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Abstract
In this research, we have deeply focused to investigate the effects of Niobium (Nb) substitution for the Ca site in the 
 Bi2Sr2Ca1−xNbxCu2O8+y superconductors with x = 0.00, 0.05, 0.10, 0.20, 0.30, and 0.40. The materials were synthesized 
via well-known solid state reaction method. We have performed X-ray diffraction (XRD), scanning electron microscopy 
(SEM), energy dispersive X-ray spectroscopy (EDX), and dc magnetization measurements in order to understand the effects 
of Nb-content. XRD results exhibit that the Bi-2212 phase is a major phase for pure sample. On the other hand, the volume 
fraction of Bi-2212 declines with increasing Nb substitution and relocates with low-Tc phase, namely Bi-2201. The maximum 
pinning force, FPmax, values of x = 0.05 and 0.10 Nb-substituted samples are improved in comparison to the pure sample. 
These values are found as 5.18 × 107 and 5.21 × 107 Oe A/cm2 at T = 10 K for x = 0.05 and 0.10 Nb-substituted sample, 
respectively, which are higher than the 4.92 × 107 Oe A/cm2 value of the pure sample.

1 Introduction

Shortly after the discovery of superconductivity was found 
in the bismuth family by Michel et al. [1, 2], Maeda reported 
in a subsequent study that the first cuprate family without 
rare earth elements have a Tc of over 110 K. [3]. Bi-based 
superconductor family has three members given a formula 
of  Bi2Sr2Can−1CunOx where n = 1, 2, 3. The critical tempera-
tures of Bi-2201, Bi-2212 and Bi-2223 phases are around 
20, 85, and 110 K, respectively. The production of super-
conducting materials in a single phase is vital for potential 
industrial applications. The Bi-2212 phase with Tc value of 
85 K which is above liquid nitrogen and has better stability 
comparison to Bi-2223 phase, is the most popular phase for 
possible applications such as tapes, superconducting wires, 
and thin films [4, 5]. In recent years, experimentalist have 
tried to improve the physical and superconducting proper-
ties of BSCCO system by using several methods [6–13]. 
Especially, one of the most useful methods to improve the 

physical properties is the substitution of some elements at 
different cationic sites. As it is well-known, these substitu-
tions cause very important variations in the carrier concen-
tration and also remove the restriction of spin alignment aris-
ing from the spin lattice interaction [14]. These important 
variations support to understanding the microstructural and 
superconducting properties along with the physical mecha-
nism of superconductivity [15–17]. In addition to chemical 
doping, the synthetic methods have been extensively investi-
gated by scientists to produce homogeneous and high quality 
samples. The Bi-based superconductors can be produced via 
conventional solid state technique [18] or with other routes 
such as sol–gel [19], and polymerization techniques [20]. 
These wet routes are focus on producing Bi-based supercon-
ductor powders with high purity and homogeneity. Finally, 
conventional solid state technique is still hot topic based on 
trying to produce bulk ceramic superconductors with better 
optimum conditions of doping, substituting and producing 
process.

In previous works, in order to obtain pure Bi-2223 phase 
high valency cations like Nb, Ti and V for Cu substituted 
have been studied [21, 22]. The purposes of this study are: 
(i) determining optimum contents of Nb into the Ca site of 
 Bi2Sr2Ca1−xNbxCu2O8+y system, (ii) exploring the micro 
structure and magnetic properties of the substituted systems 
(iii) evaluating the results depending on Nb content. Therefore, 
in this research, the variations of superconducting properties 
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induced from the Nb substitution for Ca have been deeply 
investigated via X-ray diffraction (XRD), scanning electron 
microscopy (SEM), electron dispersive X-ray (EDX), dc-mag-
netization and magnetic hysteresis techniques.

2  Experimental details

Bi2Sr2Ca1−xNbxCu2Oy bulk ceramics (x = 0.00, 0.05, 0.10, 
0.20, 0.30, and 0.40) were produced by well-known solid 
state reaction from the commercial powders of  Bi2O3 (Sigma-
Aldrich, 99.9%),  SrCO3 (Sigma-Aldrich, 98 +  %),  CaCO3 
(Sigma-Aldrich, ≥ 99%),  Nb2O5 (Sigma-Aldrich, 98 + %), and 
CuO (Sigma-Aldrich, 99%). The powders were firstly weighed 
in the appropriate proportions, and then mixed and milled in 
an agate mortar. For calcination, two steps heat treatment was 
performed on powders at 750 and 800 °C for 24 h with an 
intermediate manual milling. Finally, the prereacted homoge-
neous powders were pressed into pellets with 13 mm in diame-
ter by applying a pressure of 350 MPa. On the other hand, as it 
is well-known, Bi-2212 ceramics show the presence of several 
secondary phases formed by their characteristic incongruent 
melting. As a consequence, a thermal treatment is necessary 
to obtain the superconducting phase after the calcination pro-
cess. This annealing process was performed in a tubular fur-
nace under air atmosphere and consisted in two steps: 60 h at 
860 °C in order to form the Bi-2212 phase, followed by 12 h 
at 800 °C to adjust the oxygen content and, finally, quenched 
in air to room temperature.

In order to identify the present phases, powder X-ray 
diffraction patterns of the samples were measured at room 
temperature using a Rigaku D/max-B powder diffractometer 
system working with CuKα radiation and a constant scan 
rate between 2θ = 5°–80°. The uncertainty of the crystal lat-
tice parameters calculation remained in the ± 0.0001 range. 
By using the least squares method, the lattice parameters of 
all samples were calculated from d values and (hkl) param-
eters. SEM micrographs of all samples were taken using 
a LEO Evo-40 VPX scanning electron microscope (SEM) 
fitted with an energy dispersive x-ray spectroscopy (EDX) 
analysis system. All SEM micrographs have been taken from 
backscattered mode from transversal sections. The magnetic 
hysteresis measurements of samples were performed at 10, 
15 and 20 K under ± 10 kOe applied field, and M(T) meas-
urement was obtained under 50 Oe applied field in ZFC 
mode with a 7304 model Lake Shore VSM.

3  Results and discussion

3.1  XRD characterization

In Fig. 1, the normalized powder XRD patterns are dis-
played. This graph exhibits that the major phase in pure 

sample is Bi-2212 one. By increasing Nb-content, the 
volume fraction of Bi-2201 phase is starting gradually to 
increase. Besides, small amounts of  CuNb2O6 (labeled by 
o) non-superconducting phase (ICSD Catalog Number: 
01-083-0369) were detected after 0.10Nb content. The 
crystal symmetry of all samples was determined as pseudo 
tetragonal. The lattice parameters were calculated by using 
the least squares method and tabulated in Table 1.

For obtaining more information about the crystal struc-
ture, we have used the Debye Scherer formula [23] given as:

where λ is wavelength, β is the full width at half maximum 
and θ is the angle of the peak. The maximum average crystal 
size was found as 407 Å for 0.20Nb substituted sample. All 
these data are in agreement with the literature found for dif-
ferent substitutions [24, 25].

3.2  SEM and EDX analysis

Figure 2 shows the surface morphologies of all bulk samples 
consisting of typical grains of BSCCO system, align ran-
domly. It can clearly be seen that after 0.10Nb substitution, 
the general structure has composed by oriented grains along 
a-b plane due to partial melting caused by more amount 
of Nb. In addition, some sand-like regions have observed 
in main matrix of 0.30Nb and 0.40Nb substituted samples. 
According to EDX results of 0.40Nb sample displayed in 
Fig. 3, these structures correspond to the Sr + Nb rich phase.

(1)L
hkl

=
0.9 �

� cos �

Fig. 1  XRD patterns of the all samples. Peaks corresponding to the 
Bi-2212, Bi-2201, and  CuNb2O6 phases are indicated by plus, aster-
isk, and open circle respectively
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3.3  Magnetic properties

The temperature dependence of zero field cooled (ZFC) 
magnetization which gives intragrain Tc values with the 
currents circulating inside the grains due to the weak links 
between grains was obtained for all samples and exhibited in 
Fig. 4. The M-T data show that pure and 0.05Nb substituted 
sample have a same TC value of 83.8 K, and then the criti-
cal transition temperature decreases with increasing of Nb 
content. This lowering in transition temperature arises from 
increasing in volume fraction of Bi- 2201 phase as seen in 
XRD data causing by more Nb content.

The initial (virgin) curves of dc magnetizations versus mag-
netic fields, between 0 and 10 kOe, at 10 K have been meas-
ured and given in Fig. 5. Such a kind of experiment is very 

Table 1  Tc values deduced from 
the dc M–T measurement data, 
unit cell parameters, crystal size 
and maximum pinning force of 
samples

Concentration x Tc (K) Unit-cell 
parameter
a = b (Å)

Unit-cell parameter
c (Å)

Crystal size
Lhkl (Å)

Fpmax at 10 K
(Oe A/cm2)  107

x = 0.00 83.8 5.4180 30.8028 365 4.92
x = 0.05 83.8 5.3990 30.7587 346 5.18
x = 0.10 83.4 5.3830 30.8150 374 5.21
x = 0.20 81.3 5.3705 30.8183 407 3.06
x = 0.30 78.8 5.3736 30.7160 398 2.16
x = 0.40 76.0 5.3925 30.8245 346 1.59

Fig. 2  SEM micrographs of the  Bi2Sr2Ca1−xNbxCu2Oy samples with 
x = a 0.00, b 0.05, c 0.10, d 0.20, e 0.30, and f 0.40

Fig. 3  SEM micrograph and EDX results performed on 
 Bi2Sr2Ca0.6Nb0.4Cu2Oy (x = 0.40) sample

Fig. 4  Magnetization versus temperature for the different Nb-content



12786 Journal of Materials Science: Materials in Electronics (2019) 30:12783–12789

1 3

attractive tool to obtain more information about Meissner and 
vortex regions divided by the critical applied field HC1. The 
applied field values below and above HC1 mean Meissner and 
Abrikosov vortex regions, respectively. HC1 values of 0.05, 
0.10, and 0.20Nb substituted samples, exhibited in Fig. 5 are 
relatively higher than pure sample, except for 0.30 and 0.40Nb 
substitutions. The highest HC1 value was found as 1185 Oe for 
0.10Nb sample.

The magnetic hysteresis loops of all samples were 
obtained at 10 K between applied fields of ± 10 kOe and are 
shown in Fig. 6. These hysteresis curves show that the 0.05 
and 0.10Nb substituted samples have wider loops than pure 
sample implying an improved intragranular structure induced 
by Nb. After 0.10Nb content, the hysteresis loops get gradu-
ally narrow for higher Nb-content. In addition, an extended 
measurement was performed on 0.05 and 0.10Nb samples in 
order to obtain the temperature dependent hysteresis loops 
at 10, 15, and 20 K. The results are given in Fig. 7. It can 
be seen that the applied field penetration becomes difficult 
due to the pinning effect at 10 K, later on the applied field 
begins to permeate into intragranular texture of materials 
with increasing temperature resulting in thermally activated 
flux flow (TAFF) effect.

3.4  Critical current density calculation

From magnetic hysteresis loops, the intragranular critical cur-
rent density Jc values of the samples were calculated using the 
Bean’s model [26];

(2)
J
c
=

60a|ΔM|

b(3a − b)

where JC is known as the critical current density in Ampéres 
per square centimeter of a sample. ΔM = M+ − M− is meas-
ured in electromagnetic units per cubic centimeter, a and 
b are the length of the sample plane perpendicular to the 
applied magnetic field. By using M–H loops, the calculated 
magnetic critical current density (Jc) values are plotted in 
Fig. 8. According to comparable JC values, Nb substitution 
to Bi- 2212 phase does not make significant change on pin-
ning mechanism resisting the flux creep. Only x = 0.05 and 
0.10 Nb-substituted samples have shown better performance 
than pure samples. But the field dependence of these sam-
ples is seen to be higher than pure one’s. The maximum 
critical current density was calculated as 1.7 × 104 A/cm2 for 
x = 0.05 sample. This value is almost at the same magnitude 
with the Vanadium substituted sample [25], but it is lower 
than the samples prepared different routes [13, 24].

3.5  Pinning mechanism

To understand the nature of vortex pinning mechanism, the 
pinning forces were calculated by using FP = Jc × μμ0H equa-
tion [27]. For all samples, at 10 K, the calculated pinning 
force, FP(H), values were presented in Fig. 9a, and maxi-
mum pinning force values tabulated in Table 1. In general, 
the calculated pinning force value increased rapidly for low 
applied magnetic field values, and then it decreases suddenly 
after magnetic field of 9 kOe for all samples. The FPmax 
values of 0.05 and 0.10Nb substituted samples are higher 
than the value of pure sample. The maximum pinning force 
was calculated as 5.21 × 107 Oe A/cm2 for 0.10Nb sample. 
This value is slightly the same with the maximum pinning 
force calculated for 0.05 V sample [25]. The reduced pin-
ning force FP/FPmax versus reduced magnetic field B/Birr is 
given in Fig. 9b. The same behavior of all samples indicated 

Fig. 5  Magnetization versus applied field (initial curve) for the differ-
ent Nb-content

Fig. 6  M–H loops for all samples measured at 10 K
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that a kind of vortex pinning mechanism is identical for all 
samples. Moreover, comparative FP versus B and FP/FPmax 
versus B/Birr results of 0.05 and 0.10Nb substituted samples 
for different temperature were given in Fig. 10. For both 
samples, pinning force value decreases with increasing of 
temperature from 10 to 20 K. Furthermore, FPmax values 
of these samples have decreased by around 75% due to the 
thermally activated flux flow (TAFF) effect.

4  Conclusions

In this study,  Bi2Sr2Ca1−xNbxCu2O8+y bulk ceramics with 
x = 0.00, 0.05, 0.10, 0.20, 0.30, and 0.40 were synthe-
sized by using well-known classical solid state method 
and investigated by XRD, SEM, M–T, M–H JC–H and 
estimated vortex pinning force to obtain the optimum 
substitution value of niobium. The results have indicated 

Fig. 7  M–H loops at 10, 15, and 20 K for the sample: a x = 0.05, b x = 0.10

Fig. 8  Calculated critical current densities, Jc, of the samples, as a 
function of the applied magnetic field, at 10 K

Fig. 9  a Pinning force versus applied field. b Reduced pinning force versus reduced applied field, for the different Nb-content, at 10 K
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that Nb substitution have not significantly modified the 
superconducting properties of samples, while structural 
decomposition has increased with more Nb content. It has 
been found that the increase on Nb content has produced 
an increment of Jc values up to x = 0.1Nb by employing 
the critical Bean model. The maximum critical current 
density has been calculated as 1.7 × 104 A/cm2 for x = 0.05 
and 0.10 samples. The pinning mechanism by using exper-
imental data has also theoretically investigated. The results 
have indicated that the pinning centers in the all samples 
present a normal point pinning nature and the maximum 
pinning force has been calculated as 5.21 × 107 Oe A/cm2 
for 0.10Nb sample. All these results clearly point out the 
effect of high temperatures, under air, on the ability of Nb 
to raise physical properties.

Finally, it may be argued that we have observed a sig-
nificant improvement in JC and FPmax values of 0.05Nb 
and 0.10Nb samples.
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