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ABSTRACT

The effective filament size haa been deter-
mined for a number of high curreat NbjSu mulei-
filadentaty compositesa.  In moat casea it is much
larger than the nowminal filament size. For the
smallest filaments (» 1 micron) the effective size
can be as much as a factor of Forty times the nomi-
nal size. Samples made by the "internal tin",
"bronze route™, and "jelly roll" methods have been
examined with filaments in the range one ko ten
microna. Rate dependent magnetization and "flux
jumping™ have been observed in some cases. KhTi com—
positea ranging in filawent size from nine to two
hundred microns and with copper to super-conductor
ratioa between 1.6:1 and 7:1 have been examined in
the same apparatus. Low field "flux jumping" was
only obezrved in conductors with very large fila-~
ments and relatively little stabilizing copper.

INTRODUCTION

The combination of very small aperturs (3-4cm)
and large acceleration range (1-20 TeV) envisioned
for the Superconducting Super Collider (SSC) makes
the magnetic field vniformity at injection a particu-
larly challenging problzm. Since the field shape at
very low fields is largely determined by
magnetization effecta in the auperconducting
windings, there is considerable interest in the low
field characteristics and waiformity of conductors;
particularly "new and improved" omes.

In this paper, we report the magnetization mea-
surements made on multifilamentsry Nb3Sn and NBTi
conductors that wera obtained from various sources.

Of special interest are the improved Nb3Sn wires
with high critical current density. The effecrts
of the barrier material and the local matrix to
niobium ratio on the magnetization were also
examined., Critical current measurementa were made
on most of the conductors to test the scaling of
magnetization with current density.

EXPERIMENTS

The average magnetization (M) of several sam-
ples of multifilamentary (MF) superconducting sam-
ples were determined in these experiments as a func-
tion of appliud magnetic field (H)} and magnetic his~
tory at %.35 K. Measurements of changes of Flux
through appropriate pickup coils during changes in
H were integrated to yield a complete set of values
of average specimen magnetization M(H) as a function
of H and magneric hiastory, The field dependence ot
the cricical transport current I. was determined
in a separate experiment.

Procedure

i schematic of the experiment is shown in Fig.
1. The most important part of this apparatus is a
large aperture, 5 tesla, dipole wagnet which can be
ramped at a unifoim rate by a programmable 4000 amp
power supply. A 1000 A bigs supply was sometimes
used to obtain data frem - 1.5 T to 1.5 T. This mag-—
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Fig. 1 Schematic - Magnetization Expt.

net provides a large volume of very uniform field,
and the pickup coils which are 35 cm long are situ-
ated near the axis of the dipole to minimize the
magnetization effects of the magnet itself. The
magnetization was measured by integrating the differ-
ence in voltage induced in the two pickup coils.

Typical specimens were in the form of 30 cm
lengths of 23 strand cable. In those cases vhere
cables were not available, an equal number of
straight wires arranged in two layers was used to
simulate a volume of cakle. The samples were placed
in the pickup coil with the axis of the cable or
wires transverse to the applied field.

Analysis of Measurements

The wagnetization signal given by the
integrator was calibrated by measuring the initial
slope dM/dH of 0,254 ma diameter pure niobium wires
in a tranaverse H. Using a demagnetizing factor
of 1/2 (appropriate for lomg thin cylinders in trans-
verse field) one should obtain a value of 2 for the
initial slope. The error in thia calibration proce-

dure is vt5%. However, relative magnetization data
are good to ¢1X.

As shown by Shen,u) a typical M-H curve
(Fig. 2) can be analyzed in certain sections. For
very smzll external fields, the superconducting fila=-
ments should be gerfeccly diamagnetic, In thia ce-

gion the theory shows that fer MF composites the
tranaverse magnetization

w aDy w

where A is the fraction of superconductor. -In the
expresgion 1 the demagnetization factor of 1/2 for
a cylinder is taken into account. Equation (1)

servea to check the cahbrac:.on in those MF conduc~
tors where the filaments have mdependently.
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tain cases A alao represents the »iximum area
enclosed by multiply connected filaments.

At fields where the filamsents are fully
penetrated the critical state model can be usad
to describe the conductor magnetizatiom. If M and
M* indicates the magnetization for the two branches
of the hyateretic magunetization curve, with W~
denoting the increasing applied field branch then

—2u M(H) = -u (M - N
o ° (2)
3
= 2u° E1d XJC(H)deff

where dgfg defines the independent superconducting
dimension. Thia usually is equal to the filament di-
ameter, d. However, in multiply connected compoa-
ites this dgff can be much larger than d. Equation
(2) can be rewritten in terms of weasured quantities

1
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where . is the conductor area of cross-section and
I, is the measured critical curvent at the appropri-
ate fizld, I., defined for a conduc:?r resiativity
of 10714 Qm, was measured separately(4) for the var-
ious samples using external fields from 0 to 8 T.
Ia ueing these measurements and Eq. (3) to compare
with the magnetization data, one has to taken into
account the self field generated during the I,
experiments. Self field eatimation for the wires
were taken into account using (M H)gp = 1074(21I/R)
shere R ia the wire radius.

In the abaence c¢f datectable eddy currvent
magnetization the external field was typically
ramped at 20 uT/s. However, when eddy current con-
tribution to M wass detected, data were taken at cramp
rates ranging from 10 aoT to 60 mT/s. From these mea-
surements the eddy current effects were separated
from those of the persistent currents by plotting M
veraéun B (dB/dt), the ramp rate, and extrapolating
to B = Q.

RESULTS

Most of the measurements of magnetization were
consisteat with the existence of reproducible
hysteresis curves after the samples were cycled at
least once to high fields. In certain cases mag-
netic instability evidenced by "flux jumping" vere
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Fig. 2 Magnetization data for NbTLi sample #2.

-abserved for some untwisted MF canductors and those

with large filaments.
NbsSn

In Table I the relevant parameters of the
Nb3Sn samples that have been atudied are listed. The
A\ given takes into account the volume expunsion aa
Nb3Sn is formed from Nb. The magnetization data of
most ssmples did not ah?w any rate dependent contri-
bution except the AIRCO 5) conductor, vhich showved
a doubling Bp (rate required to double the
magnetization due to the filementa) of 18 wT/S.
Moreover it was found that inadequately twisted com-
posites exhibited "flux jumping" at fields R <1 T.

Table [
NbaSn : Sample Parameters

Wire Filament nof Berrier

Sample # Process  Dia. (mm) Size(um) Filaments Material A
IGC-t Internal-Sn 0.765 1.25 72102 Nb/P 019
1GC-2 " 0.641 20 2220 Nw/P 019
1GC-3 0.668 5.0 5900 no barrier 0.33
1GC4 " 0.681 20 22420 Ta 0.19
TWCA-1 MJR/Bronze  0.71 ax12 Expanded Nb 0.16

Metal
TWCA-2 MJR/Sn 0.70 2x8 . v 0.163
TWCA-3 MJR/Sn 0.305 2%16 ’ \' 0.27
TWCA4 MJR/Bronze  0.508 2x10 " Ta 0.137
MCA Bronze 0.69 4.1 4675 Ta 0.168
AIRCO Brunze L - 45 4807 Nb 0.172
SUMITOMO  Solid-Liquid 0.78 45 61 Nb 0177
Diffusion

The observed magnetization of the conductors
at 3.0 T are given in Table II. The measured ecriti-
cal currents ure also included. Since the I, of
some conductors is very high at this field che crit-
ical current has tc be corrected for self field. The
I(x:(ﬁ) “internal tin" conductors were found to have
a dagg >> d. A significant fraczion of the
magnetization is due to the niobium (Nb/P) barrier,
as has been observed earlier. In Fig. 3 are
shown the M-H curves for IGC-2 and 1GC-4, one of
which has a tantalum barrier. Besides the large
niobium tail at low fields, the reacted niobium at
the barrier produces a larger magnetization at all
fields. Metallographic examination showe a thin ¥l

Hm layer of Nb3Sn formed at the barrier. In these
NbySn composites considerable bridging occurs between
Tuble Il
NbaSn : Mugnetization Summary
Sumple 2uM@IT)  LeST)  lese(D)  dun
] (mT) (A) (A) {um)
1GC-) 107 118 L 69
HiC-2 6 840 y56 45
1GCy 42 1260 1624° 40
0 5 1100 1108 20
TWOA- 55 825 940 44
TWCA-2 58 675 46 56
TWCAL 122 211 226 YK
TWCA-4 115 60 380 115
MCA 4.2 02 70 47
AIRCO 45 1006 (1] 79

SUMITOMO i 950 1030 92

“Exteupolabd from higher fields.
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the filaments since dg gf ¥ 10d for IGC-3 and 1GC~4.
The local matrixz to niobium ratio is +*1.2:1 and
micrographic studies show that the filaments have
arown together which could easily account for the

- large dgge-

" Coupling between filaments is also observed in
‘the "MIRY" conductors. TWCA-%, which is an esrly
THCA conductor made with a-Ta barrier and a 4.8:1
bronzz to niobium ratio ia seen to have a dggf ¥ d.
In. camparison TWCA~1 has a bronze to niobium ratio
of 2.6:1 and exhibits a much larger magnetization.
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Fig. 3 M-H curve for LGC Nb3Sn conductor A:
2 with Nb/P barrier; B: IGC-4 with Ta
barrier.

IGC~

The only NbySn conductor to exhibit the low M
effecta expected from the very small filament size
have been the bronze composites with relatively
large filament spacing and tantalum diffusion
barriers. The MCA conductor which shows a d gf = d
has a local ratio of 1.8:1.

The conductor made by Sumitomo(?) was expacted
to have large magnetization by virtue of irs large
filament size. For the particular conductor that
was studied daff ¥ 2d. Although the final rveacted
filaments are well separated, random nearest
neighbour filaments growing together were observed
in micrographs.

NbTi

In a companion study, NbTi conductors with fil-
ament sizes ranging from 9 Ym to 200 Um have been
measured. Table TIT lists the conductors meanured
and the observed magnetization ar 3.0 T. Data show
that all conductors except #8 were “stable."

Clearly, the high copper to superconductor ratic pro-
vides the required dynamic atability. Sample #4
with a filament size of 54 Hm was found to behave
stably, even whou all matrix material had heen
removed and the filaments embedded in epoxy. How-
ever, sample #8, which is a single filament conduc-
tor, was observed to "flux jump" at fields <1,0 T.

As expected the frequency of "flux jumps" increased
when the copper stabilizer was removed. :

Figure 4 shows the quantity 24 ,M/A = J.d as a
function of 4. The lines A and B are drawn for I,
(3 1) equal to 3.6 x 109 A/m® and 2./ x 109 A/md re-
spectively. This would compare with 2.4 x 109 A/m?2
and 1.8 x 109 A/w? at 5.0.T. The J. of some of
these conductors were weasured separately and found
to agree with that Jerived from eq. (4) to within a
few percent. Also, the low field data for sample #2
(see Fig. 2) showed that the initial slope dM/di was

- Table l11
NbTi : Magnetization Sumnmry
Wire Filament

Samgle Diameter Dinmeter uoM
# (mm) (um) A (mT)
1 0.109 85 0.279 33
2 0.68 9.1 037 5.0
3 0.807 225 0.435 14.7
q 1118 64 0125 122
] 1.626 78 0,125 15,7
[ 2,06 100 0.126 203
7 2490 141 0.126 244
-] 0.408 200 0,25 86.2

equal to 0.55. This is in complete agreement
with eq. (2) which predicts a value of 0.54 for A =
0.37.

Also drawn in Fig. 4 are the expected behavior
of NbqySn conductors if the filamentn behave
independently. Lines C and D are drawn for J. (3 T)
equal to 1.63 x 1010 A/n? and 1.13 x 1010 A/l
respectively. These are typical J. for Nb3Sn made
by the "internal tin" and the bronze processes. The
datun shown by (A) is for the MCA bronze processed
conductor.
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Fig. 4 Plot of 2ugM (3 T)/A vs. filamert diameter

Field Dependence of Magnetization and I,

The critical transport currents were deter-—
mined for most conductors as a functon of applied
field to test the scaling of magnetization with J,
or equivalently with (I /a) as given by eq. 3. It
was possible to measure I, down to zero U for the
NbTi composites, but in same NbjSn conductors the
current is so high below 3 T, that it was difficult
to get a proper resistive transition. In Fig. 5 the
normalized I, (i.e. I.(H)/I. (3 T)) is given for sam-—
ple #2. The solid line is the nomalized magnetiza-
tion data, whereas (o) and (x) are the I. data for
a hifilar and an open wound solenoid sample respec-
tively. (x) would reflect data usually taken in the
hair-pin configuration. Correcting I, for self field
results in excellent agreemenmt betweem critical cur~ .
rent and magnetization over the ramge 0.3 < H < 4.0 T.

Figure 6 shows asimilar data for the IGC
conductors. Except for fields <0.4 T where niobium
barrier magnetization predominates, the normalized
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magnetization as a function of H for all the IGC
conductors were similar and are given by the solid
line. The low field magnetization behvaior of hronze
processed NbaSn were very similar to the "internal
tin" wires.
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Fig. 6 Wormalized I, vs. field" 4 (@), from
magnetization dsta for IGC-43 (o) data of
I6C-2§——=—=(x) I, data, —- I, data
corrected for self field.

CONCLUSIONS

From this study the following conclusions are
drawn: (1) where filaments behave independently, M
scales with d, (2) besides the bronze type Nb3Sn
with relatively large filament spacing, most of the
other Nb3Sn conductors studied have dggr > d, (3) Nb
or Nb/P barrier introduces large magnetization at
low fielis. TIn applications where such effects ace

undesirable a tantalum or vanadium bavrier must be
used. At present work is in progres to study
“internal-tin® proceased NhqSn with local matrix to
ninbium ratio > 1,5. At these vatios, filament
bridging should be eliminated,
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