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Abstract
We report a new approach to a superconducting joining process for unreacted in situ carbon
(C)-doped magnesium diboride (MgB2) wires. To operate a magnetic resonance imaging
(MRI) magnet in the persistent mode, the superconducting joints between two conductors are
as critical as the other key components. In addition, a stable and reliable joining process
enables the superconducting magnet to operate without an external power supply. However,
joint results using unreacted in situ C-doped MgB2 wires, which are used for high-field
operation, have been limited, and only very poor performance has been obtained. By
controlling the pressure inside a joint part, in this study, we successfully obtained current
carrying retention in the joint of up to 72% compared to wire without a joint. The closed-
circuit resistance of our closed-loop coil was less than 1.8 × 10−13Ω at 16.7 ± 4.7 K, as
measured by the field-decay measurement method. These results indicate that MgB2 has a
promising future in MRI application.

Keywords: C-doped MgB2 wire, superconducting joints, persistent-mode magnets, MRI
application, field-decay measurement

(Some figures may appear in colour only in the online journal)

1. Introduction

Magnesium diboride (MgB2), which has a critical temperature
(Tc) of 39 K, was found to be superconducting in 2001 [1].
Since then, the performance of MgB2 material and the

manufacturing technology for long-length conductors have
been improved significantly [2–7]. Recently, magnet-grade
MgB2 conductors have been commercially available in long-
length pieces for employment in various practical applications
[5, 6, 8–10]. In particular, the high-Tc of MgB2 can enable
liquid helium (LHe)-free operation up to 25 K. Therefore,
there is strong interest worldwide in employing MgB2 for
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magnetic resonance imaging (MRI) based on an LHe-free
MRI magnet system [11–16]. A special LHe-free MRI system
can offer lower principal and maintenance costs, which may
make MRI affordable for developing and underdeveloped
countries [17].

The ‘open sky MRI’ has already been commercialized
using MgB2 conductors [18]. These MRIs, however, are
operated in a driven-mode due to the difficulties in making
reliable superconducting joints between MgB2 conductors.
Usually, MRI magnets require a persistent-mode operation to
obtain high-quality images [11, 19]. Therefore, for wide
applicability of MgB2 in MRI, more work still needs to be
done on the joining process. So far, there have been several
reports on joining both in situ and ex situ MgB2 conductors
[6, 16, 20–27]. Comparison of our joint performance values
with various literatures is summarized in table 1.

In the case of in situ MgB2 conductor joints, it has been
reported that unreacted monofilament conductor joints can
certainly give reliable performance [13, 16, 21–23]. Several
coils with a persistent-current switch or joint(s) have been
fabricated using an in situ monofilament MgB2 conductor via
the wind and react method [13, 16, 21–23, 28]. These coils
showed stable persistent-mode operation. It is well known
that the high-field performance of in situ MgB2 can be sig-
nificantly improved by carbon (C)-doping [2, 3, 7, 29–32].
Thus, it is desirable to use C-doped MgB2 conductor where
high in-field performance is required. However, most of the
high-performance joint results have been reported for in situ
MgB2 conductors without C-dopant for low-field operation
(see table 1) [13, 16, 21–23]. Park et al reported that the
critical current (Ic) of an unreacted in situ undoped mono-
filament wire joint was >230 A at 10 K [22]. On the other
hand, when they used an unreacted in situ C-doped mono-
filament wire under the same experimental conditions, the Ic
of the joint was only 16 A at 10 K. To the best of our
knowledge, there has been no report on high-performance
joints using an unreacted in situ C-doped monofilament MgB2

conductor at 20 K. There is thus a need for a superior joining
approach for in situ C-doped conductors.

In this paper, therefore, a superconducting joining pro-
cess for unreacted in situ C-doped monofilament MgB2 wires
has been investigated in detail, and the persistent-mode

performance of the solenoid closed-loop coil was system-
atically evaluated.

2. Experimental details

A C-doped monofilament MgB2 wire was fabricated via an
in situ process by Hyper Tech Research, Inc. [8]. The dia-
meter of the wire was 0.84 mm with a niobium (Nb) barrier
and a Monel outer sheath. The superconducting fill factor and
the amount of C-dopant in the wire were 21% and 2 wt%,
respectively. Figure 1 presents a cross-sectional image of the
MgB2 wire used in this work.

We already reported the joining concept for unreacted
in situ undoped monofilament MgB2 wires [16]. More reliable
joining using an unreacted in situ C-doped MgB2 conductor is
still required, however [22]. In the literature so far, there have
been no reports showing superior current carrying capacity
(i.e. current carrying retention >60%) with C-doped wire
at 20 K. Therefore, it is necessary to study a new approach

Table 1. Comparison of our joint performance values with various literatures.

Joint details Ic or current carrying capacity Joint resistance

Multifilament
ex situ tape [26] >300 A at 20 K, self-field <10−14 Ω at 20 K
ex situ tape (fully reacted) [33] 50 A at 15 K, self-field <10−9 Ω at 15 K, self-field, four-probe
in situ wire (undoped) [22] 103 A at 10 K, self-field —

Monofilament
in situ wire (undoped) [22] 160 A at 20 K, self-field <10−12 Ω at 10.5 K
in situ wire (undoped) [16] 94 A at 20 K, 2 T 1.4 × 10−12 Ω at 4.2 K
in situ wire (undoped) [23] 270 A at 20 K, self-field <1.3 × 10−10 Ω at 15 K
in situ wire (C-doped) [22] 11 A at 16 K, self-field —

in situ wire (C-doped) (this work) >200 A, 20 K, self-field <1.8 × 10−13 Ω at 16.7 ± 4.7 K

Figure 1. Cross-sectional image of the monofilament MgB2 wire
(Monel sheath, Nb barrier).
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to the superconducting joining process for C-doped MgB2

conductors.
Figure 2 shows the key steps in our modified super-

conducting joint fabrication process for an unreacted in situ
C-doped monofilament MgB2 wire. Firstly, a predefined
length (∼7 mm) of the Monel sheath was chemically etched
away using nitric acid from the joining area of the wires.
Then, the Nb barrier of the wire (∼4 mm in length) was
partially peeled off until the MgB2 core was exposed using
mechanical polishing. After peeling off the Nb barrier, the
exposed MgB2 cores of two wires were aligned and made to
face each other using super glue. As shown in figure 2, the
two aligned wires were fixed in a stainless steel (SS)
enclosure (inner diameter of 6 mm) using a high-temperature
sealing material (Resbond 907GF) [34]. The sealing material
was allowed to cure for 24 h at room temperature (RT) in air.
In our original joining process, the sealing material needed
to be cured at 150 °C for 15 min in an oven [16]. For the
modified joining process, RT curing of the sealing material
can offer better flexibility in handling the joints. After curing
the sealing material, previously, packing Mg + 2B powder
into the joint was performed in air. In the modified joining
process, however, filling in the joint with Mg (99%, 325
mesh, Sigma-Aldrich) + C-encapsulated B (98.8%,
∼400 nm, C-doping 2 wt%, amorphous, Pavezyum) powder
was performed in an argon (Ar) protective atmosphere (in an
Ar glove box) to minimize trapping of oxygen while filling
the joint with powder [35, 36]. An SS plug was used to
compact the powder inside the enclosure (figure 2). The
uniaxial pressure for pressing the plug was <0.35 GPa,
which was much lower than 0.95 GPa reported in our pre-
vious work (i.e., in situ undoped monofilament MgB2 wires)
[16]. It should be noted that the applied pressure for the
power compaction is more sensitive for C-doped MgB2 wire
joining. In the next step after pressing the powder, the
sealing material was applied to the remaining gaps on the SS
enclosure, and the joint was then taken out of the Ar glove
box. Again, the sealing material was allowed to cure for 24 h
at RT (in air) prior to heat-treatment. Finally, the joint was
heat-treated in Ar atmosphere at 690 °C for 30 min, which
are the best conditions for our MgB2 wire.

The field dependence (up to 2 T) of the Ic of the joint and
wire without a joint was investigated using the variable temp-
erature insert (VTI) of an American Magnetics Superconducting
(AMS) magnet with direct-current up to 200 A (the maximum
power supply capacity) and 20K operating temperature, using
the standard four-probe method with the criterion of
0.1 μV cm−1 (the criterion of 1 μV cm−1 is the one that has
been most commonly used for MgB2 conductors).

The joint was then longitudinally cut to take out the
MgB2 powder ingot to perform x-ray diffraction (XRD)
analysis. The ingot was ground into a fine powder. The XRD
device (Mini-materials Analyser, GBC Scientific Equipment,
USA) was used with Cu Kα (λ = 1.54056 Å) radiation for the
XRD analysis [37]. Finally, a solenoid closed-loop coil was
fabricated via the wind and react method using the same wire
and joining process discussed earlier to evaluate the joint
resistance using a field-decay method [16]. The coil with the

Figure 2. Superconducting joint fabrication process for an unreacted
in situ C-doped monofilament MgB2 wire.
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joint was heat-treated in Ar atmosphere at 690 °C for 30 min.
The inductance of the fabricated coil was calculated using the
finite element (FE) method implemented with COMSOL
Multiphysics software [38]. The specifications of the solenoid
closed-loop coil are listed in table 2. After heat-treatment of
the coil, the coil was mounted on the test probe. The detailed
field-decay measurement set-up is described in our previous
paper [16].

The closed-loop coil was inserted into the VTI of the
AMS magnet to perform a field-decay measurement. The
background magnetic field was increased to 0.24 T with a
ramping rate of 10 mT s−1. The closed-loop coil was then
cooled down to ∼12 K. To induce a current in the closed-loop
coil, the background magnetic field was linearly decreased to
zero at the ramp-down rate of 0.19 mT s−1. The field-decay in
the solenoid closed-loop coil was observed over 48 h.

3. Results and discussion

Figure 3(a) shows the magnetic field dependence of Ic at 20 K
for the wire without a joint and for a joint. In self-field at
20 K, the Ic of the joint was >200 A, so the Ic results are
shown from 0.5 T. The self-field performance of the joint at
20 K for the in situ C-doped monofilament MgB2 wire is
comparable to the performance of the joint for the in situ
undoped monofilament MgB2 wire [22, 23]. The Ic values of
the wire without a joint and joint in 0.5 T at 20 K were
measured to be 194 A and 140 A respectively. This result
means that the performance of the joint was approximately
72% of the performance of our wire without a joint. To the
best of our knowledge, such significantly enhanced joint
performance at 20 K with in situ C-doped MgB2 monofila-
ment wire is reported in this work for the first time [22].
Nevertheless, the joined wire also showed strong field
dependent Ic in the field up to 2 T, and performance fading
was also observed. These are preliminary results, so there is
still room to further improve the joint performance.

Table 2. Specifications of the solenoid closed-loop coil.

Parameters Specifications

Coil Type Solenoid (closed-loop)
Wire type C-doped (in situ mono)
Winding method Wind and react
No. of joints 1
Inner diameter (mm) 20
Outer diameter (mm) 26.72
Height (mm) 9.24
Turns 42
Computed parameters from FE analysis
Inductance (μH) 29
Trapped current (A) 104.7
Field at the coil centre (T) 0.22
Pick field on the conductor (T) 0.35
Field on the joint (T) 3.8 × 10−4 + self-field

Figure 3. (a) Critical current versus magnetic field characteristics of
the wire (i.e. without a joint) and the joint, (b) electric field versus
current characteristics of the joint in different magnetic fields at
20 K. The direction of applied magnetic field for Ic measurement is
shown in the inset of figure 3(a). The distance between voltage taps
on the joint sample was 4 cm (criterion: 0.1 μV cm−1).

Figure 4. XRD patterns of the MgB2 powder samples from the wire
(i.e. without a joint) and the joint.
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The electric field versus current characteristics of the joint at
20 K is shown in figure 3(b) as a function of external magnetic
field. As can be seen in the figure, the superconducting to nor-
mal transition region appears very sharp in the range of 0.01 to
0.1 μV cm−1 criterion. This indicates that our joint technique
was successful [39].

Furthermore, the joint performance is expected to be
strongly dependent on the grain connectivity between the two
MgB2 wires and the phase formation of MgB2 bulk inside the
joint [16]. During the heat-treatment process, the sealing
material always remains in close contact with the MgB2

powder (figure 2) in the joint. Therefore, there was room for
the sealing material to diffuse or react with the MgB2 powder
inside the joint during the heat-treatment process. Hence,
XRD analysis was carefully carried out to look for impurity
phases inside the joined part. Figure 4 shows XRD patterns of
powder samples taken out of the wire and the joint. From our
results, well developed MgB2 phase was observed with only a
small fraction of MgO. In the XRD pattern of the wire
sample, Nb phase was also observed. This Nb might have
come from the Nb barrier while we were taking the powder

out from the wire. On the other hand, in the joint powder
sample, MgB2 was a major phase, and no foreign phases
existed, except for MgO as a minor phase. The calculated
values of MgO fraction in the wire and the joint were 7.7 wt%
and 13.3 wt% respectively. These results confirm that the
sealing material did not diffuse into or react with the MgB2

during the heat-treatment process inside the joint.
Under the same experimental conditions, a solenoid

closed-loop coil was fabricated to evaluate the precise joint
resistance using a field-decay measurement. Figure 5(a)
shows a digital image of the solenoid closed-loop coil fabri-
cated in this experiment. Figure 5(b) shows the magnetic field
and temperature versus time characteristics of the solenoid
closed-loop coil during the initial induction of the current.
Before starting the field-decay measurement, the coil temp-
erature was adjusted to ∼12 K. As can be seen in figure 5(b),
when the background field started to decrease, the field began
to be induced in the solenoid closed-loop coil. When the
background field was decreased to zero, the induced field in
the closed-loop coil was 0.09074 T at the Hall probe location
(bottom of the coil near the coil winding) [16]. This magnetic

Figure 5. (a) A digital image of the solenoid closed-loop coil, (b) magnetic field (B) and temperature (T) versus time (t) characteristics of the
solenoid closed-loop coil during initial induction of the current, (c) B, T versus t characteristics while the coil was in the persistent mode, and
(d) B, T versus t characteristics as the temperature of the coil increased after 48 h of persistent-mode operation. The legends in figures 5(b)–
(d) are the same.
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field was equivalent to 104.7 A in the closed-loop coil based
on FE analysis. Then, the coil was left in the persistent mode
for 48 h (figure 5(c)). Our VTI system has a manual temp-
erature control, so precise temperature control for a very long
time period was very difficult to achieve. Hence, during
persistent mode, the temperature deviation in the VTI was
from 12 K to 21.4 K. Close to 48 h, the temperature of the coil
was controlled to ∼15 K. In the 48 h of persistent-mode
operation of the closed-loop coil, 0.1 mT decay in the
magnetic field was observed (figure 5(c)). Eventually, at the
end of 48 h, as shown in figure 5(d), the temperature of the
VTI was increased. The decay of the magnetic field started at
24.8 K, and rapid decay of the magnetic field was observed at
30 K. Some of the computed parameters of the solenoid
closed-loop coil during the field-decay measurement are
shown in table 2. Therefore, based on 29 μH inductance and
0.1 mT decay in 48 h, the calculated total circuit resistance of
the solenoid closed-loop coil was <1.8 × 10−13Ω [16]. This
circuit resistance is acceptable for MRI application. These
findings show the promising potential of the in situ C-doped
monofilament MgB2 wire. Moreover, our technique will pave
the way for developing joints for in situ and ex situ multi-
filamentary MgB2 wire/tape conductors.

4. Conclusions

We present a new approach to a superconducting joining
process for an unreacted in situ C-doped monofilament MgB2

wire and evaluation of the joint resistance through a field-
decay measurement. The new joining approach for C-doped
MgB2 conductor showed significantly enhanced performance
compared to reported results to date. According to the lit-
erature, our joint fabricated using the unreacted in situ
C-doped MgB2 monofilament wire was the first to achieve an
Ic value >200 A in self-field at 20 K. Our joint demonstrated
current retention of up to 72% in different magnetic fields at
20 K. The results presented here are preliminary results, so
there is still room to further improve the joint performance.
The XRD analysis showed no diffusion or reaction of the
sealing material with the MgB2 powder inside the joint. The
solenoid closed-loop coil showed very reliable persistent-
mode operation for a period of 48 h at temperatures up to
21.4 K in self-field. The estimated total circuit resistance was
<1.8 × 10−13Ω at 16.7 ± 4.7 K temperature. These super-
conducting joint performance results demonstrate the poten-
tial of MgB2 conductors for MRI application based on an
LHe-free system.
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