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SUPERCONDUCTING MATERIALS : SOME RECENT DEVELOPMENTS

Martin N Wilson
Rutherford Laboratory, Chilton, Didcot, Oxon., England,

SUMMARY

! This revlew concentrates on four subject areas which have seen significant changes in recenut vears;
AC losses, stability, multifilamentary Nb3Sn and multifilamentary V3Ga. Several applications are nocw
being considered in which a small amplitude AC fleld is superposed on a larger DC field; fine
filaments may not always give the lowest hysteresis loss under these conditions. The theory of self field
instability has recently been Improved and extended to the point where It can provide a good picture of
the instability process under realistlc thermal conditions. Some points of disagreement with experimental
observation remain however, & possible explanaticn. is offered for this, Multifllamentary Nb3Sn and V3Ga
are now reaching the stage of meriting serious consideration as fully practica} magret conductors. The
remaining problens of production and utilization are being solved and composites have been testec with at
least twice the overall current density of fllamentary NbTi at all field levels,

|
1. INTRODUCTION

The whole field of superconducting magnet materials has become so wide and dlverse that a
comprehensive review would now require very much more space than is available here, Such an ail-
embracing review has not therefore been attempted, but Instead four subject areas have been chosen which
have seen significant changes since the last Magnet Technology Conference. Each of these subjects has
then been dealt with ir. some depth. For a more complete coverage of the fleld, the reader is referred
to the recent review by Fietz and Rosner(1). -

Two of the subject areas are theoretical: AC losses and stability. Although the theory of AC
losses has not basically changed, several of the more recent applications have lwposed differert AC
conditions and the conventional wisdom that ‘finest filaments are best' may not always be true in this
case., Stabliiity theory has progressed in recent years and we nos have a much better picture of the self
field instabliity although there are still some areas of uncertainty and disagreement with experiment;

a possible explanation for this is offered.

The two remaining subject areas are concerned with materials technology ~ more specifically with the
production and utilization of multifilamentary composites of Nb3Sn and V3Ga. Good progress has been
made in recent years and both materials are rapidly advancing to the stage where they must merit serious
consideration by the magnet technologist as fully practical magnet conductors.

2. AC LOSSES

The multifilamentary composites which are now in general use were originally developed to eliminate
flux jumping instabilities in the superconductor and thus promote stable operation in a magnet. The
filaments were subsequently made finer and the coupling between them was reduced by the use of cupro-
nicke! barriers etc. so that the composites could be puised with a minimum hysteresis loss. The objective
of this work was, and still is to a large extent, the deveiopment of a superconducting synchrotron. In
a synchrotron, the magnets are pulsed from a low field to their maximum field and then to the tow field
again. Under these conditions, it is easy to show that the hysteresis loss in a superconducting magnet
may be minimized by mzking the filaments as small as possible. In fact the loss per unit volume is
simp.y proportional to the filament diameter, provided the filaments are sufficiently de-coupled from each
other. Any coupling between the filaments will tend to increase the loss and so the counlirg must be kept
to a minimum by tightly twisting the composite and -interposing resistive barriers between the filaments.

A range of sophisticated composites has thus been developed to have minimum hysteresis loss in 3
synchrotron magnet or any other application (e.g. energy storage) where the fleld must be pulsed from zero
to maximum or vice versa,

Recently however, another class of applications has-emerged in which the superconduztor is subject
to alternating fields of a different kind. In this case; the major component of field is a steady DC
level, but there is superposed on this an AC component of much smailler amplitude. Such conditions can
ozcur for example in the DC rotor windings of a superconducting alternator or in the 1ift magnets of 2
magnetically levitated vehicle as it encounters irregularities in the guide way. They may also occur in
some kinds of proposed fusion reactor where a single pulse of fleld may be applied, in addition to the
9C containment fleld, to ignite the plasma, it has often been assumed that the fow hysteresis composites
developed for the synchrotron application will also be the best choice here, but it has recently been
pointed out(2) that this is not necessarily so. ‘
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Adopting the simple one dimensional slab model of a superconducting filarent, illustrated in
Figure 1, we may distinguish two cases, Firstly, as shown In-1(ay, the case where the disturbance caused
by the fluctuating component of the fleld does not penetrate to the centre cf the fllament and there is
in fact no icss in the centre, Secondly, 88 shown In 1(b), the disturbance peretrates the whole filament,
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FiG. 1. $Slab model of AC field patterns FIG. 2. Dimensionless loss per cycle Q.Zuo/:m2
(shaded area depicts flux change) versus dimensionless half width ¢ = a/p,

In the first case, the loss per unit volume for a complete cycle may be shown to be

2883
2
3u° Jea

where 4B is the amplitude of the AC component of field, Jo is the critical current density and a is the
half width of the slab, If the penetration depth of the AC field is p i.e. ugdep = 4B, we may define
a dimensionless half width ¢ = a/p and obtain the loss per cycle as Q
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Simitarly, in the tully penetrated case we find

hquczaz
Q = 2aBad. - 3
which may be written
2
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We may thus plot a 'dimensionless loss' Q.2u°/A82 as the simple functlon of ¢ shown in Figure 2,

It may be seen that, for a given field amplitude, the loss is a maximum when the superconductor half
width Is slight!y less than the penetration depth of the superconductor. In the synchrotron case, where
the penetration depth is large, ¢ is small and one is working at the left hand side of the peak. The
most effective way of reducing losses will thus be to make ¢ as small as possible i.e. fine filaments,

in the seccnd class of applications however ‘the penet:qi"Lpn ‘depth may be small, one is now at the
right of the peak and the best way to reduce losses may be Yo ifhcrease ¢ i.e. large filaments. Ffor
example, in a magnetically levitated vehicle, the AB caused by guideway irregularities is expected to be
of the order of 0.027. If we assume a DC fleld of 57 i.e. J. = 1.5 x 10°A m~? and a filament diameter of
50u i.e. a = 25 x10-5m, we find ¢ = 2,36, a dimensionless loss of 0.57 and an actual loss Q-of 90 J m™3
(0.03 mi/cm?) per cycle. At a frequency of 50 Hz this would disipate 4500w m=3 (4.5 mW/cm3) which is very
similar to the loss in a synchrotron magnet. This loss may be halved by simply making the filament twice
&s big i.e. 100, dia. In crder t: nalve the loss by reducing diameter however it would be necessary to
make € =~ 0,075 i.e. a filament d 1eter of only 1,6u or roughly 4000 times as many filaments as the 100u
case! Clearly the most economica. way to reduce losses in this case will be to make the filaments s large
as possible. Even at 50y diameter however there is some danger of instabllity and at 100u Jiameter there
will probably be flux jumping. Stability thus provides the upper limit to filament size and the exact
value of this will depend on other parameters such as operating field, proportion of copper in the conductor

etc.
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It is dangerous to generalize about filament size however. In the fusion reactor apglication for
example, one might have a DC background field of 7.5T and a pulsed field of 0.5T(3}. In this case we have
J. = 5 x 108A m=2 and hence p = B0Ou; even with a 100y diameter we find €= 0.0625 and are thus far to the
left of the peak in Figure 1. Any reduction in filament size will therefore reduce the losses; any
feasible increase in filament size will increase losses.

Similar considerations also apply to the coupling of filaments thrcugh the matrix of the conductor.
Roughly specking, when the filaments are well coupled, they behave co-operatively as one single large
filament. Thus, in certain cases the loss may be reduced by increasing the coupling between filaments.
For example Satow, Tanaka and Ogama(h) have found that under some conditions the losses in untwisted
composites can be less than in twisted composites. Stabillty could be a problem in this case of course.
Again it is Impossible to generalize and each condition must be treated individuaily.

3. STABILITY

Magnetic instabilities or flux jumps can drastically degrade the performance of a magnet although of
course they are not the only cause of degradation; mechanical movement is quite certainly another. In
recent years the mechanisms of cryostatic stabilization and of intrinsic adiabatic stability have become
rather well understood. The coupling of filaments in a composite in response to an external field and
its effect on stability are also understood. The self field coupling and consequent self field instability
is still however less well understood. Self fleld effects are important because they limit the overall
size of a composite. Significant advances in the theory of self field effects have recently been made
however by Turck and Duchateau and their work will be referred to frequently in thls section, :

Very briefly, the self field effect is the tendency for the transport curvent in 3 filamentary
composite to flow preferentially in the outer regions of the composite and to only penetrate inwards when
critical current density is reached at the outside. The current and field distributions in the composite
are therefore as shown in Figure 3. This 'piling up' of critical current in the outermost filaments tends
to be unstable., It is not possible to encourage
a more uniform sharing of current by simply twist-

l ing the composite. To achieve this, a full trans-
1 position of the filaments is needed whereby the
inner filaments pass to the outside and vice versa

|
|
B | I
N\ i ! as one moves along the composite.
|
-0- 1 -=0—- On applying a simple adiabatic stability theory
i

|

| to the situation illustrated in Figure 3, one is

. |r forced to conciude that a typical filamentary

LI L (W nioblum titanium composite will be unstable at:

composite diameters greater than ~ 0.5 mm, Practi-

. cal magnet experience shows that this is clearly

(a) fleld distribution. (b) current distribution. O he case. Two main reasons may be advanced for

FIG. 3. Self field patterns In twisted composites the fallure of the simple thecry; firstly the self
field flux jump is not adiabatic and secondly, the
current distribution is not as simple as the one

shown in Figure 3. The newer theories take account of both these effects. In order to illustrate their

scope and limitations, they will now be applied to two different conductors which have been tested in

several medium sized solenoids at the Rutherford Laboratory.

3.1 Experimental Tests., The first conductor tested was a 1000 filament (1M} B100O), 1_: 1 matrix:
superconductor ratioc, 2 mm diameter composite, twisted at a pitch of 25mm. Three solenoids were fabricated
from this conductor, each of 100 mm bore, resin impregnated and producing a peak field of about 6T, All
the magnets showed scme training - between one and four quenches - but quickly reached their short sample
current. The subsequent quench currents were surprisingly constant to better than t in 103: a good
indication that no instabilities were present, At each quench, the whole magret was heated above critical
temperature so that the current distribution in the superconductor started each time from thevirgin state.
This means that the training which was seer could not have been primarily electromagnetic but was probably
mechanical.

The theory of Turck and Duchateau treats 3 cylindrical composite carrying a current distribution like
that shown in Figure 3. Full account is taken of the magnetic damping in the matrix which slows down the
progress of the flux jump and ‘of the thermal conductinn processes which remove the heat generated by flux
motion in the superconductor. The thermal conditions at the boundary may either correspond to the composite
being cooled by liquid or gaseous helium or immerced.in a resin impregnated winding., The major factor
determining stability is the parameter g defined in (5) or (6) as i

Ug(XJc)z Rz
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where \ is the space factor of filaments in tne composite, R is the outer radius of the composite, ¢ is
the specific beat and €c is the critical temperature rise defined by

0 ==-Jc.§-§-—

c
(note that some of Turch's symbols have been changed to avoid conilict with the rest of this paper)
for the composite in guestion, at a field of 6T we find § = 48, Referring now to Figure 12 in ref, (6),
we ray infer that the composite should become unstable in a resin impregnated magnet when the current
flowing in the outer region reaches 70¢ of the critical current of the composite, i.e. when the inner
roundary of this region "o has moved in to a radius of 0.55 mm,

This is not the whole story however because & more detailed consideration of the current distribution
within the composite will show that one might also expect additional currents to flow in the region r « .
This is brought about by the way in which the self field and external field can interact with the
magnerization and transport currents within the individual filaments to cause a shift in the 'elactric
venire dine' cf the filament, (7)(8). In this way, a current distribution will be induced to flow in the
certral region, Because these currents are subcritical, they will be quite stable and the composite will
thus be able to carry this additional transport current with unimpaired stability,

In order to determine the magnitude of the internal currents we refer to Figure 9 of ref. (7). This
shows how the internal subcritical currents in tne composite increase with radius until at a certain radius
tiwy reach critical. The Boundary conditions between the two regions will then be perfectly matched if
this radius, a, is set equal to the penetration radius rp of the outer region. Thus we may substitute
3 = rp into equation (9) of ref. (7). .
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where the original 8 has been written as 8, to distinguish it from Turck's £, By is the external field,

d the filament diameter. For the composite in question with ) = 0.5, Je =1.03 x 16° A ne?, Be =~ 6T,

d =45, and a = r; = 0,55 ma we find 8,y = 1,20, This value of Fy may now be used to find the total
current induced in the region r < a, Figure 10 of ref. (7) shows f as a function 2, where f is the total

induced current expressed as fraction of the critical current of the inner region, For 3, = 1,20 we find
f = 0.84,

The final result of all this is that we would expect the 2 mm composite to stably carry up to 70% of
its critical current in an outer sheath flowing at critical density. The inner region of the composite
would carry stable sub~critical currents up to B4g of the critical current of the Inner region or 0.84 x
30% = 25% of the entire composite. The maximum stable current for the composite would thus be 70% +
252 = 95% of critical, The fact that the magnets actually reach critical current is therefore perhaps not
too surprising,

The second magnet result is surprising however,
This was a solenold of similar size which was made
Lo test the large three component composite shown
in Figure 4, The composite was 3.5 mm diameter
containing 14701 filaments with 39% of NbTi, 337 of

the magnet reached 53% of its 'short sample® field,
the current carried was 87% of critical.

Applying the theory of Turck and Duchateau to this

the outer sheath when it carries a current of ~ 502
of the critical of the whole composite, i.e,

finer in this composite, the ‘electric centre'
effect is less than before. We find By = 7.2 and
hence f = 0,26, This inner region will thus only
carry 267 of its critical current in a stable sub-
critical fashion before it reaches critical density
at its outer boundary, We therefore expect the

of its critical current. In this case it is clear
that, in spite of its many corrections and greater
thoroughness, the theory is still too pessimistic.

mmdia. 14701 filament composite
used in self field rest solencid.

copper and 22% of cupro-nickel. After some training

magnet we find £ = 133, predicting an instability in

rp ™ R/V2 = 1,24 mm. Because the filaments are much

composite to become unstable at §0 + 0.26 x 50 = 633

oy




3.2 Decay of the Self Field Current Distribution.

A possible explantation for this which does
not seem to have been mentioned so far is that the
ideal current distributions assumed in (5) and 6)
might decay rather rapidly in a magnet. This
could be brought about by the ‘resistive transition'
effect illustrated in Figure 5. Although It is not
well understood, this effect is thought to be shown
by alt multifilamentary superconductors. As
critical current is approached the composite does
not switch sharply to the resistive state but
rather undergoes a gradual transition in which a
measureable resistance in progressively deve loped
from ~ 80% of critical current density upwards. It
seems reasonable to suppose ‘therefore that any array
of filaments, carrying critical current density will
develop a resistance. The outer sheath of critical (a)
current would thus be resistive. 8
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The usual mechanism postulated for the decay of the self field current distribution is that the current,

as it is fed into the composite at the magnet terminals, mus

t cross the matrix,

The transverse resistance

of the matrix will thus cause the purely inductive current distribution which is initially set up to decay

with a time consta:t

Yo 22
‘ = -,
Pm .

where py is the mean transverse resistivity of the matrix and ¢ is the length of the composite. The

composite shown in Figure I had an unusually high transverse resistivity o

from a very short length of conductor = only 36 M.
A b ox 107 sels.

matrix resistivity, even though it was exceptionally high, could not have caused

the self field current distribution.
conductor will have much longer time constants.

Host magnets, with lower matrix resistivi

£ n 108 Qm and the coil was wound
Even ih this case however the decay constant is
The magnet was actually taken to its quench current Ih 26 secs.

1t is clear that the
any significant decay of

tles and longer lengths of

Much shorter time constants are found however if it is assumed that the filaments in the outer sheath

are developing an effective longitudinal resistivity.

in a critical outer sheath we may roughly calculate that the time constant

region is

uoR2

T infry/r2]

where ry and ry are the mean radii of the outer and inner regions and oo

resistivity of the array of filaments.
conductor.
of its ultimate quench current and 1071%g m at 90% of .

As shown in Figure 5(b), a typical composite might develop
For pe = 10°

For the 3.5 mm diameter composite carrying 50% of I
for this to decay into the inner

s the effective longitudinal
Note that this time constant does not depend on the length of
a resistivity of 10713a m at 95%
130 n we thus find T = 5 secs.

It is clear therefore that within a rather short space of time, the potentially unstable outer current
sheath will have decayed to a more stable sub=critical level - perhaps to 95% of the critical current

density.
current is uniform over the cross sectfion.
small disturbances,

Note that this in no way contradicts the theory of Turck and Ducha

the results of their experiments which were performed on fal

did in fact indicate that the ron-uniform current distribution decayed with time,

This process will continue with a gradually increasing time c
One wou 1 therefore expect

rly short samples of

that this would not happen in magnets involving long lengths of conductor,

An interesting possibility arises from the idea of a part
Let us assume that the magnet containing the 3.5 mm composite is being charged and has reached, say,
The composite would be unstable and would quench if its outer current sheath

tion.
70% of its critical current,
were flowing at critical density as assumed in the theory.
ly to 95% of critical density and it is stable.

’/1 } ‘ -

onstant until the distribution of
it to be stable, at least against

teau. Nor is it in disagreement with

conductor, The experiments
it was assumed however

ial decay of the self field current distribu=

This outer sheath has however decayed resistive=

Suppose now that a local energy

release in the magnet

[
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suddenly raises the temperature of the composite by just the amount needed to reduce the critical current
density of the superconductor by 5Z. The outer sheath will now be at critical current density, it will be
unstable and will quench, Our small (5:) termperature rise has thus been able 10 quench a conductor which
is only at 70% of critical. In other words, large diameter filamentary composites, although they may not
actually be self field unstable, will be more than usually vulnerable 1o smail temperature fluctuations
within the magnet, e.g. mechanical movement effects.

It is possible that such an effect has already been seen by the workers at ierei Laboratory where
magnets wound from a large twisted composite have been seen to train much more than similar magnets made
from transposed cable(9),

4, NIGBIUM TIN

Niobium tin tape has been available cormmercially for several years and has been used in the construc-
tion of all the large high field superconducting magnets currently in use, It does however have the
disadvantage that it is basically unstable in the presence of magnetic fields perpendicular to the broad
face of the tape. This instability may be controlled by soldering copper strip to the face of the tape
{dynamic stability) and arranging for the edge of the strip to be cooled by liquid helium, The charge

times of such magnets can be long however (v 1 hour) and the need for edge cooling can cause difficulties
in some types of coil geometry,

Filamentary niobium tin can be expected to be
rmuch more stable thar the tape and is now being
actively pursued in many places. An unusual
‘filamentized' niobium tin tape has recently been
made by I6C(10) and is shown in Figure 6. The
subdivision of the tape has been achieved by a
chemical milling process. It is interesting to
note that, whereas conventional tapes showed a
strong tendency to flux jump in normal fields, no
flux jumps were observed in the filamentized tape.
It is not clear however whether tapes of this
kind can be produced economically in long lengths
and to a consistent standard of quality.

FIG. 6. " 'Filmentized' Nb3Sn tape

A more popular approach to the production of filamentary Nb3Sn has been the use of tne 'bronze
route', In this process, filaments of pure niobium are drawn down in a tin copper bronze. At its final
size, the wire is heat treated for typically ~ 100 hours at 550°C - 7509C sc that the tin in the Lronze
reacts with the niobium filaments to form filamentary niobium tin. Notonly does this process offer a
very convenient way of producing the brittle Nb3Sn in filamentary form but ‘it caen also ensure that the
Nb3Sn so produced is of good quality., At reaction temperatures below 930°C the only compouid of niotium
and tin to form in the bronze process is'Nb3Sn (cf. the Figuid tin process where NbgSng and NbSnp ncrmally
form below 9300C). Because the bronze process is a solid state reaction, the resulting filaments cf
NbaSn can be very smooth and uniform. Because the reaction takes place at low temperature; the grain
size of the Nb3Sn so produced can be small and its critical current density large.

An interesting variation on the bronze method has recently been demonstrated by Tsuei{11). 1In this
process, a filamentary structure is produced metallurgically by First chill-casting an alloy of Cu,Sn and
Nb and then working it down to finished size, when a final heat treatment is applied to form Nb3Sn.
Unfortunately the overall current densities exhibited so far by these composlites are very low., " If they
could be improved, the method would clearly be a very cheap way of producing multifilamentary Nb3Sn.

L.1 Current Density. Figure 7 shows a typical overall current density for a bronze matrix niobium

tin composite., Considerable effort is currently being put into the optimization of this process and there
is probably scope for the improvement of J.. It is._generally felt that the basic problem is one of obtain-
ing good stoichiometry throughout the layer while at the same time keeping a fire grain size, Flux
pinning is thought to occur at the grain boundaries so that a small gra‘n size should mean a high density
of pinning points,
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FIG. 7. Overall current densities of filamentary

FiG, 8. Reacted filoments of Np3Sn in brarze
composi tes :

1§ the heat treatment is terminated before complete reaction, the resulting filament will have a pure
niohium core as shown in Figure 8. This is thought to confer good . .chanical properties on the composite
but i»> thought to not prcduce the best superconducting properties because there will be a variation in
staichiometry across the Nb;Sn with a nicbium rich tayer adjacert to the unreacted core. A hint that this
is indeed the case can sometimes be seen by mzasuring the critical termperature of the composite by both
inductive and resistive methods, It is often found(12) that, whereas the recistive measurement shoes 2
sharp transiti n at 18 K, the inductive measureTent indicates 3 gradual transition spread over several
degrees up to 18 K, One might thus infer that tne 7ilament contains several lavers of cifferent T but
that most of the current is carried in the stoichionetric high T  layer. The longer times or higher
temperatures needed to oroduce a nore staichiometric compound might however also produce grain growth with
a consequent reduction in J..

On the basis of the above argumiats, it would appear that the best way to obtain a high current is to
vse very fine filarments of niobium which can be reacted to completion at lower temperatures and in shorter
times. This has yet to be conclusively demonstrated in practice, Another approach is to dope the niobium
with small quantities of zirconium or zirconium oxide whichis expected to retard the rate of grain growth
in the Nb3Sn, 1t has been found(13) that, although the Ir additions are effective in raising the current

density of thick layers of Nb3Sm, the highest currcnt densities are stili found in tre thinnest lavers of
andoped material.

When seen from the point of view of the magnet technologist of course the irportant current density s
not the J_ of the Nb;Sn compound but the overall J. of the composite, It is not practical to draw down a
bre 1ze which contains more than A8 at I of tin because of the brittle intermetallics which form above this
lesel. It has been tound that the Nb3sn reaction wili continue until about 0.3 at. 2 of tin remains in the
bronze. From these two figures we may -alculate that the maximun filling factor of the reacted Nb3Sn
filaments in the composite can only be about 33%2. In practice it has so far been nearer 10¥-202, “it is
interesting to speculate o what the highest possible cverall current densities might be. (f we take the
highest J¢ in the NbgSn observed in filamentary composites{13) as ~ 5.5 x 10 A - at 10T and multiply this
by the filling factor of 332 we obtain ar overall J¢ of 1.8 x 10° A m™?, a factor of « 2} better than the
7.5 x 108 A m-2 plotted in Figure 7. It is however by nc mean¢ clear whether this performance can be
achieved in a practical conductor. All the abeve figures neglect the diluting etfect of the additionatl
regions of pure copper vhich will be needed in any large magnet conductor.

The surface diffusion process offers a way of increasing the final proportion of Nb3Sn in the composite
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rasted size anc then heatec to . 75000,

alloning o higher tin content in the bronze o that ore niobium LAy be reacted to completion,  After
sessing to final size the composite is qiven 2 surface coating ot tin and is heated to an jntermediate
cerature to 2ltiow the tin to diffuse into the composite, It duesn't ratter 1f the bronze becores britgle
v stage because all the drawing precesses have been. tinished and higher tin concentrations are

soinley Indeed Tt is not even necessary to draw vown Sionze at ail;a pute Copper matrix ray be
b otne tin finally gdded by coating,  This has manufactluring advantages belause pure Lopper 15 much
ST 1o work thar brongze. Usirg this process, Mclaturif and Larbalestior (14} hove dthieved the highest
L Current densitivs so far reported for €ilamentary NhBSn D3 ox 107 A T gt 5T,

used

Aeother agproach, recently deserited by Hashiroto, Yushizar! and Tanaka{15) rakes use of a very tin
chze 1o provide 3 freservoir! of tin, A single rod of Sn=20 at €u is placed insiae a cupper tudbe
T mas meny thinner rods of pure niobium embedded in its wall, The wheie Composite 16 Srawn han tr
Dur'ng this heat teeatment the tin diffuses into the copper and
the starting materials are much

w7 reacts with the niobiu=.  One advantage of this process is that all
re o ductile trhan Cu-8 at. 2 Sn bdronze and the drawing dewn to tinal size can be perfar-ed without the need

Craeduent heatl treatrenrts. Another edvantage co:ld be that, like surface diffusionr, this process could
A greater proportion of Hb}Sn in the finished composite,

ilization and Protection, ft is an unforturate fact of life that the Nb3Sn reactiun appears to

'

e the niobium itself as the barrier.

wPen LNe proportion of tin in the brorze falls to . €.37, alving a residual resistivity of
copper with a resistivity

T it it were possible to ‘clean out' the bronze and leave only pure
3TT - 107 U my the matrix would be able to perforr the two very useful functions of stabilizing
rosite and protecting it from hurn out at quench in a raanet,  instead, it hads <o far been necessary
bure copper to the natrix as a separate item, Becausc the tin in the bronze is very mobile at the
27 terpeérature, it is essential that the pure copper is piotected from the bronze by a diffusior
cer of tantalum or sore other retal, One may choose to have isltands of copper surcounded by a barrie.
atrix of bronze, like the Harwell composite(16) shown in Fiqure 9. Alternatively the bronze and
cnluctor may be divided into islands, surrounded by a diffusion varrier and irmersed in a copper
o like the Airco composite(17) shown in Figure 10. The former arrangement norrally gives the towest
Tiosas whereas the latter allows a higher proportion of cepper in the ratrix, A third approach, uses
“e 1Ml corposite(18) shown in Figure 11 and also being pursued bty Supercon and westinghouse(19) is to
Each filament is now a hollow tube of niobium containing bronze
Reaction takes place on *the inner surface of the tube and, provided

“T itrersed in a matrix of copper,
* es rot go too far, the copper outside should remain uncontaminated.

Region of an Airco multifilamentary Nb,Sn
with clusters of filaments in bronze, ~
grouped in copper matrix,

f1a. 9. Harwell multifilamentary Nb3Sn with FtG. 10.
islands of pure copper in bronze matrix

If the corposite is to be made intoc a stranded cable, the copper can be added as scparate strands in
e cable, as for example in the cable made by 16C(20). To avoid mechanical damage to the Wb3sn it is
preferable to make the cable before reaction, so that the copper strands must again be protected by a

Firally, it is possible to simply plate copper ontc the reacted composite. Both the plating and
from burn out at quench but the copper

The plating technique also

narrier,
the cabling techniques will certainly help to protect the corposi te
™ay be too far away from the filaments to provide much dynamic stability,
precludes any possibility of reacting the composite after winding .the magnet.




FI1G. V1. Region of an IMI multifilamentary
compasite, nicbium tubes containing
bronze in a pure copper matrix {unreacted)

4,3 Dynamic Stability. Copper in the matrir wil!

heTp stability by providing magnetic damping to
slow down a flux jump and thus allow more tive for
the heat generated to diffuse away, For this v
happen, the copper must be sufficiently clocte o
the superconductor to slow down the motion of “i.-
within it, Ve may make a very rough estimate ¢
how cluse this should be by applying the dyna~'c
stabllity criterion(21)

85 k(1-3)) }
g {.k_.._l
2\ ch

where d is the stable filament diameter, k is t"e
thermal conductivity of the superconductor, ; is
the copper resistivity, For composites like t=e
one shown in Figure 10 we are concerned with
clusters of filaments rather than individual fil-
aments, In this case, provided the filaments are
relatively fine, it is probably & fairly good
approximation to consider the whole cluster as a
single ‘macro filament'., The values of J and &
should then be taken as &5 sultable weighted rean
between bronze and Nb,Sn, The filling facter °

is now tne fraction of the whole composite occupiec
by the NbiSn and bronze together, Using figures
for a typical composite at 57, we find ¢ ~ 400._,
This is the maximum cluster size at which the
copper will be effective in damping down instabil-
ities, e.g, self field flux jumps, For the otter
geometries we mzy perhaps adopt a general rule of
thumb that no Nb3Sn filament in bronze should firc
itself more than 200y away from a region of pure
copper,

4.4 Mechanical Properties. Niobium tin is a brittle material; this poses severe problems in coil
winding and also tn supporting magnetic field stresses in the finished magnet. In buik form, Nb3Sn brears
at a tensile strain of about 0.22. f#t is certainly better than this in filamentary form but opinion is
still somewhat divided as to how much better it Is. Several workers{12,19,20) report that strains of up
to 13 can be imposed before there is any noticeable reduction in current carrying capacity.. Others have .
seen damage at strains as low as 0.32(22). At the Rutherford Laboratory we have found that the arount of
cejragation seen can depend very strongly upon the sensitivity of the measurement(23). Although a strai-~
cf 8.67% caused only a small reduction in the quench current of a short sample, it reduced the current at
the 1071% o m detection level by almost a half. In a fully impregnated magnhet, the composite would te
expected to quench at somewhere between the 10713 2 m and 107!% & m short sample currents., The exact level
will Jepend on the local thermal environment at the high field point in the magnet. It is therefore
important, when assessing the amount of damage caused by straining a wire, to carry o' * a proper resistive
transition measurenent, The quench current of a well cooled short sampie can be a very roor guide to the
quench current of an impregnated magnet. '

it is almost certain that filaments which are only partly reacted will exhibit better mechanical
properties than fully reacted filaments. tn this case, th: unreacted niobium core probably serves to
halt the propagation of cracks originating at the surface of the filament., It also seems likely that the
filaments are gencrally under a compressive strain of + 0.2% caused by their differential contraction with
respect to the matrix on cooling down from the reaction temperature. 1lhis can only help the mechanical
properties of the composite.

Opinion is also divided on the question of whether it is better to react the wire first and then
wind the magnet or wind first and then heat the whole magnet. At Rutherford, we are especially interested
in the construction of dipoles and quadrupoles for beam transport. In these magnets, the minimum bending

radius at the coil ends can be as small as 5 mm so that, even at 1% strain, a reacted conductor could only .

be O0.Vmm in diameter, We have therefore chosen to react the whole magnet after winding and feel thai the
need to use heat resisting insulation and ccil formers is a small price to pay for the avoidance of risks
asscciated with winding reacted conductor. We use E glass fibre insulation, either braided or tapped.

in order to protect the glass from abrasion during winding, it is desirable to use some kind &f binder to
glue the fibres together. We are presently trying to find the best binder; one which can be easily
appiied to the concuctor and which will volatilize cleanly at the heat treatment stage without leaving
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corducting residue of carbon,or oxidizing the conductor. The most promising candidate 3¢ gpresent
Lo Te perspex,

Mary other groups have opted for the alternative 'react first and wind later! technigue, In this case
areter of the wires must be seall to avoid filament damage on bending,  +f such fine wires are wound
iy into a magnet of reasonable size, there will be protection protlems, For cxanple, if the 0.1 mm
already redtionad were used to rake a dipole ragret of stored energy v VM Joule, the peak internal
‘ve veltage at Guench might be . 1 MU, even if the composite contains - 207 of pure copper, It is
¢ Tel2ssary 1O increase the operatinrg current and reduce the coil inductarce by using rany strands
2ilel as & braid or cable, The cable may be impregnated with indium or similar metal afrer rcaction,
Lfazpear that the resulting cadle con be alrmoct as flexible as ta corponent ~trards, 1,e, that the
ncini‘radlus is determined by the dia"vtcr of the individual wires rather than the diameter cf
120 (245, i

tne conductor is intended for the fabrilcation of a large magret with iarge bending radii, such as
e chgmber, there seems to be little doubt that it can be reacted before winding., Care will stily
sowever te avoid any local kinking of the conductor.

|
,i

5. £NADT UM GALLIUM

Tre critical current density of varadium gallium falls off with field much less rapidly than that of
riorium tie, When vicwed in terms of overall current density as shown in Figure 7, the two curves crocs
ower at around 12,5 T, giving V3Ge the advantage at hign fields. At 17 T for example, a V3Ga composite
mus twice the overall current density of Nb3Sn. The flatter shape of the J. curve is also generally to
se’arcferred on grounds of stability and hysteresis loss. Against these advantages however must be set
the tower T of V3Ga @ 14,5 K as against 18 K for niobium tin and the significantly higher cost of varad-
tur and gallium in comparison with niobium and tin,

V3Ga'tapes were prebably the first supercorductors
to be made using a bronze process. |t was found(25)
that the rate of growth of the V3Ga layer and also
its critical current could be markedly increased

by copper plating the gallium coated vanadium wire
before hea* treatment. The bronze technique was
subsequentty applied to the first commercial prod-
uction of multifilamentary AiS compound supercon-
ductors: the V3Ga composites and cables rade by
. the furukawa Electric Corpany{(26). Figure 12

shows a cross section of one of these cables, The
centre strand is a tungsten wire, for strength;

the six outer strands are composites of 55 fifa~
ments of vanadium in gallium bronze, After reaction
the cables are impregnated with indium, Overall
dersities are as plotted in Figure 7.

FIG. 12, Furukawa mul2ifilamentary V36a
cable, six composite twisted around
a tungsten wire.

5.1 Current Uensities. Although the overall current density of V3Ga composites at medium fields is
presentiy rathér disappointing, this situation could be quite dramatically changed by the recent work of
Howe and Weinman{27). These workaers have evolved a technique in which both the vanadium core and the
copper matrix are alloyed with gallium, e.g. 9 at.% Ga in the vanadium and 17.5 at.% Ga ir the bronze
matrix. In this way, the reaction temperature may be reduced from ~ 600°C tc ~ 550°C, As a comseguence
cf the lower temperature of formation, the cri*ical temperature has been found to increase by ~ § K and
the critical current density by a factor of ~ 5, The maximum current density observed at 10 T was in
fact 10:9 A m~2,

In spite of thelr high local current densities, the filling factors of these experimental composites
is low (as shown in Fiqure 13) and their overall Je would not be very interesting to the magnet construc-
tor. At present, one can only speculate on what the maximum overall current density in a practical magnet
conductor using this process might be, If, for example, one could start with 20 at.% of gallium in tne
“ronze and then react until this level had fallen to 10 at.Z and all the vanadium was consumed, the re-
sulting filaments of V3Ga would occupy ~ 25% of the composite cross section, If the highest current
dencitias could be obtained over the whole cross section of each Filament, the current density at 10 T
over the composite would be 2,5 x 10% A m2, A spectacular figure, but there are many 'ifs' in the
argument leading up to it.




It has aiso been found oy Tachikawa Itoh and
Tanaska{28, that the avdition of 1-5 at. 7z of
aluminiur to the vanadius filarent can rarkedly
increase the rite of formation of V3Gs arc
raise its ¢ritical current density,

5.2 Stabisization a. d Protecticn,  The ViGa
reaction s thougnt Lo stop wher the gallium cont.rt
of tne bronze f3ils 1o about 10 at.z, At tnis
concent.ation, tre revistivity of the tronze is
reporied to he . 1077 I omoat 4,2 K. This is almcet
as high as the cupro-rickei used to provide res’s-
tive Larriers ir AC NETi compesites, it iy nct
surprising therefore that tre pulsed btehavicur of
muitifilarentary Viba is gowd.

If the composite is to be used in tne carst-uce
tion of a magret of reasonable size however, sot¢
pure cooper ar cther gocd normal conductor will
Ye needed or protection fior purn-out 3. quench.
Ary composite or zable of diamcter groater then,
say, s rr. soule aise benefit from the statiliz gy
irfluence of a high conductivity component, ire
Fri, i1, Swnerirental high e composite of indiyn costing on the Furukewa zable is thouant

V.la 10 confer 3 denree of ste~ility but for large
ragnets and cables, somethirg of lower resistivity
will be needed. To the autrer's knowledge, no
such cabie or composite ha: yet beer produced,

JOO,

Qummesr? |

5.3 Mecharical Properties. The mechanical
preocrties af Viba appoar to be very simiiar to
tnose of NbySn.” Figure 1h shows the degracation
of critical current in two different wircs and a
cable as they are bent around various diameters 29,
From this data, it would appear that the filarents
can be straines to - 0.77 without damage and also
that the minimum perw’ss ble bending radius of a
seven strand cable does not differ appreciatly
from that of its corponent strands, One should
again beware however cf the difference in quench
current betveen a well cooled shert sample and o
0_._._.._A_..__..’J(.).._._..,A__.,... R_Z.sé.w . _x.____._,;b_.___J fully irmpregnated magnet,

BENUING DIAMETER {memn}

—~
(=]
=T

DEGR ADATION OF IC

FIG, 14, Bercing properties of ViGs composites

6. DISCUSSPON AKD FUTURE PROSPECTS

1t seems likely that multi-filarentary composites will continue to be the rost comron type of super-
conduster used in magnet construction, New reguirements for Tow losses in small amplitude AC fields ray
however derand different designs for such applications as magnetic luvitation, The theory of nagnetic
instatilities in filamentary cooposites has been improved and exterded in rerent years and t1s now fairly

all  lerstovd. The major cause of cegradaticn in magnets however is now mechanical! = smail movements,
2, cracking etc. causing a local release of energy. This is not very well understood at present
i 2 work is neceded in this area. Magnetic stability theory stould at least be able to teil us which

_o® taters wight Ye especially vulnerable to these mechanical effects.

Filamentary Nb3Sn and V36a are advancinrg to the stage where they twst be considered as useful magnet
conductors, Many of the problems of production and utilization have bzen scrted out and we .ay confidently
expect to see thesc materials used in the construction of several medium sized meqnets before the next
Magnet Technology Conference. These is undoubtedly scope for a further improvement in the current carry=
ing capacity of these materials; it will te disappointing if a further factor of two in overall J. is rot
forthcecming in tre fairly near future,

In the longer term, perhaps the most exciting prospect is the promise shown in Figure 15 = Nb3Ge:
critical temperature 23 K, upper critical field 38 T. Even at & temperature cf 18 K, the critical
current density is quite respectable and at lower temperatures it is probably very high indeed.
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) 't is very difficult to form stoichiometric
0 Nb3Ge and the low critical temperatures measured
10 In the past can be attributed to non-stoichliometriv
compound. Recently howevei, Gavaler (30, 31) has
shown that it is possible to make stoichiometric
3 Nb3Ge using a sputtering process under very care-
10 fully controlled conditions of gas pressure, volt-
el age and temperature, It would be difficult to
‘€ maintain such strict control in any kind of contin-
¥ 8 uous process, FPresent indications are that NbsGe
§‘° cannot be made by a bronze process but this is by
= no means fully established, possibly a matrix
other than copper may yield a satisfactory result,
However, in view of the very recent rature of these
107 discoveries, it is really not very useful to
speculate on production techniques at this point
in time, One can probably say with some confidence
| however that in the next few years, while the
108 ! I | | - magnet technologists are grappling with the prob-
2 LB TES A? 8 . w0 lems of using the present 'exotic' materials
(TESL ’ Nb3Sn and V3Ga, the more basic research work is
. going to find several new materials offering
FIG 15.  Nb3Ge current density at 18 K greatly improved Hes Te and J. and that at least
one of these will prove to be technologically use-
ful,
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