempt has been made to achieve positive dJc/dT characteristics. 
The nonsuitability of superconducting elements as usefu l  materials 
except in specialized instances, e. g. , Nb for ac coiiductioii, has been 
previously noted. Superconducting solid solutions and compounds a r e ,  
therefore, of primary interest. 
ducting phase as a source of piiiiiiiig sites leads u s  to consider ternary 
phase systems, siiice an examination of phase equilibria between the 
components of possible supercoiiducting solid solutions and iiiter- 
metallic compounds points to few biliary systems which present 
favorable phase relationships for achieving positive dJc/dT. The 
behavior at low temperatures of mixtures of superconducting phases 
i s  dependent not only 011 the electronic properties of the phases a t  
these temperatures but also on their distribution and relative propor - 
tion. In particular, it is essential that the primary superconducting 
phase be present iii electrically connected networks if resistanceless 
operation in high magnetic fields is to be realized. The need to meet 
this condition of multiple connectedness suggests that directional 
solidification of coiitiiiuous fibers of the primary supercoiiductiiig phase 
in a supercoiiducting matrix of the second superconductor would be the 
ideal method for preparing a material with positive dJc/dT charac- 
ter is t ics . 

The introduction of a second supercoii- 

Directional solidification of binary eutectics has been used to prepare 
iii situ iiitermetallic compound fibers in a metal matrix, and success- 
ful results have been reported in such systems a s  Cu2A1 in A l l 1  and 
A13Ni in Ni12. Several problems are, however, encountered in such  
systems mainly associated with the invariant nature of a eutectic 
reaction. Normally, no adjustments in fiber-matrix ratio can be made 
and no influence on the properties of the matrix caii be exerted. This 
latter factor is a severe shortcoming, siiice coiitrol of the matrix 
composition is essential in optimizing any alloy system. Nevertheless, 
composite electronic materials have been prepared by directional 
solidification of biliary eutectics and show interesting properties which 
have made possible their  u s e  a s  polarizer for infrared light13 and 
armatures for m iiii a t u r  e e lec t r ic mot or  s . 74 

Since the use of ternary systems is envisioned in the preparation of 
the proposed superconducting materials, another class’ of phase reac- 
tions presents itself which leads to the same final structure a s  that of 
invariant binary eutectics, yet offers a means of overcoming some of 
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their shortcomiiigs. The class of reactions proposed consists of 
monovariaiit eutectics present in highe I: order s y s  tems. 
ness of these monovariant reactions arises from the  fact that the 
crystallized biliary eutectic type structure obtained is actually a solid 
solution matrix and a eutectic precipitate. The structure forms 
esseiitially iii the same way as a biliary eutectic by the simultaneous 
precipitation of two crystallite types, one of which is a solid solutioii 
aiid may coiisist of an esseiitially infinite number of alloying elements. 
Also, in certain cases and within limits,-the fiber-matrix ratio may 
be variable. Mowever, the most important possibility offered by the 
use of monovariant eutectics is that of controlling the matrix composi- 
tion. This will allow relative adjustment in t h e  superconducting pro- 
perties of the phases, primarily Tc, to produce ail essentially two- 
phase material with positive dJc/dT characteristics It has also been 
demons trated15 that control of the matrix composition can be a method 
of changing the crystallization behavior of the fibers. 

The useful- 

It will be relevant to consider, briefly, the properties of eutectic com- 
position material, paying particular attention to their preparation under 
directional solidification conditions. A s  pointed out previously, a 
eutectic structure, when directioiially solidified, can coiisist of one 
rodlike or lamellar compciieiit of very high length-diameter ratio 
embedded in a matrix of the other eutcctic component Generally, 
however, as  has been discussed by several authors, li; small temper- 
ature fluctuations which cause convection aiid attendant changes in 
supersaturation cannot be avoided. Thus,  fibrous growth of one com- 
poiieiit is interrupted; the filameiits, instead of being continuous, 
become discontinuous. In other words, siiice the eutectic is  an 
invariant point in thc thermodynamic description of the system, for 
ideal eutectic solidification, temperature aiid composition a r e  fixed. 
Local compositioiial variations such a s  those induced by coiivectioii 
cause a disruptioii of ideal thermodynamic growth coiiditioiis. A s  a 
consequence, fibers become irregular, or cells develop and a much 
less than ideal composite is the result. 

In the case of monovariant eutectic reactions in higher order systems, 
these difficulties a re  sharply amplified because the liquid from which 
the  fibers a re  precipitated contains more than two species of atoms, 
and the probability of producing local compositional gradients is coii- 
sequeiitly much greater. It is therefore suggested that directional 
s o 1 id if i c a t i on of s u pe r c oiid u c t i iig mono va r i a ii t eutectic s w o u Id gr ea t 1 y 
benefit from the absence of gravity segregation aiid thermal coiivec - 
tion, and that substantial advances in superconducting technology might 
be realized by manufacturing in space. 

A t  present, there is  a paucity of information available on ternary phase 
systems. It would, therefore, be necessary to investigate the phase 
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equilibria in systems which a r e  tentatively suggested in order to 
determine whether suitable eutectic reactions a r e  present. The super - 
conducting characteristics of the materials can, however, be deter- 
mined during the initial investigation and will themselves yield valuable 
phase equilibria information. Nevertheless , several interesting pos - 
sibilities based on Nb compounds and solid solutions present them - 
selves. Nb based A - 15 type intermetallic compounds have the highest 
Tc measured to date [Nb3(A10e 8Ge0. 2), Tc = 20.05 OK)]. We suggest 
that suitable monovariant eutectic reactions may be found among such 
ternary systems as Nb3A1, Nb3Ge, Nb3Sn with V, Ti, Ta,  etc. These 
ternary systems would allow, if successful, the directional solidifica- 
tion of a high Tc intermetallic compound in an Nb ba ed sol'd solution 
which would, on the basis of information available, 1 7 7  187 14 also have 
a high Tc and excellent Jc characteristics. 

Initially, feasibility experiments could be carried out by producing 
directionally solidified eutectics with the correct current density 
characteristics in a Pb based ternary material. 
and alloys have superconducting transition temperatures well  above 
4. 2 "I< (boiling point of liquid He) and, because of their low melting 
points, the additional advantage of easy preparation. Also, there is  
some info iatioii on directional solidification of Pb alloys already 
a va i la ble . Meanwhile , phase diagram information could be 
generated in the more important transition metal systems which 
would have superior s upercoiiduc tiiig character is  t ics . 

In summary, we have proposed a method of preparing superconducting 
material which would be stable in the presence of the flux jumps which 
can lead to a catastrophic transition to normality. 
on three inter connected propos itioiis : 

Pb based compounds 

The idea is based 

1. The material should be niultiphase. A t  least two phases 
should be superconducting and with electronic properties such that 
stability to flux jumps i s  possible. 

2. To ensure continuity of the high current density supercon- 
ducting path, directional solidification of eutectics under conditions of 
0 g should be used to prepare the samples. 

3. The use of multicompoiieiit monovariant eutectic systems 
presents major advantages over invariant eutectics which have been 
successfully used to prepare composite materials. 
ability to adjust the matrix composition i s  a tremendous advantage, 
since it allows proposition (1) to be more readily realized. 

In particular, the 
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Fig. 1. Schematic magnetization curves for  types I and I1 
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Fig. 2. Schematic magnetization and critical current density curves 
for type I1 superconductors (curve A = reversible magnetiza- 
tion curve and corresponding Jc curve ;  curve  B = same 
material in, for examplsa highly deformed condition - 
magnetic hysteresis is evident and a corresponding enhance - 
meiit of J, has occurred) 

143 



/---,A 
6 "t "'3:"" \ 

10 "k" 

Fig. 3. Magnetization curveslo for a Pb-22 a/o 111-21 a/o Si1 alloy 
aged 1 h r  a t  room temperature after solution treatment 
(curve A = measuremelit at 4 .2  "K;  curve B = measurement 
at 2 "I<) 
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Table I. Tc and Hll Values'' 

E lemeiit 

A I  
Nb 
Pb 
s17 
Ta 
V 

Alloys 

Nb-25a/o Zr  
Nb-33a/o Ti 
Ta-35 .+ 100 a/o Ti 
Mo-33 a/o R e  

Compounds 

1. 18 
9. 13 
7.20 
3. 72 
4. 48 
5.30 

10. 8 ~~ 

9 .3  
4. 4 - 7. 8 

10. 8 

18.05 
17. 0 
17. 0 
8. 8 

"Extrapolated linearly to 0 "K 
+Measured at  1 . 2  "I<. 
Weasured at 1. 9 'I<. 

99 
19 80 
803 
309 
830 

1020 

IC (oe) 

- 100" - 100" 

-2 8+ 
14- 138+ 

350' 

300' -3d 
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