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Abstract
Due to the excellent current carrying performance of Bi2Sr2CaCu2O8+x (Bi-2212) and the
development of its industrial manufacturing technology, Bi-2212 is a promising material to be
developed as superconductor for application in fusion reactor magnets. The cable-in-conduit
conductor (CICC) concept is often chosen for the development of large-scale magnets because
of their high stability. Bi-2212 is presently the only kind of copper oxide superconducting
material which can be made into solid round wire, which provides a good basis for developing
CICCs. The over pressure (OP) heat treatment can significantly improve the superconducting
performance of Bi-2212 wires but it also reduces the wire diameter by ∼5%. This leads to an
increase of the void fraction of CICCs, typically from 30% to 40% for a CICC with ITER scale
dimensions. A pre-OP heat treatment before OP is proposed in this study. The reduction of the
wire diameter can be completed before the formation of the continuous superconducting phase,
which would dramatically decrease the CICC void fraction. One Bi-2212 cable consisting of 84
wires, was first pre-OP heat treated successfully and after completing the OP heat treatment, the
cable’s transport performance was tested. The results showed good performance with a critical
current (Ic) of 35.7 kA at 5.8 T background field in 4.2 K, which is consistent with the
predication.
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1. Introduction

The high temperature superconducting materials with highest
potential for short term large current applications [1] mainly
include Bi-2212 wire, Bi2Sr2Ca2Cu3Ox (Bi-2223) tape and
ReBa2Cu3O7 (ReBCO) tape [2]. Among these superconduct-
ing materials, only Bi-2212 can be made into isotropic round
wires, which makes it easy to straightforward manufacture a
high-temperature cable-in-conduit conductor (CICC) based on
well-known cabling technology [3]. At the same time, Bi-2212
has excellent current carrying capacity at a temperature of
4.2 K and magnetic fields over 15 T. The AC loss of Bi-2212
wires also is equivalent to ITER Nb3Sn wires, which encour-
ages the development of CICCs. Bi-2212 is more suitable for
the manufacture of magnets with magnetic fields above 15 T.
In the future, the demand for high-field magnets will con-
tinue to increase, and Bi-2212 will get more applications than
Nb3Sn magnets.

With the development of the manufacturing technology of
Bi-2212 superconducting wire, the critical current perform-
ance of Bi-2212 has been further improved recently [4]. There-
fore, Bi-2212 is a very promising material for the develop-
ment of superconducting magnets to be used in fusion reactors
[5, 6].

The Bi-2212 superconducting wire is usually manufactured
by the powder in tube method. A high temperature and over
pressure (OP) heat treatment [7] (50 atm 890 ◦C) is then
required to achieve the high current performance [8]. How-
ever, the OP heat treatment brings a problem for the CICC
technology: the diameter of the superconducting wire will
be reduced by 5%, which then increases the void fraction of
CICCs typically from 30% to 40%. The unintended increase
of void fraction would in turn decrease the mechanical stabil-
ity of CICCs in high magnetic fields due to the effect of elec-
tromagnetic forces [9]. The manufacturing of Bi-2212 CICC
mainly includes four steps: cable stranding, conductor man-
ufacturing, conductor diameter reduction and OP heat treat-
ment. In order to make the porosity closer to the design value,
the pre-OP heat treatment step was added before the conductor
diameter reduction. The diameter of the conductor after the
pre-high pressure was reduced, and finally high pressure heat
treatment is performed. Pre-high pressure heat treatment is a
potential method to solve the increased conductor porosity.
The method was introduced here with a Bi-2212-06 tertiary
sub-cable, using a 3 × 4 × 7 cabling pattern and 1.0 mm
diameter superconducting wire. After the cable is manufac-
tured, the superconducting wires are sealed at both ends of the
cable.

2. Wire and cable

2.1. Wire parameters

The Bi-2212 cable was made of only superconducting wires,
which were provided by Northwest Institute For Non-ferrous
Metal Research (NIN), with batch number NIN 20200916#.
The main specifications of the wire are listed in table 1.

Table 1. Bi-2212 superconducting wire parameters.

Material
Silver alloy tube
Bi-2212 (NIN)

Silver alloy tube
Bi-2212 (OST)

Diameter (mm) 1.0 0.82
Core layout 18 × 37 18 × 37
AgMg/Ag/Bi-2212 1:1.8:0.9 1:1.8:0.9

Table 2. The main parameters of the Bi-2212 cable.

Parameters Value

Wire diameter (mm) 1.0
Cable diameter (mm) 13.0
Cable twist pattern 3 × 4 × 7
Cable twist pitches (mm) 30 70 120
Length (mm) 900
Void fraction ratio <40%
Test condition T = 4.2 K and B = 5.8 T

2.2. Cable manufacturing

The newly manufactured cable marked as ‘Bi-2212-06#’
adopted a CICC three-stage sub-cable structure and was made
of 84 superconducting wires. Themain parameters of the cable
are shown in table 2.

2.3. Heat treatment process

The pre-OP heat treatment process of the Bi-2212 cable was
the main topic of research interest. First, the effect of the
pre-OP heat treatment process on the single-wire has been
investigated.

The details of pre-OP and OP heat treatment processes are
shown in figure 1. First, the Bi-2212 superconducting wire
would be annealed at 832 ◦C and 50 atm pressure. The main
purpose of the pre-OP heat treatment processes was to reduce
the diameter of the superconducting wire by 5%. Then, the
pre-OP Bi-2212 superconducting wire is subjected to 50 atm
OP heat treatment [10]. Ninety-eight percent argon and 2%
oxygen were used in the 50 atm pressure heat treatment pro-
cess. The aim of the OP heat treatment process is to form
the continuous superconducting phase. Before these two pro-
cesses, both ends of all wires need to be sealed with sil-
ver, which prevents leakage and secures the superconducting
performance.

In order to investigate the feasibility of the pre-high pres-
sure process, two types of superconducting wires were heat
treated and tested by pre-OP + OP and OP. Figure 2 shows
the diameter differences of NIN and Oxford Superconduct-
ing Technology (OST) wires. The wire diameter difference of
the two types of superconducting wire samples was less than
0.01 mm. The critical current difference of the two types of
superconducting wire samples was less than 10 A (The crit-
ical current of both samples exceeds 330 A at 4.2 K@12 T.).
The test results are considered to prove that the pre-OP heat
treatment process would not have a significant impact on the
superconducting wire.

2



Supercond. Sci. Technol. 35 (2022) 015007 D Yang et al

Figure 1. Bi-2212 cable heat treatment curve (a) pre-OP heat
treatment process and (b) OP heat treatment process.

Figure 2. Test results of pre-OP+ OP heat treatment in single-wire.

The length of Bi-2212-06# cable is 900 mm. As shown in
figure 3, The witness sample placed parallel to the cable under-
went the same heat treatment conditions as the cable. Both
ends of the manufactured superconducting cable were sealed

Figure 3. The Bi-2212 cable and the strand witness sample.

Figure 4. Bi-2212 cable samples layout.

and wrapped with quartz fiber. The cable was then wrapped
and immobilized with a 0.5 mm thick silver foil. The super-
conducting witness wire was attached to the surface of the sil-
ver foil parallel to the cable.

When the pre-OP heat treatment was completed, the cable
was taken out for wire diameter measurement. The wire dia-
meter of the superconducting wires was be measured at both
ends. The results showed that the wire diameter of each super-
conducting wires were less than 0.97 mm, and the pre-OP heat
treatment reduced the wires’ diameter of the cable.

2.4. Cable sample preparation

After completion of the heat treatment, the cable was then
prepared for Ic testing. The 200 mm long center region was
used for signal measuring. The remaining sections were used
as joints for connection to the power supply. Four voltage
tap pairs were placed in the 200 mm long center region,
pairs V1, V2 and V3 on 120 mm distance and pair V4 on
200 mm. The cable sample layout with central testing area,
both joints and voltage taps are shown in figure 4. The
cable is clamped between a pair of stainless-steel brackets
to prevent the cable from severe strain under electromagnetic
stress.

The 200mm long center region of the cable was coatedwith
a solder layer only on the surface, keeping the porosity in the
center. In this way, the inner wires of the cable were not mech-
anically secured and was able to move and deform under elec-
tromagnetic stress. The joints at both ends were entirely filled
with solder to prevent damage possibly caused by deformation
of the superconducting wires under influence of electromag-
netic force.
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Figure 5. The critical current of the witness samples at different
background magnetic fields.

3. Critical current tests

3.1. Witness samples

The superconducting performance of the witness samples
were used to predict the critical current performance of the
cable. The witness sample was parallelly placed to the cable
and divided into 50 mm long samples. Those samples were
tested at different applied magnetic fields, and the results are
shown in figure 5.

From the test results of the strand witness samples, it was
found that wires within the 320 mm long region as indicated in
figure 5, has the highest Ic. The corresponding highest critical
current was 450 A at 5.8 T and 4.2 K.

The cable consists of 84 superconducting wires and the Ic
of the cable was then predicted by a simple multiplication of
the single strand performance, which equals to 84 times the
highest Ic of the witness sample; 37.8 kA at 5.8 T and 4.2 K.

3.2. Cable sample

The Bi-2212 cable was tested in 4.2 K 5.8 T. The test
facility consists of a cryostat which had a 300 mm bore, a
superconducting transformer, data acquisition system, quench
detection and protection system. The superconducting trans-
former together with the Bi-2212 cable were immersed into
liquid He.

At the first test, the voltage–current (V–I) curves of the
cable were measured at 5.8 T in 4.2 K until the supercon-
ducting transition, the criterion is selected to 1 µV cm−1.
The results are shown in figure 6, including the four center
voltage tap pairs (top) and the corresponding two joint voltages
to determine their resistances (bottom). The critical current
of the Bi-2212-06# cable reached to 35.7 kA at 5.8 T and
4.2 K. The joint resistance was 6.1 and 7.9 nΩ, respectively.
Compared with the ideal predicted critical current of 37.8 kA,

Figure 6. Bi-2212 cable V–I curves of the center voltage tap pairs
(top) and the voltage measurement results on both joints to assess
their resistances (bottom).

which was calculated by using the witness samples results, the
performance of the cable is quite good, reaching 93% of the
prediction.

3.3. Cable electromagnetic cycling

The surface of the test part of the cable was coated with
solder. The purpose of soldering on the surface of the cable
was to imitate the effect of armor. However, the internal wires
were not fixed by solder, which means significant void existed
within the cable and an effect of electromagnetic cyclic load-
ing may be anticipated.

The following tests were performed:

(a) five Ic tests, with Ic decreasing from 35.7 kA to 30 kA,
(b) 20 cycles with 10 kA, with Ic decreasing from 30 to 29 kA,
(c) ten cycles with 20 kA, no visible degradation,
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Figure 7. Bi-2212 cable electromagnetic cycling results.

(d) ten cycles with 25 kA, no visible degradation,
(e) five cycles with 28 kA, no visible degradation.

The performance change of the Bi-2212 cable subjected to
the Ic electromagnetic cycles, is shown in figure 7.

The experimental results show that the critical current of the
Bi-2212 sample rapidly decreased for the first few cycles up to
Ic but then stabilized. After the Ic reduced to ∼29 kA, no sig-
nificant changes were observed in the following tests, mean-
ing no further noticeable degradation during Electromagnetic
(EM) cycling.

A visual inspection of the cable cross section was per-
formed after testing. The Bi-2212 cable sample was cut in the
center and a metallographic picture is shown in figure 8. It
reveals that the center of the cable is filled with resin from the
solder and only a small part of the strands is not mechanically
supported. The surface and outer area of the cable cross section
is filled with solder, which accounts for about 36% of the total
area of the cable. The actual void area accounts for approxim-
ately 15% of the total area. This suggested that about 15% of
the superconducting wires were not supported which could be
deformed and degraded by electromagnetic forces. However,
the degree of solder coverage is different in different positions,

Figure 8. Cable test cross section area.

Figure 9. Evolution of the critical current after quenching.

so the location and precise fraction of the affected supercon-
ducting wires could not be directly judged. The results of this
electromagnetic cycle experiment can only be used as an indic-
ation, and not so much as a quantitative result to conclude on
the effect of electromagnetic cycling on the performance of the
Bi-2212 cable.

3.4. Quench experiment

In order to verify the influence of the quench process on of
Bi-2212 cable’s performance, two quench experiments were
carried out. The cable was continuously energized. When
the V–I curve changes, continue to energize until the cable
quenches, and then perform the next critical current test was
performed. The following steps were made and the result are
shown in figure 9:

(a) the first quench experiment with 5.8 T background field,
the Ic decreased from 30.5 to 29.4 kA,

(b) the second quench experiment also with 5.8 T background
field, no obvious change,

(c) the third quench experiment with 5.0 T background field,
no obvious change. From the data shown in figure 9, the

5
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performance before and after quenching did not show dra-
matic changes, that is, the quench process had minor effect
on the Bi-2212 cable.

4. Discussion and conclusions

A Bi-2212 cable was successfully made. According to the Ic
test, its current carrying capacity could reach to 30 kA. In this
research work, three problems have been successfully solved:

• the pre-OP + OP heat treatment technology is feasible for
Bi-2212 CICC cable;

• the superconducting Bi-2212 wire does not show evident
performance degradation after the twisting process;

• it was also preliminarily verified that a Bi-2212 cable is able
to go through a process of quenching and cyclic electromag-
netic loading.

The difference observed between the cable test results and
the predicted value based on the witness wire, was evaluated
for the cable and witness sample undergoing the same heat
treatment process at the same time. The initial cable critical
current is close to the ideal value, reaching to 93% of the ideal
value. The slight underperformance may be partly due to cur-
rent sharing effects, which were caused by the relatively short
sample length and proximity of the joints. In addition, no cor-
rection has been applied for the self-field of cable. The pre-
OP + OP heat treatment process has no evident effect on the
cable performance.

The influence of electromagnetic cycling on the cable per-
formance was investigated and showed a degrading effect. It
should be further investigated how this issue can be solved,
The results can be very helpful in the selection of the cable
twisting pattern. Quenching of the cable only showed a minor
effect on the performance of the Bi-2212 cable. The small
degradation found at quenching may be predominantly sim-
ilar to the electromagnetic loading effect and not as such be
related to the quenching itself.

However, the conductor performance when subjected to
electromagnetic and warm-up-cool-down cycles need further
research. For this, one new cabled conductor is presently man-
ufactured with the jacket and reduced void fraction (∼32%).

Finally it can be noted that the current of the witness wire
is about 330 A at 12 T and 4.2 K so the expected corres-
ponding cable critical current should be 27.7 kA at 12 T at
4.2 K. Since the magnetic field of the central solenoid coils
in the China Fusion Engineering Test Reactor is designed
to reach more than 15 T, Bi-2212 could therefor a prom-
ising superconducting material for its excellent high field
performance, if the technology becomes fully mastered for
CICC.

5. Conclusions

One Bi-2212 cable with 30 kA class current carrying capa-
city was successfully made and tested. It was shown that the

pre-OP + OP heat treatment technology is feasible for Bi-
2212 CICC cable and has no obvious effect on the cable per-
formance. The superconducting Bi-2212 wire did not show
significant performance degradation after the cabling process.
The cable showed minor degradation from quenching but
larger degradation when subjected to cyclic electromagnetic
loading, leading to 18% degradation.

The initial cable critical current was close to the ideal value,
reaching to 93% of the ideal value. The slight underperform-
ance may be partly due to current sharing effects. One new
conductor sample with low void fraction is prepared. After
testing, the results will be introduced in future.
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