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The effects of graphene (G) and nanosilicon carbide (SiC) co-doping on the superconducting properties of MgB, were studied
using bulk samples. SiC remains one of the best dopants which can significantly improve the high field performance, while graphene
is emerging as a new dopant for MgB,, which can improve the zero field critical current density (J..). The superconducting properties
characterized by J., the intergrain connectivity, and the critical fields were significantly improved by the use of both SiC and graph-

ene as dopants.

© 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Due to the high critical temperature (7,) of 40 K,
intrinsically “weak link” free grain boundaries, and low
fabrication cost MgB; is believed to be promising to re-
place conventional low 7. superconductors in many
cryogen-free applications, such as magnetic resonance
imaging, cavities, flying wheels, high field magnets, etc.
For practical applications that require carrying large
supercurrents in the presence of a magnetic field
improvements in the critical current density (J.) have
been the key research topic for MgB,. So far extensive
research has been undertaken to enhance the supercon-
ducting properties, such as the critical current density
(Jo), upper critical field (H.) and irreversibility field
(Hir)- A significant improvement in J. field dependence
is one of the most important factors permitting its usage
in industrial applications. Chemical doping has been
identified as the simplest and cheapest way to improve
the electronic structures of superconductors and their
superconducting properties. In particular, carbon-con-
taining dopants, including silicon carbide (SiC), nano-
carbon, carbon nanotubes (CNTs), hydrocarbon/
carbohydrate composites, graphite and graphene are
effective means to improve the J. field dependence and
Hc2 [179]

Among all the dopants SiC appears to be the most
effective, resulting in a high density of micro-structural
defects, favouring superior improvements in the super-
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conducting properties compared with other carbon or
carbon-based dopants [1]. However, as in many carbon
dopants, SiC also has an adverse effect on J; in the low
field region. On the other hand, graphene is a dopant
which can improve J; in the low field region, through
improved inter-grain connectivity [8-10]. In this work
we report success with a significant improvement in J,
in both low and high fields in MgB, with co-doping of
graphene and nano-SiC. Our finding paves the way for
MgB, to be useful in both high and low field
applications.

Graphene and SiC co-doped bulk samples were pre-
pared via a diffusion method from crystalline boron
powder (99.999% pure, 0.2-2.4 um), Mg powder (99%
pure, 352 mesh), SiC (99% pure, <30 nm) and highly re-
duced chemically converted graphene (rCCG) as precur-
sors. The detailed chemical synthesis of rCCG has been
described in a previous work [9]. Initially boron and
graphene powders were mixed at a weight ratio of
MgB,:graphene:SiC equal to 1:0.025:x, where x =0, 5,
or 7.5 wt.% SiC. The weight ratio of graphene was kept
constant at 2.5 wt.% for co-doped samples, as this gave
the optimum results in a previous work [8]. Powders
were then pressed into pellets 13 mm in diameter and in-
serted into a soft iron tube at a stoichiometric ratio of
Mg to B, plus excess Mg to compensate for the loss of
Mg during sintering. The samples were sintered at
800 °C for 10 h in a quartz tube at a heating rate of
5°Cmin~" in high purity argon gas (99.9% Ar). The
phase identification and crystal structure investigations
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were carried out using an X-ray diffractometer
(GBCMMA) with Cu K, radiation (A = 1.54059 A). A
JEOL JSM-7500FA field emission scanning electron
microscope equipped with an ultra-thin window
(UTW) JEOL hyper-minicup energy dispersive spec-
trometer was used for scanning electron microscopy
(SEM) analysis. Transmission electron microscopy
(TEM) was performed on powders using a JEOL 2011
200 keV analytical instrument. The superconducting
transition temperature 7. was determined from the a.c.
susceptibility measurements, and the magnetic J. value
was derived from the width of the magnetization loop
using Bean’s model [11] using a physical properties mea-
surement system. The resistivity measurements were
conducted using the standard d.c. four probe technique
under magnetic fields up to 13 T. The upper critical field
(Hg) and the irreversibility field (H;,,) were determined
using the 90% and 10% criteria of R(T) for different ap-
plied fields, where R(T) is the normal state resistance
near 40 K. The active cross-section (4g) was calculated
from the resistivity p from Rowell’s model [12].
According to the XRD patterns (Fig. 1a) the domi-
nant phase within all the samples was MgB,. As the
SiC doping level increased Mg,Si and unreacted SiC
peaks can be seen with more pronounced peak intensi-
ties [13]. Figure 1b—f shows the field emission scanning
electron microscopy (FESEM) backscattered images
for doped and co-doped samples. There are four distinct
grey scale intensities present in the images, with the
backscattered images showing increasing brightness
with atomic number. Region 1 is the darkest phase, indi-
cating that it has the lowest relative atomic number.
This phase is present at all levels of doping, and in-
creases with the amount of SiC and graphene doping.
EDS analysis confirmed the presence of Mg and B only
in this phase (B-rich phase). Region 2 shows a lighter
grey scale than region 1, indicating a higher relative
atomic number. EDS confirmed the presence of Mg
and B only, however with a higher Mg:B ratio being

Intensity (arb. units)

responsible for the increased grey scale intensity. The
area fraction of region 2 increases with the doping level
and always shows a higher area fraction than region 1.
Region 3 is the most prominent phase in all samples,
however, the relative amount decreases with the level
of doping. EDS analysis of this area confirmed the pres-
ence of Mg, B, C, O and Si. Region 4 shows the brightest
grey scale level, indicating that this phase has the highest
relative atomic mass. EDS analysis confirmed the pres-
ence of Mg, B, C, O and Si, with significantly higher
Si and O concentrations. The relative amount of this
phase increased with the level of SiC doping. From the
above observations it is clear that the addition of SiC
contributes to the formation of Mg,Si and B-rich
phases, which has a favourable effect on improving flux
pinning due to the formation of normal superconducting
interfaces [14]. Figure 1d, is an enlarged view of the area
circled in Figure le, which reveals the fine distribution of
region 4 in the main MgB, matrix.

Preliminary TEM investigations were performed on
powders prepared by the gentle grinding of bulk samples
followed by deposition onto holey carbon support films.
Here a 5 wt.% SiC co-doped sample was selected, due to
the excellent J, performance in low fields. While further
investigation of sectioned bulk samples is required to
fully characterise the distributions of minor phases,
including Mg,Si, MgO and unreacted SiC, the TEM
investigations revealed that MgB, in the co-doped sam-
ples contained large concentrations of defects, typical of
carbon-doped specimens. Furthermore, excess carbon
was also present, both in the form of graphene or graph-
ite and amorphous carbon. The TEM results obtained
from the co-doped sample containing 5 wt.% SiC are
shown in Figure 2. In the low magnification bright field
image (Fig. 2a) the large circled area contains both
MgB,, confirmed by the electron diffraction pattern ob-
tained from the large circled region, and either graphene
or a graphitic decomposition product of the original
graphene additive, as indicated by the diffraction spots

2143

Figure 1. (a) X-ray diffraction patterns of the undoped, SiC-doped and co-doped MgB, bulk samples. FESEM images of: (b) 5% SiC doped, (c) co-
doped 5% SiC, (e) 7.5% SiC-doped, and (f) co-doped 7.5% SiC MgB, bulk samples. (d) Enlarged view of the area marked in (e).
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Figure 2. TEM images obtained from the 5% SiC-graphene co-doped
samples. (a) A low magnification TEM image with theindicated
selected area electron diffraction patterns obtained from the region
believed to contain graphene or graphite plus MgB,. (b) Bright filed
contrast from MgB,, indicating high defect densities. (c) High
magnification contrast indicating the presence of significant amounts
of amorphous carbon (taken from the region over a hole in the TEM
support film).

associated with the small circled region. Contrast from
the MgB, regions revealed high densities of lattice de-
fects and fringes (Fig. 2b), which is characteristic of
graphene-doped MgB, samples. These nanosized inclu-
sions and lattice defects can serve as strong pinning cen-
tres to improve flux pinning. Further TEM
investigations are required in order to distinguish the
relative effects of carbon associated with graphene dop-
ing and carbon associated with SiC decomposition on
both the MgB, defect structures and final microstruc-
tures of these samples. Figure 2c shows a different region
of the sample, located over a hole in the sample support
film. Contrast from amorphous carbon is indicated by
the arrow (also confirmed by energy dispersive
spectroscopy).

The critical temperature and the temperature depen-
dence of the resistivity for all samples were analysed
and are summarized in Table 1. It should be noted that
the reduction in 7, due to SiC doping and co-doping at
the 5 wt.% level is not significant. However, further in-
creases in SiC doping level lead to higher levels of impu-
rity phases associated with Mg,Si and unreacted SiC.
Dopant incorporation into the MgB, structure in the
form of substitution of boron by carbon or the presence
of additional impurities is believed to be responsible for
the considerable observed drop in T [15].

The samples with 5 wt.% SiC doping and co-doping
showed very low resistivity values, similar to the resistiv-
ity of the undoped sample, however, on increasing the
SiC doping level a rapid increase in resistivity was ob-
served. The active cross-sectional area (Ag) value of
the co-doped sample with 5 wt.% SiC showed a signifi-
cant improvement over the other samples. Although it
is not yet fully understood, improvements in grain to

Table 1. Critical temperature (7), resistivity at 40 and 300 K, residual
resistivity ratio (RRR), and active cross-section (Ar) of undoped, SiC-
doped and co-doped MgB, bulk samples.

SiC doping level (wt.%) T, (K) p (nQ cm) RRR A4g
300K 40K

0 38.87 46.65 12.74 3.65 0.126

5 38.13 4020 12.80 3.14 0.157

5+G 38.12  38.18 1240 3.07 0.167

7.5 36.10 83.66 52.12 1.60 0.136

7.5+ G 3560 87.00 52.00 1.67 0.122

grain connectivity were observed as one of the main ben-
efits gained through graphene doping on MgB, [8,9].
This may be due to the presence of remaining graphene
or graphitic decomposition products, as is evident in the
TEM analysis, which could reside between grains,
resulting in greater connectivity [9]. According to Rowel
[12] factors such as porosity, density and the presence of
impurities in the grains or on the grain boundaries need
to be considered, as some factors affect the inter-grain
connectivity while others affect the resistivity of the
grains themselves, which ultimately affects the resistivity
of the sample. Carbon substitution at boron sites in-
creases the resistivity due to increased electron scattering
and disorder. Doped and co-doped samples containing
Swt.% SiC show better homogeneity, compared with
7.5 wt.% SiC-doped and co-doped samples, due to the
low levels of secondary phases such as Mg,Si and unre-
acted SiC, which reflect better grain connectivity, as is
evident from the XRD analysis, FESEM images and
A values. However, with increasing doping level higher
resistivities were observed in the doped samples, due to
both inferior grain connectivity and the higher carbon
substitution. The presence of non-superconducting
phases such as Mg;Si and SiC leads to a shortened elec-
tron mean free path /, resulting in a reduced coherence
length ¢ according to the equation 1/e = 1/I1+ 1/¢g, [16].
The residual resistivity ratio (RRR) gives a clue to the
reduction in crystallinity or increased disorder, therefore
decreased values of RRR for the doped samples com-
pared with the undoped ones reflects the effect of doping
on the disorder of the samples [17].

Figure 3 shows the in-field J. performance at 5 and
20 K for undoped, SiC-doped and co-doped bulk sam-
ples of MgB,. The J. curves for the co-doped samples
show a significant improvement over the undoped and
doped samples at both 5 and 20 K. In a zero field
(20 K) the sample co-doped with graphene and 5 wt.%
SiC showed a quite high critical current density value
of 5.77 x 10° A cm 2, and showed a 40% improvement
compared with the undoped sample. It should be noted
that the reduction in 7, for this sample was less than
1 K, compared with the undoped sample. The enhance-
ment in J. in a zero field can mainly be attributed to
good connectivity. According to the resistivity analysis
this sample exhibits the highest value of Af, indicating
an excellent grain to grain connectivity. The sample
co-doped with graphene and 7.5 wt.% SiC shows a
remarkable value of J,, 2.08 x 10* A cm 2 at 5K and
8 T, which is similar to the highest J. ever reported for
bulk samples [6]. This is a nearly 46 times improvement
compared with the undoped sample. The high level of
carbon substitution at boron sites and the presence of
a nano-sized Mg,Si impurity phase significantly im-
proved J in high fields, by enhancing H., and flux pin-
ning (see Fig. 1d).

The temperature dependence of the upper critical
(Hc) and irreversibility (H;,,) fields are shown in the
Figure 4. It can be seen that both H., and H;,, increased
dramatically in all doped samples, compared with the
undoped samples. The highest improvement in critical
field was observed in the co-doped sample with
7.5 wt.% SiC. Such an improvement in the critical field
was gained due to several reasons, such as (i) C substitu-
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Figure 3. In-field J, performance at 20 K for undoped, SiC-doped and
co-doped MgB, bulk samples. (Inset) The same at SK on a
logarithmic scale.
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Figure 4. Normalized temperature dependence of the upper critical
field H,, for undoped, SiC-doped and co-doped MgB, bulk samples.
(Inset) Normalized temperature dependence of the irreversibility field
H;,. of the same samples.

tion for B sites, which results in an increase in intraband
scattering, (ii) the formation of nano-domain structure,
and (iii) the formation of a Mg,Si impurity phase [18].

The effects of co-doping with graphene and nano-SiC
with MgB, were systematically investigated. A signifi-
cant improvement in critical current density in low fields
was observed in the sample co-doped with graphene and
Swt.% SiC, with only a small depression in 7,. This
indicates that inter-grain connectivity was the dominant
factor governing the performance of J. in zero fields,
while high H., and flux pinning govern the J. perfor-
mance in high fields in graphene and nano-SiC with
MgB, bulk samples. By combining the advantages of
strong flux pinning with SiC doping and good connec-
tivity with grapheme doping co-doping is a novel ap-

proach that can be wused to improve the
superconducting properties in both low and high fields.
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