Bull. Mater. Sci.
(2021) 44:285
https://doi.org/10.1007/s12034-021-02571-7

Ó Indian Academy of Sciences

Sadhana(0123456789().,-volV)FT3](012345
6789().,-volV)

Twisted laminar superconducting composite: MgB2 embedded
carbon nanotube yarns
U LAMICHHANE1, G C DANNANGODA1, M A HOBOSYAN1, R A SHOHAN1,
A ZAKHIDOV2,3,4 and K S MARTIROSYAN1,*
1

Department of Physics and Astronomy, University of Texas Rio Grande Valley, Brownsville, TX 78520, USA
NanoTech Institute, University of Texas at Dallas, Richardson, TX 75083, USA
3
Department of Physics and Engineering, ITMO University, Lomonosov str. 9, Saint Petersburg, Russia 191002
4
National University of Science and Technology, NUST-MISIS, Leninsky pr. 4, Moscow, Russia 119049
*Author for correspondence (karen.martirosyan@utrgv.edu)
2

MS received 9 June 2021; accepted 7 August 2021
Abstract. Twisted laminar superconducting composite structures based on multi-wall carbon nanotube (MWCNT)
yarns were crafted by integrating magnesium and boron homogeneous mixture into the carbon nanotube (CNT) aerogel
sheets. After the ignition of the Mg–B–MWCNT system, under the controlled argon environment, the high exothermic
reaction between magnesium (Mg) and boron (B) with stoichiometric ratio produced the MgB2@MWCNT superconducting composite yarns. The process was conducted under the controlled argon environment and uniform heating rate in
the differential scanning calorimetry and thermogravimetric analyzer. The XRD analysis confirmed that the produced
composite yarns contain nano and microscale inclusions of superconducting phase of MgB2. The mechanical properties of
the composite twisted and coiled yarns at room temperature were characterized. The tensile strength up to 200 MPa and
Young’s modulus of 1.27 GPa proved that MgB2@MWCNT composite is much stiffer than single component MgB2
wires. The superconductive critical temperature of Tc *38 K was determined by measuring temperature-dependent
magnetization curves. The critical current density, Jc of superconducting component of composite yarns was obtained at
different temperatures below Tc by using magnetic hysteresis measurement. The highest value of Jc = 3.39 9 107
A cm-2 was recorded at 5 K.
Keywords. Magnesium diboride; twisted laminar composite; superconducting material; multi-wall carbon nanotube;
magnetic hysteresis.

1.

Introduction

The discovery of superconductivity in a simple hexagonal
binary compound of MgB2 as a type II superconductor
renewed the interest in the field of superconductivity at a
relatively high critical temperature of *39 K [1]. The
widespread applications of MgB2 lead to the manufacture of
commercial superconducting wires. Superconducting technology has made significant progress for the development of
magnetic shielding systems to protect space station crews
from the ionizing radiation encountered during long-term
missions [2,3]. Multiple research groups work for the
enhancement of critical current density, Jc by the introduction of flux pinning centres [4–7]. With its large
coherence length and double gap superconductivity, various
practices including doping with a variety of additives,
thermo-mechanical processing and magnetic shielding have
been introduced in the last decades. The deposition of FeO
nanoparticles on the surface of MgB2 thin films [4], Ti
doping with MgB2 [5], multiwall carbon nanotube

(MWCNT) doping on MgB2/Fe monofilament wires [6],
MgB2@MWCNT composite wire fabrication [7] are some
practices of impurity scattering by introducing some defects
into the two-band MgB2. Magnesium diboride MgB2 has
been successfully synthesized under argon in ambient,
elevated and high pressures by using high exothermic selfpropagation reaction between initial components [8,9].
Higher Jc in a superconducting material is an essential
aspect for efficient transmission of energy, and it is vital for
saving energy and future power applications of MgB2
superconducting wires.
The improvement in Jc can be achieved by the partial
substitution of a small amount of dopant, such as SnO2 [10],
Zr precursors [11,12], Dy2O3 [13], Pr6O11 [14] and C precursors, which can increase the scattering by impurity due
to the chemical disorder. Introducing more pinning centres,
especially nano-sized second phase inclusions, provided a
strong pinning force. Eventually, increasing the number of
pinning centres close to the grain boundaries can significantly increase the Jc value. Among the various dopants, the
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dopants of C precursors including carbon nanotubes (CNTs)
is more effective compared to other sources because of their
high aspect ratio and nanometre size [15–19]. Furthermore,
the interior thermal stability, heat dissipation and mechanical strength of MgB2 superconducting wire can be
improved by the influence of CNTs. MWCNTs can carry
current densities up to 109–1011 A cm-2 [20] and may have
a thermal conductivity of 3000 W m-1 K-1 [21]. In addition, they can improve the current path and connectivity
between the grains in MgB2.
In this study, we show proof-of-concept of a synthetic
route for the effective preparation of twisted laminar
MgB2@MWCNT composite superconducting yarns by
uniformly heating the homogenous mixture of Mg–B
powders embedded inside the twisted MWCNT yarn. Since
MWCNTs are very stable at the high temperature and its
melting point is above 3000°C, we used MWCNT as a
matrix host structure to arrange the laminar superconductive
flexible wire by initiating a combustion reaction:
Mg ? 2B ? MgB2 inside the MWCNT yarn. Moreover,
the elemental form of Mg and B powders heated inside the
MWCNT laminar matrix structure helps to increase the
number of pinning centres inside the grains of MgB2 phase,
which assists in the improvement of Jc. Somehow, similar
composites of MgB2 coated on MWCNT fibres have been
created earlier by quite complicated method of B laser
deposition followed by exposure to mg vapours in vacuum
[25]. We demonstrate here, a much more simple and reliable method, which is a direct combustion reaction within a
porous host, after the twist yarn is created with a nonreacted powder of elemental Mg and B. A motivation for
using MWCNT laminar structure as a host for superconducting MgB2 is to provide a strong and stable conductive
framework as well as providing carbon doping of MgB2 by
creating scattering centres to improve the superconducting
properties of the flexible MgB2@MWCNT composites.
Moreover, twisted laminar composites superconducting
yarns have demonstrated elevated mechanical properties
and can be potentially used as an active element to create
magnetic field to shield spacecraft from high-energy particles for space application.

2.

Experimental methods and procedure

Mixture of magnesium (Mg) and boron (B) powders was
prepared by mixing Mg (99%) with a particle size of *60
lm (Sigma Aldrich Co.) and B with a particle size of
*1 lm (C 95% amorphous, Sigma Aldrich Co.) according
to the stoichiometric ratio of 1:2. Isopropyl alcohol (anhydrous, 99.5%) was introduced to prepare the mixture for
milling process. The powder mixture was milled for 3 h
using a rotatory ball miller to obtain homogeneous powder
mixture. The milling media consists of stainless steel jar
with zirconia balls of 5 mm in diameter. The mixture was
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then heated in an oven at 60° for 12 h to evaporate isopropyl alcohol.
MWCNTs were extracted from CVD grown vertically
aligned (VA) CNTs forest (VA-CNT). The synthesized
forest had a CNT with an average diameter of *10 nm. The
280 lm tall forest had a volumetric forest density of
63.8 mg cm-3. It is well known that CNT can carry very
high current densities due to their very high thermal stability and low temperature coefficient of resistivity [20],
although their conductivity is not higher than that of the best
metals. It has been shown that till 250°C, no measurable
changes in resistivity of MWCNT can be observed at J of
109 A cm-2 [20].
MWCNT sheets of 1.2 cm wide and 7 cm long were dry
drawn from vertically aligned MWCNT forest grown by
advanced chemical vapour deposition (CVD) process
[22–25] on Fe nanocatalyst-coated Si substrates. The 30
uniform sheets were stacked on the top of each other to
increase its strength. The homogeneous mixture of Mg and
B was uniformly deposited over the free standing MWCNT
sheets: i.e., the MWCNT sheets were coated with magnesium and boron particles by using automated dispensing
robot EFD-325TT equipped with a Paasche VL-SET airbrush system. The coating solution was prepared by suspending 25 mg ml-1 of Mg–B powder mixture in
isopropanol and sonicating for 30 min. The robot was
programmed to coat the sheets in 30 s time interval to allow
the evaporation of isopropanol and control the MgB2@MWCNT weight ratio. The uniformity was determined by
visual examination via optical microscope and low-magnification SEM observations. The twisted laminar yarn was
developed by rolling the MgB2@MWCNT sheets with a
low-speed motor under a constant speed of 30 rpm as
described in reference [26]. The mass ratio of MWCNTs to
reactive powder mixture was 1:3.
Then, the yarn was heated at the constant heating rate of
20 and 50°C per minute up to 800°C using differential
scanning calorimeter and thermogravimetric analyzer
(DSC–TGA) (STD-Q600, TA Instruments) to initiate
reaction within the CNT matrix. Heating was performed
under the Argon atmosphere with 100 ml min-1 flow
speed. The Mg and Mg–B powders were loosely added to
the DSC crucible without compaction.
X-ray diffraction (XRD) measurement of the particles
was performed using Bruker D2 Phaser 2nd generation
diffractometer with CuKa radiation (k = 1.54056 Å) to
confirm the presence of MgB2 phase. The JSM-7100F,
thermal field emission scanning electron microscope
equipped with an electron dispersive X-ray spectroscopy
system was used for the particle topography and size
analysis. The magnetization measurements were performed
over the temperature range of 5–50 K and the magnetic
field up to 2 T with a quantum design physical properties
measurement system (PPMS) equipped with vibrating
sample magnetization (VSM) attachment. The mechanical
properties were characterized by measuring the tensile
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strength and Young’s modulus at room temperature in
universal testing machine (UTM).

3.

Results and discussion

Combustion synthesis of MgB2 integrated in the MWCNT
laminate twisted yarns has been accomplished by volume
combustion reaction using DSC. Figure 1a shows the results
of DSC–TGA measurement of MgB2/MWCNT yarn
exhibiting heat flow evolution and change in wt% at the
heating rate of 20°C min-1. The initial endotherm in the
graph indicates that there is a phase transition (melting) of
Mg at about 651°C, before exothermic peak. Once the Mg
melts, it reacts with the elemental boron, subsequently
releasing a large amount of heat. This exothermic reaction
is observable by the peak at *666°C and the amount of
heat released was 777 J g-1. During this exothermic process, some parts of Mg escaped the system due to vapourization at high combustion temperature. The blue line in the
graph indicates the percentage of weight changes of the
sample at various temperatures. Thus, the *9.2% decrease
in wt% after 66°C is due to the loss of some Mg via
evaporation.
For comparison, the DSC experiment was conducted with
a mixture of Mg and B powders without integration into the
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MWCNT yarns. Figure 1b shows the DSC–TGA result of
Mg and B powders reaction under argon environment and
uniform heating rate of 20°C min-1 up to 800°C. The
comparison of the graphs in figure 1a and b shows that the
phase transition temperature (melting) in the case of
MgB2@MWCNT yarn was decreased slightly compared to
the pure MgB2 powder sample. The amount of heat captured inside the laminar matrix structure creates a slight
increase in the force pressure inside the twisted yarn and
this pressure lowers the melting temperature. However, the
temperature difference is not remarkably large enough to
influence the combustion reaction. Similarly, the comparison between the heat release in the exothermic reaction
indicates that more heat is released in the case of
MgB2@MWCNT composite yarn. The greater rate of heat
flow indicated that the complete reaction occurred inside the
laminar yarns. However, the weight loss graph in both cases
are comparable. It shows that in both the cases, the loss of
mass was due to evaporation of Mg. The weight loss in the
reaction due to the evaporation of Mg is confirmed by
comparing it with the graph in figure 1c. It shows the DSC–
TGA results for Mg@MWCNT laminar yarn with an
identical experiment. In this case, all the experimental
procedures were similar as in the case of figure 1a except
the powder inside the yarn was only single Mg. If we
compare those results with the weight loss graph in

Figure 1. DSC plot showing heat flow and change in wt% at the heating rate of 20°C min-1 for (a) MgB2/MWCNT
laminar yarn composites; (b) MgB2 powder sample; and (c) Mg/MWCNT laminar yarn. (d) DSC–TGA results for
MgB2/MWCNT yarn under the argon environment at 50°C min-1 heating rate.
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figure 1a–c, the weight loss is similar in all the cases. This
proves that the weight loss is due to the evaporation of Mg
powder alone in all the cases. To keep stoichiometric ratio
of MgB2 the amount of Mg was accordingly increased by
*10%, while making the powder mixture. At high temperature, some oxidation of MgB2 results in the increase of
mass.
For comparison, identical experiments were performed
for different heating rates as well. Figure 1d shows the
DSC–TGA results for MgB2@MWCNT yarn under the
argon environment at accelerated 50°C min-1 heating rate.
Increasing the heating rate has enhanced the heat of reaction
up to 972 J g-1 and decreased the Mg mass loss up to
1.32% during the combustion reaction, indicating rapid
reaction between reactants and showed that magnesium
evaporation was not sufficient at the higher heating rates.
XRD measurement in figure 2 confirms that the yarns are
comprised of pure crystalline magnesium diboride (MgB2)
phase within a composite with MWCNT yarns. According
to the standard JCPDS card (74-0982), the diffraction data
confirms the hexagonal crystal structure of MgB2 with cell
parameters of a = 3.085 and c = 3.523 Å and density of
2.6279 g cm-3. The crystallite size calculation has been
Kk
carried out with the Scherrer’s formula [27], D ¼ b cos
h,
where K is the constant (k = 0.94), k the wavelength of
X-ray, b full-width at half maximum in radians of the
selected peak and h the Bragg’s diffraction angle. The
calculated crystallite size for (101) peak (2h = 42.43°) is
21 nm.
Particle morphology was analysed using SEM images as
presented in figure 3. The MgB2 has a laminar structure and
the combustion product consists of heterogeneously distributed grains having well-connected particle conglomerates of predominantly particles with average size of about
*1 lm.
The dimensions of the resulting yarn were *4 cm length
and 1.4 mm of diameter. The SEM images also confirm the

Figure 3. SEM images of (a and b) MgB2 powder inside the
MWCNT yarn; and (c) MgB2 powder after combustion.

Figure 2.

XRD pattern of MgB2 sample after heat treatment.

continuous layer of superconducting MgB2 composites
inside the twisted yarn.
The MWCNT twist yarns without Mg/B powder integration have initial tensile stress value of 227 MPa [26].
Figure 4 shows the tensile strength measurement of the
MgB2@MWCNT yarn at room temperature. The experiments revealed the tensile stress of the integrated yarn
composites at maximum load, was about 200 MPa. This
value is higher when compared with the transverse compressive stress of 160 MPa for the Fe-sheath PIT processed
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Tensile strength measurement of MgB2/MWCNT

MgB2 wire and comparable to internal Mg diffusion (IMD)
process MgB2 wire having 206 MPa compressive stress as
reported by Nishijima et al [28]. This tensile stress is also
higher than the Cu-sheath MgB2 wire as reported by
Kazumune et al [29]. The Young’s modulus of 1.27 GPa
proved that MgB2@MWCNT composite wire is stiffer than
single MgB2 wires. The lower percentage of extension leads
to the higher value of Young’s modulus.
Temperature dependence of the magnetization curve is
shown in figure 5. Zero-field-cooling (ZFC) and fieldcooling (FC) magnetization curves were measured in the
temperature range of 5–50 K using a magnetic field of
100 Oe. ZFC measurements were performed by cooling
down the sample from 300 to 5 K without applying any
magnetic field. After reaching 5 K, by applying a small
magnetic field of 100 Oe, the sample was heated up to 50
K, above the transition temperature, to obtain the ZFC
curve. FC curve was obtained by cooling down the
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sample from 50 to 5 K, while the magnetic field is
applied. The curves show that the superconducting transition temperature for twisted laminar MgB2@MWCNT
yarn is about 38 K (figure 5a), which is close to critical
temperature of 39 K for pure MgB2 powder after combustion (figure 5b). The slight decrease in the critical
temperature is due to the carbon doping effect within
MgB2 from the MWCNT yarn. It shows that MWCNT
yarn also acts as the carbon doping source for MgB2,
thus, additionally helping to increase the Jc of the wire
via scattering on C-dopants.
Figures 6a and b shows the hysteresis diagrams of twisted
laminar MgB2@MWCNT yarn and MgB2 powder, respectively. For both the cases, the maximum magnetic field of 2
T was applied, and the hysteresis measurement was performed for different temperatures. These typical hysteresis
loops display characteristic behaviour of type II superconductor which confirms that produced MgB2@MWCNT
samples retain type II superconducting behaviour. The
width between highest and lowest magnetization (M) values
for a given magnetic field of the hysteresis curve at the point
of expulsion of the magnetic field was used to calculate the
Jc of the produced superconducting composites. The comparison of figure 6a and b clearly shows that the width of the
hysteresis curve increases nearly 10 times in the case of
MgB2@MWCNT yarns in comparison to the pure MgB2
powders. Since the Jc depends on the width of the hysteresis
curve and grain size of the sample, it can be inferred from
the above diagram that the Jc in the case of MgB2@MWCNT is much higher than the pure MgB2. It is apparent
from the graphs that as a typical superconductive behaviour,
the width of the hysteresis loop decreases, while the temperature increases for both the cases. The width,
67 emu g-1, recorded for 5 K temperature was the highest
obtained and it gradually decreased to the lowest value of
25 emu g-1, when the temperature was at 25 K. This also
infers that the behaviour of the Jc of a typical

Figure 5. Temperature dependence magnetization curves of (a) twisted laminar superconducting composite
MgB2/MWCNT; and (b) MgB2 powder after combustion.
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Figure 7. Dependence of critical current density on temperature
for MgB2@MWCNT yarn.

Figure 6. Hysteresis curve of (a) twisted laminar MgB2/
MWCNT yarn and (b) MgB2 powder samples up to 20 kOe
(2 Tesla) at different temperatures.

superconductor, where Jc increases, while the temperature
decreases much below Tc. The Jc of the yarn is calculated
by using Bean’s model [30].
DM
;
d
DM ¼ M þ þ M  ;
Jc ¼ 20

where DM is the hysteresis of the magnetization per unit
volume (emu cm-3) and d the mean size of particles. The
average particle size of 1 lm for MgB2@MWCNT composite yarn, as confirmed by SEM analysis, was used in the
calculation. It shows the magnetization width of hysteresis
curves increases as the temperature decreases and hence, the
Jc at 5 K is higher as compared to the Jc at 25 K. Figure 7
shows the estimation of Jc values of MgB2@MWCNT yarn
using Bean’s formula. The Jc vs. temperature graph indicates
that the Jc increases with lowering the temperature. The
maximum Jc value obtained at 5 K was 3.39 9 107 A cm-2.
Similarly, the Jc values for 10, 15 and 20 K were calculated

to be 2.88 9 107, 2.36 9 107 and 1.85 9 107 A cm-2,
respectively. The minimum Jc value was estimated at 25 K
and it was 1.37 9 107 A cm-2. It should be noted that
obtained Jc values for MgB2@ MWCNT twist yarns were
well compared in comparison with the Jc values obtained by
using MgB2C2 with pure C as the carbon source dopant to
prepare carbon-doped MgB2 bulk by in situ process with
powders in closed-tube method [19], as well as compared to
doping/mixing of CNTs in different concentrations in MgB2
[18]. The enhancement of Jc in MgB2@MWCNT composites
may be attributed to the flux pinning capability of MWCNT
in MgB2 matrix and better grain connectivity [31,32]. There
is a strong experimental evidence of improvement in the flux
pinning behaviour through varieties of procedures including
high energy ion-irradiation [33], chemical doping by metallic
and non-metallic phases or nano particles [5,34,35]. A
number of experimental data also revealed that chemical
doping sufficient approach for increasing Jc of magnesium
diboride superconductors [36–40]. It was shown that in the
carbon-doped magnesium diboride, the carbon atoms substitute boron sites which strengthen the optical phonon mode
and inter-band scattering between the r- and p-bands
[41–45]. Carbon substitution is one of the most effective
methods to improve the low-upper critical field and irreversibility field because of the increased scattering by C
doping. The atomic replacement shifts the Fermi level and
enhances impurity scattering, thus increasing the upper critical field and introduces point defects which act as the pinning centres leading to the higher irreversibility field and Jc.
The MgB2@MWCNT composites, when properly optimized for better interconnectivity of MgB2 grains (as
demonstrated in reference [25]), can be potentially used for
fabricating superconducting magnet systems that can generate strong fields, e.g., to shield spacecrafts from cosmic
radiation for the long periods of time, since MWCNTs have
enhanced radiation stability.
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Conclusions

MgB2 embedded into MWCNT superconducting twisted
laminar yarns can be fabricated by an exothermic interaction of Mg and B powders inside the MWCNT yarn matrix
via the combustion reaction under argon environment. The
twisted yarn shows the superconducting transition at 38 K.
The use of MWCNT yarn increases the tensile strength and
Young’s modulus of superconducting MgB2/CNT composites as compared to the superconducting MgB2 wires
developed via conventional PIT method. The increase in Jc
proves that MgB2@MWCNT composite yarns have more
effective approach than just random CNT doping into bulk
MgB2. The maximum value of Jc = 3.39 9 107 A cm-2
was obtained for MgB2 embedded MWCNT twisted yarns.
The improved Jc and the strong mechanical and physical
properties of MWCNT can be combined in the form of
superconducting twisted composite yarns to produce lowcost high-performance commercial superconducting composite yarns wires for various high-power applications.
Scaling up of the fabrication of superconducting twisted
laminar yarns is possible using furnaces with controlled
inert atmosphere and associated heating rate replicating the
DSC conditions.
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