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Experiments were conducted to determine the transverse stress sen-—
sitivity of the critical current of jelly-rell multifilamentary NbsAl
wires, primarily at 12T but also at other magnetic fields. For compari-
son, similar experiments were conducted on bronze-process Ti-alloyed
multifilamenary NbgSn wires. In total four samples were experimented
upon, two jelly-roll NbsAl samples of 0.8 mm and 1.03mm diameter,
respectively, one bronze-process NbsSn sample of 1,0mm diameter, and
one internally-stabilized bronze-process Nb;Sn sample of 1.09mm diameter.
As was expected, the NbsAl samples proved vastly superior to the NbsSn
samples with regard to transverse compressive stress, exhibiting
significant I_.-degradation for transverse stresses above 100MPa. At
12T and at 150MPa of transverse compression - conditions expected in
fusion magnets - the 0.8mm-diameter sample exhibited an Ic—degradation
of ~20%, whereas the 1,03mm-diameter sample of ~287%. Under the same
conditions, the 1.0mm~diameter NbsSn sample exhibited an Ic—degradation
of ~65%, whereas at 12T and 120MPa the 1.09mm-diameter NbsSn sample
exhibited an Ic—degradation also of ~65%. However, the measured non-
copper critical current densities at high magnetic fields of the NbzAl

samples were lower than those of the NbySn samples., Further development

“is needed to improve this aspect of their performance, nevertheless there

is optimism that NbzAl will eventually become a useful superconductor for
large-scale, high—-field applications.

Keywords: Superconductors, NbzAl, NbaSn, Jelly-roll, Transverse Stress
Effect, Critical current
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1. Introduction

Magnet technology has advanced considerably in the past years, by
dint of the advantages offered by superconductivity. Every aévance
however has come at the price of having to sclve a number of quite
difficult technological problems. FEvery new discovery has meant having
to stand up to the demands born from its very promise, nevertheless the
engineering world has so far respoﬁded with outstanding success.
Thousands of large ané small superconducting magnets are In routine
operation throughout the globe, and doubtless their number will Increase
in the future.

Currently a major area of technclogical research inveiving super-
conducting magnets is the construction of fusion ﬁowerplants, as
witnessed by several projects underway in Japan, the United States,
Europe, and the Soviet Union. Superconducting magnets are essential
to fusion reactors by virtue of their ability to produce plasma-confining
magnetic fields. It is estimated however that these superconducting
magnets will represent a sizeable fraction of the total capital cost of
a fusion powerplant. Moreover their performance will affect beth the
plasma and the plasma density, so there exists justifiably an urgent
need to develop superconducting materials that will boost the performance—
limits of the magnets.

Presently the most popular superconductor for applications In magnet
technology is NbTi, mainly because it is easily fabricated and may co-
processed with copper, but also because it may sustain ductile deforma-
tion without significant harm to its superconducting properties. For
high-field applications (»12T), superconductors of the Al> family such
as NbySn and NbsAl are better suited than NbTi. Of the former NbsSn is
widely accepted as the dominant high-field superconductor and is
commercially available in a variety of multifilamentary configurations.
The main disadvantage of NbzSn is its brittleness and the excessive
degradability of its superconducting properties by stress and strain.
The equally brittle NbzAl on the other hand, though currently not as

.highly developed as NbsSn and hence not capable of NbgSn's critical
current densities in mulfifilamentary wire form, possesses the redeeming
quality of significantly lower sensitivity to stress and strain.,

In this paper we present for the first time results regarding the

transverse stress sensitivity of the critical current of Nbsal

— 1 —
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multifilamentary wires fabricated by the jelly-roll process. For
comparison, we present results from NbsSn multifilamentary wires
fabricated in twc different geometries by the bronze diffusion process.

We examine our findings from a phenomenological standpoint, and set

the basis for a theoretical analysis later to follow.
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2. TFabrication processes for NbySn and NbiAl wires

The processes whereby superconducting wires are manufactured should
be of special interest to the magnet designefl The successful preduction
of a superconducting wire by a certain process will involve a sensitive
balance among often conflicting parameters. Altering one parameter may
strengthen one aspect of the performance of the wire, yet at the same
time it may cause énpther to deteriorate. In general a certain process
for producing a wire involving a specific superconducting compound will
have its own special strength, or strengths, as well as its own corre-
sponding weaknesses.

In trying to understand the transverse stress effect, which as we
shall show is exhibited by bath NbsSn and NbsAl wires, knowledge of the
fabrication aspects and the metallurgy of these wires will yield useful

information.

2.1 Niobium-tin

2.1.1 Metallurgy and superconducting properties

Niobium—-tin is an intermetallic compound with a precise stoichi-
ometric composition, NbsSn. The crystallographic structure of NbsSn
is of the Al5 type, consisting of a body~centered-cubic lattice of 5n
atoms with two Nb atoms on each face of the cube. This structure
enhances the proximity of the Nb atoms in comparison with elemental
niobium, yielding excellent superconducting preperties, Pure strain-free
NbsSn has an upper critical field at zero temperature of ~28T, arnd a
critical temperature of 18.3K,

In practical wires NbsSn exhibits somewhat degraded critical
properties. One reason is the absence of perfect stoichiometric
uniforﬁity within the superconducting portion of the wire. Another is
the presence of a tetragenal (non-Al53) phase of the stoichiometric '
compound. Another is mechanical stress. TIn general mechanical stress
induces strains in the NbsSn layers of a wire, distorting the AlS
phase from the optimal cubic configuration to subeptimal tetragonal
configurations. The primary effect of this is to depresé BC2 and Tc’
which in turn leads to a depression in JC.

The fabrication of practical NbsSn conductors is characterized by
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problems stemming from the mechanical properties of NbaSn., Like all
other Al5 compounds. NbgSn is hard and brittle. Consequently, practical
multifilamentary conductors are fabricated not by conventional but by
specialized techniques, such as the ones described belowl’a. Below we
enphasize the bronze process, since the NbzSn samples in our experiments
were manufactured by that very technique. For the sake of completeness
we also mention variants of the bronze process, in an effort to shed

some light into the more elusive influences of metallurgy on such

macroscopic mechanical effects as the transverse stress effect,

2.1.2 The bronze or internal diffusion process

The fabrication of multifilamentary Nb3Sn composite conductors
became possible with the invention of the bronze pfocess, whereby NbsSn
is precipitated via a solid state reacticn. The bronze process was
discovered independently by three metallurgists in three different
countries at the same time: K, TachikawaS at the National Research
Institute for Metals in Japan, A.R, Kaufmann7 at the Whittaker
Corporaticen in the USA, and E.W. Howlett6 at the Atomic Energy Research
Establishment at Hartwell in Great Britain. It is as follows:

Cylinders of pure niobium are inserted in a matrix of copper-tin
bronze, and then extruded and drawn down to the final diameter of the
wire. The wire is then subjected to a prolonged heat treatment,
typically at around 700°C for 1-10 days. During heat treatment tin
diffuses through the bronze and reacts with the niobium. Formation of
the unwanted NbzSns and NbSn, phases is suppressed by the copper and
thus only NbgSn is formed. All constituents remain in the solid phase
throughout the heat treatment, so the filamentary structure of the
wire 1s preserved, Optimizaticn of the heat treatment is usually a
compromise between good stoichiometry for high Bc2 and TC, and fine
grain size for good flux pinning strength. High temperatures and long
times result in good stoichiometry, however they are likely to produce
large grain sizes.

For high overall current densities it is desirable to maximize
the volumetric proportion of NbsSn in the~composite; However the
metallurgical properties cof bronze impose an upper limit on this
proportion. The maximum attainable concentration of tin in the ductile
o phase bronze is ~13wt.%, whereas the maximum effective concentraticn

~10wt.%., It is believed nonetheless that filaments containing an

_.4_
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unreacted niobium core have better mechanical properties than fully-
reacted ones. Typically, therefore, the proportion of niobium in the
composite is adjusted such that a fraction of it, usually ~25 percent,
remains unreacted. In view of these considerétions the maxiﬁum
achievable volumetric concentration of Nb;Sn in the composite is ~25
percent. This is disadvantageous in that the bronze matrix surrounding
the NbzSn filaments, of tin concentration approximately ~3wt.% and of
resistivity around .—6>.<lO_8 fm, is useless for stabilization andl
protection purposes.‘

Pure copper is usually added to bronze-process Nb3Sn composites
for the interests of stability and quench protection. Copper may be
added either externally in the form of a jacket, or internally as the
core of the superconducting wire, In either case the copper must be
protected from contaminmation by tin, which may spoil its high conduc—
tivity at low temperatures. A thin diffusion barrier, for example
tantalum or niobium, is usually interposed between the copper and the
bronze.

Many variants of the bronze process have been introduced in order
to eliminate or reduce some of the difficulties inherent in it. Many
seek to avoid drawing down bronze, which is a difficult process
invelving many anneals to remove work-hardening. They are briefly

reviewed below. Figure 2.1 presents schematically each of these

processes.

2.1.3 The deposition or external diffusion process

This process was introduced by Suenaga and Clarka’5 scon after the
discovery of the brenze process. A composite of pure copper with niobium
cores is drawn down to the final diameter of the wire. At the final
wire size the composite is coated by a thin layer of tin. The composite
is subsequently subjected to a low-temperature heat treatment tc diffuse
the tin into the composite. Thereafter the temperature is raised to
promolte reacticn.

The main advantage of this technique over the original bronze
. process is that the niobium-copper composite can be drawn to a small
size without intermediate anneals. An additional one is that the
concentration tin in the matrix is not limited te ~13wt,Z as in the
case of the bronze process. Thus higher critical current densities

are achievable by this process.
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The main disadvantage of this process involves the step where tin
is diffused into the copper matrix. The outer layer of the wire suffers
from delamination for relatively thick layers of plated tin. The -
delamination problem may be improved by intermeaiate heat treatments,
nevertheless it cannot be completely eliminated., This places limits
ot the maximum size of- the final wire.

There is an additional disadvantage that places limits on the
applicability of wires made by the external diffusion process. Conductors
may not be ploduced wiéh,a tantalum or niobium diffusion barrier and
external copper stabilization. However In conductors employing braided
cables, this limitation may not be a major problem since special wires
fer stabilization, for example tantalum-sheathed copper wires, may be
braided together with the superconducting ones. Merecver braids usually

require wires of small diameter, therefore the size limitation of wires

produced by the external diffusion technique might not be a probiem.

2.1.4 The internal tin process

In 1974 a new variant of the bronze process was reported by
Hashimoto et al.lo’ll. This process consists of assembling copper-clad
niobium reds in a copper billet with a hole in the center. In the
center hole is inserted either a copper-clad tin-rich bronze rod, or
a copper-clad pure-tin rod., 1In the latter case an intermediate heat
treatment step 1s required to diffuse the tin into the copper sheath
to form the tin-rich alloy. The entire assembly is then cold-drawn to
final size for heat treatment to form NbsSn.

As in the case of the external diffusion process, the main
advantage of this technique over the breonze process is the elimination
of the intermediate annealing steps. However the internal tin process
has .the advantage of external copper stabilization over the external
diffusion process, since the tin is concentrated at the center of the
wire as oppesed to the outer surface of it. Nevertheless the tin
concentraticn in the matrix is limited and may not be as high as in
the external diffusion process. Another possible limitation of this
process with regard to large-scale applications is the maximum length

of wire that may be fabricated from a single billet, A large billet

may not be extruded without melting the tin-rich alloy at its center.
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2.1.5 The internal bronze and the niobium tube process

In 1975 twe similar modifications to the bronze process were
proposedlZ’IS. Both of these employ niobium tubes instead of rods.
According to the first one, known as the internal bronze proééss, bronze
rods are inserted in copper~clad niobium tubes. A number of these units
are assembled in a copper billet for extrusion and drawing. According
to the second one, known simply as the tube process, a tin-rich bronze
rods, or a pure—tin rod, is first jacketed by copper and then inserted
into a copper-clad niébium-tube. A number of these units are assembled
in a copper billet for extrusion and drawing. At the final wire size,
the wire is subjected to heat treatment to form NbzSn.

Particular to the tube process is the separation of the niobium
tube from the tin-rich bronze by a layer of coppef. The reason for this
is that copper suppresses the formation of NbsSns and NbSn,, usually
resulting from contact between niobium and tin-rich bronzes. Copper
also eliminates the likelihood of large grain sizes that might result
from a liquid-phase reaction. NbsSn conductors manufactured by the
tube process possess the highest known overall critical current densities
at high magnetic fields., The reason behind the high Jc's is the rela-
tively high proportion of stoichiometric NbsSn in the superconducting
section of the wire, made possible by the high concentrations of tin
that may be diffused during reaction from the tin-rich bronze cores to-
the niobium tubes.

The common advantage of the internal bronze process and the tube
process over the bronze process is that the niobium acts as an automatic
diffusion barrier for tin., The addition of tantalum or nicbium on the
outside surface of the composite is thus unnecessary. Moreover, in
contrast with other processes, all of the NbaSn layers are very close
to the copper stabilizer. On the other hand, the common disadvantage
of both these processes is that the minimum filament size tends to be
relatively large, leading to high ac losses when the wires are placed

in time—-varying magnetic fields.

2.2 Niobium-aluminum

2.2.1 Metallurgy and superconducting properties

In 1958 Wood et al.17 discovered that the intermetallic Al5 compound
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NbaAl was superconducting with a critical temperature of 17.5K.

Thereafter Willens et al.16 measured a T, of 18.8K in samples of NbsAl
14,15

made from mixed compacted powders, whereas in 1971 Foner et al.
' 29

measured a critical field of 30T at 4.2K. 1In 1é80 Jorda et al.
reported a TC for NbzAl as high as 19.1K.

The superiorx Bé versus TC characteristics of bulk NbsAl in
comparison with those of bulk NbySn and NbTi are shown in Fig. 2.2
The high BC2 and Tc’ aqd also the rémarkably high eritical current
densities attainable by NbhsAl, justified efforts to manufacture
multifilamentary wire, Bevk & L018 were the first to measure the
critical current density of NbsAl, and reported values greater than
10*A/mm® at 20T.

The formation of NbisAl is a difficult process, consequently the
development of NbzAl multifilamentary wires has followed a path
different from NbSSng’BO. In contrast to NbaSn, the NbjAl phase
cannot be formed by an equivalent of the bronze diffusion process.

The presence of stable ternary phases such as Nb,CuAl (1 phase) and
Nb(Cu,Al), (Cl4 Laves phase) excludes the formation of the Al5 phase,

as shown by Hunt & Rahmanlg. The only possible way teward the formation
of the Al5 phase, is by direct interaction of pure niobium and aluminum
at temperatures in excess of 1400°C. Such temperatures however are not
suitable for industrial wire fabrication, due to the necessary presence
of Cu for stabilization. Below 1000°C NbsAl must be formed by a
nonequilibrium process, but at these low temperatures the two other
intermetallic compounds, NbyAl and NbAlsz, are more stable than NbsAl.

21,22 discovered that such a nonequilibrium process

Ceresara et al.
may be induced upon reducing the Nb dimensions to submicron sizes.
Bormann et a1.20 have shown on Nb-Al multilayers that necessary to the
precipitation of NbsAl below 1000°C is the intermediate formation of
a metastabie body-centered-cubic solid-solution containing up to 28at.Z%
Al. If the niobium layers are sufficiently thin, the supersaturated
boedy-centered-cubic phase transforms into the Al5 phase, thus excluding
the formation of NbAlj.

In recent years there have been important advances in the fabrica-
tion of NbsAl multifilamentary wires, all of which have aimed to deform
the niobium filaments to sufficiently small dimensions so as to promote

the nonequilibrium formation cof NbzAl. Such methods include powder

metallurgical processing, and the jelly-rell (or swiss-rell) process.

_8i
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Below we briefly review the jelly-roll process.

2,2.2 The jelly-roll process

As was mentioned above, when aluminum and nicbium are brought into
intimate contact on a sufficiently fine scale, useful guantities of
NbsAl may be formed from a nonequilibrium reaction at temperatures

below 1000°C, Ceresara et al.21’22

emploved this fact to develop the
jelly-roll process foy-producing multifilamentary NbaAl composites,

As such, each unreacted filament consists of a copper-cored "jelly-roll"
of alternate superimposed layers of niobium and aluminum. Each of these
structures is inserted into a tubular copper container, and then the
container is brought to a hexagonal shape. Combining a certain number
of these hexagons and after extrusion and drawing, a final unreacted
multifilamentary wire may be obtained.

Alternately, as shown in Fig. 2.3, a suitable number of "jelly-
rolls" may be assembled into a single extrusionm billet. Alsc, it is
often advantageous to wrap ~2-3 layers of niobium between the jelly-roll
and the core, and ~3-4 layers of niobium on the outside surface of the
jelly-roll before insertion into the billet., The niobium acts as a
diffusion barrier against the contamination of copper by aluminum.

At final wire size, the niobium and aluminum layers are ~0.8 and
~0.2um thick, respectively. 1In addition to the thickness of the
niobium layer, critical to the jelly-roll method is the thickness of
the aluminum layver before reaction. Nearly stoichicmetric NbjAl with
good superconducting properties may be precipitated provided that the
thickness of the aluminum laver is on the crder cf ~0.2um, otherwise
phases with poor properties will emerge. By keeping the quantity of
aluminum below the stoichiometric ratio, it seems that the formaticn
of unwanted Al-rich compounds may be suppressed. Heat treatment times
of a few hours at temperatures ranging from 750°C to 850°C are
sufficient to react the layers completely.

Advantages of the jelly-roll process include the absence of
intermediate anneals and homogenization heat treatments during mechan-
-ical processing, and also the resulting uniform distribution of niobium
and aluminum throughout the cross section of the unreacted wire. A
Disadvantage of the jelly-roll process pertains to the requirement for
heavy mechanical work on the composite billet, te reduce the final

thickness of the aluminum laver to very small values for the interests

- —
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of high JC, and also to produce wire in significant lengths. Nicbium
with high oxygen content may not withstand heavy mechanical work, and
this often results in filament breakage and in suboptimal critical

current performance.
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3. The strain effect on the critical current of multifilamentary NbsSn
and NbsAl superconductors

The stress dependence of the critical current of superconducters
was first observed in 1963 by Muller and Saur23 in thin films of NbsSn
and VsGa, and in 1964 by Beuheler and Levinstein24 in monofilamentary
NbsSn wires. The first measurements on the reversible nonhydrostatic
strain effect were feported in 1975 by Ekin, Fickett and Clark34, based
on experiments on commercial multifilamentary NbTi conductor. The
considerably stronger strain dependence of the critical current of
multifilamentary NbsSn wires was ascertained the following year, by
Ekin35, Easton and Schwallzs, and McDougallZG. It has been since
established that superconductors of the Al5 type, despite their high
performance, are unusually susceptible to degradation of their critical
properties by stress and strain.

Originally the strain effect the critical properties of Al5
superconductors was considered only in the direction of a wire's axis.
Currently however, it is understood that transverse stresses can
severely degrade the critical properties of Al5 superconductors. In
today's large-scale, high-field magnets intended for such applications
as tokamak fusion, mechanical lcads capable of inducing significant
axial as well as transverse stresses are abundant. Below we survey the
sources of such loads, and then we present briefly the finer points

of the axial and the transverse stress effects.

3.1 Sources of mechanical lcads in magnets
Mechanical loads in magnets mainly arise from three sources

(1) Winding tension and bending strain, introduced during the

fabrication of a superconducting wire.

(2) Differential thermal contraction between different materials

in the magnet structure (support materials, superconductor, etc.), after
cooldewn to cryogeﬁic temperatures. Thermal mismatches of this sort

can introduce significant stresses on magnet conductors, depending on
the contraction coefficients. In superconducting composites employing

compound superconductors (NbsSn, NbzAl etec,), additional internal
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stresses can be introduced to the conductor during cooldown from reacticn
temperatures tc cryogenic temperatures. The thermal contraction of the
matrix material is greater than that of the superconducting reaction
layer, resulting in a precompression of the latfer often of as much as

1 percent.

(3) The Lorenz force, experienced by the superconductor when the

magnet is energized. The Lorenz force, of considerable magnitude in
large-scale, high-field magnets, subjects the ccnductor to three dimen-
sional stresses., In aniunsupported solenoidal magnet, for example,

the radial Lorenz force gives rise tc hoop stresses in the conductor
which cause it to be strained axially. Hoop stresses, in turn, compress
the magnet winding radially, subjecting the conductor to transverse
compressive stresses. The hoop stress on the overall conductor of a

solencid is given by « =JBR, where J is the overall current density

heoo
in the conductor, B is the magnetic field, and R is the radius of the
winding. The transverse stress, acting in the direction perpendicular
to both the current and the field, is given by GtzJBt, where t is the
thickness of the conductor.

Below we examine the axial and the transverse stress effect on
the critical current of Al5 superconductors. We do so by looking at

NbaSn, currently the most studied and most advanced of the Al5 super-

conductors.

3.2 The axial stress (or strain) effect on the critical current of

Nbs3Sn superconductors

As has already been mentioned, NbiSn is a brittle material which
in bulk form will fracture at strains of ~0.2 percent. This value
however can be comfortably exceeded when Nb3Sn is in the form of a
multifilamentary compositel. The stress dependence of the critical
current of‘ﬁbBSn multifilamentary wires varies greatly between samples,
as can be seen from Fig. 3.1. In some conductors Ic decreases
immediately with strain, whereas in cothers there is a marked improvement
ip I, that strengthens with increased magnetic fields.

An explanation for this behavior lies in the differential thermal
contraction between the matrix and the filaments. The precempression
in the superconducting filaments, varving greatly between samples

depending on the proporticns of the constituent materials, causes a
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residual degradation in the I, of the sample. Gradual relief of the
precompression with axial tensile stress restores the critical current
of the sample toward a maximum. Continued application of tensile stess
strains the superconducting filaments further: thereby causing a
degradation in Ic' The maxima in Fig. 3.1 correspond to a state at-
which the filaments are under minimum stress. The controlling parameter
is consequently the intrinsic strain on the filaments, rather than the
observed overall strain on the wire. Figure 3.2 shows the data of Fig.

3.1 replotted in terms of reduced critical current, and

I/I s
¢’ “cmax

intrinsic strain, E—emax' The apparently very diverse results of Fig.

3.1 may thus be accumulated into a single, unifying curve.
In NbsSn wires, the quantity I _ /L is & measure of the residual
co' Tomax
I -degradation of the wires as a result of prestrain, € . 1
c max co
represents the value of the critical current of the wire upon cooldown
to 4.2K, with no applied stress or strain. Average values for bronze

32

process NbsSn wires are € =0.2-0,3% and ICO/IC X=O.8~O.9 at 12-15T .

36,37,38,39,40 0

It was reccgnized by Ekin that the variation of I,
with strain is a secondary effect, the primary one being the reversible
strain sensitivity of the upper critical field, BCZ; Figure 3.3 shows
the effect of axial strain on the upper critical magnetic field of
practical Al5 superconducting wires, In Fig. 3.3, B,, has been
nernalized by its maximum (nearly strain-free) value, Beomaxe Note
that NbsAl superconductors are the least susceptible to degradation
from uniaxial strain.

It is currently generally accepted that the intrinsic strain,
E—Emax’ derived from one-dimensional considerations, albeit practical,
is a widely oversimplified description of the state of the strain,
residual or otherwise, in multifilamentary NbsSn wires31. The state
of strain in a multifilamentary NbzSn wire is three-dimensional, and
it is best described in terms of a distorticnal (er deviatoric) and a
hydrostatic (or dilatational) component. The distortional component is
the dominant cause of degradation in the superconductivity of a wire,
nevertheless the hydrestatic component contributes a nonnegligible
. influence. Distortional strain is usually represented by the following
geometric-average-strain equation, otherwise known as the effective

, 27,28
strain :

.. :
t‘eff - (].+V) /(gr"ge)z +(Ee_€z)2 +(€z—&,r)2 (3_]_)
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where v is the superconducting material's Poisson's ratio. At zero

intrinsic strain when Le=I nax> the distortional component of strain is

at a minimum. It has been shown by X-ray and neutron diffractometry
that at this state the tetragonally distorted‘AIS phase has become
approximately cubic.

Already a large database exists for the effect of axial tensile
stress.and strain on the critical current of Al5 superconductcrs. The
same is not true for the transverse stress effect. The severe nature

of the latter was recently recognized by Ekin41’42

32,33

and by Specking et
al . The transverse stress effect on the critical current of Al
superconductors, all-too—important for tokamak fusion, has since

evolved into a major focal point of research in the field of supercon-

ductivity.

3.3 The transverse stress effect on the critical current of WbsSn

superconductors

Recently it was observed that multifilamentary Nb;5n superconductors
suffer a large reversible degradation when subjected to uniaxial com-
pressive stress transversely to the conductor axis. Ekin41’42 has
reperted that in bronze-process multifilamentary NbgSn and at an applied
field of 10T, the magnitude of the transverse stress effect is about
seven times larger than the axial stress efifect. At 10T and 50MPa he
measured a degradation of the IC of the test-sample of a little less
than 10 percent, whereas at 100MPa of nearly 30 percent. At 10T and
upon application of 200 MPa of axial stress on an identical wire, he
measured a critical current degradation of less than 2 percent.

As with the axial stress effect, the transverse stress effect
strengthens with increased magnetic fields, and consequently stems from
a reversible degradation of the upper critical field of the supercon-

ductor. Ekin41’42

reported that the intrinsic stress-sensitivity of

the upper critical field of bronze-process multifilamentary NbsSn is
~about ten times greater under transverse stress than under axial stress.
It is not obvious why there should exist such a dramatic difference
between the transverse and the axial stress effects, however one

possible explanation is radial anisctropy in the superconducting reac-—

tion layer of a wire, given that the growth pattern in multifilamentary
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wires is radial. The answer to this question is pending, nevertheless
it is expected to benefit from current metallurgical research.

Despite the severe nature of the transverse stress effect in_
comparison with the axial stress effect, trénsverse stresses in a
magnet will exist in smaller magnitudes than axial stresses. As was
mentioned earlier, the transverse stress on the overall cenductor scales
with the thickness of the conductor, t, and is consequently smaller than
the overall hoop stress which scales with the radius of the winding, R.
Nevertheless, preventing degradation of the performance of a magnet
from transverse stresses is expected to be a fecal peint of future
conductor design. There will exist upper bounds on the size of the
conductors for large-scale, high-field magnet applications, and also
significant attention will have to be directed in their internal design.
Cable-in-conduit conductors for example, consisting of braided strands,
are expected to be particularly susceptible to transverse stress effects
in view the fact that there might exist considerable stress concentrations
at strand crossover points.

32,33 have reported that in the NET (Next European

Specking et al.
Torus) toreidal-field coil study the calculated transverse pressure
acting on the conductor reaches values as high as 149MPa in the low
field region. Moreover at the Japan Atomic Energy Research Institute
(JAERI), the team responsible for the design of FER's (Fusion Experi-
mental Reactor) toroidal coils have estimated transverse stresses as
high as 300MPa at the leg of the D-shaped coils by dint of the coverturning
force. It is not clear what percentage of the transverse étress on the

conductors reaches the strands, nevertheless an estimate would be around

50 percent.
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4. Apparatus

The experimental arrangement consisted of a 1,000-litter cryostat,
a 70mm-bore 15T background magnet, and the transverse compressive stress
apparatus. A comprehensive view of the experimental arrangement may be
found in Fig. 4.1,

The body of the transverse compressive stress apparatus, designed
to be enclosed entirely within the'cryostat, consisted of a tubular
stainless steel frame‘housing the transverse load mechanism, The lower
part of the tubular construction, terminating at the sample holder and
the anvil arrangement for the application of transverse loads, was of
60mm~diameter and could be inserted in the bore of the background magnet.
The design was such that the compressed section of‘the sample would be
located at the point of maximum magnetic field. The direction of the
transverse load and the magnetic field would both be vertical, perpen-
dicular to the direction of the transport current through the sample,

The transverse load mechanism within the tubular frame consisted
of a simple pulling rod arrangement, At the top end, the main pulling
rod was connected through a digital load cell to a servo motor. The
servo motor could be operated by remote control and could apply with
accuracy. prescribed loads up to lOOkgf. At the lower end, the main
pulling rod wculd split into two smaller, parallel pulling rods at whose
ends was attached the bottom half on the anvil arrangement. Activation
of the motor would lead to the motion of the latter and thereof to the
application of transverse compressive lcoads.

Figure 4.2 shows two views of the lower part of the transverse
compressive stress apparatus. One may thus see the main pulling rod
attachment and the two pulling reds Iinking it to the meovable half of
the anvil arrangement. The iatter consisted of a stainless steel hase,
a Fiber Reinforced Plastic (FPR) insulator and attachment for the anvil
head, and the bottom anvil head, of flat surface and made of stainless
steel, Figure 4,2 also shows the FPR sample holder onto which is
attached the top, stationary, stainless steel anvil head, as well as
the arrangement for current supply. One may thus see the two insulated
copper current leads and their respective terminations.

The sample hold was grooved along its length to the precise shape
cf the U-shaped test samples, such that during experiment the samples

would be adequately supported against lateral motion under the action
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of the Lorenz force. To the same effect the top anvil head's surface
was not flat but had been machined into the shape of a step. The
central straight section of the test samples therefore, which for the
purposes of transverse compression was to be éﬁposed and could not be
inserted into the groove, would be supported unidirectionally against
the Lorenz force by the step on the top anvil head. Figure 4.3 shows
a cross-sectional view of the sample attachment. As can be seen, a
sample could be compr?ssed only albng a 10mm section at its center,
this length corresponding to the width of the bottom anvil head. At
12mm the top anvil head was slightly wider, tc allow for the unimpeded
upward motion of the bottom anvil head. As can also be seen from Fig.
4.3, the section of the sample directly above each of its curved knees,
in other words the section.on each side of the saﬁple extending heyond
the sample holder, was soldered onto the current contacts during
preparation for experiment.

Several samples were available for experimentation, of the same
shape but of different diameters. Different diameter samples required
grooves on the sample holder of different clearances. As such, the
samﬁle holder was designed to be modular and two different ones were
interchanged. One of groove clearance lmm for samples of diameter
less than lmm, and another of groove clearance 2mm for samples of

diameter more than lmm.
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5, Experiment

5.1 Sample installation

Installation of a sample on the transverse compressive stress
apparatus was a quick and easy process. First, the movable anvil base
would be removed from the apparatus and the appropriate sample holder
would be fitted to it. The sample, complete with voltage taps, would
be carefully inserted into the grooﬁe of the sample holder and then
soldered firmly onto the current contacts. The movable anvil base
would be attached to the apparatus once again, carefully such that the
pressure-surface of the anvil head would be perfectly horizontal for
uniform application of transverse compressive stress on the sample,
The entire apparatus would then be inserted, or reinserted, into the
cryostat.

Two pairs of voltage taps would invariably be soldered ontc each
sample. One pair would be scldered at the height of the current
contacts. The other pair, used to monitor resistivity and thus to
measure the critical current of the sample, would be soldered on the
horizontal straight section of the sample, typically spanning 30mm
in equal halves from its center. Careful attention was always paid on
the quality of contact of the voltage taps on the sample. As such,
each sample was immersed for a short time in a weak sclution of HNOs,
to remove impurities on its surface typically stemming from oxidization
of the copper stabilizer. After careful measurements of the new
diameter of the sample, usually negligibly smaller than before acid

treatment, the voltage taps would be soldered to it.

5.2 Experimental procedure

with the 13T magnet and the transverse stress apparatus in place
within the cryostat, cooldown of the system to cryogenic temperatures
would be initiated. TFirst the system would be cooled to 77K by liquid
nitrogen, then to 4.2K by liquid helium. Throughout the experiment a
constant flow of liquid helium would be kept, to compensate for the
thermal losses of the system and thus to keep the liquid helium level

within the cryostat approximately constant.
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Each experiment consisted of measuring the critical current of a
sample, under different magnetic fields and levels of transverse
compressive stress, using the 10713 fim-reslstivity criterion. Resis-
tivity versus transport current measurements were made on an XY recorder,
Y corresponding to the resistive voltage from the voltage taps, X to
the transport current from a 500A/50mV shunt resistoer in series with
the 500A power supply of the transverse stress apparatus. A typical
experiment would first involve measﬁring the critical current of the
sample at zero transverse stress and magnetic fields from 8T to 15T,
to establish 1ts J, vs. B characteristic. The J. of a sample was
calculated for the non-copper section of it. Thereafter transverse
compressive stress would be applied in steps of 10 or, 20MPa up.to the
maximum of approximately 200MPa, and critical currént measurements
would be performed at 12T for every transverse stress level, and also
at two additicnal levels of the magnetic. field, typically at 8T and 15T,
for every other level,

To establish the J, vs 0. behavior of a particular test sample,

t
where Op is the applied transverse compressive stress, the digital
reading from the load cell, given in units of kgf, was converted into
stress by the following formula:

Floadcell g
g, = (4.1)

Lcompression Dsample

where F1,,4.011 15 the reading in kgf from the load cell, g is the

acceleration of gravity, L is the length along which

compression
transverse compressive stress is applied on the sample, equal to 10mm,

and D the diameter of the sample. The above formula for computing

sample
the applied transverse stress on the sample, though locally incorrect
for round samples since the area of ceontact between the anvill heads

and sample increases with increasing locads, is presumed to give a
fairly accurate measure of the average state of transverse stress of
the superconducting filaments. Tt is bound to be more accurate for
samples containing ample proportions of external stabilizing copper,
gince thus the transverse lcad may be uniformly distibuted into the
filament region. Under transverse stress, all the components of a
filamentary superconductor may be thought of as being in series,
experiencing approximately the same stress. Under axial stress however,

the components of a filamentary superconductor are loaded in parallel,
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therefore the stress is divided proporticmately among them.

A problem was unfortunately encountered during experimentation with
the controllier of the servo motor. Hence the serve motor was substituted
by a manual device, which was essentially a mechanical jack s}stem. The
advantages of accurate setting and remote control were lost, nevertheless
the jack system proved an effective alternative toward the application

of transverse compressive stresses.

5.3 Samples

Table 5.1 belpw presents the essential specifications of all the
tested samples, as provided by the manufacturers of the samples. Figure
5.1 presents enlarged views of their cress-secticns. The samples
experimented upon were two jelly-roll NbsAl samples manufactured‘by
Sumitomo Electric Tndustires, cne bronze process NbySn sample manufac-—
tured by Furukawa Electric Industries, and one internally=—-stabilized
bronze process Nbs;Sn sample manufactured by Kobe Steel Ltd. The main
focus of the experiments was to establish the transverse stress
behavior of jelly-roll NbsAl, primarily at 12T but also at other
magnetic fields. Also, to compare the transverse stress behavior of

jelly-roll NbgAl to that of bronze process NbsSn.
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Table 5.1 Specifications of test-samples
SAMPLE
NUMBER S1 52 F1 K4
SUPER- Ti-ALLOYED { Ti-ALLOYED
CONDUCTOR Nb3Al Nb3Al Nb3Sn Nb3Sn
FABRICATION BRONZE
PROCESS PROCESS w/
: BRONZE | INTERNAL Cu
JELLY-ROLL | JELLY-ROLL PROCESS STABILIZER
WIRE
 DIAMETER 1.03mm 0.8mm [.0mm 1.09mm
FILAMENT
DIAMETER 33um 26LLH1 35“[‘[} 46}_}.1’]’1
NUMBER OF
FILAMENTS 240 240 5,940 8,526
TWIST PITCH 0 oo 11.5mm 35mm
Cu-TQO-NONCu
RATIO 3.0 3.0 1.86 0.335
BRONZE-TO-
CORE RATIO N/A N/A 3.4 3.29
HEAT
TREATEMENT § 1o HOURS @ | SHOURS@ | 120 HOURS @ | 50 HOURS @
CONDITIONS 800° C 800° C 650° C 700° C
PREDICTED
CRITICAL .
CURRENT 131 A @ 8T | 121A @ 8T | 120A @ 12T | 303A @ 12T
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NbyAl-S1 "Nb3Al-§2

Nbi3Sn-t'1

Fig. 5.1 Enlarged cross-sectional views of the test-samples, as

provided by the manufacturers.
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6. Results and Discussion

6.1 Jelly-roll NbjAl-S2

Figure 6.1 shows the measured (non-copper) J. versus B curve for
sample Nbi3Al-52. At a,background field of 12T the measured critical
current density of the sample was about 230A/mm?, an unspectacular value
considering current NB3§n wires. It is clear that the wire is in need
of further development fq; improved Jc's at high fields, nevertheless
it has the redeeming quality of low transverse stress sensitivity.

Figure 6.2 shows the critical current degradation of the sample
with applied transverse stress at the important background field of 12T.
L. is the measured critical current of the sample at various levels of
transverse stress at 127, whereas ICO is the measured zero-stress
critical current of the sample, also at 12T. It may be seen from
Fig. 6.2 that at 12T significant degradétion of the T, starts for
transverse stresses above 100MPa. At 100MPa the I, of the sample is
approximately 97 percent of its original zero-stress value, and
degrades to a respectable 69 percent at around 200MPa.

Figure 6.3 shows the I -degradation of the sample with transverse
stress at a background field of 15T, whereas Fig. 6.4 shows the I.-
degradétion at 8T. As in the 12T case, significant degradation starts
for transverse stresses above 100MPa, where IC/ICO is about 95 percent
atrl5T and about 97 percent at 8T. Arcund 200Mpa, Ic/Ico is slightly
above 61 percent at 15T, and approximately 76 percent at 8T. Overall,
the I, of NbsAl-S2 exhibits higher sensitivity to transverse stress at
15T than at 12T, and smaller sensitivity at 8T than at 12F. The same
behavier has been reported by researchers for NbsSn wires, nevertheless
in the case of NbyAl-S2 the difference is hardly noticeable below 100MPa
and only very small above 100MPa,

For ail three magnetic fields the stress was released from the
maximum attained value of about 200MPa to zero. The arrow in Fig. 6.2,
6.3, and 6.4, signifying this stress release, points to the residual
Ic—degradation. It may be seen from these figures that upon release of
the stress the T, of the sample recovered only slightly. The reason
may be attributed to irreveréible plastic deformation of the stabilizing
copper surrounding in ample quantities the NbzAl filaments. After

experiment, the diameter of the sample was flatter by ~8.5 percent in
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the direction of compression, and wider by ~7 percent transversely to
the direction of compression,

Figure 6.5 combines the data from Fig. 6.2, 6.3, and 6.4 to
a cumulative graph displaying the field dependence of the Ic—degradation
of NbyAl-S2 with transverse compressive stress, Table 6.l summarizes
significant Ic—degradation values at the corresponding transverse stress
and magnetic field conditions.

Figure 6.5 displays a rather curious phenomencn. The normalized
critical current of Nbh3Al-S2 is slightly enhanced, to a constant
value, for transverse stresses between 0 and 100MPa. This effect is
most pronounced at 15T, less so at 12T, and is nonexistent at 8T.
The phenomenon is unexpected because this enhancement may not be
attributed to changes in the strain-state of the compressed section
of the wire. The voltage taps, spaced at about 10mm to the left and
to the right of the compressed section, could not posslbly detect a
local enhancement but only a global one, the critical current of a wire
being a weak-link problem., A possible explanation for this phenomenncn
is that the imperfect support of the sample by the sample holder, and
also possible alterations in the original setting of it from thermal
contracticn during cooldown, allow for a certain deformation of the
sample upon transverse compression. This deformaticn may help remove
residual precompressions in the NbzAl filaments, as is the case for
Nb,Sn wires stressed axially, an effect which strengthens likewise with

increased magnetic fields.

6.2 Jelly-rcll NbzAl-Sl

Figure 6.6 shows the measured J. versus B curve for sample
NbaAl-S1, alongside that of sample WbsAl-S$Z, The former reflects
measurements up to 12T only, because of a problem in the background
magnet. At 12T the measured JC of NbjAl-S1 was about 215A/mm?, slightly
inferior to that of the smaller-diameter Nb3Al-S2. The differences in
JC between the two samples are guite small, given that the two samples
are very similar to each other. Nevetheless the differences in JC are
rather more pronounced at lower fields. The reason for these differences
may be attributed to the heat treatment conditions (Table 5.1).

Figure 6.7 shows the critical current degradation of sample Nb;Al-S1



JAERI-M 90—014

with transverse stress at a background field of 12T. It also shows the
recovered Ic/Ico of the sample upon release at each level of applied
transverse stress. (After experiment, the diameter of the sample was
flatter by ~9.5 percent in the direction of compression, and wider by
~6 percent transversely to the direction of compression.) Note once
again the curious slight enhancement of the critical current of the
sample for transverse stresses of up to 100MPa. Tt is possibly a
variant manifestation of the enhancement phenomenon exhibited by
NbgAl-52. One may see from Fig, 6.7 that significant IC-degradation
cccurs for transverse stresses above 100MPa, as was the case for sample
NbgAl-52, In the vicinity of 100MPa Ic/Ico is about 97 percent, whereas
in the vicinity of 200MPa it is approximately 58 percent. The latter
value compares unfavorably with the equivalent one from sample NbjAl-S52,
which is about 69 percent.

Figure 6.8 compares the IC/ICO versus Ot curves of the two
samples at a background magnetic field cof 12T. Table 6.2 compares the
performance of the two samples at 12T and at the key transverse stress
values of approximately 100, 160, and 200MPa. The IC/ICO of NbgS1-S1
degrades more sharply for transverse stresses above 100MPa than that
of sample NbiyAl-S52. The curves for the twe samples seem to diverge
from each other for stresses higher than 120MPa. This is rather
unexpected, considering that there are only small differences between
the two samples. An explanation for this may be that the formula for
estimating stress, in other words that cf dividing the applied load by
an ""effective"” area of compression, is incorrect for high loads. At
high leads the defermation of the copper surrounding the superconducting
filaments is large, so it 1is possible that non-easily-accountable
nonuniformities in the stress distribution within the wires occur.
Other explanations could be discontinuities at the edges of the com-
pressed section of the wires, and alsc heat treatment-induced differences
in the radial crystallecgraphy of the supercenducting section of each

wire.

6.3 Bronze process NbsSn-Fl.

Filgure 6.9 shows the measured J_ versus B curve for sample NbsSn-Fl,

against the JC versus B curve of sample NbiAl-52. 1t is clear from Fig.
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6.9 that NbsSn-Fl has better JC versus B characteristics than NbzAl-S2Z,
especially at high fields. At 8T the J_  of NbsSn-Fl is about 905A/mm?,
about 10 percent higher than that of Nb3Al—SZ at the same field (~820
A/mm?). At 12T however, the J_  of the former is about 406A/mm?, ~45
percent higher than that of the latter at the same field (~230 A/mm?).

The high J. at high fields of current Nb,aSn wires have established
them as the dominant conductors for high-field applicationé. Their main
disadvantage is excessive sensitivity to stress, especially to transverse
compressive stress. Sample NbsSn-Fl is Ti-alloyed however, and should
exhibit lower sensitivity to transverse stress than regular binary NbsSn
wires fabricated by the bronze process. As is well-known with regard to
the axial stress effect, ternary additions to the superconduting compound,
for example Ta or Ti, have the effect of reducing the degradability of
the wire's critical properties by stress and strain.

Figure 6.10 shows the critical current degradation of sample
Nb,S8n-Fl with applied transverse stress at a background field of 12T,
Degradation starts immediately upon the application of transverse stress.
The degradation is rather subdued until about 60MPa, I /I, being better
than 90 percent at this level, however above 60MPa the it becomes dramatic.
In the vicinity of 100MPa I,/I,, is about /5 percent (97 percent for
NbsAl-S2), whereas in the vicinity of 150-16GMFa IC/ICo is impressively
low at approximately 35 percent (about 81 percent for NbsAl-52). Release
of the maximum applied transverse stress restores the I, of the sample
to about 65 percent of the original zerc-stress value. Plastic deforma-
tion of the stabilizing copper imparts residual stresses to the bronze/
Nb,;Sn core of the wire. Nb;Sn-Fl does not exhibit the excessive irrevers-
ibility of NbsAl-S2, since it contains a smaller proporticn of copper
(the copper ratio is 1.86 for Nb,Sn-Fl, as opposed to 3.0 for NbzAl-82).
After experiment, the diameter of the sample was flatter by ~4.5 percent
in the direction of compression, and wider by ~3.2 transversely to the
direction of compression.

Filament breakage is also a possible cause for the residual
degradation, albeit a less likely one. It may be supported by observing
in Fig. 6.10 the abrupt drop in I. of the sample immediately upon the
application of transverse stress. Imperfect fitting of the sample in
the sample holder, resulting in dimensional mismatches, may be the cause
of local damage as the sample is forced to conform to the anvil surfaces

upon application of transverse stress.
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As shown in Fig. 6.11l, the I.-degradation of NbsSn-Fl is significantly
more dramatic at 15T than at 12T. Degradation starts immedicately and
steeps down sharply for stresses above oniy 40MPa., At 100MPa IC/ICO is

very low at approximately 52 percent, whereas at around 160MPa 1t 1is

strikingly low at approximately 10 percent. Conversely, as shown in
Fig. 6.12, the Ic—degradation of NbsSn-Fl is less dramatic at 8T than
at 12T, Ic/Ico being around 88 percent in the vicinity of 100MPa, and
approximately 61 percent at around 160MPa. The IC of the sample
recovers to about 80 percent of the zero—stress value at 8T, as
contrasted with 65 percent at 12T. An unexpected quench in the
background magnet prevented us from taking release datz at 15T.
Figure 6.13 combines Fig. 6.10, 6.11, and 6.12 to a cumulative

graph displaying the field dependence cf the Ic—degradation of sample
NbySn-Fl with transverse stress.

The vast intrinsic superiority of NbsAl-$2 over Nb,;Sn-Fl with
regard to transverse compressive stress is clear, despite the much
larger copper-ratio of the former in comparison with the latter (3.0
versus 1,86). At the field of interest of 12T, the I, of NbsAl degrades
littie up to 100MPa, whereas the IC of NbizSn degrades by as much as
25 percent at 100MPa. TFor higher levels of transverse stress NbaSn
exhibits degradations as much as a factor of ~3-4 higher than Nb;Al-52.
Figure 6.14 juxtaposes the normalized c¢ritical current versus
transverse stress characteristics of the two samples at 12T, whereas
Fig. 6.15 and 6.16 at 15T and 8T, respectively. Table 6.3 compares
the performance of sample NbsSn-F1 and NbaAl-S2 at 8, 12, and 15T and

at several key values of applied transverse stress,

6.4 Internally stabilized bronze process Nb;Sn-K4

Figure 6,17 shows the measured JC versus B characteristics of
gample NbsSn~K4, alongside the J. versus B curve of sample Nb3Sn-Fl.
Apgain, the former curve reflects measurements of up to 13T only, due
to a problem in the background magnet. Also, in the absence of an
available high-ampere power supply, the minimum background field for
IC measurements was limited to 10T.

At 127 the JC of Nb3Sn-K4 was around 380A/mm?, a littie less than

that of NbsSn-Fl at the same field (406A/mm®). We may see from Fig,
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6.17 that the JC versus B characteristics of the two samples are
similar, given that the two samples have very similar compositicn. The
internally-stabilized configuration, the differences in the copper-ratio
(0.335 for NbsSn-K4 versus 1.86 for NbySn~-Fl), and the different heat
treatment conditions {(Table 5.1), might be contributing tec the slight
differences in the J_ versus B behavior of the two samples.

Figure 6.18 shows the critical current degradation of sample
NbySn-K4 with transverse stress at a background field of 12T. It is
interesting that, in contrast to the other samples discussed so far at
12T, the IC/ICO versus 0 curve does not possess a relatively flat
section at low transverse stresses, but rather it steeps drastically
downward from the beginning. At 100MPa there is significant T -
degradation, Ic/Ico being approximately 55 percent, At 120MPa IC/ICO
is about 36 percent, whereas upon release of the latter stress the IC
recovers to about 65 percent of its original zero-stress value. After
experiment, the diameter of the sample was flatter by ~2.5 percent in
the direction of compression, and wider by ~1.3 percent transversely to
the direction of compression.

The rather excessive sensitivity to stress exhibited by this sample
must stem from the fact that the copper stabilizer is located at the
core of the wire as opposed to externally in the form of a jacket.
Transverse stress is consequently applied directly on the bronze that
constitutes the external surface of the wire. There is no damping of
the stress by an intervening soft laver of copper, and therefore the
possibility of an inhomogenecus stress distribution in the supercon-
ducting section c¢f the wire is high. The superconducting filaments
closer to the surface must be stressed disproporticnally to those
further away from it, which is not necessarily the case for externally
stabilized wires such as sample NbsySn-Fl.

At 12T, the IC cf sample Nb3Sn—-K4 drops by almeost 10 percent merely
upon the application of transverse stress, This phenomenon must come
from irreversible damage of the sample, such as filament breakage, as
was possibly the case for WbsSn—-Fl. We are not in a position to explain
why this irreversible damage is almost double for NbsSn-K4 than for
NbsSn~Fl, since we may not preclude the possibility that the former
sample was set in the sample holder less deftly than the latter. Never-
theless, breakage of superconducting filaments located close to the

surface of sample NbySn—-K4 is quite likely, as a result of the harsh
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contact between the external bronze of the sample and the stainless
steel anvil heads.
As can be seen from Fig. 6.1% and 6.20, IC/ICO versus C,_ curves

at 13T and 10T respectively, sample NbsSn-K4 exhibits the same kind of

field dependence as the other samples. 1Its critical current is mcre
sensitive at higher fields than at lower fields, once again an observa-
tion that gives credence to the fact the Ic—degradation in AL5 super-
conductors stems from a reversible degradation of their upper critical
magnetic field. Thus, for a transverse stress of 100MPa Ic/Iéo is
approximately 44 percent at 13T, and approximately 64 peércent at 10T,
The residual Ic/Ico of the sample upon release of the maximum applied
transverse stress scales similarly for the different fields, being
arcund 65 percent at 13T and around 82 percent at 10T. The same holds
true for the initial seemingly irreversible drop of the IC of the
sample, the drcp in cther words that occurs simultaneously with the
application of transverse stress. Figure 6.21 combines Fig. 6.18,
6.19, and 6.20 into a cumulative graph showing the field dependence of
the Ic-degradation of sample NbsSn-K4 with applied transverse compressive
stress.

Figure 6.22 compares the sensitivity to transverse stresses
of the I, of both NbsSn samples at 12T. Table 6.4 surmarizes significant
Ic—degradation values at 12T and at several key values of the applied
transverse stress. It is evident that NbzSn-Fl is a superior wire with
respect to transverse conpressive stress. In the vicinity of 100MPa,
IC/ICO is 20 percent higher for NbsSn-Fl thdan for Nb3zSn-K4. Nevertheless,
this superiority must stem from the more favorable externally-stabilized
configuration which, as has already been mentioned, is a more advantageous
configuration for most applications.

Figure 6.23 compares all tested samples at a background magnetic
field of 12T. The NbsAl samples are the least sensitive to transverse
compressive stresses, especlally for values below 100MPa. The reascn is
most probably intrinsic to the NbzAl phase, traceable in other words to

the crystallography of the superconductor.
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Table 6.1 Ic—degradation values for sample NbzAl-S82
ZERO-STRESS | CRITICAL | NORMALIZED

CRITICAL CURRENT CRITICAL

TRANSVERSE MAGNETIC CURRENT, DENSITY, CURRENT,
STRESS(MPa) FIELD (T) Ico (A) Jeo (A/mm?2) [c/lcq
~100 g 103 819.41 ~97%
~200 ! ) " ~76%
~100 12 29 230.71 ~97%
~200 ) " ! ~69%
~100 15 8 63.64 ~95%
~200 ) ) ) ~61%

Tabhle €.2 Comparison of Ic—degradation values for samples

Nb3Al-52 and NbaAl-S1

Zero-stress | CRITICAL | Normalized

Transverse CRITICAL CURRENT CRITICAL

STRESS MAGNETIC | CURRENT, | DENSITY, CURRENT,
SAMPLE (MPa) FIELD (T) I.., (A) Jeo (A/mm?) 171,
~100 ~87%
Nb3zAl-S2 ~160 12 29 230.71 ~81%
~200 ~69%
~100 ~07%
Nb3zAl-S1 ~160 12 44.75 214 .83 ~T72%
~200 ~58%
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Table 6.3 Comparison of Ic—degradation values for samples

NbzAl-52 and NbhiSn-Fl

CRITICAL

Zero-stress Normalized
Transverse CRITICAL CURRENT CRITICAL
STRESS MAGNETIC { CURRENT, | DENSITY, | CURRENT,
SAMPLE (MPa) FIELD (T) Ico'(A) Jeo(A/mm2) Fe/le g
~50 ~100%
~100 8 103 819.41 ~87%
~140 ~89%
~60 ~99%
Nb3Al-S2 ~100 12 29 230.71 ~97%
~160 ~81%
~60 ~105%
~100 15 8 63.64 ~95%
~140 ~80%
~60 ~95%
~100 8 248.75 805.86 ~88%
~160 ~G1%
~60 ~92%
Nb3Sn-F1 ~100 12 | 111.5 406.05 ~75%
~150 ~35.5%
~60 ~82%
~100 15 47 171.16 ~52.5%
~160 ~10.7%
Table 6.4 Comparison of Ic—degradation values for samples
No3Sn~Fl and Nb3Sn—-K4
Zero-stress | CRITICAL | Normalized
Transverse CRITICAL CURRENT CRITICAL
STRESS MAGNETIC | CURRENT, | DENSITY, CURRENT,
SAMPLE {MPa) FIELD (T) I., (A) Jeo (A/mm?) Ic/lco
~60 ~92%
Nb3Sn-Fl ~100 12 111.5 406.05 ~75%
~120 ~60%
~60 ~T15%
Nb3Sn-K4 ~100 12 265 379.11 ~55%
~120 ~36%
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7. Conclusions

We tested the transverse stress sensitivity of the critical current
of four samples, two jelly-roll NbsAl samplesvand two Ti-alloyed bromnze
process NbySn samples. The aim of our work was to compare the transverse
sensitivity of NbzAl wires to that of NbsSn, primarily at 12T but also
at other magnetic fields.

Without taking'precompressioﬁ effects due to differential thermal
contraction into consideration, the NbgAl wires at 12T were considerably
less sensitive to transverse stress than the NbySn wires, at high trans-—
- verse stresses by as much as a factor of ~3-4, Nevertheless, the
critical current densities attained at 12T by the fromer were lower
by as much as 40-50 percent than those of the latter. It is clear
that there is room for development in NbzAl wires fabricated by the
jell-roll process, in order to increase their current dengities at high
fields. As soon as that is accomplished, possibly in a matter of a few
vears, the intrinsic superiocrity of NbsAl wires over NbsSn with regard
to transverse stress, or stress in general, should establish them as

useful superconductors for large-scale, high-field applications.



JAERI-M 90—014
8. Recommendations and future work

Qur apparatus for testing the transverse sensitivity of NbsAl and
NbsSn wires performed remarkably well, despite the unfortunate malfunc-
tion of the servo moteor and the replacement of it by the manual jack-
system. However there-is one area where it would benefit from improve-
ment: the rigid attachment of the samples to the current leads. The
current leads in our-épparatus where stationary, therefore it was
possible that an imperfectlyAinstalled sample could be stressed in ways
other than purely transversely, with possible irreversible internal
damage done to it, Moreover, during ccoldown, differential thermal
contracticn between the sample and the supporting structure couid have
imparted axial stresses to a sample in addition the welk-known internal
ones, altering the pre—experimental internal strain-state of the sample
which, at least in Nb3Sn, can have significant consequences. A recom-
mendation therefore is to redesign the apparatus to have movable current
leads, to avoid damage on the sample during transverse compression and
to reduce the possibility of residual stresses superimposed cover the
ones internal to the sample during coocldown. The installation of
novable current leads could eliminate the encountered drop in the L.
of the two Nbs3Sn samples, as well as the encountered enhancement at
high fields cf the critical current of the NbsAl samples.

A recommendation with regard to future testing would be to
establish an environment where the directions of the background
magnetic field, the current, and the transverse load are all mutually
perpendicular, This was not the case during our experiments, never-
theless this should not have had any consequences on round samples
such as ours. Lt could have had consequences on flat samples, especially
ones with highly aspected cross—sections.

An area of work which we shall be undertaking in the near future
is to correlate the transverse-stress—induced Ic—degradation of the
NbsAl and Nb;Sn test-samples to the degradaticn of their upper critical
magnetic field. Presently we do not have ecritical current data for
sufficiently high magnetic fields, and this precludes the accurate
formulation of a scaling law.. We intend to formulate a medel by which
to calculate the internal triaxial strain-state in NbsAl and NbsSn

wires, as a result of transverse compression.
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