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Nb;Sn: Macrostructure, Microstructure, and Property Comparisons for Bronze
and Internal Sn Process Strands
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Abstract — The variation in irreversibility [fteld, B*(T), with
temperature has been measured for Nb;Sn supercondueting
strands mannfactured for 1TER using vibrating sample and
SQUID mapgnetomcters. The high performance strands were de-
veloped for both high transport eritical current density, J, and
low hysteresis loss. Diespite a wide variely of designs and compo-
nents, the strands could be split into (wo distinetive groups, based
on the exirapolated irreversibility fields, whieh lic about 10 %
lower than ihe upper critical field. “Bronze-process” strands ex~
hibited consistenily higher B*() (28T to 31'T) compared with
“internal Sn™ process (24T 1o 26 T) conductors. The intrinsic
crifical current density of the superconductor, J., and the spe-
cific pinning foree of the grain boundaries, Oy, were evaluated
using the measured J,, and image analysis of the macro- and mi-
cro- structures. A bronze-processed Nb(-Ta);8n was found to have
a higher J but lower @y, than Nb;Sn produced from Nb fila-
ments, This work shows that the maximization of J; is both an
intrinsie fiux pinning issue and a quantitative issue of how much
Nh;Sn can be put into the composite package. The resulls for the
ITER strands are compared to a high J, (but also high hysteresis
loss) internal Sn strand, The high J; strand had a mnch higher
Fosp and @y, than any of the ITER sirands.

1. INTRODUCTION

The ITER program successfully produced over 28 tonnes
of Nb38n strand for its model coils in a development pro-
gram thal has pushed Nb;Sn conductor technology to new
petformance and production benchmarks, The strand was
successfully fabricaled into 7km of finished cable with
~1000 strands per cross-section, The sirand benchmarks for
[TER strand were overall eritical current, I, and hystcresis
loss, properties of the whole compeosite, rather than of the
Nb;Sn itself, In this note, we turn to an evatuation of the
intrinsic Nb;Sn properties such as B*(7), Jysy and Oy, de-
duced from magnetization and quaniitative metallography.

A summary of the samples used is shown in Table I. A
summary of results from the first and sccond ITER bench-
mark [1} and the third round of ITER strand bench-marking
[2] are published elsewhere. The strands had been heat
treated under vacuum conditions at the MIT ’lasma Science
and Fusion Center and the Low Femperature Division of the
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TABLET
SUMMARY OF ITER BUNCHMARK SAMPLES TRSTED

Manufacturer ITER Strand  Manufacturing  Reported Desig-

Specification Technique Filament nalion

Altoy

Alsthom HPII Interpal Sn NA ALS
Bochvar HPIL Bronze Wb+ Ta Core BOC
LM-LMI [ Internal Sn NhTil% LI
Furukawa HPII Bronze Nb FUR
Hitachi EIPIL Bronze Nb1a0.5% HIT
IGC-AS 11y} Intcenal Sn NiTa?.5% IGC
Mitsubishi TPIL Tternal Sn Wb MIT
TWC 3 (3] Internal Sn NhTil%h 1TWC
Vacuumschmelze  HPII Bronzs NbTa?.5% VAC

University of Twente, according to schedules provided by
the strand manufacturers [1,2]. The heat treatments recom-
mended by the strand manufacturers are listed in Table I1.

1. EXPERIMENTAL PROCEDURH

Magnetization was measurcd in a laboratory construcied
vibrating sample magnetometer (VSM), which was used to
observe the DC moment as a superconducting solcnoid
swept the field from 0 T to 12 T and back at 20 mT per see-
ond. These ficld swoeps were taken at 4.5 K and every 0.5 K
from 8 K to 14 K, with some samples also tested at 15 K and
16 K. Sample temperature was established al zero field by a
germanium senser in close proximity to the sample and
controlled during the measurement by an adjacent capaci-
tance sensor during the sweep. The temperature controller
was an Oxford ITC-4 whose capacitance sensor hoard had
been modified in order to preatly increase its resolution,
while reducing noise and drift. Combined with a T.akeShore
CS-401 capacitance thermomeler, this sensor and amplifier
provide a sensifivily of 1 mK and intrinsic noise of <2 mK
in the 4 K-20K temperature range. Tnitial sel-point devia-
tion from the nominal temperature was = 0.02 K, and control
stahility during sweeps was 0.01 K. Temperature oflsets due
to spatial separation of the thermomelers and the sample

TABLEI
RECOMMENDED HEAT TREATMENT SUPPLIED BY MANUVACTURERS

Strand Recommended Heat Treatment

Bochvar  575° C/150 Iy, 650°C/200 h

EM-LMI 220° /175 h, 340° Cf 96 h, 650° C/180 h

Furukawa 650° C/240 h

Hitachi ~ 650° C/200 1

IGC-AS  660° C/240 h, {6° /h ramp)

Mitsubishi 200° C/6 h, 350° C/18 s, 430° Cf2R h, 580° C/60h, 700° C/160 h
TWC 185° €120 1, 340° C/72 h, 650° C/200 b

VAC 370° C/220h, 650°C/175 h
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Fig. |. FESEM-SL images of fracturc eross-soctions comparing the Nb;Sa
grain size from filaments of the Furukawa, Mitsubishi and Vacuumschmelze
ITER sirands as well as the high ., ‘I'WC (1912) steand. The magnifications
are the same and {he scale markers are | um in length,

woere nulled by measuring Tyq of a sample of Nk, Control
set-point stability of the capacitor was verified by control-
ling sample temperature at zero field with the capacitor,
while monitaring the sample temperature with the control
germanium thermemeler.  The lemperature conirol tests
spanned 60 minutes, a period double the time of one field
sweep. A [ew samples were also measured in a Quantum
Design MPMS-5 magnetometer at 16 K, which was also
used to measure T, in a (icld of 5mT, Total temperatore
error in the SQUID was 0.02 K. The irreversibility field [3],
B*, values for each temperature, B*(7), were estimated from
straight-line extrapolations of magnetization data converted
to Kramer plots, J, "B B.1).

The Joy was obtained from the previously repoirted
transpor( I, values [2], dividing I, by the measured cross-
sectional arca of the Nb;8n A-15 phase, rvather than as usual
by the overall diftusion barrier, bronze, Sn, etc package
‘needed to make the NbsSn. Arcas were determined by image
analysis of back-scattered clectron images obtained in a
LEQ 982 FESEM, The Oy, was obtained from the Jy, data
by measuring the grain boundary density from high resolu-
tion sceondary electron images of fraclure cross-sections
{Tig. 1) by a previously reported method [4]. T.ow magnifi-
cation sampling of large areas was checked against high
magnification images of small numbers of filaments,
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Tig. 2. Variation in irreversibility ficld, B*(T) with temperatore for [TRR 2
and 3" benchmark strands, Note the separation between bronze-process and
iniernal iin processed strand.

II. RESULTS

The B*(Y) results (Fig. 2) show a striking result, namely
that the internal tin and the bronzc composites have diver-
gent trends, in general agreement with the trends of Kramer
plots for J; data, Above 5 T there is a distinct separation
between intornal Sn and bronze-processed strands, bronze
strands having higher B*(1).

The Jouey (Fig. 3) and (y, results (Fig. 4) indicate a lower
Jeisey Tor the bronze sirand and a lower grain boundary pin-
ning force. The high J, high Sn comparisen strand has a
substantially higher Jy..) and O, than the ITER strands.

The distribution of grain sizes (expressed here as o*, the
diameter of the prains caleulated from their cross-sectional
arcas, assuming circular cross-sections) within the filaments
was log-norinal [or all the strands studied, The prain size
and size distribution was typically uniform from filament to
filament with some exeeptions. For the Furukawa bronze-
processed slrand, the grain size for the filaments closest to
the outside of the filament pack (F1 and T2 in Fig, 5) are
25 % preater than lor the interior of the filament pack. The
grain size distributions for the bronze-process Yurukawa
strand are shown in (Fig. 5) and can be contrasied with the
more uniform grain size disiributions for 3 filaments from
the internal Sn processed Europa Metalli LMI strand. This
was not a universal trend for internal Sn strands as cross-
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Fig. 3. Variation in superconductor critical current, Jy., with applied ficld.
‘The internal Sn process strands have a higher Ju.q, especially the high So
strand. For the Vacuumschmelze 7.5 % Ta strand, the decrease in Jye with
field is less at high field than the internal So strands, resulting in a ¢ross-
over with the Evropa Metalli-LMT internad Sn strand at 1077

sub-glement trends in filament size were also obscrved for
the Mitsubishi internal Sn strand.
A trend to redueed grain boundary density with inereasing
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Yig, 4. Variation in grain beundary specific pinning force, (g, with applied
field. The high Sn internal Sn strand has almost double the Oy, of the other
strands. Bven the low 8n [TER internal 8o strands have a higher Oy, than the
bronze-processed strandds. The high grain boundary density of the Vac-
uumschmelze bronze strand (7.5 %T'a) lowers the calculated Oy significantly
below that of the Furukawa bronze-processed strand.
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lYig. 5. ¥ariation in grain size with location for Furukawa bronze-processed
[TER strand. The grain size for the filaments closest to the outsidle of the
{ilament pack (F1 and F2) are 25% greater than for the inferior of the fila-
ment pack, The coefficlent of variation for &* for the 6 filamenis, is a rela-
tively large 13 %; the mean grain stze (Jog) was 146 nm with a +1 std. dev. of
24 nm.

distance from the originul reaction interface {filament pe-
rimeter) is obgerved in the Forukawa strand (i.e. Fig. 7) with
a gradient of approximately ~45™ nm2 This trend was also
observed in the Vacuumschmelzc bronze-processed strand
(«3]—3‘5{)6 nm?). The trend was very shallow in the LM strand
(-7E7 nm®) and in the Mitsubishi strand the trend was re-
versed and the grain boundary density increased with in-
creasing distance from the perimetor of the filament
(+377% nm). The reduction in grain boundary density oc-
curs simultancously with an incrcase in the aspect ratio of
the grains, as the grains become more columnar towards the
center of the filament. Columnar grain growth accurs when
new grains are not nucleated and while the NbySn grains
continue to grow inward and are restricied in their perpen-
dicular growth by adjacent grains.

V. DISCUSSION

The finding that bronze ITER strands have intrinsically
better B%(7) properties than [TER internal Sn strands was
not at all expecied, as higher J, and presumed better intrin-
sic properties are normally {thought {o occur in internal Sn
conductors. This distinction oceurred despite a large number
of other design variables (see 'lable [}). The implication is
that whatever benefit the ITER internal Sn conductors de-
rive beeause ol their smaller “carrier™ Cu content, is at least
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Fig. 6. Variation In prain size (¢*) with position for four filaments in the
Furopa Metalli LM1 strand, comparing outer and inner filaments. The grain
size is uniform with a coefTicienl of variation of just 3 %. The mean grain
size (log) was 134 nm with a +1 std. dev, of 77 nm,

partially negated by their inferior basic NbsSn propertics.
This result is also striking because bronze conductors with
larger “carrier” Cu econtent might be expected to have
greater pre-compression and thus depressed 7, B and
B*(T). The unexpected bchavior of the internal 8n compos-
ites may be due to the design compromises that had 10 be
made in order to reduce the hysteresis loss of the internal Sn
gtrands. Despite the superior T(B) behavior of the bronze
strands, the Je and {4, of the two bronze sirands were
fower than internal Sn strands.

The difference between the O, of the Furukawa bronze
and the Vacuumschmelze bronze-processed strand is also
interesting. The principal dilfcrence between the Vac-
uurnschmelze strand and the Furukawa sirand is the use of
7.5 wt. % Ta alloy Nb filaments in the casc ol the Vac-
uumschmelze strand. The use of Ta has long been known to
improve high field performance, and it has been postulated
that this is a result of increased critical [lelds produced by a
decreased clectron mean free path [3]. In this case, however,
the increaged prain boundary density that should result in
signilicantly higher crilical current is apparently offset by a
reduced pinning force supplied by (he grain boundaties,

We first reported the log-normal distribution of NbySn
grain size for an early TWC ITER strand [4]. By accurately
deseribing the distribution profile, meaningfut statistics can
be generated for filament size distributions. Having confi-
dence in the measurement statistics, we can now search for
trends in the variation of d* distributions.

For bronze-processed strand, unlike internal 8a, the Sn is
uniformly distributed across the bronze prior to the onset of
the NbsSn strand. This situation, however, can be expected
to change as Sn is depleted from the bronze. We have re-
cently obscrved a variation in grain size with location for
Vacuumschmelze (13.5 % Sn) bronze-processed strand [6]
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"Fig. 7. Variation in grain boundary density with position within an inner

filament of the Furukawa bronze strand {filament 6 of Tig. 5). A 25 point
moving average is shown as a continuovs black line, The least squares lingar
fit {dashed linch shows a reasonable approximation to the trend.

and in this case a larger grain size was observed for fila-
ments nearest the outside of the strand, Further study of this
phenomenon should yictd insights as to how 10 increase
grain boundary density.
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