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Abstract 

The development of superconducting joining technology for reacted magnesium diboride (MgB2 ) conductors remains a critical challenge 
for the advancement of cryogen-free MgB2 -based magnets for magnetic resonance imaging (MRI). Herein, the fabrication of superconducting 
joints using reacted carbon-doped multifilament MgB2 wires for MRI magnets is reported. To achieve successful superconducting joints, the 
powder-in-mold method was employed, which involved tuning the filament protection mechanism, the powder compaction pressure, and the 
heat treatment condition. The fabricated joints demonstrated clear superconducting-to-normal transitions in self-field, with effective magnetic 
field screening up to 0.5 T at 20 K. To evaluate the interface between one of the MgB2 filaments and the MgB2 bulk within the joint, 
serial sectioning was conducted for the first time in this type of superconducting joint. The serial sectioning revealed space formation at the 
interface, potentially caused by the volume shrinkage associated with the MgB2 formation or the combined effect of the volume shrinkage and 
the different thermal expansion coefficients of the MgB2 bulk, the filament, the mold, and the sealing material. These findings are expected 
to be pivotal in developing MgB2 superconducting joining technology for MRI magnet applications through interface engineering. 
© 2024 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 

Keywords: MgB2 superconducting joint; MgB2 conductor; MRI applications; Cryogen-free magnet; Persistent-mode operation. 
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. Introduction 

Magnetic resonance imaging (MRI) is a medical diagnos-
ic device that helps doctors to examine body organs non-
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nvasively. High-resolution scans of body parts in an MRI are
ormed using a strong and uniform magnetic field, and ra-
io waves. The powerful and uniform magnetic field needed
or forming an MRI scan in an MRI bore is usually gener-
ted using several niobium-titanium (Nb-Ti) superconducting
oils cooled in expensive liquid-helium (LHe) as schemati-
ally shown in Fig. 1 (a) [1] . Over the years, helium price has
een continuously increasing and supply issues are common
1–5] . High device and installation costs of well over a million
ollars and a high maintenance cost restrict smaller diagnostic
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Fig. 1. (a) Artist’s 3D model of an MRI scanner. (b) Schematic illustration of a superconducting MRI magnet assembled using multiple superconducting coils, 
joints, and a PCS. 
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enters from having an MRI scanner in metropolitan or ru-
al areas [ 3 , 6 ]. Therefore, the development of a cryogen-free
ost-effective MRI scanner is crucial for making this critical
iagnostic tool widely available to serve communities around
he globe. 

Philips has made significant progress in this direction by
eveloping a fully sealed magnet known as the BlueSeal mag-
et which only requires 7 liters (L) of LHe to cool an Nb-Ti
RI magnet at 4.2 K [7] . GE is also developing a similar

echnology known as Freelium Technology, which is expected
o use 20 L of LHe to cool their fully sealed Nb-Ti MRI
agnet at 4.2 K [8] . However, to eliminate the requirement

o use LHe altogether to cool an MRI magnet, the magne-
ium diboride (MgB2 ) superconductor, which has a critical
emperature ( Tc ) of 39 K is known to be the frontrunner [9–
0] . In fact, ASG Superconductor’s Paramed MRI unit has
eveloped an MRI scanner using a cryogen-free 0.5 T MgB2 

RI magnet cooled at 20 K by cryocoolers [21] . Despite the
umerous benefits of using an MgB2 magnet in an MRI [22] ,
he commercial acceptance of the Paramed’s MROpen system
s still limited [23] . Among several reasons for poor accep-
ance in the medical industry, one of the reasons could be the
ode of operation of its magnet system. 
Usually, an Nb-Ti MRI magnet is assembled using multi-

le coils and each coil is connected with another coil using
wo ‘superconducting joints’ [24] , and the ends of the mag-
et are connected using a persistent-current switch (PCS, a
uperconducting coil wound in a noninductive fashion) and
wo superconducting joints to form a closed loop as shown in
ig. 1 (b). The PCS allows charging the magnet by inducing a
nite resistance across the magnet via an inbuilt heater. Once

he magnet is charged and the heater is turned off, the current
ows in the closed loop producing the necessary ultra-stable
agnetic field ( < 0.1 ppm h−1 decay rate) [1] . This mode of
agnet operation is called the persistent-mode operation. The
gB2 magnet of the Paramed’s MROpen MRI scanner is not

perated in persistent mode, since the MgB2 superconducting
oining technology has not been fully developed yet. There-
ore, the development of superconducting joining technology
s crucial for the advancement of MgB2 -based cryogen-free

RI magnets [25] . 
Since the first report of superconducting joining between

n unreacted monofilament MgB2 wire and an Nb-Ti wire
n 2005 [26] , many superconducting joints have been fabri-
ated using both monofilament [ 11 , 15 , 27-43 ] and multifila-
ent MgB2 conductors [ 27 , 29 , 44-51 ]. Most of these joints
ere fabricated using unreacted MgB2 conductors with few

xceptions, in which reacted MgB2 conductors were used
 27 , 38 , 45 , 52 ]. MgB2 coils for MRI magnets are expected to
e manufactured using a reacted multifilament MgB2 con-
uctor to minimize modification in the existing manufactur-
ng processes used for Nb-Ti-based MRI magnets [ 9 , 53 ]. This
eans a superconducting joining technique must be developed

hat can be used to fabricate joints between reacted multifil-
ment MgB2 conductors. Moreover, carbon (C)-doped boron
B) powder is often used as a precursor for manufacturing

gB2 conductors, since C impurity in MgB2 material helps
o improve the performance of MgB2 conductors in high mag-
etic fields [ 14 , 54-58 ]. However, a joint fabrication using C-
oped MgB2 conductors is found to be much more difficult
ompared with un-doped conductors due to unknown reasons
 29 , 33 ]. Furthermore, the MgB2 -based MRI magnet is ex-
ected to be operated at around 20 K to take full advantage
f the high cooling capacity of cryocoolers around 20 K. For
xample, the Cryomech-made single-stage Gifford-McMahon
L630 cryocooler model has a cooling capacity of 100 W at
0 K, whereas their two-stage pulse tube PT450 cryocooler
odel has a cooling capacity of 5 W at 4.2 K on its 2nd 

tage and 65 W at 45 K on its 1st stage [59] . No supercon-
ucting joint results have been reported to date using reacted
-doped multifilament MgB2 conductors at 20 K despite the

act that this is the type of MgB2 conductor that is consid-
red to be nearly fulfilling the requirements for a cryogen-free
RI magnet [9] . 
To overcome this challenge, for the first time, we report

uperconducting joints fabricated using reacted C-doped mul-
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Table 1 
Specifications of the multifilament MgB2 wire. The multifilament MgB2 wire 
used in the study was first heat-treated at 650 °C for 1 h before the fabrication 
of the joints. The joints were then heat-treated for 3 h at 640 °C. To compare 
the performance of the joints with the wire, the wire was heat-treated for a 
total of 650 °C/1h + 640 °C/3h before measuring the Ic data. 

Specifications Values 

Superconductor MgB2 

Wire manufacturing method In situ 
Doping material, content Carbon, 2 at% 

Sheath, barrier, stabilizer Monel (Cu + Ni), Nb, Cu
Diameter 0.83 mm 

Number of MgB2 filaments 18 
MgB2 filling factor 12.3% 

Ic at 0.5 T, 20 K 96.4 A 

Manufacturer Hyper Tech Research, Inc. 

t  

a  

B
i  

c  

t  

m  

e  

c  

t  

t  

t

2

 

w  

fi  

o  

s  

r  

Fig. 2. (a) Photograph of the Ic measurement probe for the joints. (b) Pho- 
tograph of the Tc measurement probe. The probe was used to measure the 
resistance of the joint at different temperatures by applying a constant direct 
current (DC) of 10 mA. The top portion of the joint was cut to fit it within 
the cryostat’s bore. 

fi  

t  

o  

m  

b  

c
 

w  

t  

d  

[  

a  

a  

s  

S  

p

3

 

M  

F
K

ifilament MgB2 wires for MRI magnet applications. To re-
lize a low-temperature reaction between Mg and C-doped
 to form an MgB2 bulk and simultaneous MgB2 to MgB2 

nterface, the powder-in-mold method was employed by con-
urrently tuning filaments protection mechanism in and out of
he mold, the powder compaction pressure, and the heat treat-
ent condition. The fabricated superconducting joints were

valuated in detail for their transport, compositional, and mi-
rostructural properties. To further evaluate the interface be-
ween one of the MgB2 filaments and the MgB2 bulk within
he joint, the serial sectioning was carried out for the first
ime in this type of superconducting joint. 

. Experimental procedures 

A multifilament MgB2 wire (C-doped and in situ ) for this
ork was produced using the continuous tube forming and
lling (CTFF) process [60] . Table 1 shows the specifications
f the MgB2 wire. A variable temperature insert (VTI) in a
uperconducting magnet was used to evaluate the critical cur-
ents ( Ic (s)) of the wire and the joints in different magnetic
ig. 3. (a) Critical current of the wire at 20 K in various magnetic fields. Inset: A
 in various magnetic fields. 
elds and temperatures. To estimate the Ic (s) of the wire and
he joints in a four-probe measurement setup, the criterion
f 1 μV cm−1 was utilized. Fig. 2 (a) shows the Ic measure-
ent probe for the joints. The Tc of the joint was evaluated

y employing the four-probe method in a gas exchange type
ryostat. Fig. 2 (b) shows the Tc measurement probe. 

An X-ray diffraction (XRD) machine, Rigaku Miniflex II
as employed to obtain an XRD pattern for the joint’s struc-

ural analysis; to determine the mole fraction from the XRD
ata, the Rietveld refinement tool, RIETAN-FP was used
 11 , 61 ]; for taking scanning electron microscope (SEM) im-
ges and energy dispersive X-ray spectroscopy (EDS) maps,
 Hitachi SU-70 SEM was used; for focused ion beam (FIB)
ample preparation, EDS mapping, the serial sectioning, and
EM images, an FIB-SEM (SMF-1000, Hitachi Hi-Tech Cor-
oration) was used [62] . 

. Results and discussion 

For fabricating the superconducting joints, the procured
gB2 wire was first heat-treated at 650 °C for 1 h in an in-
 cross-section of the MgB2 wire. (b) Current-dependent electric fields at 20 
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Fig. 4. (a) Joint fabrication steps for reacted C-doped multifilament MgB2 wires. (b) Joint cross-section illustration before and after the heat treatment. (c) 
Cross-sectional SEM image of the interface between one of the MgB2 filaments and the MgB2 bulk in joint 2. Powder specifications: Mg (Alfa Aesar, 99.8%, 
−325 mesh) and B (Pavezyum, 4.1 at% C-encapsulated) 
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rt argon (Ar) atmosphere to form MgB2 in it. Then, the
oints were fabricated using this reacted C-doped multifila-
ent MgB2 wire. Since the joint fabrication process required

he joints to be heat-treated at 640 °C for 3 h, the wire was
eat-treated for a total time of 650 °C/1h + 640 °C/3h for
easuring the Ic (s). The Ic (s) of the wire at 20 K in vari-

us magnetic fields are shown in Fig. 3 (a). A cross-section
f the MgB2 wire is shown in the inset. Fig. 3 (b) shows the
urrent-dependent electric fields at 20 K in various magnetic
elds. 

Fig. 4 (a) schematically shows our superconducting joining
rocess to connect two reacted C-doped multifilament MgB2 
ires. Copper (Cu) and Monel react with Mg in the course
f the heat treatment. Hence, to remove Cu and Monel, nitric
cid (HNO3 , 60% w/w, 0.5 h) was utilized to etch the ends
f the wires first followed by an angle (10 °) cutting [49] . An-
le cutting increased the exposed area of the MgB2 filaments
or joining. For wire cutting, an automated cutting machine
ithout any cutting fluid was used (Cutting: 0.64 mm thick
iamond disk, Speed: 1 mm min−1 , Rotation: 4000 rpm). A
tainless steel (SS) mold with two holes on one side was used
or the joint fabrication. Table 2 shows the specifications of
he mold. In the following step, a base (thickness: ∼0.71 mm)
as prepared using a mixture of Mg and C-encapsulated B
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Fig. 5. (a) Photograph of the fabricated superconducting joint using the reacted C-doped multifilament MgB2 wires. (b) Temperature-dependent critical currents 
of the joints in self-field. Current-dependent electric fields in self-field at various temperatures of (c) joint 1 and (d) joint 2. 

Table 2 
Specifications of the mold and the plug. 

Specifications Values 

Material Stainless steel 304L 

Diameter of the cavity 8 mm 

Height of the cavity 7 mm 

Holes dimensions for the insertion 
of the wires 

Diameter: 1.5 mm, 3.5 mm apart 

Wall thickness of the mold 3 mm 

Diameter/thickness of the plug 7.9 mm/4.5 mm 
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s per the stochiometric ratio of MgB2 in an Ar glovebox
compaction pressure: 199 MPa) [49] . In the next step, previ-
usly prepared two reacted MgB2 wires were placed on the
ase in such a way that only the etched portion of the wires
emained inside the mold cavity. 
Table 3 
Specifications of the joints. 

Joint Heat treatment 
temperature 

Wire cutting 
angle 

Compaction pressure f
initial Mg + 2B base 

Joint 1 
640 °C/3h 10 ° 199 MPa 

Joint 2 
Next, in the open air, Durabond 7032 (a high-temperature
ealing material with a maximum operating temperature of
093 °C) [63] was applied inside, in the holes, and outside
f the mold to secure the wires. Note that the application
f the sealing material inside the mold is crucial to protect
he reacted wires from damage due to vertical pressure. The
ealant was allowed to cure for 24 h in the open air. After
he curing process, the joint was moved to the Ar glovebox,
lled using the same Mg + 2B mixture used for the base, and
ompacted using the specific pressure listed in Table 3 . An SS
lug was set on the bulk and sealed using Ceramabond 503 (a
igh-temperature sealing material with a maximum operating
emperature of 1650 °C) [64] . Following 24 h curing of the
ealing material, the joint was heat-treated at 640 °C for 3 h
n an Ar atmosphere. In all the heat treatment processes, 5 °C
in−1 ramp-up and the cool-down rate were used. Following
or Thickness of the initial 
Mg + 2B bulk 

Compaction pressure for the 
final Mg + 2B bulk 

∼0.71 mm 39.8 MPa 
∼0.71 mm 59.7 MPa 
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Fig. 6. Magnetic field dependent critical currents of the joints at 20 K. (a) For this Ic (s) measurement, the magnetic field was increased from a low to a high 
field by keeping a constant temperature of 20 K. (b) For this Ic (s) measurement, the magnetic field was increased from a low to a high field. Before each 
in-field Ic measurement, the temperature of the joint was raised more than the Tc before cooling down to 20 K. 

Fig. 7. Current-dependent electric fields of (a) joint 1 and (b) joint 2 at 20 K temperature. For these Ic (s) measurements, the magnetic field was increased 
from a low to a high field by keeping a constant temperature of 20 K. Electric field versus current characteristics of (c) joint 1 and (d) joint 2 at 20 K 

temperature. For these Ic (s) measurements, the magnetic field was increased from a low to a high field. Before each in-field Ic measurement, the temperature 
of the joint was increased beyond the Tc value before cooling down to 20 K. 
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Fig. 8. (a) Relationship between the resistance and temperature for joint 2. (b) A 3D representation of the joint, which indicates the specific location where 
the joint was cut for subsequent XRD and microscopy studies. (c) XRD pattern for a powder sample obtained from joint 2. SEM images of the interface 
between one of the MgB2 filaments within joint 2’s cross-section and the MgB2 bulk taken at different magnifications (d) 40x, (e) 150x, (f) 700x, and (g) 
2000x. 
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he heat treatment of the joint, voltage taps were soldered on
he wires. To protect the wires from damage during handling
nd measurement, Stycast 2850FT prepared using Catalyst 9
as applied and cured for 24 h. Using this method and by

pplying two different compaction pressures as mentioned in
able 3 , two joints (Joint 1: 39.8 MPa, Joint 2: 59.7 MPa)
ere fabricated. Fig. 4 (b) shows the joint cross-section illus-

ration before and after the heat treatment. Fig. 4 (c) shows a
ross-sectional SEM image of the interface between one of
he MgB2 filaments and the MgB2 bulk in joint 2. Pores for-

ation was observed in the MgB2 bulk as a result of diffusion
f Mg to B sites. 

Fig. 5 (a) shows the photograph of the fabricated supercon-
ucting joint using the reacted C-doped multifilament MgB2 

ires. Firstly, as shown in Fig. 5 (b), the Ic (s) of both joints
ere measured at various temperatures in self-field. Joint 2
ade using 59.7 MPa pressure showed better performance

n comparison to joint 1. Joints 1 and 2 reached Ic values
f 20.9 A and 17.9 A, respectively at 20 K in self-field.
urrent-dependent electric fields in self-field at various tem-
eratures of both joints are shown in Figs. 5 (c) and 5(d).
lear superconducting-to-normal transitions were observed in
oth joints at different temperatures. 

Once the Ic (s) of the joints were evaluated in self-field, in
he next step, the Ic (s) of the joints were evaluated at 20 K in
arious magnetic fields. Since this type of joint architecture
an show the effect of a magnetic field screening as previously
eported by us [49] , the Ic (s) of the joints were first measured
rom a low to a high field at 20 K as shown in Fig. 6 (a).
orresponding current-dependent electric fields are shown in
igs. 7 (a) and (b). As can be seen in Fig. 6 (a), both the

oints showed a magnetic field screening effect up to 0.5 T,
ecause the reduction in the Ic (s) values were only about 7%
nd 6% for joints 1 and 2, respectively from self-field to 0.5
 field at 20 K. Beyond 0.5 T, the Ic (s) of the joints were

apidly decreased. The current retention ratio of joint 2 in 0.5
 at 20 K is about 20% compared with the bare wire, which
eeds improvement for practical applications. Since this is
reliminary work, further optimization would be possible to
mprove the performance of the joints. 

To confirm that both joints demonstrated a magnetic field
creening effect during the process of measuring the Ic (s)
rom low to high fields, a different approach was taken in
he next step as illustrated in Fig. 6 (b). The Ic (s) of the
oints were measured by increasing the magnetic field from a
ow to a high value. However, before each in-field Ic mea-
urement, the joint’s temperature was raised above the Tc 

alue and then cooled down to 20 K. As a consequence,
ome amount of magnetic field was trapped in the joints [49] .
herefore, when the Ic (s) of the joints were re-measured, the

eduction in the Ic (s) values was about 44.5% and 46.7%
or joints 1 and 2, respectively from self-field to 0.5 T field
t 20 K. These findings indicate that both joints exhibited
 magnetic field screening effect during the Ic (s) measure-
ents conducted at a constant temperature while increasing

he magnetic field from low to high. Current-dependent elec-
ric fields for these measurements are shown in Figs. 7 (c)
nd (d). 



166 D. Patel, A. Matsumoto, H. Kumakura et al. / Journal of Magnesium and Alloys 12 (2024) 159–170 

Fig. 9. (a) SEM image of the selected area of interface between one of the 
MgB2 filaments and the bulk within joint 2’s cross-section (as shown in 
Fig. 8 (g)). EDS maps of (b) Mg, (c) B, (d) O, and (e) Nb acquired from the 
location shown in Fig. 9 (a). 
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Fig. 10. (a) SEM image of the interface between one of the MgB2 filaments with
is shown in Fig. 10 (a) and the FIB pickup location. (c) Tilted (55.5 °) SEM image
of the interface between the MgB2 bulk and the filament from the location show
arrows. (e) SEM image of the location from where the interface observation and 
Due to its better performance in comparison to joint 1,
oint 2 was selected for further analysis of its Tc in self-
eld, as illustrated in Fig. 8 (a). The measured Tc of joint 2
as ∼32.8 K. Reduction in Tc value is usually observed in
-doped MgB2 material [50] . To further carry out the XRD
nd microscopy, the joint was cut from a specific location
s shown in Fig. 8 (b). A half side was used to extract a
owder sample for XRD analysis and the other part was used
or conducting microscopy. As depicted in Fig. 8 (c), an XRD
attern was obtained for a powder sample extracted from joint
. Despite the presence of the sealing material within the
avity (as shown in Fig. 4 (a)), the primary phase identified
n the XRD pattern was MgB2 (95.5 mol%), with a second
inor phase of magnesium oxide (MgO, 4.5 mol%). A small

mount of MgO formation is common in MgB2 material due
o contamination of Mg during handling [ 49 , 53 ]. 
in joint 2’s cross-section and the bulk. (b) SEM image of the selected area 
 of the interface after removing the material from one side. (d) SEM image 
n via an orange arrow. Space at the interface is marked by several yellow 

the serial sectioning were conducted. 
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Fig. 11. (a) SEM image of the sample picked up using the FIB from the location shown in Fig. 10 (e). (b) SEM image of the area shown in Fig. 11 (a). (c) 
Reference SE image for EDS mapping. EDS maps of (d) B, (e) O, and (f) Mg taken from the area shown in Fig. 11 (c). (g) Selected SEM images while 
performing the serial sectioning using the FIB. Each slide was taken at an average 15.0 ± 0.1 nm depth. (h) 3D reconstructed model from the images taken 
during the serial sectioning. 
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After conducting Tc and XRD evaluations, further analysis
as performed on the microstructural characteristics of joint
. SEM images of one of the MgB2 filaments present within
oint 2′ s cross-section at varying magnifications are illustrated
n Figs. 8 (d) to (g). As can be seen in Fig. 8 (d), the base
eight (see Fig. 4 (a)) of the MgB2 bulk was ∼0.71 mm. A
lightly high magnified SEM image was taken around the
gB2 filament core and bulk interface as shown in Fig. 8 (e).

he selected location in Fig. 8 (e) was further observed as
hown in Fig. 8 (f) to see the area around the interface more
losely. As can be seen in the figure, many voids were formed
n the MgB2 bulk near the interface. Fig. 8 (g) demonstrates
hat the interface between the filament and bulk of joint 2
ppeared to be well-formed, without any noticeable cracks or
efects. Corresponding EDS maps of the location shown in
ig. 8 (g) are shown in Fig. 9 . The defect-free interface implies

hat the performance of the joint should be much better than
hat has been measured. To investigate this point further, an
IB was employed to study the cross-section of the interface

n the thickness direction. 
Figs. 10 (a) and (b) illustrate the FIB cutting location to

ick up a sample for further analysis. A tilted (55.5 °) SEM
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mage of the interface is depicted in Fig. 10 (c) after removing
he material from one side, while Fig. 10 (d) displays the SEM
mage of the interface between the MgB2 bulk and the fila-
ent from the indicated location with an orange arrow. The

ellow arrows in Fig. 10 (d) indicate a visible space at the
nterface, which is thought to be responsible for the joints’
nferior performance. To gain a deeper understanding of the
nterface, material from the other side was removed using
he FIB, as shown in Fig. 10 (e). Moreover, SEM, EDS, and
he serial sectioning were conducted on the side shown in
ig. 10 (e). 

Fig. 11 (a) shows an SEM image of the sample ex-
racted using the FIB from the interface shown in Fig. 10 (e).
ig. 11 (b) shows a higher magnification image of the selected
rea in Fig. 11 (a). The left side of the interface represents the
gB2 filament, while the right side is the MgB2 bulk. The fil-

ment contains a large number of pores compared to the bulk,
s shown by black arrows. A visible spacing of up to ∼0.98
m wide can also be observed at the interface. The filament
ppears to be weakly connected to the bulk at some locations,
ut clear space is visible in most areas. This spacing could
e responsible for the joint’s inferior performance. 

This space could have potentially formed due to the vol-
me shrinkage (up to 25%) caused by the Mg + 2B → MgB2 

eaction [65] or the combined effect of the volume shrinkage
nd the different thermal expansion coefficients ( α) of the
gB2 bulk (41.4 × 10−6 K−1 at 20 °C and 68.0 × 10−6 K−1 

t 640 °C) [66] , the constituent materials of the filament such
s Nb (7.0 × 10−6 K−1 at 20 °C and 8.2 × 10−6 K−1 at
40 °C) [67] and MgB2 , the stainless steel mold (15.3 × 10−6 

−1 at 20 °C and 20.6 × 10−6 K−1 at 640 °C, these properties
re of SS304) [68] , and the high-temperature sealing material
urabond 7032 (16.2 × 10−6 K−1 at room temperature (RT))

63] . This spacing was likely formed during the reaction
rocess because if it had formed during the cryogenic cooling
rocess, the morphology of the space would be more like a
rack. This observation implies that the space was unlikely
ormed due to the cryogenic epoxy Stycast 2850FT ( α of
5.0 × 10−6 K−1 at RT) [69] or the high-temperature sealing
aterial Ceramabond 503 ( α of 7.2 × 10−6 K−1 at RT)

64] pasted on the top of the mold. To improve the joint’s
erformance, this spacing needs to be eliminated. 

The interface shown in Fig. 11 (c) was further analyzed us-
ng EDS mapping as shown in Figs. 11 (d) to (f). EDS map
f the O shows that O content in the filament was notably
igh compared with the bulk. This means the filament could
ave been contaminated during etching using HNO3 . Similar
ontamination was observed in our previous work [49] . Thus,
he etching process must be optimized to minimize contami-
ation to improve the performance of the joint. Furthermore,
o observe microstructure in the z-direction, the serial section-
ng was conducted. Fig. 11 (g) shows selected slides collected
uring the serial sectioning. A total of 992 slides were col-
ected from a 14.9 μm thickness volume, which resulted in
n average slide thickness of 15.0 ± 0.1 nm. As can be seen
n the supplemental movie 1 produced using the slides, there
s a varying amount of spacing throughout the depth of the
pecimen. Fig. 11 (h) shows the three-dimensional (3D) recon-
tructed model using the slides. The reconstructed model also
hows the spacing throughout. Our findings are expected to
lay a pivotal role in carrying out interface engineering toward
he development of MgB2 superconducting joining technology
or MRI magnet applications. 

. Conclusions 

We have successfully fabricated superconducting joints for
RI magnet applications using reacted C-doped multifilament
gB2 wires for the first time. Our power-in-mold method

nvolves a low-temperature reaction between Mg and C-doped
 to form an MgB2 bulk and simultaneous MgB2 to MgB2 

nterface with the filaments protection mechanism in and out
f the mold, the low powder compaction pressure, and 640 °C
or 3 h heat treatment condition. Joint 2 exhibited an Ic value
f 17.9 A at 20 K in 0.5 T, a Tc of ∼32.8 K in self-field, and a
trong magnetic field screening effect up to 0.5 T at 20 K. The
RD pattern of joint 2 revealed a predominant phase of MgB2 

95.5 mol%) with a minor MgO (4.5 mol%) phase, despite
he presence of sealing material inside the mold cavity. The
nitial cross-sectional SEM imaging of joint 2 showed a well-
ormed interface between the filament and the bulk without
ny visible defects. However, a sample picked up from the
nterface location using the FIB showed spacing, which was
xpected to be formed due to the volume shrinkage caused
y the Mg + 2B → MgB2 reaction or the combined effect
f the volume shrinkage and the different thermal expansion
oefficients of the MgB2 bulk, the filament, the mold, and the
ealing material. To improve joint performance, this spacing
eeds to be eliminated. 
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