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Introduction

Superconductivity, discovered by Onnes (1) in 1911, is the total disap-
pearance of resistance at a finite low temperature (transition temperature
T ), The phenomenon is not rare; 25 out of the elements shown in Fig. 1 (2)

and over 1000 alloys and compounds are now known as superconductors Q. The
appearance of such a large number is quite surprising and challenging. In a
historical overview of the research and development of the superconductors,
following the works (4, 5) in 1950"s a significant breakthrough occurred in
1961 when xunzler at Bell Labs (6) found Nb3Sn remained superconducting in

magnetic fields in excess of 9 tesla, while carrying high current densitites.
This truly opened the door to the so-called type I1 or "hard" superconductors
which resulted in the compact, high field superconducting magnets commonly
used today. Such an epoch can be seen in Fig. 2 which is a chronological plot
(@) of T 's in superconductors discovered.

The element with the highest T is niobium (9.2 K) and the highest T,
known so far, is 2.6 K for Nb3ce. Commercial superconductors are available

based on the two ductile alloys, Nb-Zr and Nb-Ti, although the former has

been almost entirely superseded by the latter. A-15 compounds, Nb,Sn and

V3Ga are also commercially manufactured as conductors. Niobium is used for

applications of RF cavity and power transmission cable. Thus, niobium based
superconductors are indispensable for the applications of superconductivity
such as electrical machinery, magnetically levitated train, high energy
physics and so on. Recently, large-scale applications including fusion
reactors, HD power plants and energy storage systems have had a strong
impact on the research and development of new or improved superconductors
with high critical fields, high current densities and good cost performances.
Candidates to meet such needs will no doubt come from the family of niobium
based superconductors.

Regarding the fundamentals of niobium based superconductors, an attempt
is made in the following paper to summarize the theories and experimental
results as well as to make some comments on the future perspective under
seven headings: Transition Temperature and Critical Field, Flux Pinning and
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Critical Current, Stabilization, AC losses, Mechanical Properties, Fabrica-
tion Methods and Prospects for Superconductors in the Future. Emphasis is
made on practical superconductors and recent data.

Transition Temperature and Critical Field

Transition Temperature T

According to BCS theory (8), the energy gap 2 and transition tempera-
ture T are given by

20 = 4w exp [L/N(0)V] = 3.8 ¥T, o

where V and N(0) indicate the interaction potential of the superconducting
electrons (Cooper pairs) and the density of states at the Fermi level,
respectively.

It is possible to make a calculation of T, of superconductor based on

equation (1), if the normal state properties of the material are well under-
stood. Unfortunately, high-T superconductors are least known in the normal

state. Predictions of high values of T, follow from empirical rules
formulated by Matthias @. The rules are

L. Superconductivity occurs only in metallic systems, and
never if the system exhibits ferro- or antiferromagnetism.

2. Superconductivity occurs when the electron—-to-atom ratio
2/a lies between 2 and 8 WNontransition metals show T
increasing as =/a increases from 2 to 6. Transition
metals show a much more complicated behavior, exhibit-
ing peaks at /a2 of 4.7 and 6.5, and a sharp minimum in
between.

Dependence of T upon the electron-to-atom ratio is related to the

effect of the density of states N(0). The value of V would appear to be
fairly constant between about 4 and 8 slectrons/atom, The effect of crystal
structure is not well understood. The A-15 (Cr3Si type) compounds with the

highest ’I‘c's are those formed between either Nb or V and group I11A or IV A
elements, e/a being 45 or 47. The high-T B-1 (MaCl type) compounds are

carbides and nitrides of transition elements, Mo, Nb, Ta and Ti or mixtures
of these, e/a being 45 or 50. The A-12 (a-Mn type), D—8b (sigma phases)

and C-15 (Laves phases) with high T 's all have e/a ratios close to 6.5, the
second most favorable value. The classification of high T superconductors
is shown in Fig. 3.

Ductile alloys were rather thoroughly investigated over a decade ago and
there has been no advance in T 's recently. On the other hand, progress is
steadily being made in raising T of compound superconductors. This is not

due to the discovery of new superconductors, but rather to the application of
new methods of fabricating already known A-15 compounds. Let us take Nb _Ge,
T. of which was raised up to 17 K in 1965 by Matthias (10) using rapid
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Figure 3. Classification of high-Tc superconductors.

guenching techniques. In 1973 Gavaler (11) obtained 22 K by utilizing a
sputtering method. The latest and highest T, for b 4Ge is 23.6 K by Paidassi

et al (12), Table I shows the latest Tc's for A-15 compounds (12, 13).

The prediction of a value of T, for a new member of an already known

class can only be carried out by extrapolation of empirical correlations
between experimental T and material properties. Dew-Hughes (14) derived the

following empirical equation for A-15 compounds based on McMillan's theory
(15).

T = 27.5 (T,~2)N M
c T 2)

T, = 19.6T,CCAH W G(A=15)

(3

where TA is TC of A atom, M‘B mass of B atom, M mean atomic mass of compound;

G(4) and C(a-15) are atomic volumes of atom A and A-15 compound, respec-—
tively. By using the equations, he obtained 38— 2.4 K of T, for b, S1i.

3
High T above 30 K may be attained with Nb3Si in the near future.
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Table 1. Te(K) for A-15 compounds formed between Va and VIib elements.

va 1vb Sn Ge si
Vo(5.3) 4.3 11.2 17.1
Nb (9.2) 18.3 23.6 ?
Ta (4.5) 6.4 8.0 8.6

Upper Critical Field H 2

When a superconductor with the Ginzburg-Landau parameter kK > 142 (type
I1 superconductor) is subjected to an externally applied field, it shows a
Meissner (16) effect (exclusion of magnetic flux from the body of a supercon-
ductor) up to the lower critical field Hcl' At this field normal regions are

nucleated at the surface of the superconductor. Those regions carry magnetic
flux and move into the body. The superconductor is now said to be in the
mixed state. As the external field is raised, more of these normal regions
are nucleated. At some high field the normal regions are so densely packed
within the superconductor that they begin to overlay and the normal state is
achieved. This field is the upper critical field ch. According to GLAG

theory (17), the expressions for H and H,, are given by

cl’
H,=(#HHNZ ) Gng + 0.08)
cl c 4)
H(:2 =V/2 « Hc

(5)

GL parameter k is related to the normal electron mean free path ¢ and conse-
quently the normal state resistivity P ot Thus, both ¢ and ch can be expres-

sed in terms of § and p as follows (18):

6 _1/2
kK =X =A o=+ 237 x 100y / on

(6)

3
H . _(0) = 3,11 x107yp_ T
c2 n'c %0

where A is the penetration depth, £ the range of coherence and y the Sommer-—
feld constant, the temperature coefficient of electronic specific heat. An
increase In normal state resistivity will increase x and ch.
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H,,'s for high field superconductors are listed in Table 11 (@4). The
highest ", ever measured is 60 tesla for Pb Mog | S, @9. Theoretical
estimates of H,, are very close to the experimental values except for the
vanadium based A-15 compounds and some of bcc alloys. Experimental H,'s of

the vanadium based A-15 compounds, and V 40 at% Ti and Nb 70 at% Ti bee
alloys are lower than those derived theoretically because they suffer a
paramagnetic limitation (Clogston limitation (@)). Nb based A-15 compound
and PbMog S, can escape the paramagnetic limitation because of spin-orbit

coupling induced electronic spin—-flip scattering (2). Spin-flip scattering
is most effective in materials of high resistivity with atoms of large atomic
mass.

Table 11, Upper critical fields for high-field superconductors.

Superconductors (TKC) He2 (Cg;heor He2 (((r}))expt

bee alloys

V 49 at. 7 Ti 7.0 24.0 11

Nb 37 at. 7z Ti 9.2 10.1 9.6

Nb 56 at. 7 Ti 9.0 15.7 14.1

Nb 70 at. 7z Ti 7.2 17.5 14

Nb 25 at. 7Z Ti 10.8 8.6 9.2
Bl (NaCl) compounds

NbM 15.7 13.5 15.3

Nb(Cy 3Ng 7) 17.4 - 11
Al5 (Cr3si) compounds

V3Ga 14.8 14.9 25

V381 16.9 34.0 24

Mb13Sn 18.0 29.6 28

Nb3Al 18.7 32.7 33

Mb3Ga 20.2 34.1 34

Nb3Ge 23.6 37.1 38

Nb3(Alp, 7Geq 3) 20.7 4.5 43.5
Ternary sulfides

PbMos 156 14.4 59.9 60
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In this connection, the ternary or quaternary systems with heavier
elements are advantageous in getting higher HC2‘s compared to the binary

systems and are expected to add the effect of shorter electron mean free path

on higher ch’s for some cases. Fig. 4 shows the critical field mgp for the

ternary alloy of Nb, Ti and Ta by Suenaga and Ralls (2). Some enhancement
in ch (4.2 K) is seen in the figure. Table III shows T and ch @.2 Ky of
Nb-Hf/Cu-Sn and Nb-Hf/Cu-~Sn-Ga by Tachikawa et al (23). ch's of composite
processed Nbasn are significantly increased by the addition of Hf to the Nb

core and Ga to the matrix, despite small increases in T «

Flux Pinning and Critical Current

Theories of Flux Pinning

Flux lines in the mixed state of a type II superconductor experience a
Lorentz force FL = J x B whenever a current flows in the superconductor. The

force acts in a direction normal to both the flux lines and the current. |If
the flux lines are able to move under action of this force, they will dissi-
pate energy and the superconductor will show an induced resistance. It is

possible to "pin'" the flux lines and prevent them from moving by interaction
with the microstructural features of the material, and a pinning force F_ is

exterted on the flux lines. The critical current density J_ is such that the

Lorentz FL is just balanced by this maximum pinning force a; given below (24,
25).

J (B, T) xB=F(, T)
P (8)

Pinning is due to crystal lattice defects, such as dislocations found in
heavily cold-worked materials, impurities and precipitates of a second phase.
The critical current is not an intrinsic property of a particular composi-
tion, but a so-called structure-sensitive property and is strongly influenced
by the sample's metallurgical history.

Many empirical expressions have been proposed to describe the relation
between F_ and B. Theoretical and experimental results are often expressed
in the general form Fp(h) = chn(T)f(h) where h is the reduced field, H/HC

The pinning forces, for example, for normal particles or the one with the
change in k are given below (26).

5

F_=u zlrl-l 2%}%(1—h) n, (a <E) .

Ak
= H 1-h >
FP Yo & o2 &9 mga (1-h) nV (a>8) (10)
where a is diameter of the particle and ny, the total number of pinning

interactions per unit volume. If L, the average distance between pinning
centers, is > d, the inter-flux-Iline spacing, then all pins are occupied by

flux line and ~ 1/L3, the pin density. If L <d, n;, ~B/L ¢ . For large
precipitates, FP is given by (27). °



Figure 4. Critical field map for Nb-Ti-Ta alloy @)

Table I11, T and H . (4.2 K) of Nb-Hf/Cu-Sn and
Mb=tf/Cu=-3n-Ga compounds (23).

Specimen HeleotC t;e{?rtglent (Ti‘(c) He 2(51‘ 4) .2K)
Nb/7Sn 800 x 100 17.1 19
2HE/7Sn 800 x 100 17.5 21
SHE/ 780 800 x 100 17.6 23
Nb/5Sn-4Ga 800 x 100 17.4 21
2Hf/5Sn-4Ga 800 x 100 17.7 25
S5Hf/5Sn-4Ga 800 x 20 17.7 25
5Hf/5Sn-4Ga 800 x 100 17.7 25.5
Nb/3Sn-9Ga 800 x 100 17.6 23
5Hf/3Sn-9Ga 800 x 20 18.0 26
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2 .3/2
h -
=110 Sv H(\7 (1-h) Ak
P % (11)

where Sv is the surface area of grain boundary per unit volume « (grain

diameter )_1. Kramer (28) has suggested that the ultimate pinning force that
can be exerted must correspond to the shear strength of the flux-line lat-

tice. The shear strength, at high fields, is proportional to h1/2(1—h)2,
going to zero at ch (h=1) as shown in Fig. 5. Such a trend has been found

for many materials (14) (Fig. 6).

Critical Current Density of Nb-Ti Alloys

In the Nb-Ti alloys which form the basis for many commercial materials,
J (H) is enhanced by cold work. This is probably due to the refinement of

the dislocation cell structure and the presence of a high dislocation density.
Fig. 7 shows J (H) at 5 tesla versus inverse cell sizes of Nb-Ti alloys (29).

J (H) increases with increased reciprocal of sub-band diameter.

It is also enhanced by a precipitation heat treatment for some field
range. Once effective pinning centers in the form of a-phase precipitates
have been formed, the pinning force is controlled by the cell size. The
highest J values are obtained when the cold area reduction is greater than

90%, thereby indicating that the dislocation networks act as nucleation sites
for the o« phase. Fig. 8 shows a typical behavior of Nb-45 wt.% Ti (30) in
which cold area reduction is initially followed by heat treatment and then
further cold area reduction. Another example of remarkably increased I with

cold reduction after final heat treatment for Nb50 wt.% Ti is shown in Fig. 9
(31).

It is reported that a heat treatment in two steps may yield more effec—
tive pinning centers than the conventional single ageing treatment. (See
Fig. 10 (32)). The first step being ageing for long time at the temperature
at which a large number of fine precipitates exist stable and the second step
being ageing for short time at the elevated temperature for the growth of
precipitates. Fig. 11 shows J (H) versus temperature curves for Nb-Ti based

alloys containing 8 wt.% and 25 wt.% Ta (33). These alloys are favorable for

use at fields around 12 tesla and at temperatures below 2 K.

Critical Current Density of Nb,Sn Compound

Pinning in A-15 compounds IS produced by a fine grain size and by
precipitates. It is difficult to distinguish between the two effects since
the presence of precipitates will cause refinement of the grain size.

Much of the critical current data generated on bronze-processed Nb,Sn

3
has been interpreted in terms of flux—pinning interaction with grain boundar-—
ies. JC of NbESn at high fields is confirmed to be inversely proportional to

its grain size down to~ 500A as shown in Fig. 12 (34).
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Precipitates have been introduced via the substrate or by the presence
of oxygen and nitrogen during the reaction to form the compound. Oxides and
nitrides precipitate on a substructure within the grains; the highest criti-
cal currents are given by oxide particles~ 50 & in diameter at a spacing of
2004 (35).

Several attempts have been made to increase the high-Ffield performance

of Mo, 50 by raising its critical field Hoor o of b,8n at fields above 12 T

is increased by the small addition of Ga ~ 2 wt,%) to the Cu-Sn bronze as
shown in Fig. 13 (3%). J. of Nb3Sn in high fields is also increased by the

addition of Hf to Nb core and more significantly increased by the simultan-
eous addition of HF to Nb core and Ga to the matrix (see Fig. 14 (23)).

Stabilization

Instability

Magnetic instabilities or flux jumps are a feature of type II supercon-
ductors. The motion of flux in a type II superconductor is a dissipative
process and causes a local rise in temperature. The pinning force usually
decreases azs the temperature increases (dJ /dT is negative), more flux is

able to move and a small flux change can run away and develop into flux
avalanche or flux jump. Such a process is represented in Fig. 15. [IF this
cycle is not halted, the temperature rise will ultimately be large enough to
cause the superconductor to exceed its critical temperature and become

normal.  Note that the stored electromagnetic energies are 107 - 108 3

whereas only 103 - 10* o™ are needed to quench the superconductor .

The normal state can also be directly induced by an external temperature
pulse AT which may be generated by friction if the superconductor moves under
the action of electromagnetic forces. Displacement of only 10, at 6 tesla

produces 1.8 X 104 Ju~3 which will raise the temperature of a typical NbTi/Cu

composite from 42 to 7 K, probably quenching the magnet. Another origin of
heating is the release of elastic energy consequent upon the cracking of
brittle component such as epoxy resin in which the superconductor is potted

as a result of the difference in thermal contraction. Released energy can be

14 x 10° Jm_3, with the result of a temperature rise up to 19 K (37).

Stabilization Techniques

The simplest method to prevent flux jump is cryostatic stabilization,
where sufficient normal metal (stabilizer) is bonded to the superconductor to
provide an alternate current path during the transition to a resistive state.
The stability criterion is expressed as

2
a =I “P/APR(T -~ T,)

c c b (12)
where a is so-called Stekly’s (38) stability parameter, P is the perimetric
length for cooling and h is the heat transfer coefficient between liquid He
and the conductor; p and A is the resistivity and the cross-sectional area of
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the stabilizing metal, respectively. The composite conductor is fully stable
ifog ¢ 1, and partially stable if the operation is made below 1= Ic//a in

the case of « > 1 Full recovery of the superconductor, after the distur-
bance, requires that generated heat flux be so low that normal nucleate
boiling of liquid He is maintained. If the heat flux exceeds a critical

value (0.3- 05 w/cmz), film boiling commences and gives a sharp rise in
temperature. Recently significant improvements in the critical heat flux
have been made by means of grooving and chemical treatment of the stabilizer
(see Fig. 16 (39)).

Cryostable conductors are essential for a very large magnet, but their
high copper-to-superconductor ratio (10 to 100) and consequently low overall

current (at most- 30 A/mmz) make them unsuitable for use in more compact
high field magnets. The search for stable conductors containing little
stabilizer has led to other methods of stabilization as described below.

Adiabatic or enthalpy stabilization (40). The criterion is based on the
concept that the energy dissipated during adiabatic flux jump can be absorbed
by the material itself by subdividing the superconductor into many filaments
of small cross section. The filament diameter d must be

d < (1/3y/3 CT_hu
[e I o] (13)

where C is the specific heat and T, = /(dJ _/dT). For Nb-Ti alloys d is~
40 ym, a size easily achieved. ¢ e

Dynamic stabilization. This is based on the concept of balancing
between the rate of flux motion in the superconductor generating heat and the
rate of removal of the heat. A dynamic heat balance is achieved by combining
a small amount of pure metal slowing down the flux motion. The filament
diameter d is limited to

6K T
d<(1/J) so.l_—L
A (14)

where K and ) are the thermal conductivity and space factor of the super-
conductor, respectively.

Intrinsic stabilization. Intrinsic stabilization is an integrated one
containing the previous two concepts. Intrinsically stable conductors
consist of a twisted composite wire containing many fine superconducting
filaments embedded in a normal metal of high conductivity. Twisting the
filaments in the multifilarentary conductor is very important because other-
wise they will be electrically coupled in the presence of a changing magnetic

field. The maximum pitch len of twisting or transposition = i
given by (43) P gth 9 P JlP 4 Ly 1

L2< 22 pd wd/B (w + @)
(15)

where w is the filament spacing and B the rate of change of applied magnetic
field.
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Fig. 17 illustrates practical superconductors in the forms of monolith,
cable, braid and hollow conductor depending on the particular magnet applica-
tions. Fig. 18 and Table IV are a cross-sectional view of the multifilamen-
tary V3Ga and l\b38n compound superconductors commercialized for the first

time in the world and their specifications (44, £). With the introduction
of filamentary composites, instabilities no longer limit the performance of
high—current superconductors. Multifilamentary conductor technology has
largely promoted the development of applied superconductivity.

Finally, a few words are appropriate on transient stability. Recent
studies suggest that the inclusionof a small portion of liquid helium (-
10%) in the magnet windings could provide sufficient transient stability to
enable multif ilamentary conductor to work well in the presence of mechani-
cal instabilities.

AC Losses

Various Types of AC Losses

Hysteresis loss. Flux pinning leads to magnetic hysteresis. A high
critical current superconductor would bring forth loss when subjected to a

cyclic external field or carrying alternating current.

For simplicity adopting Bean-Landon (24) dependence of J_ on magnetic
field (JC = const) among other models (18, 46, 47), hysteretic loss Pc (J/m
cycle) is given by

3

g 3
P =-ZF3—"JL (B, <B)
¢ ed P (16)
J
2 cd
=2 J B (1—3.2—) (Bm>Bp) a7

where Bm is maximum value of alternating magnetic field and BP =J.4 The

hysteretic loss is approximately proportional to the filament size (2d) for
the field Bm > BP (~ 05 rtesla).

Eddy current losses. A changing magnetic field (AC or pulsive) causes
the coupling of multifilament conductor when the filaments do not behave as
individual filaments and the composite loss exceeds the combined filament

loss. This loss is called coupling loss (42) between filaments P, (Wm_3),
expressed as 2 o
1 8 4 FE
P =m0 (1- £ .5.3)
c 167 — 3 D 2
o, B (18)

where d is the filament diameter, D the wire diameter, and p—c the effective

resistivity. In order t reduce the coupling loss, high resistive metal,
such as c¢u-Ni alloy, is utilized as the barrier between the filaments in
addition to heavy twisting of the filaments. For cable or braid, an addi-
tional loss between strands is encountered. This is called interstrand
coupling loss. The loss is similarly calculated by the equation (18) where d
means the strand diameter and D the cable diameter.
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469




Cross section of multifilamentary compound

superconducting wire.

Figure 18.
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Table IV. Dimensions of stranded multifilamentary
compound superconductors.

Fitament rilaul:ul.
Superconducting | Conductor | Eidasesk | Fidapent| Twisting pitch| Stranding
material diameter | digmeter| number | of each strand pitch
(mm) (mm) (mm)
0.010 56 x 6.
0.36 0.010 56 x 6 20 6.5
V;Ga 0.010 | 55x 8
0.44 0.010 55 x 8 20 6.5
0.36 0.010 55 x 6 20 6.5
Nb3San
0.44 0.010 55 x 8 20 6.5

The large capacity conductor is usually an assembled one in which
superconducting cable or monolith is incorporated into stabilizing housing.

In this case, eddy current loss in the stabilizer P (Wm_s) is given by (48)

P, = (1/2a) / 2 wup Bm2 (sinh 2a/§ - sin 2a/§)/a

A cosh 2a/§ + cos 2a/s

where 2a is width of the stabilizer,, angular velocity, and 6 =/ 2 wup skin

depth. Besides those, other AC losses such as self-field loss and loss due
to parallel field have been formulated (49, 35D.

Experimental Data

Data for power cable (aroundH ,). Composite tb/cu conductors of

tubular and flexible structure for power transmission have been developed
(52, 5). Fig- 19b presents losses at 42 K for Nb clad copper strips
measured at Central Electricity Research Laboratories &).

The loss behavior of Nb38n depends on the method of fabrication and

surface treatment. Fig. 20 shows the effects of polishing on the liquid-
diffused W, 50 tapes ®)- Excellent results can be obtained by electro-

polishing.
Data for magnet applications ( > A 11. Fig. 21 and Fig. 22 represent

typcial data of AC losses in various Nb-Ti alloy conductors for pulsed mag-
nets. The specifications of the conductors are shown in Table V &)

As seen from Fig. 21, hysteresis losses are almost proportional to the
filament diameters coinciding with the equation (I7). Fig. 22 indicates the
advantage of three-component ¥b-T1i/Cu/Cu-¥1 conductors (TC-B and TC-C) over
usual ¥b-Ti/Cu conductors at the high change rates of applied field. Fig. 23
shows the effect of conductor direction on hysteresis loss measured by Yamada
et a1l (57) at Fermi Laboratory aiming at superconducting synchrotron (Energy
Doubler & Saver Project).
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Loss, Wm2

Figure 19.

N —

l | ||l||||l|||||l
20 30 40 50 00 B0 200

Sample |
Sanple 2

Somple 3

AC loss of Cu/Nb strips (53)

Sample 1:
Sample 2:

Sample 3:

17.6 mm wide by Imm thick, Nb thickness
20 ym

Identical to sample 1, made from different
extrusion

8mm wide by Imm thick, Nb thickness 8ym
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Table V. Specifications for superconductors for pulsed magnet.

Item TC-B TC-C cs-7 cs-11 CS-15
Conductor size (mm2) 1.89 x 3.78 1.86 x 3.72 1.91 x 3.81 1.27 x 3.81 0.92 x 4.93
Dia. of strand (mm) ~ - 1.05 0.69 0.59
Number of strand ~ - 7 11 15
Dia. of filament (um) 37 36 10.3 6.8 6.0
Number of filament 2,300 2,300 21,000 33,000 45,000
Cu to SC ratio 1.8/1 1.9/1 2/1 2/1 1.7/1
Twisting pitch (mm) 25 25 125 12.5 12.5
Ic (A) at 5T 3,850 3,840 3,080 2,010 1.900

TC means three—-component conductor, and CS compacted

stranded cable.
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Fig. 24 shows AC loss versus frequency of applied field characteristics
with twisted and non-twisted cables of multifilamentary Nb3Sn shown in Fig-

18, indicating the remarkable effect of twisting (45). Fig. 25 also repre-
sents the results of AC loss measurement by Shen et al (58) of in-situ
processed N‘o3Sn wires, indicating the moderate effect of twisting on the

hysteresis loss.

Mechanical Properties

Alloy

An extensive compilation by Koch and Easton (59) of Young®s Modulus
values is shown in Fig. 26. Young"s Modulus is seen to decrease as the Ti
content of Nb-Ti alloy increases and becomes marked in the range beyond about
50 wt.% Ti, exhibiting a notable increase in electrical resistivity.

g NS 1S ~—-nontwisted
4 —— twisted
4
Lo 7T o
Hm =18.2 kOe
I”
I’I
S { - 109
L | P
U gy
>‘ ”r
U -
™ ,V
£ o
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;’/,f 173
a e __..55
P S
i N3
/”’ -
1 ¢
! s 60
P i 0= —w === O ----mmo~-- -o-- 31
0 i 1 - | 1 1 3
0 01 02 03 04 05 06
f (Hz)

Figure 24. Effect of twisting on AC loss for multi~
filamentary NbSSn wire.
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Deformation of a composite such as high-modulus filaments dispersed in a

ductile matrix is generally characterized by four stages on a stress-strain
plot:

1. Both filaments and matrix deform elastically and the

overall modulus is the weighted mean of the individual
modull i .

2. The matrix yields while the filaments remain elastic
and the overall modulus is now the weighted mean of the

filament elastic modulus and the plastic work-hardening
modulus of the matrix.

3. Both filament and matrix deform plastically.

4. The composite fails, failure being initiated by filament
fracture.

Fig. 27 represents the typical stress-strain curves of the components of
a composite (59). A serrated yielding of No-Ti filaments is observed in the
figure. Table VI shows the specification, and tensile strengths and the
elongation measured of a large—capacity conductor with 1 of over 20 ¥A at 8

tesla and dimension of 27 mn by 12.8 mm for large D-shaped coil, Figure 28
(60).
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Table VI.

Parameters of 10 kK& conductor for large

D-shaped coil.

Item Specifications Measured values

Basic parameters

Conductor size (mm?) 27 x 12.8 27 x 12.8

Operation current (R) 10,220 10,220

Critical current at 8T (A z 18,000 20,400

Yield strength at R.T. (kg/mm2) z 22 25.7

Elongation at R.T. (%) 25 6.8

Minimum bending radius (mm) £ 200 £ 200

Equal area heat flux (W/cm2) z 6.0 "~ 0.9

Unit length (m) 200 200
Superconductor

Cable size (m?) 17.1 x 4.3 17.1 x 4.3

Strand diameter (um) 2.3 2.3

Number of strands 15 15

Cu/SC ratio /1 1/1

Filament diameter (um) 50 50

Number of filaments 1,060 x 15 1,060 x 15

Twisting pitch (um) 30 30

Stranding pitch (mm) 200 200

Jc of Nb-Ti at 8T (/cm2) >6 x 10 7 x 1¢*
Stabilizing copper

Access groove size (mm?) 17.2 x 45 17.2 x 45

Cold reduction (%) 215 ~v 20

Yield strength at R.T. (kg/mmz) 2 34 5.7

Elongation at R.T. (%) z5 16.3

Resistivity at 8T (ficm) 26 x 1078 56 x 1072

Surface work and treatment Rough surface Small grooves plu:

work chemical treatment

Solder

8ldering material Pb-Sn Pb-40Sn
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Figure 28. Stress-strain curves for monofilament Nb,Sn
with different bronze-to-niobium ratios %61).
Compound

Due to the brittleness of the compounds, their mechanical strengths and
the degradation under strain of their superconducting properties are of great
problem on the way to practical applications. A lot of studies on those
problems have been performed and phenomenological clarification has been made
to a good extent.

Fig. 28 presents typical stress—strain curves for single-filament NbSSn
conductors. The first stage out of four is represented by a common elastic
modulus of- 1.1 GN/m2 and extends to- 0.2 % in each case.

The compound in bronze-processed conductors is subjected to a compres-

sive strain originating from thermal contraction of the outer bronze matrix.
These compressive strains lower the T and J of the compounds. In Fig 29,

the superconducting transition temperature for a series of single-filament
wires is presented as a function of the applied tensile strain (). The
maximae:m represent the strains at which internal prestrains are removed by

tensile loading.

Fig. 30 shows the results of 1 measurements under strain on a Nb3Sn
conductor (). By choosing ghe intrinsic strain e, =¢c —e as abscissa,
extrapolated critical field B, and normalized critical current Icllcm are

plotted as shown in (c) and (d), which agrees well with the formula given by
(63)
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Figure 29. Tc versus strain at 4.2k (61).

* n-p ~ * q
Ic = [ BCZ(EO) . 1 B./BCZ(EO)
T == —=
cm BCZ(O) 1—B/Bc2(o) (19

where, for Nb3Sn, n~ 1, p~ 0.5 and q~ 2.

Fig. 31 shows the results of I measurements under strain and bending of
75 KA - 12T Nb3Sn compacted monolith for High Field Test Facility (HFTF)
(64). Fig. 32 also indicates the effects of bending on I of large-current
Nb3Sn conductor with 1 of 7.7 KA at 10T and cross-section of 17 mm by 10.8
mn for fusion research as shown in Fig. 33 (65). It is noted that T.C/Ic

monotonically decreases with the bending strain due to the twist pitch being
too short for the current to transfer between the filaments.

Fabrication Methods

Here a brief introduction of fabrication methods for superconductors is
made, supposing that the next speaker will deal with the theme in detail.

A typical production process for the assembled Nb-Ti conductor, illus-
trated in Fig. 34, is detailed below.
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Figure 3. Cross-sectional view of 10 €& conductor
for large D-shaped coil.

Superconducting Cable

S-1. Arc-melting Nb & Ti into Nb-Ti ingot (100- 1,000 kg by weight)

$~2. Manufacture of Cu clad Nb-Ti composite rod

5-3. Extrusion of multi cu/¥b-Ti billet into multifilament rod (200 ~
300 kg by weight)

S~4, Rolling & Drawing & Twisting

s-5. Heat treatment & Pb-Sn solder tinning

s-6, Cabling & Compaction

Copper Housing

C-l. Extrusion of OFHC billet into strip (300- 500 kg by weight)
c2. Splicing & Drawing
c-3. Chemical treatment (FC-2)

Assembled Conductor

A~l, Assembling &« Soldering
A-2.  Inspection ti Measurement
A-3. Delivery (3 m-core diameter drum)

The composition of Nb-Ti alloy used is mostly 50 wt.% Ti and. for nizh
field use, 465 wt% Ti. Nb-Ti filaments are embedded in OFHC (oxygen-free
high conductivity) Cu or mixed matrix of Cu and Cu-Ni by extrusion. The
composite is worked into a desirably shaped conductor and heat-treated for
precipitation. Various inspections and measurements including those of
superconducting properties and bond quality (66) between the filaments are
performed.
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Secondly, a typical manufacturing process utilizing bronze process for
multifilamentary Nb3Sn superconductors is given in the following.

Casting and homogenizing of 10~ 14 wt.% Sn bronze

Assembly of bronze/61-270,000 cores into billets

Hot-working of billets into rods

Rod drawing and twisting

Wire forming into tape-shaped or compacted stranded conductor
Reaction at 600 = 750°¢ for 10~ 100 hr

Insulation

Testing

PR ®ONE

N

The bronze is melted in an inert atmosphere using an electric furnace
and cast in iron molds. The composite of the bronze and Nb filaments is made
by extrusion. The rapid work-hardening of bronze requires intermediate
annealing for every 40— 70% reduction in area. The heat treatment for
formation of compound and cooling of the finished composite must be accurately
controlled for good superconducting properties to be guaranteed.

Other fabrication methods are listed in Table VII. In-situ process by
melting and rapid cooling and powder metallurgy are low cost alternatives to
conventional bronze process and applicable to WbAl as well as Nb3Sn

Chemical vapor deposition (CVD); and physical vapor deposition (PVD) by
sputtering and evaporation have been developed for Nb3AI, Nb (Al, Ge),

Nb3Ge, Nb3Ca and so on, for which the bronze process does not work well or
can not be applicable.

Prospects for Superconductors in the Future

In closing, a few words are paid below in regard to the present state of
art and the prospects for superconductors in future.

As far as alloy superconductors are concerned, it may be said, they are
coming into the stage of industrial production. The conductors for pulsed
magnets for superconductive synchrotron have been already developed and are
delivered on a fairly large scale as shown in Fig. 35. The conductors for
toroidal field coils and poloidal field coils of Tokamak reactor are under
way of research and development. Qualities and cost performances of the
conductors will be improved in accordance with various requirements in
spreading area of applications.

As for compound superconductors, they are still in the stage of research
and development, although the developments have been proceeding and lately
accelerated owing to great demands for high field and high current density.
The targets of short term are to develop high Jec conductors for high field
magnet up to 20 tesla, and large capacity conductors for fusion reactor and
high energy physics applications. The conductor, probably ijce tape, for

power transmission line operating at liquid hydrogen temperature is a target
of long term.

The last conductors in Fig. 35 are a dream at present, but have some
possibility left yet. Progress in material researches and new technologies
in near future may bring forth developments of new superconductors. Con-
sequently, it is emphasized that basic material research as well as advanced
fabrication technology is extremely important for the expansive commerciali-
zation of superconductors and their applications. It goes without saying
that close collaborations between the related people of materials and appli-
cations are desired for the developments above-mentioned.
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Table VII. Processing methods for compound superconductors.

Processing techniques Compounds
(1) Bronze process (solid state Nb3Sn, Vi3Ga, V3S8i, NbaAl
diffusion)
(2) Surface diffusion (liquid Nb3Sn, Nb3Al, Nb3Ga, ViGa
solute diffusion)
(3) CVD (gas state reaction) Nb3Sn, Nb3Ga, V3Si, Nb3Ge
(4) PO (electron beam and Nb3Sn, Nb3 (Al, Ge) , Nb3Ge
sputtering
(5) Reactive sputtering deposition NbN, (Nb, Ti) N
(6) Powder metallurgy Nb3Sn, Nbi3Al, V3Ga
(7) In-situ process Nb3Sn, Vi3Ga
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1 \.ll ] 1 1
' - ” .' |
CONDUCTOR FOR :THE ONE FOR POL O IDAL t 1
PULSED MAGNET  FIELD COIL b !
ALLOY { SYNCHROTRON)  {(CTR) | ] !
1 LARGE CAPACITY T}l-IE ONE FOR E‘S 1
| CONDUCTOR FOR CTR i(10"~10"J) ' :
1 (10"~10"3) I [ I
: ' a '. !
) 20T MAGNET \ | |
t . > 1 | !
! LARGE CAPACITY CONDUCTOR | |
1)
l } >l A
COMPOUND : corﬁnucmR FOR POWER TRANSMISSION AT LHy|
1
X | ' >
! | CONDUCTOR FOR 60Ht - USE X
! | HIGH TEMP. MAERTAL(LNa a RT) !
L
I ; ! !

Figure 35. Prospects for superconductors in future.
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