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Abstract

The International Thermonuclear Experimental Reactor(ITER) device should demonstrate the scientific and technolo-
gical possibility of commercial fusion energy production in large scale in order to solve the worldwide energy problem in
the future. The superconducting magnet system is the key part of the ITER device to supply high magnetic fields for con-
fining the deuterium—tritium plasma. The multifilament NbTi and Nb;Sn strands with high quality have been studied to
meet the specifications of superconducting strands for fabricating poloidal field coils (PF) and toroidal field coils (TF). For
NbTi strands with 8306 filaments, J, of 2910 A mm 2 (4.2 K, 5T, 0.1 pV cm™") has been obtained by a conventional pro-
cess. The proposed process could be used for fabrication of long strands with a unit length more than 5000 m. By an inter-
nal tin process the multifilamentary NbsSn strands with a diameter of 0.79 mm and a unit length longer than 5000 m have
been successfully fabricated. The highest non-Cu Jen (12 T, 4.2 K, 0.1 pV ecm™') value of 1249 A mm 2 has been obtained.
The n-value of Nb3Sn strands is larger than 20 and the residual resistance ratio (RRR) value lies between 150 and 220. The
formation of the NbsSn superconducting phase together with the evolution of microstructure has been investigated by
neutron diffraction and scanning electron microscopy. The results indicate that the properties of NbTi and Nb;Sn strands
have already met basically the specifications proposed by the ITER program.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In the 1980’s, the Intermagnetics General
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for the International Thermonuclear Experimental
Reactor (ITER) [l]. Due to high performance
parameters of the ITER magnet system, a new set
of requirements was imposed for superconducting
strands. The strand specifications require a high J.
together with low hysteresis loss for Nb3Sn strands.
For NbTi strands, a high J. at 5 T and 4.2 K should
be reached, moreover even an acceptable J; at 6.5 K
should be available.

To meet NbsSn strand specifications, many
methods, such as bronze process [2], internal Sn
process [3], powder in tube (PIT) process [4] and
modified jelly roll process (MJR) [5] etc., have been
proposed for preparation of high performance
superconducting Nb;Sn wires. Only the bronze pro-
cess and internal tin process, however, have become
dominant for ITER because of their commercial
potentials. In the 1970’s, Northwest Institute for
Nonferrous Metal Research (NIN), as the leading
research group in low temperature superconductor
(LTC) field in China, studied the Nb3Sn supercon-
ductors by the bronze process. In 1982, cooperating
with Centre National de la Recherche Scientifique
(CNRS) in France, NIN successfully developed
the 15.4 T-solenoid magnet using our Nb3;Sn multi-
filamentary cables [6]. Recently NIN has success-
fully fabricated Nb;Sn strands by internal tin
route with a high J. larger than the target J. of
ITER.

Since the 1960’s, NIN has been making efforts to
explore the routes for obtaining high-J. NbTi wires
by the conventional alloying process and also by an
artificial pinning centers (APC) process. In the
1980’s NIN successfully achieved the high J. of
3400 A mm 2 (4.2 K, 5 T) by the conventional pro-
cess [7], which was the highest value at that time for
NbTi wires. Very recently NIN has been devoted to
producing high performance NbTi wires on an
industrial scale, which can meet the specifications
of the ITER.

2. Experimental

The Nb47wt%Ti alloy was produced via the
technique of electric arc melting at Western Super-
conducting Technologies Co. Ltd (WST). Under
optimal conditions, the main impurity content in
the ingots did not exceed: C <0.01; N <0.008;
0 <0.04; Fe <0.01 wt.%. The NbTi multifilament
strands were fabricated by the conventional com-
posite process, where the billet was assembled,
welded, evacuated, extruded, and drawn. Several

sequences of thermo-mechanical treatments of the
NbTi strands were performed to produce a fine
dispersion of o-Ti precipitates for attaining high J
values. The NbLTi strands with a diameter of
0.73 mm were composed of 8306 filaments, 5 um
in diameter. The copper to superconductor ratio
was 1.63. At the present time NbTi strands longer
than 5000 m can be fabricated.

The internal tin process was employed to fabri-
cate Nb3Sn strands according to the specifications
of ITER. The cross sectional view of NbsSn strands
is shown in Fig. 1. Nb rods were first put into Cu
tubes for getting Cu/Nb composite rods, which were
afterwards bundled, assembled and extruded into
multifilamentary Cu/Nb tubes. Sn-Ti core rods with
the Ti content of 2-3 wt.% were inserted into the
central part of these Cu/Nb tubes and then cold-
worked down to the desired shape and size of subel-
ements for the next restack. These subelements were
further reassembled into a final billet with a Ta
barrier and a stabilizing Cu outer layer. The weight
of billets with 19 subelements could reach 50 kg and
the unit length of final strands with a strand diame-
ter of 0.79 mm could be 3000-5000 m. The Nb fila-
ment thickness after the final cold-working was
S um. The ratio of Cu and non-Cu area is close to
1:1. Heat treatments for NbsSn strands in vacuum
or Ar atmosphere were divided into two stages of
low-temperature treatment (<848 K) for diffusion

Ta barrier
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Fig. 1. The SEM cross-section of NbsSn strand with () 0.79 mm
in diameter.
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of Sn into Cu process and high-temperature treat-
ment (873 ~ 973 K) for formation of superconduc-
ting Nb3Sn phase through solid state diffusion.
The total heat treatment time was about 350 h.

The critical current I. of the strands was deter-
mined by a criterion of 0.1 uVem™' in different
magnetic fields. The n-value was calculated as the
slope of the log V-log I plot between 0.1 and
1.0 uV em ! using a least mean square fit. The crit-
ical temperature was measured by the standard
four-probe method. The magnetization hysteresis
loop was obtained at 4.2 K with magnetic field
sweeping between +3 and —3 T. The microstructure
of strands was investigated by a JEOL JSM-5410
scanning electron microscopy (SEM).

3. Results and discussion

For the NbTi strands with a Cu/non-Cu ratio of
1.63, the processing parameters were optimized for
getting high J. values, where four times of the
thermo-mechanical treatments at 658 K for 40 h
was done. Fig. 2 shows a representative J.(B) curve
measured at 4.2 K for 8306-filamnet NbTi strands.
The measured J, has reached 2910 A mm 2 (4.2 K,
5T, 0.1 pVem™ ') higher than the specified value
by ITER project. From critical current characteris-
tics the n-values larger than 30 at 5 T have derived
for the NbTi strands. In order to gain reliable elec-
tromagnetic behavior for different superconducting
coils during ITER operation, an expected tempera-
ture margin AT = (T¢s — T,p) has been proposed [8],
where T is the current sharing temperature and
T,, the operating temperature. Recently, much
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Fig. 2. The critical current density of NbTi strands at 4.2 K in
different field.

attention has been therefore paid to the temperature
dependence of critical currents for superconducting
strands of ITER. The [I(7) curves in different
applied fields have also been measured for NbTi
strands (see Fig. 3). The scattered data are likely
due to the instability of sample temperatures during
current sweeping. The critical current has been
found to decrease exponentially with increasing
temperature and I is essentially zero when the tem-
perature is close to 6 K for the investigated NbTi
strand. This kind of J.(T) behavior does not agree
with the temperature scaling law studied by Bottura
[9], where a nearly linear I variation as a function of
temperature was proposed. Two possibilities might
be responsible for this behavior of I (7). One is a
mismatch between the readout of the sensor and
the actual strand temperature. The other is related
to the properties of the NbTi strand itself. New
experiments are needed to find actual reasons and
to further improve the I(7) behavior in the future.
For the ITER Poloidal Field (PF) coils, NbTi
strands with a higher Cu/non-Cu ratio (4.4 for
PF35; 6.9 for PF2/3/4) are desired while a high J,
should be maintained according to the present
design of ITER. These coils will be manufactured
in China. Here it must be pointed out that for NbTi
strands with a higher Cu/non-Cu ratio the working
technique for long wires must be optimized, because
the difference in the mechanical workability of NbTi
alloy and Cu matrix might lead to non-homogenous
deformation of strands and even filament breakage.
The relevant research work is in progress now.
The Nb3Sn strands were prepared by the internal
tin route. It has been generally accepted that
titanium as a third element introduced into Nb;Sn
can increase the upper critical field and lower the
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Fig. 3. I(T) curves of NbTi strands for different magnetic fields.
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critical current density at lower fields, thus reducing
the losses [10]. Based on consideration from materi-
als aspect, the introduction of Ti can speed up the
diffusion of Sn and therefore improve the formation
of superconducting Nbs;Sn phase in internal tin
route [10]. Due to the diversity of conductor layouts
in internal tin route, several different ways of Ti
addition have been proposed and utilized in strand
fabrications [10]. In our strands NIN has employed
the method of alloying with Sn [11], that means, the
Ti is included in the Sn core, where the Sn2-3%Ti
alloy ingot was prepared by electron beam melting.
Under optimal technical conditions, a dispersion
distribution of rather fine intermetallic precipitates
was obtained [12], resulting in an effective strength-
ening of Sn—Ti cores. During subsequent working
processes the formation of Sn/Ti intermetallic com-
pounds did not cause breakage in the fine filaments.
Sn/Ti ingots with a high quality on a large scale can
be fabricated.

In present paper the effects of heat treatment on
phase formation, microstructures and superconduc-
ting properties are discussed for the optimal billet
design of Nb3Sn strands. The strands were treated
by reaction heat treatment at temperatures from
848 to 973 K. Fig. 4 shows the results of the 7, mea-
surements obtained on the samples under different
heat treatments. The measurements were performed
by a four-probe resistive method. The linear rela-
tionship between 7, and B was found to be kept
for the samples treated at different temperatures
and time. With increasing heat treatment tempera-
ture and time, the 7, shows a slight increase for
NbsSn strands, where the heat treatment tempera-
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Fig. 4. T B) relationship of Nb;Sn strands under different heat
treatments.

ture and time were was changed not so greatly. It
has been generally believed that the 7. is inversely
proportional to the lattice constant of NbsSn com-
pounds. The variation of the lattice constant is usu-
ally related to various factors: direct substitution
effect of third-element, difference in the chemical
stoichiometry, and lattice distortion during cold
working as well. Although no lattice constant data
were measured, the weak dependence of T, on the
heat treatment suggests that the chemical stoichiom-
etry approaches the ideal one with increasing the
heat treatment temperature if two samples of
898 K x 150 h and 923 K x 75 h are compared. With
increasing the heat treatment time at 923 K the T
continues to increase by a small amount, implying
the Sn content still increases in the Nb;Sn layers.
Fig. 5 indicates the non-Cu J, at 4.2 K for the
NbsSn samples as a function of the magnetic field.
The sample of 923 K x 150 h shows the best J. value
over the entire measured field range. It was tried to
shorten the heat treatment time at relatively high
temperature of 938 K for Nb3Sn strands. The
results showed that the heat treatment at higher
temperature degraded the J.. at low field range very
little. The heat treatment with short duration or at
low temperatures even with a long duration had a
negative effect on the J. of Nb;Sn strands. This
can be attributed to the difference in the formation
of superconducting phase and in the microstructure.
This point will be discussed later. All samples
above have J. values higher than the target J. of
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Fig. 5. Non-Cu J. at 4.2 K for the Nb3;Sn samples as a function
of the magnetic field.
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1000 A mm 2 (4.2 K, 12 T) proposed by the ITER
project. It should be pointed out that the magnitude
of hysteresis loss for Nb;Sn strands must be lower
than the upper limit of 1000 mJcem > (4.2 K,
£3 T) for non-Cu area. It is rather challenging to
attain not only high J; but also low hysteresis loss
for the ITER Nb;Sn strands.

In order to find a relation between critical cur-
rent density and microstructures SEM images
are given for Nb3Sn strands after reaction heat
treatments as shown in Fig. 6. For the sample of
898 K x 200 h un-reacted Nb cores are visible
(see Fig. 6a). As the heat treatment temperature
was increased to 923 K, the fraction of un-reacted
Nb cores obviously decreased. With further increas-
ing heat treatment time un-reacted Nb cores were
not detectable. The whole filaments are fully reacted
into the superconducting Nb3;Sn phase. If the
strands experienced a heat treatment of 938 K x
100 h (see Fig. 6d), the situation of the reacted
Nb3Sn phase was similar to that of 923 K x 150 h.
Therefore, the lower values of J. for the samples
of 898 K x 200 h and 923 K x 75 h originated from
a lower fraction of the Nb3;Sn phase due to the exis-
tence of not fully reacted Nb cores. The high J. for
two samples of 923 K x 150 h and 938 K x 100 h
could be attributed to a larger fraction of the Nb;Sn
phase.

a Bl 0 ' \\r‘ .',3
89BKx200H =

For Nb;Sn superconductors, grain boundaries
are believed to serve as the magnetic flux pinning
centers. It is known that the pinning force density
scales with inverse grain size. Reducing grain size
and therefore increasing the density of grain bound-
aries are the main aim of mechanical working and
heat treatment for NbsSn strands. At lower heat
treatment temperature, the growth of Nb3Sn layers
is dominant, while the grain growth is less impor-
tant; at intermediate heat treatment temperature
both effects play an important role in determining
formation of Nb3Sn phase and growth of grains.
If the heat treatment was done at higher tempera-
ture, the growth of Nb;Sn layers was finished within
a short time but the grains continued to grow larger.
In order compare the grain size the SEM micro-
graphs are given for different heat treatments in
Fig. 7. Average grain size of Nb3Sn layers was esti-
mated in parallel (parallel to the diffusion direction)
and perpendicular directions. For the sample of
898 K x 200 h the average grain size was about
92 nm. With increasing heat treatment temperature
the average grain size increased to 101 nm. On fur-
ther increasing heat treatment temperature to
938 K, the enlargement of the grains was rather
obvious (the average grain size 117 nm). Moreover,
the dispersion of the grain size was relatively wide
if compared to previous two samples. When the

Fig. 6. SEM images of the central parts of strands after heat treatment. (a) Strands after 898 K/200 h; (b) strands after 923 K/75 h; (c)

strands after 923 K/150 h; (d) strands after 938 K/100 h.
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Fig. 7. Microstructure of NbsSn grains in strands. (a) 98 K/
200 h; (b) 23 K/150 h; (c) 38 K/100 h.

average grain size was correlated with the J. values
for these samples, it was found that within the
chosen temperature range the fraction of Nb3Sn
was a dominant factor affecting the J, of strands.
The hysteresis losses measured at 4.2 K based on
a +/—3 T magnetization loop were compared for
four samples in Fig. 5. The hysteresis losses were
750, 460, 1470 and 1441 mJ cm™> for the samples
of 898 K x 200 h, 923 K x 75h, 923 K x 150 h, and
938 K x 100 h, respectively. According to the upper
limit 1000 mJ cm > of hysteresis loss for ITER it
was found that it was easy to attain this limit value
if a relatively low heat treatment temperature was
chosen with a shorter duration. Because the same

billet design was used for four samples, the increase
of hysteresis loss for two samples of 923 K x 150 h
and 938 K x 100 h might originate from a volume
change during the formation of more Nb3Sn phase.
This kind of the lattice volume increase may lead to
higher possibility of element bridging, which is
directly responsible for hysteresis losses in inter-
nal-tin NbsSn strands. Achieving a low hysteresis
loss is usually at the expense of reducing J. by an
acceptable amount. It is fortunate that there is much
space for lowering J, for these samples. Future work
will concentrate on further refinements of strand
layout to reduce the effective filament size down to
smaller than 50 pm, while simultaneously increasing
the critical current density of the Nb3Sn layer itself
through improving heat treatment routes.

The n-value is usually used as an indicator of the
quality of practical superconductors. In multifila-
mentary wires any distribution of the properties of
filaments, such as filament inhomogeneity and local
critical current distribution, can give rise to varia-
tion of the n-value. The derived n-value from
measured V-I curves can therefore reflect many
properties related to strand design, strand working,
and heat treatment for superconducting wires. The
n-values of all strands measured at 4.2 K and 12T
were calculated. The magnetic field dependence of
the n-value of some samples was estimated. The
results have shown the n-value exceeds 20 specified
by the ITER project for the samples subjected to
heat treatments of (898-938) K x (100-200) h. The
field dependence of the n-value has been mainly
studied in the range from 10 to 14 T at 4.2 K for
several samples. In most cases a good linear depen-
dence of the n-value on magnetic field B was
observed. The n-values of Nb;Sn strands showed a
normal decrease with the applied magnetic field,
although the slope of n—B curves varied with the
difference in strand layouts or heat treatments. This
point may imply that an extrinsic effect such as
filament sausaging is less important, because the
lower dependence of n on magnetic field could be
expected if the sausaging effect was dominant [13].
In Fig. 8, two representative n—B curves are plotted
for the samples treated at 938 and 923 K. The sam-
ple treated at 938 K had a higher n-value than that
for the sample treated at 923 K. Moreover, the
slopes of the two n—B curves are different. The crit-
ical current density J., however, was actually the
same for the two samples as shown in Fig. 5. The
sample of 938 K x 100 h had greater standard devi-
ation of grain size due to the faster growth of some
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Fig. 8. n-B properties of Nb;Sn strands treated at 938 and 923 K
at 4.2 K.

grains if the heat treatment temperature was raised.
If it is assumed that the distribution of grain size is
related to the n-value, a lower n-value for larger
standard deviation of grain size could be expected
for the sample of 938 K x 100 h [14]. But the situa-
tion is opposite from the experiment. Therefore it
is believed that the local chemical stoichiometry
in the filaments for the sample of 938 K x 100 h is
much more uniform, because raising heat treatment
temperature speeds up the diffusion of Sn. It is
possible that the stoichiometry in the Nb;Sn layers
is much more homogenous, resulting in a slightly
higher B.,, which is correlated with higher n-value
[15]. The scaling law between critical current I
and n-value for our strands will be reported
elsewhere.

4. Conclusion
NbTi and Nb3Sn superconducting strands have

been produced from large-scale billets. The main
technical specifications of the strands have achieved

the requirement proposed by the ITER program.
The weight of the billets can exceed 50 kg and the
unit length of strands with high J. was larger than
5000 m. The temperature dependent J. properties
for NbTi strands and the J.-strain dependence for
Nb;Sn strands will be studied in the future.
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