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The long multifilamentary NbsSn strands for international thermonuclear experimental reactor (ITER)
have been successfully fabricated by bronze and internal Sn process, respectively. Adopted in this work,
the bronze process NbsSn strand with a Cu/non-Cu area ratio of 1:1.09 and the internal tin process strand

PACS: with a Cu/non-Cu area ratio of 1:1.15 were designed. The microstructure details of two kinds of strands
74.70.Ad before and after heat treatment have been investigated by scanning electron microscope (SEM) and
74'6&]3 energy dispersive X-ray analysis (EDX). The non-Cu J. (12 T, 4.2 K) value of 752 A/mm? for bronze process
75.60.E) strand and 1185 A/mm? for internal tin process strand have been obtained. The influence of microstruc-
Keywords: ture on transport property of strands has been discussed. ' '
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1. Introduction

Ever since its discovery, NbsSn superconductor has received
substantial attention due to its possibility to carry very large cur-
rent densities far beyond the limits of the commonly used NbTi.
Recently NbsSn has been intensively studied due to its high upper
critical field (Hc;) [1], which is the best candidate for fabrication of
high-field magnets and toroidal field coils of international thermo-
nuclear experimental reactor (ITER) up to now. Several fabrication
methods, such as bronze process [2], internal Sn process [3], pow-
der in tube (PIT) process [4] and modified jelly roll process (MJR)
|5], etc., have been developed for fabrication of high performance
superconducting NbsSn wires. Only the bronze process and inter-
nal tin process, however, have become dominant due to their com-
mercial potentials. In the case of the bronze process, the maximum
volume fraction of NbsSn phase is limited by the bronzing process
between Cu and Sn, where the Sn content in the bronze matrix is
not larger than 13.5 wt%. In order to overcome insufficiency of Sn
source in bronze route the internal tin concept was proposed to
allow high volume fractions of NbsSn resulting in a high-J. value.
But for internal tin process, the percentage of Nb;Sn layers has to
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be controlled in an appropriate scope in order to prevent filament
coupling to decrease the hysteresis loss.

ITER project has already given a series of technical and physical
specifications to NbsSn strand prepared by internal tin and bronze
route. A lot of research groups and companies have been making
efforts to reach these required specifications [6-8]. And many dif-
ferent fabrications and results have been reported [8-10]. Three
key problems have to be solved in the fabrication of NbsSn strands.
Firstly, the unit length of strands must exceed 1.5 km, where any
filament break should be avoided during strand processing. Sec-
ondly, the J., (non-Cu area J.) could be increased, whereas the hys-
teresis loss should be lowered. Thirdly, the filaments of Nbs;Sn
strands should be uniform (about 3-4 um) in order to get an n-va-
lue larger than 20. The effects of “sausaging” of filaments along the
length direction of strands, which is caused by different deforma-
tion behavior of filaments, should be eliminated.

In this work, we report the fabrication of multifilamentary
NbsSn strands by internal tin and bronze process and investigate
their microstructure and superconducting properties.

2. Experimental details

For the fabrication of bronze NbsSn strands in this work, 37
pieces of NbTa alloy rods are inserted in a high 15 wt% Sn bronze
matrix with Ti doping, which is surrounded by stabilization Cu.
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Then the complete billet with weight of about 50 kg, which consist
313 subfilaments, is drawn to diameter of 0.82 mm with 11,581
Nb7.5Ta filaments. The bronze area represents the Sn source and
is surrounded by Ta barrier that prohibits the Sn from diffusing
into the high purity stabilization Cu. Our internal tin process strand
comprises a Cu stabilizer, a Cu/Ta barrier and 19 subfilaments,
which consist of about 324 Nb filaments in a Cu matrix surround-
ing a Sn-Ti core. The weight of billets with 19 subfilaments could
reach 50 kg and the unit length of final strands with a strand diam-
eter of 0.79 mm could be 3000-5000 m. The cross-section view of
as-drawn internal tin and bronze NbsSn stands is shown in Fig. 1
and the typical parameter of strands are shown in Table 1.

For getting the transport properties the internal tin and bronze
process NbsSn strand about 1 m was wound on a mandrel accord-
ing the standard measurement method of superconducting critical
current. Based on consideration of thermal expansion coefficients
TigAl4V was selected as mandrel materials which were coated with
graphite to prevent conglutination. The heat treatment time for
wires was carried according in vacuum the standard process for
ITER specification (shown in Fig. 2). The critical current of wires
was measured utilizing the 4-probe method at magnetic fields at
4.2 K. I. was determined by a criterion of 0.1 pV/cm. The distance
of voltage contacts was 50 cm. The n-value was calculated as the
slope of the log V-log I plot between 0.1 and 1 pV/cm using a least
mean square fit. The microstructure of strand was investigated by a
JEOL JSM-5410 scanning electron microscope (SEM) and energy
dispersive X-ray analysis (EDX).

3. Results and discussion

The overall cross-section of as-drawn bronze process strands
with 313 subfilaments and internal tin process strand with 19 sub-
filaments are shown in Fig. 1. The bronze process strand with 313
subfilaments has 11,581 NbTa filaments with diameter of about

3 pum (Fig. 1a). The internal tin process strand with 19 subfilaments
has 6156 Nb filaments and the filament size of strands is about 3-
4 pm (Fig. 1b). The Ta barrier thickness is about 6-10 pm for the
two strands. By SEM we have observed no leak in Ta barrier layer.
To obtain high-J. NbsSn stands, the processing parameters were
optimized and series of experiments were performed. As a result,
the internal tin process NbsSn single strand adopted in this work
with a Cu/non-Cu area ratio of 1:1.15 and bronze process strand
with a Cu/non-Cu area ratio of 1:1.09 are designed as shown in Ta-
ble 1.

After cold working of strands the heat treatment is a key pro-
cess for obtaining high-J. NbsSn multifilamentary strand. It directly
affects the volume fraction of NbsSn phase and also the quality of
NbsSn phase itself. In the case of bronze process, heat treatment
temperature is just between 650 °C and 750 °C to form the A15
NbsSn phase by solid state diffusion. In the case of internal Sn pro-
cess, however, the heat treatments are designed to realize two
functions: (1) to form Sn-Cu alloy at low temperature and (2) to
form A15 phase at high temperature. The heat treatment schedule
applied was recommended by the ITER specification as shown in
Fig. 2.

Fig. 3 shows the SEM images of various regions of bronze pro-
cess strands after heat treatment. It is clear that no un-reacted
Nb can be found even in the parts close to the Ta barrier, as shown
Fig. 3a, which indicate that the supply and diffusion of Sn source is
homogenous though the whole strand cross-section. For a selected
filament in the central parts, we have in detailed investigated the
grain morphology and composition by SEM and EDS. Typical re-
sults are shown in Fig. 3b and c. Fig. 3b shows a magnification of
the filament region at the edge within strand in which the A15
phase is visible as light gray area distinguished and some voids
can be found also in bronze matrix. Fig. 3c depicts a fracture sur-
face of a filament, which shows that mainly columnar grains are
formed with average grain size of about 80 nm. EDS analysis has
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Fig. 1. The SEM cross-section of as-drawn NbsSn strands. (a) ©0.79 mm bronze process strand (37 x 313 filaments) and (b) ®0.81 mm internal tin process strand (19 x 330

filaments).

Table 1
The parameters for Nb3Sn strands.

Bronze process strand

Internal tin process strand

Diameter (mm) 0.82 0.79

Filaments 37 x 313 NbTa filaments 19 x 324 Nb filaments
Filament size ~3 um 3-4 um

Ta layer 8-10 um 6-10 um

Ratio of Cu and non-Cu area 1.09 1.15

.,c non-cu (A/mm2) 752 1185
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Fig. 2. Process flow diagram of heat treatment for all strands.

shown that the atomic ration Nb/Sn in the central parts of strands
is very close to the chemical stoichiometry of 3:1 as indicated in
Fig. 3d. This result indicates that for our sample the Sn diffusion
and the growth process of A15 grains are improved by using high
Sn content bronze and employing fine fabrication process. How-
ever, the effects of the addition of Ti in the Cu-Sn-Ti tube and Ta

50kV  X5.00C
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50KV XA0000  100nm WO 7 Smm

in the Nb-Ta bars on the Sn diffusion and on the growth of NbsSn
phase should be investigated deeply in the future [11].

Fig. 4 shows the SEM images of various regions of internal tin
process strands after heat treatment. For the strands annealed at
650 °C for 100 h, we could not detected the un-reacted Nb in the
central parts of strands, as shown in Fig. 4a and b. In the parts close
to the Ta barrier, un-reacted Nb areas were not fully eliminated.
Therefore it is reasonable to believe that the supply and diffusion
of Sn source is in fact not homogenous though the whole strand
cross-section. For a selected filament in the central parts, where
the reaction of formation of Nb3Sn phase is finished, we have in de-
tailed investigated the grain morphology and composition by SEM
and EDS. Typical results are shown in Fig. 4c and d. We have found
that the grain morphology differs at the center and the edge within
one filament. Nb3Sn grains are almost equiaxed grains at the edge,
whereas columnar grains exist in the core of the filaments (see
Fig. 4c). Average grain diameters are 96 nm. EDS analysis has
shown that although the atomic ration Nb/Sn in the central parts
of strands is very close to the chemical stoichiometry of 3:1, the re-
gion of columnar grains in the core of filaments is Nb-rich as indi-
cated in Fig. 4d. This is related to the Sn diffusion and the growth
process of NbsSn grains. As we studied before, the existence of
columnar Nb3Sn grains will affect the quality of NbsSn layers, be-
cause the deviation from ideal chemical stoichiometry strongly
degenerates the superconducting property of NbsSn layer itself
[12]. The exact control of Sn diffusion and NbsSn grain growth is
to be solved in the future. Moreover, the effects of the addition
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Fig. 3. SEM images and EDS analysis after heat treatment for bronze process NbsSn strands. (a) SEM image for strands after heat treatment of 650 °C/100 h; (b) SEM image of
the central parts of strands after heat treatment of 650 °C/100 h; (c) grain morphology of Nb3Sn layers after heat treatment of 650 °C/100 h; and (d) EDS analysis of NbsSn

layers.
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Fig. 4. SEM images and EDS analysis after heat treatment for internal process Nb3Sn strands. (a) SEM image for strands after heat treatment of 650 °C/100 h; (b) SEM image of
the central parts of strands after heat treatment of 650 °C/100 h; (c) grain morphology of NbsSn layers after heat treatment of 650 °C/100 h; and (d) EDS analysis of NbsSn

layers.

V(uv)

70

60

50+

40

304

20 1

104

(@)

1 =189A

€ hon-cu

n=31

J =752A/mm°

Bronze process Nb,Sn strand@4.2K,12T

:
|

50

T
100

I(A)

T
150

T
200

35 (b .
(b) 1 =270A .
J =1185A/mm*

¢ non-cu

251 n=30

30 1

20 Internal tin process Nb,Sn strand@4.2K,12T

154

V(pv)

104

'
(4,1

L T ¥ T b T ¥ T ¥ T ¥ T
0 50 100 150 200 250 300
I(A)

Fig. 5. The transport properties of Nb3Sn strands. (a) V-I curves measured at 4.2 K, 12 T for bronze process strand and (b) V-I curves measured at 4.2 K, 12 T for internal tin

process strand.

of Ti in the Sn-Ti core on the Sn diffusion and on the growth of

NbsSn should be quantitatively evaluated.

Fig. 5 shows measurement results of the transport property for
typical samples prepared by bronze and internal tin process.
According to the standard method of I. measurement we have gi-

ven the V-I curves at 4.2 Kin 12 T. The non-Cu critical current den-
sity J., of bronze process and internal tin process Nb3Sn strand
could reach 1185 A/mm? and 752 A/mm? at 4.2 K in 12 T, respec-
tively. Since the grain boundary is believed as pinning centers in
NbsSn superconductors [13,14], grain refining is useful to increase
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Jen- Jon depends on the volume percentage of stoichiometric NbsSn
layers in the whole strand and also on the quality of superconduc-
ting NbsSn layers.

The n-value derived from V-I curves at the superconducting-to-
normal state transition can reflect the abruptness of the transition.
By the n-value the quality of strands as a whole can be evaluated
very simply. For multifilamentary strands the n-value becomes to
be dependent on the distribution of the properties of filaments.
For our bronze and internal tin process Nb3Sn strands the n-value
from Voc I" at 4.2 K and 12 T reaches 31 and 30, respectively, which
meet the specification of ITER. The increase of the n-value actually
depends on the improvement of fabrications for higher homogene-
ity of strands. Both the high-J. and the high n-value should be
simultaneously considered for ITER type strands. But it is clear that
for internal tin process Nb3Sn strand the percentage of NbsSn lay-
ers has to be controlled in an appropriate range in order to prevent
the coupling among filaments to decrease the hysteresis loss.

4. Summary

By bronze and internal tin process respectively, long multifila-
mentary NbsSn strands for ITER with a unit length larger than
2 km have been successfully fabricated. The microstructure analy-
sis and critical current measurement results have indicated that
the conductor design, fabrication and the heat treatment of NbsSn
strands affect the volume fractions of NbsSn layers, NbsSn stoichi-
ometry and the size of grains. The non-Cu J. (12 T, 4.2 K) value

reaches 752 A/mm? for bronze process strand and 1185 A/mm?
for internal tin process strand. The main specifications have
reached the demand by ITER.
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