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When discussing technical superconductors one distinguishes
between high-temperature superconductors and low-tempera-
ture superconductors. The characteristic temperature is the
critical temperature, T.. Above this temperature superconduc-
tivity ceases. When thinking about “high” temperatures one
typically addresses temperatures around the point of liquifi-
cation of nitrogen (77 K); when considering “low” tempera-
tures, values in the region of the boiling point of liquid helium
(4.2 K) are of interest.

The low-temperature superconductors can be further sub-
divided. For example, there are solid-solution supercon-
ductors and B-tungsten superconductors. In this article, we
consider the latter. Another name for B-tungsten supercon-
ductors is A-15 superconductors, a classification according to
the crystal structure of the material.

Additional main parameters to characterize superconduc-
tors are the upper critical magnetic field, B, and the critical
density, J,.. Again, superconductivity disappears for values of
the magnetic field B or the current density JJ above their criti-
cal values.

Solid-solution superconductors, for example, NbTi, are lim-
ited to be used up to a magnetic field of about 9 7. Some
superconductors of the B-tungsten group have the potential to
reach magnetic fields well above 20 T. To take advantage of
this potential, many different production methods of wires
and tapes have been established. As all A-15 compounds are
very brittle, the processing to final dimension takes place in a
more ductile state and mainly in combination with substrate
materials for electrical and mechanical stabilization. At final
dimensions, or even after winding to coils, the superconduct-
ing layers are formed during a defined heat treatment.

Many procedures have been developed in order to increase
B, and J, by adding elements for alloying the basic metals.
Because of poor ductility and differences in thermal expan-
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Figure 1. Part of an Al5 lattice emphasizing the bec-sublattice of
the A ions and the nonintersecting linear chains of the B-ions.

sion coefficients of the materials in such a composite, stress
and strain needs to be carefully controlled during handling
and in the final application, for example, high-field magnets
of different sizes.

This name, used for the class of materials addressed by the
title, is based on the B-form of the element tungsten (W), first
reported by Hartmann et al. in 1931 (1). This modification is
taken as a representant of the A15 structure. As one was not
entirely sure whether or not this structure occurs in pure W,
but only in connection with oxygen, other prototypes have
been sought. The testing of the elements has not been fruitful,
and so the lattice of a binary intermetallic compound of chro-
mium (Cr) and silicon (Si), that is, Cr;Si, became a commonly
used indicator. In the following text, the term A1l5 will be
utilized. In the unit cell of a binary compound A;B, which
shows the A15 structure, the ions are ordered in the following
manner (see Fig. 1): The B ions are arranged in such a way
as to build up a body-centered cubic (bcc) sublattice. The A
ions form nonintersecting chains in the (100)-, (010)-, and
(001)-directions on the faces of the unit cell.

In this group of superconductors, however, the A ions com-
monly are niobium (Nb) or vanadium (V), and the B ions are,
for example, recruited from tin (Sn), aluminum (Al), germa-
nium (Ge), or gallium (Ga), without trying to be exhaustive.
Thus, typical representants are materials such as Nbs;Sn,
NbsAl, NbsGe, or V;Ga, to name only a few. Other members,
together with their transition temperature T\, can be found in
Table 1 (2—4).

The explanation of why a crystal structure is applied in
order to characterize a class of superconductors, in spite of
the fact that it is not entirely possible to assign superconduc-
tivity to a certain combination of qualities, becomes evident
noting the following: Until the so-called high T, superconduc-
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tors were discovered, the record for the maximum T, has al-
ways been held by members of the A15 family.

All metallic materials being superconducting in the range
from 14 K to 23 K have the crystal structure of the A15s. The
high superconducting transition temperature T, for V,;Si and
NbsSn has been discovered by Hardy and Hulm (5) in 1953
and Matthias et al. (6) in 1954. A15 materials are expected
not to be superconducting above 25 K (7), due to the increas-
ing instability of their structure related to the electron—
phonon interaction.

Nevertheless, there are compounds showing the A15 struc-
ture which do not have a remarkably high T.. For example,
the intermetallic compound containing Nb and osmium (Os),
that is, NbsOs, has rather a low one: T, = 1 K (3), whereas
the compound of V with cobalt (Co), that is, V;Co, does not
show superconductivity at all, down to a temperature of T' =
0.015 K (8). That fact made the search for an explanation for
the qualities of those materials even more difficult.

In general, it is possible to describe the physical phenom-
ena relevant for the Al5s, for example, the high supercon-
ducting transition temperature, which is also related to the
BCS formula (9), by one-dimensionality, partially localized
states near to or at the Fermi level, elastic softness, and
strong electron—phonon coupling.

In the Al15s, a nonatomic diffusion, characterized by an
atomic motion during the transformation at low tempera-
tures, not exceeding the distance of an unit cell’s size, takes
place. Such martensitic transformations are quite common in
solids. The most famous example is an alloy of iron (Fe) and
carbon (C), the FeC transformation to the Fe;C, the bce-iron
or martensite. The martensitic transformation in A15, above
T, (martensitic phase transition temperature) is from cubic
A15 to a more tetragonal structure at a few tenths of a kelvin
below this temperature. This transformation has been ob-
served first at V3Si and Nb;Sn by Batterman and Barrett (10)
by x-ray diffraction.

Further investigations have been made by susceptibility
and NMR measurement of Knight Shift and nuclear spin lat-
tice relaxation rate (11). Results are that, in the supercon-
ducting state, the A15s have the behavior of type-II-supercon-
ductors. It is remarkable that, the higher the transition
temperature, the higher the temperature dependency of the
susceptibility becomes.

The development of technically usable A15s was correlated
to the research work done for conductors having a high criti-
cal temperature T, and being adequate for the production of
high-field magnets.

Early progress for commercial use has been achieved with
powder metallurgical systems, by filling Nb and Sn powder
into a Nb tube, compacting the powder, and drawing the en-
tire piece to the final wire diameter. Other methods targeting
the production of tapes, which was possible by passing tapes
of the substrate material, for example, V or Nb, through a
bath of molten Ga or Sn, respectively. Additional experiments

Table 1. Transition Temperatures [in K] of Some Al15 Superconductors (2-4)

Al5 Cr;Si Mo;Ir Nb;Al Nbs;Au Nb;Ga Nb;Ge

Nb;Sn

TasSn Ti,Ir V,Al V;Ga V;Ge ViIn V,;Si

T. <1.2 8.5 19.1 11.3 20.7 23.2

18.2 5.8 4.3 9.6

14.8 6 14 17.1
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used the same principal approach, by producing pancake-like
tapes, made by rolling together already alloyed tapes. Chemi-
cal vapor deposition (CVD) and cathodic sputtering are being
used, as well.

The advantage of A15 conductors at high T and high B.,,
the upper critical field (To be precise, the upper critical field
would be H, which is related to the upper critical flux den-
sity By in the following way: By = u¢H. But the common
combination used in the superconducting society is the one
above.) is faced by the disadvantage of the brittle intermetal-
lic A15 compounds. That applies for conductors having re-
duced mechanical tension in the diffusion layer. In the case
of tapes this is given due to the smallness of the distance of
the neutral phase to the diffusion layer, resulting in bending
stresses low enough to wind magnets after the A15 forming
heat treatments.

Tapes, having naturally a large width-to-thickness ratio,
are unsuitable for rapidly excited magnets. The A15 layer
causes instability because of flux jumps originating from the
currents perpendicular to the superconducting layer. Fulfill-
ing the demand of intrinsic stability is one of the important
criteria for modern superconducting magnets, and can only
be achieved by dividing the superconductive parts into very
small portions.

First ideas for the production of fine filaments in a sub-
strate have been laid down in the British patent GB No.
1203292 of 1966 (12). Nevertheless, the advantages of the
properties of tapes (NbsSn; V;Ga) for the design and construc-
tion of pancake coil magnets has been used on several high-
field magnets. A magnet of 17.5 T (13.5 T with Nb3Sn plus 4.0
T with V;Ga), being constructed by Intermagnetics General
Corporation (IGC), has been installed at the National Re-
search Institute for Metals (NRIM) in Japan in 1975 (13).

In the case of fine filaments, materials in a ductile state
are drawn down to final dimensions. The A15 compound is
then formed by a heat treatment, using the solid-state diffu-
sion. This method of solid-state diffusion has first been ap-
plied by Tachikawa for a V;Ga wire (14). The A15 compound
is made via a heat treatment at approximately 700°C, which
enables the Ga, solved in the Cu, to diffund into the V fila-
ments, forming V;Ga.

As the problem of brittleness still exists, it has now become
common to wind the magnets’ coils first, having the treatment
afterwards. This so-called wind-and-react method is now used
for almost all magnets assembled of A15 superconductors.
The structures of VsGa and Nb;Sn are very similar, but mate-
rial costs and production procedures are in favor of NbySn. It
is possible to perform the solid-state diffusion by several
methods. Examples are diffusion of Sn from a bronze with a
high tin content into Nb filaments, or by an external diffusion
of Sn to a Cu-Nb system with intermediate steps of forming
a bronze by the Sn diffusion procedure. The bronze process is
applicable, for example, for Nb-Sn, V-Ga, V-Si, V-Ge, Nb-Au,
and Nb-Al.

In order to get high critical currents, it is obvious that the
reaction of Nb and Sn or V and Ga to Nb;Sn or V;Ga must be
as complete as possible. Different methods have been devel-
oped to reach this target, for example, Nb-Sn internal Sn con-
ductors, powder-in-tube, jelly roll, or in situ technologies.
Such methods are necessary, as otherwise the amount of
NbsSn in the cross section is limited to the Sn content of the
bronze. Compared with conductors produced via the bronze

route, these materials are superior, in terms of the critical
current density J.. Forced by design and fabrication technol-
ogy, those conductors tend to have filament coupling and high
hysteresis losses, caused by relatively large effective filament
diameters. These values of the effective filament diameters
are significantly better for the bronze route conductors, also
showing higher figures for T, and B,.

NbsAl is one of the about 47 known A15 superconductors,
having the third highest T’ of 19.1 K (see also Table 1), rank-
ing behind only impractical materials like NbsGe (23 K) and
NbsGa (20.3 K). While having those promising figures, the
producibility of Nbs;Al turned out to be a difficult task. Differ-
ent production methods of powder metallurgy have been uti-
lized, as well as the tube and the jelly roll processes.

A15 superconductors are strain sensitive and, while
NbsSn may drop about 50% in oJ, at a strain of 0.5%, the J,
of Nb;Al is reduced by 20% only at a strain up to 0.8% (15).
That gave reason for renewed interest in that material, espe-
cially for large-scale applications like the International Ther-
monuclear Experimental Reactor (ITER). For the very big
coils of such a machine, the conductors are cabled and welded
into a stainless-steel conduit, resulting in additional axial
strain.

A significant amount of research work has been done to-
ward powder metallurgical solutions, but no commercially us-
able process has been developed for Nb;Al. The jelly roll and
Nb tube processes seem to be more promising to yield high
J. values at reasonable length. Wires of A15 type supercon-
ductors used for the wind-and-react technique need to be in-
sulated with an insulation material like glass, quartz, or ce-
ramic, withstanding the heat-treatment temperature. In the
case of NbySn, this temperature is at approximately 700°C,
leading to a braided insulation type of E- or S-glass. The
higher temperatures, which are necessary to form the Nb;Al
phase, are another obstacle for a broader use of this material.

While Nb;Sn became the main choice of the A15 materials
being used in a wide section of high-field magnets, a develop-
ment leading to higher critical currents and better mechani-
cal values is necessary.

The main factor that is limiting high-magnetic field is the
Lorentz force, which increases proportionally to the square of
the generated magnetic field. The stresses induced into the
conductor and the strains require reinforcement, reducing the
overall current density and thus leading to magnets being
bigger and, therefore, less efficient. The bronze substrate of
A15 superconductors is highly resistive and the stabilization
is poor. Cu of very good conductivity has to be added [compare
Fig. 2(a) with Fig. 2(b)]. Different methods, different with re-
spect to the method of processing the conductors, like internal
Sn, jelly roll, and bronze process, are used. In order to prevent
the diffusion of B ions, for example, Sn into the Cu, diffusion
barriers are necessary. In case of the bronze process conduc-
tors, diffusion barriers of Ta or Nb are used.

To influence the superconducting parameters, the critical
current density J, and the upper critical field B.,, by getting
better heat-treatment conditions and higher pinning forces,
third elements, creating ternary and quarternary alloys, for
example, (Nb, Ta);Sn, (Nb, Ta, Ti);Sn, or Ge, Hf, or Al are
added. As not only JJ, but also the overall current, usually
denoted by I.geran, is important, the size of conductors has to
be increased. This is possible by producing larger monolithic
superconductors, mainly of rectangular shape. Another alter-
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Figure 2. Different cross sections of NbsSn bronze conductors; (a)
with TaCu core for stabilization; and (b) unstabilized (courtesy of Vac-
uumschmelze).

native is the cabling of a number of round wires into flat or
round cables. Special attention to possible reasons for the re-
duction of JJ, by filament size, the principle conductor design,
or the cabling process, has to be given.

To fulfill basic requirements of technically reliable super-
conductors like high transition temperature T, high critical
field B, and high critical current density J,, many different
approaches have been used. This was mainly done by devel-
oping production and material treatment methods adequate
to overcome the sometimes difficult material parameters of
the A15 components and in order to optimize the parameters
of the final conductor configurations. As all A15 materials are
brittle by nature, which cannot be overcome by any means, it
is necessary to use methods of deformation to get tapes or
wires being cold-worked prior to forming the A15 layers. Once
the layers are formed, the handling of the conductors needs
utmost care, in order not to reduce or completely to destroy
the superconducting properties. Deformation of conductors
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with already existing A15 formation is only possible with
complicated, not very practical methods, for example, ex-
tremely high hydrostatic pressure.

METHODS OF PRODUCTION

Surface Diffusion Process

In this process, a tape of V or Nb is dipped into a Ga or Sn
bath. The heat treatment then forms V;Ga or Nb;Sn. It is also
possible to hold the bath at the reaction temperature, forming
the A15 phase during immersion. To use the better flexibility
of tapes and getting the relatively thin layers of the brittle
A15 only, other methods, such as sputtering the V or Nb to
the core material by cathodic deposition or chemical vapor de-
position, or by condensing under high vacuum conditions have
been applied. For special MRI magnets, tapes of (Nb, Zr);Sn
are introduced, operating at 9 K (16).

Composite Diffusion Process

Members of the composite are cold-worked together to final
shape. The final heat treatment forms, by solid-state diffu-
sion, the superconducting phase or a microstructure, which
also has normal conducting phases. Tapes or even wires made
of the components of the superconducting phase, probably in
combination with other elements for electrical or mechanical
stabilization, or just to improve the workability, are cold-
worked together, tapes of Nb and Al or Cu, Sn, and Nb being
stacked and rolled. It is also possible to use tapes of the high-
melting component with layers of the lower-melting compo-
nent received by CVD for stacking and rolling. Clad chip ex-
trusion (17), by producing the components as described, chip-
ping and filling them into a Nb-lined Cu can for extrusion and
drawing, is another development of this production.

Powder Metallurgy Process

Matrix material like Cu is mixed with other components, for
example, Nb and Sn, or Nb and Al, after the compaction to
final shape of wires or tapes. The formation of the supercon-
ducting phase takes place on the outside of the powder layers.
Producing a superconducting wire by PM methods has been
approved by Kunzler et al. (18) and was the first successful
process for A15 wires. The Nb tube has been filled with (Nb,
Sn) powder with a ratio of 3 to 1 or a (NbsSn, Sn) powder.
Heat-treatment temperatures of 970°C to 1400°C are used.
More recently, powder of the intermetallic compound NbSn,,
mixed with Sn powder, is filled into a thin-walled tube of Cu
or Cu-based alloy, and reduced in size for compaction. The
powder is then placed into a Nb tube within a Cu tube. After
that, it is possible to use this combination and stack it again
into a Cu can with other matrix parts. Such a billet can be
cold-worked to final size without further heat treatment. Dur-
ing the heat treatment, at typically 650°C to 700°C during
15 h to 45 h, a NbsSn layer of about 2.5 um thickness is
formed on the inner side of the Nb tube, resulting in filament
diameters of 10 um to 20 um, depending on the number of
cores. The reaction process is, in fact, a two-step process of
NbSn, + Sn — NbgSn; from the core, and then forming with
the Nb tube and, by depleting, of Sn the NbsSn. Similar meth-
ods can be used for NbsAl, especially by using sintered rods
of Nb powder, metal-impregnated to get it self-supporting,
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Table 2. Increase of Hardness of Niobium and Tin Bronze During Deformation (20)

Degree of
Deformation Heat-Treatment Temperature Hardness
Sample (%) Time (h) (°C) (N/mm?)
7.7 at. % Sn 0 — — 1260
21 — — 2230
27 — — 2330
21 1 500 1340
21 5 500 1160
21 8 500 1140
8.5 at. % Sn 0 — — 1350
21 — — 2560
21 1 400 1640
21 5 400 1370
21 8 400 1330
Nb, original 0 — — 1020
Nb Core 25 — — 1330
57 — — 1480
68 — — 1460
75 1 550 1530
97 1 550 1510
99.7 1 550 2030

due to immersion into Al-Ge or Al-Si baths at temperatures
of 600°C or 580°C, respectively (19). Reaction treatment at
1700°C is followed by final annealing, at 750°C.

Bronze Process

This technology is very typical for Nb;Sn and V;Ga supercon-
ductors. In a substrate of Cu-Sn or Cu-Ga, a number of fila-
ments of Nb or V are inserted. The solubility of Sn and Ga is
limited to approximately 8 at.% or 20 at.%, respectively. This
solubility restrains the amount of the A15 compound that can
be formed by solid-state diffusion. The high-strength compo-
nent, the bronze, is getting the low-strength component, Nb-
Ga, to a laminated flow, but multiple intermediate heat treat-
ments due to work hardening are necessary; see, for example,
Table 2 (20). Relatively thin filaments, with a maximum di-
ameter of about 5 um, are necessary to receive good overall
current density. The Sn reservoir and the diffusion path is
the bronze between the filaments, but the decreasing content
of Sn during the reaction treatment reduces the speed of dif-
fusion. Heat treatments at about 700°C, in many different
variations, form the intermetallic A15 compound at the inter-
layer of the bronze to Nb or V. This also creates Kirkendall
voids (21), which disturb the diffusion paths; see Fig. 8. To
get high filament numbers for conductors of bigger size and
due to the limitations in filament diameter, second and third
stacking of billets may be necessary. For electrical stabiliza-
tion, Cu can be embedded in the matrix or in the center of
the conductor. An outer shell of Cu is also possible, especially
in the case where a larger amount of Cu is needed; see Fig.
3. Diffusion barriers of Ta, Nb, or V are necessary, to protect
the Cu during the diffusion process by preventing B ions en-
tering from the bronze into the Cu, which would significantly
reduce the conductivity.

Internal Sn Process

A Cu jacket, having a Sn rod in the center and Nb cores dis-
tributed around it in the remaining cross section, is the start-

ing element of this process. Those subelements may be sur-
rounded by Nb or Ta barriers, to protect the stabilizing Cu
from diffusion of the Sn. This Cu is the outer tube into which
the subelements are inserted. The Cu-Nb-Sn composite is
cold-worked to final dimension, without intermediate anneal-
ing. The bronze matrix is formed when the conductor already
is in its final shape. Therefore, the heat treatment needs two
cycles. The first typically starts at 200°C for 100 h, continues
at 375°C for 24 h, and finishes at 580°C for 50 h. It is needed
for the homogenization of the Cu-Sn bronze, containing differ-
ent phases according to the phase diagram in Fig. 4 (23). A
consecutive second heat treatment of one or more steps is nec-
essary to form the Nb;Sn layer. The typical temperature is
around 725°C. For a better distribution of the Sn, methods of
placing it rather close to the filaments instead, as a core in
the center of the subelements, is used, resulting in reduced
heat-treatment time and a homogeneous A15 layer distribu-
tion over the cross section of the conductor (24).

In Situ Process

Casting ingots of two-phase Cu-Nb or Cu-V with dendrites
dispersed into the matrix of Cu, cold-working, and then coat-
ing with Sn or Ga, are the basic steps to start this process
[Fig. 5(a)l. To reduce the likelihood of wire-breakage, a bronze
matrix may be used. After dispersing the Sn or Ga throughout
the matrix, NbsSn or V;Ga are formed during the heat treat-
ment at the interfaces between the matrix and the filaments.
Highly homogeneous Cu-V ingots are difficult to produce by
conventional casting methods, due to a large miscibility gap
in the liquid region. A continuous arc casting plus Ga coating
give the opportunity to optimize the material toward better
mechanical values and better current-carrying capacity.
Large ingots up to 150 mm in diameter [Fig. 5(b)] have been
produced by smelting the Cu-Nb into a CaO mold for solidifi-
cation. Wires produced thereof have shown, after heat treat-
ment at 800°C for 25 h, good mechanical values in untwisted
condition. No degradation is found up to 1.2% strain, but in
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Figure 3. Fabrication of bronze route conductors (courtesy of Vacuumschmelze).
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Figure 5. (a) Schematic diagram of in situ process of Cu-Nb composite (courtesy of Fujikura).
(b) Transverse section showing Nb dendrite solidified in Cu mold (courtesy of Fujikura).

the case of twisted wires, the degradation is significant (25a).
Multistage cables made from fine wires with a diameter of 0.2
mm with small in situ filaments of 0.5 um have been devel-
oped for ac applications. Such cables are showing even more
improved values in strain resistance (25b).

External Diffusion Process

This process is also typically used for V;Ga and Nb;Sn com-
posites. In a Cu billet with drilled holes, rods of V or Nb are
embedded and cold work is applied to get the final dimen-
sions. Prior to heat treatment, the surface is coated with Ga
or Sn having first the diffusion into the matrix, and then
forms at the interface between matrix and the cores the
V3Ga or NbsSn layers, respectively. The amount of A15 phase
produced by this method is limited by the quantity of the B
material which can be stored in the coating of the Cu-A wire.
This fact dictates the maximum diameter of the wire. The
combination of this method with the bronze process, in order
to increase the tin content, is also possible.

Jelly Roll Process

A foil of Nb with slit meshes and a foil of Cu-Sn bronze are
spirally rolled into a cylinder, cold-worked, and heat-treated.
The Nb;Sn is received at the interface of the Cu-Sn and the
Nb. Despite the successful use of the jelly roll process for the
NbsSn, this method was originally developed for Nb;Al (26).
Foils of Nb and Al have been wrapped around one Cu cylinder

and inserted into another Cu cylinder. Wires with a diameter
of 0.2 mm receive a heat treatment of several hours at about
850°C, resulting in a mixture of Nb;Al and nonreacted Nb.
Placing some, for example, nine, of the unreacted jelly rolls
into a Cu rod with drilled bores, is a logical way to increase
the current by getting a larger cross section. The modified
jelly roll technology is performed (27) by wrapping layers of
Cu sheets and expanded metal sheets of Nb around a Sn rod.
Conductor designs with 54 of such jelly rolls assembled with
a barrier of Nb or V are placed in a Cu can for cold-working
to final dimensions, providing a high J, and large Cu cross-
section, likewise. In principal, the modified jelly roll process
proceeds like the internal Sn process.

Tube Process

To form the basic composite, a Cu tube with a Sn or Cu-Sn
alloy core is inserted into a Nb tube. This combination is in-
troduced into another Cu tube and then cold-drawn. A num-
ber of those single-core elements are stacked for assembling
into a Cu can and cold-worked to final dimension. For the
production of basic composites of larger conductors, cold work-
ing is performed down only to intermediate dimensions, fol-
lowed by a second assembly. During heat treatment, the Sn
diffusion into the matrix takes place first. Then the NbsSn
layer is formed at the interface of the Cu to the inner side of
the Nb tubes. This technology has also been used for V;Ga
wires and tapes, rolled from wires (28).
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Specialties of the Production of Nb,Al

The A15 phase in Nb;Al can be attained from the melting
bath using high temperatures, and at reduced temperatures
for the reaction between Nb and Nb,Al. The o-phase of
Nb,Al needs temperatures above 1600°C. By reacting with Nb
at about 1800°C, A15 is formed. The desired stoichiometry of
the A15 phase seems to be stable at high temperatures of
=1770°C only (1940°C in the corner of the phase diagram of
Fig. 6 (29). In general, the high reaction temperature for the
conventionally processed materials leads to grain growth. Be-

Figure 7. Cross section of Nb/Al composite wire (30).
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Figure 8. Schematic diagram of rapid-heating/rapid-quenching ap-
paratus (30).

cause many production techniques failed to get stoichiomet-
ric NbsAl, numbers of different approaches have been tried,
like laser alloying or rapid quenching by melt spinning. Pow-
der metallurgical processes are unfavorable, because of the
high oxygen (O) content in the powder, which does not allow
the high deformation rate required. To get reliable conductor
lengths, especially for magnets with magnetic fields above 21
T, a distinct rapid-quench process has been established (30).
By the jelly roll technology, the wire consisting of several ele-
ments made from Nb and Al sheets wrapped around an Nb
core is produced, using multistacking and extrusion proce-
dures, resulting in a cross-section pattern, as can be seen in
Fig. 7. The wire produced this way is subject to ohmic heating
at 1900°C to 2000°C, and rapidly but continuously quenched
in a bath of molten Ga (melting point: 30°C); see Fig. 8. Such
a treatment leads to a supersaturated Nb-Al-bce phase. This
metastable phase is transformed by a heat treatment of 700°C
to 900°C to microcrystalline A15 of nearly stoichiometric com-
position. The resistivity ratio RRR in the Nb matrix has a
value of about 17, giving reduced concern about bridging of
filaments in this kind of conductor. Due to the processing, the
wire consists of Nb-Al only, with access of Nb. For the use at
a higher current JJ, Cu has to be clad, in order to stabilize
the wires.

BRONZE CONDUCTORS

To fabricate high-field magnets, flexible tapes, having the ad-
vantage of a small distance from the brittle A15 compound to
the neutral phase in bending direction, have been used suc-
cessfully. The large area-to-thickness ratio of the A15 layer
leads to instability (flux jumps), especially if magnets have a
rapid ramping rate. The solid-state diffusion process, as used
for bronze conductors of NbsSn and V;Ga (31), has solved this
problem, by dividing the core material into plenty of fine fil-
aments. The formation of A15 layers is principally limited by
the amount of Sn and Ga in the bronze. The solubility of Sn
in Cu is 8.5 at.% and for Ga in Cu is 20 at.%. Bronze with
about 7.5 at.% Sn or about 18 at.% Ga has been used. The
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Table 3. Maximum Area Ratio, Remaining Tin Concentration, and Transition
Temperature of Solid-State-Diffused Nb;Sn Samples (20)

Diffusion Maximum Remaining Tin Transition
Tin Concentration Temperature Area Ratio Concentration Temperature
in Alloy (at. %) (°C) Anpsn/Acusn (at. % (calculated)] T.(K)
7.7 700 0.15 5.1 17.5¢
730 0.18 4.6
750 0.26 3.3 18.1°
8.5 750 0.30 3.4 18.04°

¢ Heat-treatment time: 24 h.
® Heat-treatment time: 66 h.

diffusion process forms the A15 layer until the equilibrium
for a given temperature is established. At a temperature of
620°C to 700°C, the diffusion for Ga ends at a remaining con-
centration at 14 at.% to 15 at.% Ga in the matrix. Sn diffusion
from the bronze proceeds at approximately 700°C to 850°C,
leaving a Sn concentration in the bronze of approximately 3
at.% to 4 at.%; see Table 3.

The heat-treatment time and temperature has to be con-
trolled in such a way as to receive an optimum layer thick-
ness, but without increasing too much the grain size. Espe-
cially for a long heat treatment of =200 h, the matrix volume
has to be increased, in order to provide enough Sn or Ga.
Small distances between the filaments seem to be desirable,
due to reduced bending strain, but the space between the fil-
aments acts as a diffusion path for the B ions from the con-
ductor periphery, too. Those diffusion paths are reduced in
their effective width by the Kirkendall voids (see Fig. 9) (32)
caused by the diffusion mechanism during heat treatment. At
a given temperature and a constant concentration gap, the
quantity of B ions diffusing through a cross section in a given
time is proportional to the area of this cross section (Fick’s
first law). From this follows that the cross section of the cores
of Nb or V should be divided in as many portions as feasible,
to increase the interlayer between the bronze and the core
material. This leads to an increase of the total amount of A15
material, even with reduced heat treatment time. Optimiza-
tion studies of diffusion treatment versus layer thickness
have shown that filament diameters should be in the range of
3 wm to 5 um. For conductors with a diameter of 1.5 mm, and
taking into account the cross section needed for stabilization
and diffusion barrier, approximately 15,000 filaments are nec-
essary. Workability of the component is an essential request
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Figure 9. Tin diffusion in the system tin-bronze with Nb filaments
showing the narrowing of the diffusion paths by the Kirkendall voids;
after (32).

to arrive with technically and commercially usable conduc-
tors. While the basic components, Nb or V, electron beam- or
arc-melted, are high-purity materials of excellent ductility,
they are sensitive to imbrittlement by interstitials of oxygen
(0), nitrogen (N), or C. This is especially true for the V, but
the more problematic part is the bronze; see Table 2. Nor-
mally Cu-Sn bronze contains about 10 wt.% Sn, and as desox-
idizer phosphorus (P) is used. In the Nb-Sn system, P pre-
vents the diffusion procedure. The amount of Sn should be as
close as possible to the solubility limit of 8.5 at.%. For many
years, the technically attainable Sn content was limited to
about 8 at.%. Newer processes made homogeneous bronze at
8.5 at.% Sn available (33). The positive influence of the Sn
content on J, is shown in Fig. 10. During cold work, the hard-
ness of the bronze is increasing rapidly, as shown in Table 2,
and a significant number of intermediate heat treatments
have to be applied. From the workability point of view, this is
certainly a disadvantage of the bronze process.

STABILIZATION AND BARRIERS

To have maximum ¢, the core material has to be converted
into A15, theoretically to 100%. Regarding mechanical and
electrical stability, a small core of unreacted material, even
in fine filaments, has a positive influence on the overall per-
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Figure 10. Diagram of non-Cu oJ, versus applied magnetic field H
showing the enhancement of /. by the Sn concentration (30).
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Figure 11. Magnetization curve for material; (a) containing a 100%
Nb barrier: The relatively large flux jumps in the low field region are
very apparent; and (b) containing an interrupted Nb barrier: No flux
jumps in the low field region are observed (24).

formance of the conductor. For reasons of electrical and ther-
mal stabilization, for example, during the occurrence of a
quench, which may result from wire movement in connection
with energy dissipation, it is necessary to have a highly con-
ductive material in the cross section. The bronze itself has a
rather low conductivity (specific resistance =~ 70 nQm at a
temperature of 4 K), which is important to reduce the alter-
nating current (ac) losses. Experiments have shown that, in
case of bronze conductors, a reversed transport reaction can
lead to a very small (0.3 at.%) Sn content, compared with the
values of Table 3. In this low-Sn “bronze,” the value for the
specific resistivity is reduced by a factor of 10. This method is
not very practical and has, in view of ac losses, disadvantages.
It is therefore necessary to increase the electrical stability by
designing conductors with Cu included in the cross section.
This can be done by a few percent distributed throughout the
matrix, up to 20% in the wire center and up to a maximum
part of the cross section as an outer shell. The composite
needs a barrier to protect the Cu from the diffusion of B ions
into the stabilizing part, which would reduce the conductivity
of the Cu. Barrier materials fulfilling this task are V, Nb, Ta,
or alloys and combinations thereof (34). The use of a Nb bar-
rier seems to be the natural choice, as it fits the material
parameters of the complete conductor. The NbsSn layer
formed at the interface of bronze and barrier acts just like a
large filament, bringing additional high ac losses. The effect
of the barrier materials on the hysteresis losses is shown in
Fig. 11(a) and Fig. 11(b). The use of Ta barriers avoids mag-
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netic disturbances, even in cases where high-temperature
heat treatments are being used. Furthermore, Ta barriers are
effective as reinforcement due to their high Young’s modulus
and remarkably high strength at 4 K. Access of O must be
prevented during any heat treatment in the course of produc-
tion and the diffusion procedure, as Ta interacts intensively
with O. Conductors with peripheral stabilization should have
=25% (area) of Cu, in order not to get a Cu layer =10 um, as
O might penetrate into the Ta (32). Barriers of Ta penetrated
by O are likely to burst during the final diffusion treatment.
Further solutions might be the use of a Ta core, increasing
the yield strength significantly by the larger cross section of
Ta. Enlarging the Ta portion of the cross-section area to
=10% results in yield strength R, , of >250 MPa. See Fig.
12(a) and Fig. 12(b) (35) for the characteristics and the cross
section of a high-yield-strength conductor.

Al may act as a stabilizing material due to its attractive
properties: low weight, high specific residual resistivity ratio
RRR (>1000), high thermal conductivity, and low magnetore-
sistance. For practical, use, restrictions arise from the poor
mechanical values, not compatible with the other components
of bronze conductors. The melting point of Al is lower than
the reaction temperature. Thus, Al is only useable for reacted
conductors, giving the need for the react-and-wind technology,
which does not implement too high a strain in the conductor
during winding, but which is feasible for large magnets only.
Monolithic and cable conductors can be coextruded together
with high-purity Al and reinforcing elements of special steel
or cobalt-(Co)-based alloys (36). In case a high overall current
I, is needed, electrical stabilization is possible by cabling of
unstabilized or stabilized wires together with Cu wires. It is
essential that those Cu wires are also protected by diffusion
barriers, which must have an outer Cu or Cu-Sn layer to
avoid O penetration into the Ta. An example of a cable with
additional stabilizing CuTaCu wires is shown in Fig. 13. Pre-
reacted cables, soft-soldered to Cu clad tapes of Al, have been
used for special laboratory magnets. To build very large coils,
as necessary for Tokamak fusion technology like ITER, con-
ductors with critical currents of about 100 kA at 12 T and
excellent mechanical values are needed. The present way to
fulfill such demands is to produce a round cable of many su-
perconducting wires (ITER: >1000 wires) in a multicabling
process, embedded into a stainless-steel jacket. By this
method, good cooling conditions are received as well.

A direct relationship exists between J, and ac losses: With
increasing J. the ac losses are increasing as well. The most
important reason for such losses in internal-Sn and jelly roll
conductors is filament bridging during the reaction treatment
and barrier material like Nb. The increase in volume caused
by the diffusion of Sn is about 30% to 40% in the Nby;Sn layer,
while the outer wire dimension is practically unaffected. The
filament bridging results in huge effective filament sizes d*.
In powder-in-tube conductors, the filament size depends on
the grain size of the NbSn, powder. As the forming of the
NbsSn layer in the tube process takes place at the interface
between the Cu and Nb tubes, large filaments are received.
Barriers of Nb behave like large filaments, too. Bronze-pro-
cessed conductors have the lowest ac losses and smallest d*,
as bridging in the bronze matrix is negligible. Bridging is also
not a problem for Nb;Al conductors. The filament diameter of
conductors produced by the jelly roll technique is in the range
of 50 um. The specification of the ITER conductors is, in re-
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Figure 12. Stress/strain characteristics at a temperature of 4.2 K of
a high yield strength conductor compared with a high-J, conductor
(35) and cross section of the high yield strength conductor with a Ta
core (courtesy of Kobe Steel).

Figure 13. Superconducting cable consisting of eight bronze conduc-
tors with a TaCu core and eight additional stabilizing wires of Cu-
TaCu (courtesy of Vacuumschmelze).

gard to this fact, divided into two parts—one of high J, and
high ac losses (HP I), and the other with a low J, and low ac
losses (HP II); see Table 4. A reduction of ac losses in inter-
nal-Sn conductors is possible, by reducing the Sn content, but
matching the properties of a bronze process conductor, like
the one shown in Fig. 14(a) will be hardly possible, see Fig.
14(b).

Degradation by Cabling

The selection of the jacket material has to take into account
that almost no additional strain should be induced into the
conductor by the properties of the conduit. The critical cur-
rent of A15 superconductors is depending on the stress strain
conditions. It is also necessary to consider the behavior of the
conduit material during the heat-treatment cycles (react-and-
wind) applied for reaction. While cabling seems to be a logical
approach to increase the current-carrying capacity, degrada-
tion during this process may happen, especially for Ruther-
ford type, flat cables. The sensitivity to the deformation which
takes place at the edges of flat cables is in dependence to the
conductor design and making. Bronze conductors, with and
without stabilization, exhibit a degradation of only 5% and,
even as specially enhanced designs, not more than about 10%.
Other configurations like internal-Sn have shown a signifi-
cantly higher degradation of the critical current ¢/, (37). Gen-
erally, cables of A15 are workable with bronze conductors or
with powder-in-tube conductors. In the case where cables
made from NbsAl wires of the continuous-quench method are
applicable, internal-Sn conductors have potential for improve-
ment (24). Jelly roll conductors of Nb;Sn exhibit high sensitiv-
ity to strain-induced damage and are thus not suitable (38).
For cables consisting of many single superconductor wires,
sintering of the wires during heat treatment has to be
avoided, and coupling losses must be reduced by the resis-
tance between them. Cr plating of about 2 um thickness ap-
pears to be suitable to fulfill those topics. Problems with the
RRR of the stabilizing Cu may arise, due to the heat treat-
ment. Thus measures have to be taken against this effect.
The Cu content of modified jelly roll and internal-Sn con-
ductors is, in the basic design, larger than that of the bronze
conductors. Due to the high Sn content in these composites,
the J,, in particular, the non-Cu J,, taking into account the
cross-section area without stabilizing portions, is superior as
well. The Cu content can be varied up to above 60% (area).
However, a minimum of about 30% is needed, in order to have
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Table 4. ITER Strands: Test Results and Specifications (38)

Internal Internal Internal HP1I HP II
Technique Bronze Bronze Tin Tin Tin (spec.) (spec.)
Diameter (excluding Cr-layer) (mm) 0.803 0.802 0.801 0.806 0.802 0.81 0.81
Barrier Ta Ta Ta Ta + Nb Ta/Nb
Thickness barrier (um) 10-15 6-8 5 1+2-3 3
Twist pitch (mm) 8.8 184 18.0 9.9 9.3 =10 =10
Heat-treatment temperature and time (°C/h) 570/220 650/240 200/6 220/175 185/120

650/175 350/18 340/96 340/72

450/28 650/180 650/200

580/180

650/240
Filament reacted partially  partially fully fully partially
Cu/non-Cu ratio 1.49 1.49 1.59 1.38 1.61
Critical temperature 7* at 13 T (K) 10.2 10.2 9.31 9.49 9.31
Upper critical field B,* (T) 28.3 27.7 24.9 25.3 24.6
Cr thickness (um) 2.1 3.2 2.6 1.7 2.3 2 2
RRR (resistivity at 273 K/resistivity at 20 K) 150 147 130 80 213 >100 >100
Overall strand density (g/cm?®) 9.33 9.14 9.04 8.98 9.01
Non-Cu J, at 12 T, 4.2 K, 0.1 uV/cm (A/mm?) 550 570 780 710 680 >700 >500
Non-Cu hysteresis losses, 3 T cycle at 4.2 K (mdJ/cm?) 94 91 136 595 599 <600 <200
n value at 12 T, 4.2 K, 0.1 uV/em >20 >20
Coupling loss time constant (ms) 0.62 3.1 1.3 5.9 6.3

an outer Cu shell, which is necessary for mechanical stability
during processing.

Stress and Strain

The mismatch of thermal expansion coefficients of the conduc-
tor components is creating compressive strain in the Al5
layer during cooling. The difference from the heat-treatment
temperature to 4.2 K is approximately 1000 K. The influence
of strain on the I, values was presented first by Buehler and
Levingstein in 1965 (39). The compressive strain influences
the T, and B, values as well. The relative difference in linear
expansion, Al/l, of separated bronze and NbsSn for AT of 1000
K, is about 1.05% (32). Depending on the volume-ratio of
NbsSn to the bronze and for a conductor that has good bond-
ing between its elements, the contraction is between 0.00%
and 1.05%. This is because the filaments are under tensile
stress and the bronze are under compressive stress. Measure-
ments on NbySn with removed bronze matrix show a T close
to the maximum 18.2 K. The values for prestressed conduc-
tors are reduced by about 1 K. Conductor designs which have
besides the matrix and the twisted filaments, stabilizing Cu,
diffusion barrier, or reinforcing components, for example, Cu-
Nb, are a rather complicated system. For example, regard the
following values: A conductor with 22% (area) Cu and 5% Ta
has a relative thermal contraction from room temperature
down to 4 K of —0.29%, whereas conductors with 33% Cu and
10% Ta have —0.26%.)

The critical values decrease by the compression but in-
crease again under axial tension. Maximum I, is gained at the
strain e,, where the tensile force in the filament is reduced to
a minimum. The Young’s modulus in the filament area is in
the range of 130 GPa and for the bronze between 50 GPa to
80 GPa (40). The value for the bronze depends on the deple-
tion of the Sn. By the diffusion process the Sn content is re-
duced and Kirkendall voids are created. These effects, the
high temperature for annealing and the length of the heat
treatment influencing the grain structure, are responsible for

a low yield strength in the bronze. Plastic deformation of the
bronze caused by tensile stress, due to mismatch of the ther-
mal expansion coefficients (bronze: 16 X 1075 K™!; Nb/NbsSn:
7 X 107% K1), results in reduced differences in the thermal
contraction. Bare NbsSn shows breaks at strain of about 0.2%.
Prior to breaking, slip-steps with an angle of 45° can be ob-
served. The precompression built up in the conductor has, as
a consequence, the drop of I, B, and T.. The same precom-
pression acts as a mechanical reserve during elongation of the
conductor, though strain of 0.7% to 0.8% is possible for the
complete composite without irreversible I, degradation (32).
This decreasing under compression and increasing under ten-
sion is reversible, as long as a critical strain in the filament
was not exceeded. If strain was too high, I, would not recover
completely after the load was released, because of cracks in
the filaments; see Fig. 15.

The increased strain tolerance is an important reason for
the fact that bronze conductors can be used as technical su-
perconducting wires. Consequently, a thicker layer of Nby;Sn
leaves a more Sn-depleted bronze with reduced Young’s mod-
ulus. Possible plastic deformation and the reduced Young’s
modulus are diminishing the compressive strain of the fila-
ments and, therefore, the degradation of the critical values is
smaller. The mechanical reserve against axial stress is
smaller, too. The filaments themselves are less strain sensi-
tive if not fully reacted. Besides the thermal contraction dur-
ing the cooling from about 1000 K to 4 K axial stress is ap-
plied to the conductor by several manners. The force used for
winding a magnet is giving tension, while the bending force
gives rise to tensile and compressive strain above or below
the neutral wire axis. In the finished magnet, the Lorentz
force F = J X B leads to hoop stresses, related to the radius
of the winding. Therefore, ¢ = J X B X r, where r is the
radius, leads to very large forces, which makes special rein-
forcement measures necessary in the magnet or the winding
package.

At the stress-compensated state, €,, the upper magnetic
flux density Bj, which is strain dependent but always below
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Figure 14. (a) Cross section of an ITER conductor for the central
solenoid (HP II specification, i.e., low loss) with a Cu to non-Cu ratio
of 1.5 and 4675 (Nb, Ta) filaments. (courtesy of Vacuumschmelze); (b)
Magnetization curve of the conductor shown in Fig. 14(a), indicating
the low hysteresis losses of 97 md/cm? (measurements: Vacuum
schmelze).

B, can be calculated from the measured I, by using Kramer’s
law (41).

At e,, the axial strain of the conductor at which I, is
reached is in the range of 0.3% to 0.7%, leading to intrinsic
strain € = € — €,. The maximum critical current is not corre-
lated to the magnetic field. Nevertheless, the difference of I,
at € and I, at €, strongly depends on the applied magnetic
field. At 12 T, between the compressive states € and ¢,, the
difference in I, is about 20% and at 16 T there is a factor of
about 2. The detailed effects of intrinsic strain on the critical
magnetic field B,; and the critical current density J, can be
seen in Fig. 16 and Fig. 17. The influence of the other conduc-
tor components besides the filaments and the bronze, like sta-
bilizers or diffusion barriers is, of course, not negligible. A

Figure 15. Scanning electron microscope micrograph showing
Nb;Sn layers after strain of the conductor of 3% (courtesy Vacuum-
schmelze).

description of I./I,, concerning the dependency on both mag-
netic field and strain, is given by the strain scaling law (42):

I. [By©] "[1-B/By@]
Im | B 1%B/Br,_

c2m

In this formula n, p, and g are scaling parameters, which can
be found together with the values of Bj, for NbsSn and
V;Ga in Table 5.

The mechanical behavior of V;Ga depends mainly on the
volume portion of V, while an increase of the Ga concentra-
tion reduces the tolerance with respect to mechanical loads.
Conductors fabricated by the in situ technology show consid-
erably higher mechanical values than filamentary bronze pro-
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Figure 16. Upper critical field Bj as a function of intrinsic strain ¢,
(42).
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Figure 17. Relative critical current density J./J., as a function of
intrinsic strain ¢, for different magnetic fields (42).

cess conductors (43). There is not a clear I.,,,, but degrada-
tion is also smaller or completely recovered, respectively,
after the load has been released.

Additions of third elements influence the I, B.,, and T\ val-
ues. Effects of strain can be seen as a function of B or B,,.
Due to the increase of B, by addition of Ti, Hf, or Ta to the
matrix or to the core material, the effect of strain on B, is
reduced. Further influence is given by the growth rate of the
layer and, therefore, the remaining unreacted part of the core.
Wires of Nb;Al are less strain-sensitive; even with an intrin-
sic strain of 0.5% I, is reduced only by approximately 10%, as
shown in Fig. 18.

The martensitic phase transition temperature T, increases
with the compressive strain, showing an influence of the cu-
bic-to-tetragonal distortion of the lattice and the degradation
of T, and J, (44). At the strain €, with J, having its maximum,
the Nb3;Sn phase becomes cubic again. The effect of transverse
compression on I, is similar to that of axial strain. An increase
of transverse strain o, is leading to a small I, enhancement.
At higher o, the I, encounters a strong reduction. The sensi-
tivity of I, on transverse strain is higher than for axial strain
and the irreversible behavior for o, starts at a level which is
about 25% of the comparable axial strain (45). Transverse
compression may occur in large magnet assemblies like Toka-
maks, with each magnet having close and strong neighboring
magnets. Because of the high currents necessary in such mag-
nets, conductors are likely to be cabled and enveloped in a
stainless-steel conduit. A mixture of compressive radial
stresses and transverse pressures is obtained. Especially
braiding procedures of the wires are leading to many cross-
over points with high stress concentrations. Tetragonal dis-
tortion is also caused by compression of the unit cell by radial

Table 5. Scaling Parameters for the Use with the Strain
Scaling Law (42)

Material n p q *om
NbsSn 1 0.5 2 21
V;Ga 1.3 0.4 1.0 21

Normalized critical current, I /I,

(Nb, Ti)3Sn Bi-2212 |
06}
12T
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Figure 18. Critical current I, versus intrinsic strain ¢ for bronze-
processed (Nb, Ti);Sn wire, and a new Nb;Al wire processed by rapid-
heating/rapid-quenching. The strain sensitivity of the Nbs;Al com-
pared with the (Nb, Ti);Sn (30).

stresses (45). Axial stresses are applied more frequently to
conductors, but in view of the higher sensitivity to o, the
transverse compression has to be carefully taken into account
for magnet engineering as well.

HEAT-TREATMENT PRINCIPLES AND CONDITIONS

The enhancement of the critical properties of practical super-
conductors depends on improvements in the composite. It is
further necessary to use production methods and diffusion
treatments that are optimized toward the required features
of magnets with high magnetic fields (>20 T) and high field
homogeneity. Multiple, sometimes interacting measures are
necessary to increase and to stabilize the values of J, and
B. By far, not all effects in the many different A15 members
are understood. Most of the information, gained by research
work, is available for bronze conductors, especially for those
of the Nb;Sn system, including internal-Sn and jelly roll con-
ductors.

The speed of the reaction of the material in the course of
the heat treatment, during which the A15 phase is formed, is
correlated to the quotients of the atomic radii. The character-
istic diffusion speed responsible for the ordering of the A ions
to form the characteristic chains, depends on the radii of the
B atoms. The smaller these radii are, the faster the diffusion
process may occur (46). However, stoichiometric systems call
for limits in the heat treatment. To have high concentrations
of B ions, the solubility and workability of the components
have to be shifted toward their limits. The thickness of the
A15 layers formed per unit of time can be calculated by Fick’s
diffusion law, applied at the interface of two diffusion layers.
The theoretical prediction for the amount of A15 phase that
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Figure 19. Layers (thickness ~ 1 um) of (Nb, Ta);Sn around the
unreacted (Nb, Ta) core of a bronze conductor (courtesy of Vacuum-
schmelze).

is formed, depending of the time ¢, is a proportionality of °5.
Due to influences such as grain growth or decreasing B ion
concentration during the transition process, the kinetic pa-
rameters are reduced in relation to the theoretical prediction.
Measurements of the speed of layer formation in Nb;Sn have
shown proportionalities to powers of the time ¢ in the range
from 0.30 to 0.35 (32). In case where ternary or quarternary
alloys are utilized, the mechanism of the diffusion process is
similar, but the formation speed is influenced.

The pinning of fluxoids penetrating into type-II-supercon-
ductors needs structural imperfections. Such imperfections
may be grain boundaries, lattice disturbances, grain morphol-
ogy, impurities, or combinations thereof. As the coherence
length ¢ in NbsSn is only about 3.5 nm, it is difficult to get a
complete picture of the interactions which are necessary, in
order to trap a fluxoid in the superconducting layers. In gen-
eral, the increase of I, depends on the heat-treatment temper-
ature and time. Additional time and/or a higher temperature
lead to a larger layer thickness. In Fig. 19, filaments with an
A1l5 layer and an unreacted core of Nb in a bronze process
conductor have been prepared so as to visualize the layer
thickness of about 1 um. Nevertheless, J, in the layer may be
decreased by grain growth, because in the intermediate field
range, the maximum pinning force is related to the average
grain size and the grain size distribution in the A15 layer.
Thus, the critical current I, is inversely proportional to the
grain size and, therefore, proportional to the number of grain
boundaries per unit volume which act as pinning center.
Grain growth reduces the specific grain boundary area and
diminishes the amount of fast diffusion paths. Diffusion at
higher temperatures leads to faster layer formation and finer
grain, but by depleting the bronze of B ions, Kirkendall voids
are formed. This leads to a reduction in the diffusion rate. If
those voids are located at the bronze-to-layer interface, I, deg-
radation may occur due to their influence on the strain behav-
ior. Therefore, the gradient of the concentration of Sn over
the cross section has to be taken into account for all heat-
treatment models. It is also important to have stoichiometric
conditions, that is, a Sn concentration that is sufficiently

high. For jelly roll and internal-Sn composites this can be
achieved to a good degree. The so-called bronze route is lim-
ited by solubility and workability reasons to about 15 wt.%
Sn. It is further necessary that the bronze be uniform, espe-
cially that the variation of the Sn concentration over the cross
section is small. Filament sizes and filament spacings have to
be watched, to leave sufficiently wide diffusion paths and to
avoid bridging of filaments, in order not to end up with large
effective filament diameters d*.

TERNARY ELEMENTS

The increase of ¢/, in the A15s is dominated at the intermedi-
ate field range by flux pinning at the grain boundaries. The
pinning force density F, is equal to the product of J, and the
corresponding magnetic flux density B(F, = J, X B). Ac-
cording to Kramer’s law, the pinning force shows saturation
in the high field region Bj. Increasing B,; leads to an increas-
ing J, within the A15 layer. The value of B, is dominated by
the normal state resistivity p, and the critical temperature
T.. As it is not easy to increase 7. remarkably, the main
means for varying B, is given by the normal state resistivity
po, measured just above T, or by the resistivity ratio. Such an
increase in p, results in an increase of the Ginzburg—Landau-
parameter « = A/¢, where A is the penetration depth (47).
Because of the proportionality of the upper critical field B, to
the Ginzburg-Landau parameter «, the former is raised, too.
Raising p, is possible by impurities, irregularities in the
chemical composition, causing microstructural defects. B, is
not depending on the grain size, but its upper limit is deter-
mined by the susceptibility according to Pauli’s paramagnetic
effect (43). For that reason, the flux-pinning force and the
grain boundaries are not relevant if the magnetic field B is
close to B.,.

Besides the more principal aspects, there are different
other reasons which are influencing the performance of prac-
tical A15 superconductors. Disturbances in the microstruc-
ture are originating from the production process, chemical
nonhomogeneities, or variations of filament diameters over
the length (sausageing). Nonuniformity of A15 layers due to
nonuniform distribution and supply of B ions is strongly in-
fluenced by the conductor design. Those macroscopic effects
are also observed for designs leading to irregular working and
deformation conditions due to the combination of materials
with quite different ductility, like Nb, Cu, and Sn. Micro-
cracks occur in the layer itself, caused by thermal or handling
defects. Bronze matrix conductors need, because of work
hardening, intermediate heat treatments to preserve or to re-
store the ductility. Prereaction to a substantial degree may be
encountered. It leads to heterogeneous deforming conditions,
reduction of the Sn supply for the final diffusion treatment,
and mechanical defects in the conductors. Therefore, interme-
diate heat-treatment temperatures must be chosen carefully
and should not exceed 500°C. Additionally, time has to be re-
stricted.

To achieve better properties of Al5 conductors, doping
with defined impurities like Zn, Mg, Fe, and Ni, and also
alloying with higher contents of Ti, Ta, or Ga has been per-
formed. The stoichiometry in a ternary or a quartenary com-
pound is a rather demanding field. The variety of metallurgi-
cal treatments like alloying, in combination with numbers of
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Figure 20. Non-Cu critical current density </, versus magnetic field
for NbsSn (undoped, doped with Ta, or Ta and Ti, respectively) at
temperatures of 4.2 K and 2 K (measurement: Vacuumschmelze).

different heat treatments, result in remarkable effects. Some
of the additives, for example, in the bronze matrix, are influ-
encing the diffusion process like speed and grain refinement,
which enhances the performance of conductors in the inter-
mediate field region. Others are more effective by increasing
J. at high fields due to an increase of B,. There is not a com-
plete correlation given between composites and increase of o/,
for the entire field range. This is not surprising at all, since
additives may be deposited at the grain boundaries. There-
fore, crossover of J, versus B for doped or undoped conductors
or for conductors doped with different additives is observed,
as shown in Fig. 20.

The different atomic radii of the additives in relation to
the basic alloy is also of influence. Ti with a smaller atomic
radius is incorporated more completely into the Nb lattice
than zirconium (Zr) or hafnium (Hf) with larger atomic radii.
The embedding of the Ti, originating from the matrix Cu-Sn
into NbsSn, is at a larger degree than for the Ti alloyed with
the Nb core. Elements like Ti, Zr, and Hf for alloying Nb re-
sult in A15 layers with fine grains. Mg in bronze, like Cu-Sn
or Cu-Ga, is increasing the formation rate of the A15 phase,
which causes grain refinement. The low T, of V;Ge can be
raised from 6 K to about 10 K by adding 8 at.% Al (43). Ti in
Nb cores (about 2 at.%) is increasing the layer thickness. The
improvement of JJ, in Nby;Sn by alloying Hf to the core and
additional Ga to the matrix is remarkable and leads also to
an increase of the irreversible strain ¢ (43), but especially
alloying with Ga is difficult and impractical. V;Ga, which has
already superior high field values, improves further above 20
T, when adding Ga to the V core and Mg to the Cu-Ga matrix.
As Ti speeds up the diffusion rate of Sn in Nb, a doping with
0.3 wt.% Ti, in combination with high-Sn-bronze (15 wt.%)
shows improved values of non-Cu oJ, (33), see Fig. 10. By in-
troducing Ge into the matrix of a NbsSn composite, the thick-
ness of the A15 layer is reduced significantly. This is most
probably related to the formation of an additional phase with
the Ge (NbgGe;) at the interface between core and matrix (22).
The grain size, however, is smaller, and so ¢/, in the layer
is enhanced.

SUPERCONDUCTORS, METALLURGY OF BETA TUNGSTEN 73

The heat-treatment time and temperature is in interaction
with additional elements, or combinations thereof, responsi-
ble for the formation of the Al5 layer. For wind-and-react
technology, it is indispensable to limit the temperature, due
to the insulation materials available. Practical glass-braid in-
sulations for temperatures of up to 700°C and 800°C, respec-
tively, are at hand. The temperature—time combination is fur-
ther determined by the application of conductors. Additions
of Ta, for example, Nb 7.5 wt.% Ta, reduces the formation
rate of the A15 phase (48), but increases <J, due to a longer
heat treatment. In the case of intermediate magnetic fields,
filament diameters should be smaller, leading, even with Ta
doping, to a relatively short heat-treatment time, to realize,
in this range of magnetic field, the required fine grain. Espe-
cially for conductors which are to be used at higher fields, the

(b)

Figure 21. Microscopic photographs of reacted layers in fractured
cross sections of samples heat treated at (a) 700°C for 100 h; and (b)
750°C for 150 h (courtesy of Kobe Steel).
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Figure 22. Externally stabilized (Nb, Ta);Sn conductor with a Ta
diffusion barrier and outer Cu stabilization for high-resolution NMR
magnets (courtesy of Vacuumschmelze).

filament diameters are increased, as well as heat-treatment
time and temperature. Often, more than one different cycle is
executed, to improve the formation of the A1l5 layer, as not
too much attention should be paid to grain growth, in view of
the high field application. It is furthermore understood that,
for each grain size, pinning interaction may be different, and
flux line-lattice spacing is reason for different numbers of
flux lines in each grain (49). The variability of the grain sizes
for different heat treatments, but also within one sample, be-
comes evident in looking at the microscopic photographs in
Fig. 21(a) and Fig. 21(b).

The necessity to fulfill the requirements of high critical
currents I, at high magnetic fields B, leads automatically to
large conductor cross-sections with a high number of fila-
ments. Therefore, more than 100,000 filaments and cross-sec-
tion areas of more than 6 mm? are unavoidable. Figure 22 is
an example of such an externally stabilized Nby;Sn conductor.
For several years, the demand for high magnetic fields and
magnets with larger bores has been the driving force in the
development of A15 superconductors. While the first success-
ful magnets were built from tape conductors (13), round or
rectangular wires became the more favorable solutions.

For magnetic field strengths of above 9 T in the center of
the magnet, materials with high B, like conductors with A15
structure, are necessary. The study of polymers or macromol-
ecules demands NMR systems of up to 1 GHz proton-reso-
nance frequency (Larmor frequency); this corresponds to a
magnetic field of 23.5 T. Thus all NMR systems working at
frequencies of more than 400 MHz (corresponding to a mag-
netic field of 9.4 T) need other conductor material than NbTi.
At a temperature of 2 K and a field of up to 21 T, Nb;Sn still
shows reasonable I, values. Other composites, like the rapid-
quenched Nbs;Al, may perform even better according to Fig.
23. Besides the NMR applications, which are dominated by
bronze route conductors, diffusion technology is substantial
for conductors that are subject to a high magnetic field. For
big machines like ITER, more than 1,000 tons of A15 conduc-
tors will be necessary.

Laboratory scale solenoids with magnetic fields of up to 20
T or high field split coils take advantages of the improved
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Figure 23. Non-Cu critical current density </, versus magnetic field
B for a bronze-processed (Nb, Ti);Sn and a Nb;Al rapid-heating/rapid-
quenching processed wire at a temperature of 4.2 K (30).

current densities oJ, of, for example, internal-Sn, modified jelly
roll, or tube-processed wires. Special dipole and quadrupole
magnets for accelerators have to reach magnetic fields of
more than 11 T, which is only achievable with A15 conductors
like the internal Sn type shown in Fig. 24. Hybrid magnet
systems, made of a combination of superconductive and re-
sistive magnets, are capable of reaching fields of up to 45 T
or 50 T. Not only the high critical fields B, but also the supe-
rior values of the critical temperature T, are further advan-
tages of these materials, which can even be used, with refrig-
erator cooling, for magnetic fields of 5 T to 10 T. Tapes of
NbsSn with a Nb-1% Zr-core are used to build split-coils act-
ing as open MRI systems, operating at 9 K (16).

Figure 24. Cross section of an internal tin conductor for use in high-
field dipole magnets (courtesy IGC).



The results showing the improvements of the properties of
A15 superconductors have been obtained, to a considerable
degree, on an empirical basis. To force this technology for-
ward, even more empirical work will be necessary. Funda-
mental tasks, like improvement of the composite, layer homo-
geneity, and grain morphology, will be inevitable for
controlling the microstructural influences in future designs.
Introducing artificial pinning centers (APC) and their possible
variations and controlled grain refinement will be another
route to be followed.
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