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Abstract

Polycrystalline NdBa,Cu;0,_; samples with O to 1.5 wt% carbon nanotubes (CNTs) addition have been synthesized via the
solid-state reaction method. The samples were examined by the four-point probe temperature-dependent electrical resistance,
critical current density and AC susceptibility measurements. X-ray diffraction (XRD) patterns showed that the addition of
CNTs did not change the orthorhombic structure of the samples and there was no systematic variation in the lattice param-
eters. CNTs addition increased the transition temperature with the highest onset transition temperature, T, ... =96 K for the
1 wt% added sample. The critical current density increased from 2600 mA/cm? for the pure NdBa,Cu;0,_; to 4960 mA/cm?
for the 1.0 wt% CNTs added sample. It is suggested that the grain boundaries improved with CNTs addition, and this plays
an important role in the electrical transport properties. Addition of CNTs enhanced the flux pinning and improved the grain
boundaries of high-temperature superconductors. The effect of CNTs on other cuprate high-temperature superconductors
has also been compared with these NdBa,Cu;0,_s samples.

Keywords Critical current density - Carbon nanoparticles - Transition temperature

1 Introduction

High-temperature superconductors (HTS) have highly ani-
sotropic layers in their structures and their critical current
density, J, depends on their microstructural properties such
as the grain boundaries and inter-grains connectivity. Many
researchers studied the enhancement of J_ via various meth-
ods including substitution or addition of various nanoma-
terials which is one of the most practical methods due to
its simplicity of implementation. Addition of nanomateri-
als improves the electric transport properties such as the
critical current density of HTS materials due to the better
connection of the grain boundaries and increasing of their
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flux pinning capacities [1-9]. It is found that nanomaterials
occupy the voids between the grains and affect the supercon-
ductivity by strong bonding mechanisms between the grains
boundaries. Such nanomaterials act as impurities without
changing the structure of HTS materials [10-13].

Besides, many researchers have studied on the addition
of carbon-based nanomaterials to enhance the properties
of HTS, especially for its critical current density. Recently,
carbon nanotubes (CNTs) have brought great interest to
researchers to enhance the J, of these HTS materials. It is
found that the addition of carbon nanotubes improves the
performance of YBa,Cu;0,_; where the critical current
density was reported to increase by 10 times [14, 15]. These
nanostructure phases behave as efficient trapping centers to
stop the flux motion. Subsequently, J, under applied mag-
netic field also increases. Without changing the structure
of the materials, adding the CNT forms electrical networks
between grains as shown in the scanning electron micro-
scope (SEM) image and improves the electric transport
properties between the grains [15]. CNTs can be useful in
enhancing the properties of the ceramic cuprate supercon-
ductors because they have lower density and larger surface
area, and larger surface-to-volume ratio [16].
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In view of the effectiveness of CNT and results on
YBa,Cu;0,_g, in this work, we report the effect of carbon
nanotubes addition on NdBa,Cu;0,_s (Nd123) superconduc-
tor. Nd123 is an interesting superconductor because it has a
wider solidification range and higher peritectic decomposi-
tion temperature than the widely studied YBa,Cu;0,_5[17,
18]. The orthorhombic-tetragonal (OT) transition occurs at
Oor~0.45 which is significantly different from YBa,Cu;0,_s
where 551~ 0.65. In this study, NdBa,Cu;0,_s bulk samples
were prepared with the addition of 0.5, 1.0 and 1.5 wt% of
CNTs via the solid-state reaction method. All samples were
prepared under the same condition and hence, any signifi-
cant variation in the result might not be due to the samples’
preparation method. The X-ray powder diffraction method
was used to identify the resultant phase. The microstruc-
ture was studied using a scanning electron microscope. The
effects of CNTs addition on the transport critical current
density in the sample were studied using standard DC four-
probe and AC susceptibility measurements.

1.1 Samples and experiments

NdBa,Cu;0, s+x wt% CNTs (x=0, 0.5, 1.0, and 1.5) poly-
crystalline samples were prepared by mixing appropriate
amounts of high purity (>99.99%) Nd,O5, BaCO;, CuO
and CNTs (>98% carbon basis from Sigma Aldrich, sin-
gle walled and diameter 3—5 nm) powders. The powders
were weighted in stoichiometric ratio. The mixed powders
were calcined in air at around 900 °C for 48 h with several
intermittent grindings and oven cooled. The powders were
then pressed into pellets with a diameter of around 13 mm
and 2 mm thickness by using 3 kPa pressure. The pellets
were sintered at 900 °C for another 24 h and oven cooled.
The samples were then annealed in flowing O, at 900 °C
and kept at this temperature for more than 10 h under an
oxygen atmosphere. The furnace temperature was decreased
to 500 °C with a slow ramp rate 1.5 °C/m followed by a
natural furnace cool to room temperature under an oxygen
atmosphere.

The phase of the samples was confirmed using the X-ray
diffraction method. The CuK, radiation using a Siemens
D5000 diffractometer was employed. The microstructure
and morphology were studied using a scanning electron
microscope from Philips (model XL 30). The DC electri-
cal resistance versus temperature was measured using the
four-probe method. The transport critical current density
was measured at 55 K (some of the samples have T .,
which is lower than 77 K) using the four-probe technique.
Susceptibility transition temperature was performed by AC
susceptometer from Cryo Industry model REF-1808-ACS.
The frequency of the AC signal was 295 Hz and the applied
magnetic field was H=5 Oe.
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2 Results and discussion

The NdBa,Cu;0,_s samples need oxygen flow to optimize
the oxygen content to achieve the superconducting state.
Powder X-ray diffraction patterns (Fig. 1) showed that all
samples are single-phase with the orthorhombic structure
and space group Pmmm. This showed that the addition of
CNT did not change nor enter the structure of the samples.
Furthermore, there was no significant correlation between
the addition of CNT with the lattice parameters. Scanning
electron micrographs for samples with 0.5 and 1.0% of
CNT addition are shown in Fig. 2. The micrographs did
not reveal any significant variation in the morphology of
the samples. Grain boundaries of the samples are well-
defined. The added CNTs occupied the voids between the
grains of the samples and there was no variation in lattice
parameters as observed from the XRD patterns.

Figure 3 shows the temperature-dependent normalized
electrical resistance of these polycrystalline samples.
The results showed that adding CNTs increased the onset
critical temperature, T, . (Table 1). Such behavior was
confirmed through the AC susceptibility measurement
(Fig. 4). However, the addition of CNT broadened the
width of the transition temperature, AT (T opeet = T¢ zero)
of the samples. We suggest that a high amount of CNTs
addition is beneficial to achieve higher T, ... but it may
also act as an impurity and reduce the complete supercon-
ducting state of the sample due to the high percentage of
CNTs addition. Increasing in T, . in the CNTs-added
samples could also be due to the improvement of crystal-
linity and structure of the samples. Figure 3 also revealed
the metallic normal state of the non-added NdBa,Cu;0 5
sample changed to semi-metallic normal state with the
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Fig. 1 X-ray powder diffraction patterns of NdBa,Cu;0,_s+x wt%
CNTs
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Fig.2 Scanning electron micrograph of NdBa,Cu;0,_; with a 0.5 wt% and b 1.0 wt% of CNTs added sample
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Fig. 3 Temperature-dependent electrical resistance of

NdBa,Cu;0;_5+x wt% CNTs samples

Table 1 Zero-resistance transition temperature (7, ,.), onset tran-
sition temperature (7 o), transition temperature (7,) and peak
temperature (7,) as measured by the AC susceptibility, 300 K elec-

increase of CNTs addition. This was also observed in the
YBa,Cu;0,_s added CNTs samples [19].

It is known that the resistivity in the normal state of HTS
depends on the porosity and grain boundary scattering in the
samples. In this study, the normal state resistivity at room
temperature increased with CNTs-added samples. It can be
explained by the decrease in the relaxation time due to the
greater number of defects and disorder. This is independent
of the homogeneity and oxygen content in the samples since
all the samples were prepared under identical condition.

The transition temperature of the samples as measured by
AC susceptibility was found to be consistent with the values
measured by the standard DC four-probe method (Fig. 4).
The sudden drop in the real part y’ of the complex suscepti-
bility (y=7x'+ix") was due to the diamagnetic shielding and
the peak temperature, 7, in the imaginary part of the suscep-
tibility x " represents AC losses. As the CNTs content was
increased, the peak temperature, T}, decreased for 0.5 and 1.0

trical resistivity, lattice parameters and critical current density of
NdBa,Cu;0;_5+x wt% CNTs samples

x (Wt%) T, onser (K) T, Jero K) T, (K) T, p (300 K) Lattice parameters J.at55 K
(K) (mQ cm) - - - (mA/cm?)
a(A) b (A) c(A)
0.0 85 60 86 83 4.87 3.8640 3.9160 11.7490 2600
0.5 92 77 92 75 5.51 3.8740 3.9186 11.7486 3820
1.0 96 76 96 76 6.36 3.8610 3.9178 11.7320 4960
1.5 91 58 92 82 6.32 3.8897 3.9113 11.7268 4630

The uncertainty in the transition temperatures is+ 1 K
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Fig.4 Temperature-dependent AC susceptibility of NdBa,Cu;0;_5+x

wt% CNTs samples
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T,, and J, versus CNTs content
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wt% addition. However, with further addition (1.5 wt%) T,
increased to 82 K (Fig. 4). Changes in the peak temperature
indicated that the pinning force was interrupted.

Adding 1.0 wt% CNTs, increased the critical current
density (at 55 K) from 2600 mA/cm? for the non-added
NdBa,Cu;0, 5 sample to 4960 mA/cm?. The increase in
J. may be due to the filling of the voids by CNTs, which
improved the electrical contacts between the grains. This is
similar to the CNTs added YBa,Cu;0,_s samples where J_
increased significantly [14, 15, 19]. However, further addi-
tion (1.5 wt%) of CNTs in our Nd123 samples showed a
decrease in J.. The changes in T s T, and J, with CNTs
contents are shown in Fig. 5. It can be seen that all three
parameters showed the maximum value for the sample that
was added with 1.0 wt% CNTs. Table 2 shows the varia-
tion of T, with various wt% of CNTs addition in some HTS
samples.

3 Conclusions

In this work, we found that adding CNTs, increased both
the transition temperature and critical current density of
NdBa,Cu;0;_; for up to 1.0 wt%. The normal state changes
from metallic to semi-metallic as the amount of CNTs
increases. Although the non-added NdBa,Cu;0,_; showed
the lowest normal state resistivity (highest carrier concen-
tration) at 300 K, it did not show the highest transition tem-
perature and critical current density. 1.0 wt% of CNTs was
observed as the optimum amount for the highest T, and J_.
This work showed that CNTs with judicious amount can
act as effective flux pinning centers and strengthen the con-
nection of the grains boundaries which led to the higher
J.. In view of the pronounced enhancement of J_ in the
NdBa,Cu;0,_s material, adding CNTs in other RBa,Cu;0; 5
type phase superconductors and other cuprate-based super-
conductors are suggested for future works.
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Table 2 Zero-resistance

transition temperature (7}, ,.,,) HTS wi% CNT T oner 19 T rero () Ref.
and onset trans.ition temperature NdBa,Cu;0,_; 1.0 96 76 This work
(C%%;e;)ai’lfpvl:?o“s HTS +xwi%  cymi223+ONT 40 - - [20]
CuTI1223 +CNT 0 112 102 [16]
1.0 109 101
7.0 111 97
GdBa,Cu;0;_s+SWCNT 0 89.89 76.75 21]
0.06 94.6 90.5
GdBa,Cu;0;_;+MWCNT 0.08 93.25 87.78
YBa,Cu,0,_;+CNT 0 95.3 91.4 [22]
0.1 95.5 91.7
1.0 95.4 82.0
MgB,+CNT 3 30.2 - [23]
0 41.65 39.31 [24]
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