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Abstract In this work, the effects of Nb,O5 addition with
different ratios on the structural and magnetic properties of
Bi; 7_xPbg 3NbxSr,Ca,Cuz0y (x = 0.00-0.20) supercon-
ducting samples were investigated. (Bi, Pb)-2223 super-
conducting samples were prepared by conventional solid-
state reaction method. The phase formation, phase fraction
and lattice parameters were determined from X-ray powder
diffraction (XRD) measurements, the microstructure, sur-
face morphology analyses of the samples were carried out
using scanning electron microscope (SEM). Additionally, ac
susceptibility measurements were done in order to determine
the critical current density (J.) and hole concentration (p) of
the samples. AC susceptibility measurements were done at
various ac fields (ranging from 20 to 160 A/m) to under-
stand the effect of Nb addition on magnetic properties of
Bi; 7_xPbg 3Nb,Sr,Ca;Cus0, superconductor. Critical onset
(TS" and loss peak temperatures (Tp) were estimated from
the ac susceptibility curves. It was observed from ac sus-
ceptibility measurements that the critical onset temperatures
decreased from about 108-98 K with increasing Nb addition
(x = 0.00-0.20). The imaginary part of susceptibility was
used to calculate the intergranular critical current density (J.)
by means of the Bean’s model. X-ray diffraction analysis
revealed that the samples consisted of a mixture of Bi-2223
and Bi-2212 phases as the major constituents and non-
superconducting phase Ca,PbO, as the minor. It was also
shown from XRD measurements that volume fraction of
high-T. phase decreases with increasing Nb addition up to
x = 0.20. The sample with Nb addition of x = 0.20 showed
the highest volume fraction of Bi-2223 phase (86 %). When
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Nb addition was increased, the surface morphology and grain
connectivity are found to degrade, the grain sizes decrease
and porosity of the samples were observed to increase from
SEM images except the sample with x = 0.20 Nb addition.

1 Introduction

Since the discovery of Bi-based superconductor ceramics,
researchers have tried to improve their structural, magnetic
and superconducting properties by using several techniques
[1-7]. Superconductivity in the BSCCO system has been
studied extensively because of their remarkable smaller
power losses, high current and magnetic field carrying
capacity and electronic properties. On the other hand, Bi-
based superconductor application has major limitations such
as intergrain weak links and weak flux pinning capability [8].

There have been several studies by substitution or
addition of materials on the BSCCO system to improve the
superconducting and magnetic properties [1-4]. Phase
formation and physical properties in Bi-based system can
be changed by substitution or addition of elements having
different ionic radii and different bonding characters and
also adjusting preparation conditions affect the properties
in the system. The enhancement or destruction of the
superconducting properties depends on the characteristics
of the dopant in the crystal structure [9].

The general formula for Bi-based HTSCs can be stated
as Bi,Sr,Ca,,_;Cu,0,, 4 in which n can take (n = 1, 2, 3)
values for the different number of Cu-O planes perpen-
dicular to the c-axis. The phases are usually stated by the
atomic ratio of the constituent elements of Bi:Sr:Ca:Cu as
Bi-2201, Bi-2212, Bi-2223 for n = 1, 2, 3 referring to the
number of CuO, layers and incorporate the 20, 95 and
110 K superconducting phases, respectively [10].
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Some controversial works about the effect of Nb on the
formation of Bi-2223 phase and other superconducting
parameters of BSCCO are also reported in the literature.
Mishra et al. reported that both the high-T, phase fraction and
T, decreases as the Nb concentration increases, being inde-
pendent of the doping sites in a Pb-included BSCCO super-
conductor. Previous studies about the effects of Nb
substitution on properties of BSCCO reported that T,
decreases with increasing Nb concentration in both Bi and Cu-
sites. Some other studies have reported that Nb remains neu-
tral in the superconducting lattice and have minimal effects on
the properties [11]. In their study, Sozeri et al. reported that Nb
addition enhances the high-T, 2223 phase formation and
improves the critical parameters T, and J.. It was also
observed that Nb addition in very poor amount does not
enhance the formation of Bi-2223, but improves intergrain
connectivity which results in better superconducting proper-
ties of BSCCO systems [12]. Accordingly, critical current
density is enhanced with Nb addition which is the most
important feature [13]. Nasu et al. observed that T, increased
as Nb addition increased, resulting from the increase of the
volume fraction of the high T, phase. The microstructure is
also influenced by Nb addition and grain size becomes smaller
as Nb content becomes higher [14]. Similar to our study, Jafari
et al. has found that Nb substitution increases the volume
fraction of Bi-2223 phase and normal-state resistivity of Bi-
based superconductors from XRD and R-T measurements. It
was concluded that the Nb substitution decreases the flux
pinning energy in line with our findings [15].

The ac susceptibility measurements provide useful
information on bulk magnetic susceptibility which has a
real (') and imaginary part (y”) and have been used in
characterization of the high-temperature superconductors
[16]. The sharp decrease in the real part below the critical
temperature T, is an indicator of diamagnetic shielding and
the peak in the imaginary part represents the ac losses [17].
The real part of ac susceptibility, (y') show two drops as
the temperature is lowered below onset of diamagnetic
transition. The first sharp drop is due to the transition
within grains and the second gradual change is due to the
occurrence of superconducting coupling between grains.
Under an external magnetic field, the imaginary part of ac
susceptibility, (y”) for the type II superconductors can
show two peaks, if the external field is above a critical
value. This phenomenon is believed to be due to intergrain
and intragrain related effects, by using this, the intergrain
and intragrain critical current density can be calculated [18,
19]. The main factors reducing the critical current density
in HTSC are grain boundaries and poor flux pinning [20].
The low values of the grain boundary critical current
densities in polycrystalline samples are a significant prob-
lem for large-current applications, for which the enhance-
ments of critical current density is a key issue.

@ Springer

In this work, the effects of Nb addition on the micro-
structure and transport properties of Bij;_Pbg3Nb,Sr,.
Ca,Cu30y ceramics by using X-ray analysis (XRD),
scanning electron microscopy (SEM) are reported. Mag-
netic and superconducting properties of Nb addition sam-
ples are also studied using ac susceptibility measurements.
It is observed that the transition temperatures decrease as
the Nb addition increases. Moreover, the surface mor-
phology and grain connectivity are found to become poorer
and the grain sizes of the samples are observed to decrease
with increasing Nb addition up to x = 0.20.

2 Experimental details

Superconducting samples with chemical composition
Bi; 7_xPbg 3Nb,Sr,Ca,Cus0, (x = 0.00, 0.05, 0.10, 0.15
0.20) were prepared by solid state reaction method. The
samples are labeled as Nb0O, Nbl, Nb2, Nb3 and Nb4,
respectively. Appropriate amounts of Bi,Os3, PbO, SrCOs,
CaCO3, CuO and Nb,Os, all of high purity (99.99 %) were
mixed, ground and then calcinated at 800 °C for 20 h. The
powder mixture was again calcined at 800 °C for 20 h in air
after a second intermediate grinding. The final product after
calcinations was grounded once more. Then, these powders
were pressed under 450 MPa pressure using a press
machine (Graseby Specac) to form them into pellets 13 mm
in diameter and 1.5 mm thick. The prepared pellets were
finally sintered at 845 °C for 120 h in air. The pellets were
cooled in furnace up to room temperature after each cycle.

X-ray powder diffraction powder patterns were used to
determine structure and fractions of high and low T, pha-
ses. X-ray diffraction data were taken using CuK,, radiation
(CuK, radiation, A =0.154 06 nm) in the range
20 = 3-60°. The ac susceptibility measurements on the
samples were performed using a home-made susceptometer
and a lock-in amplifier (MODEL SR830 DSP Lock-in
Amplifier). The sample was mounted such that its length
was along the direction of the magnetic field. The tem-
perature variation was enhanced using a closed cycle
helium cryostat equipped with a temperature controller. AC
field amplitudes of 20, 40, 80 and 160 A/m were used and
frequency was fixed at 1,000 Hz. Susceptibility data taken
from lock-in amplifier were recorded by using the Labview
computer software.

3 Results and discussion
3.1 XRD studies

The results of XRD measurement patterns for samples
NbO, Nbl, Nb2, Nb3 and Nb4, respectively are shown in
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the Fig. 1. As seen from Fig. 1, the samples consist of a
mixture of low-T. (2212), high-T. (2223) phases as the
major constituents and non-superconducting phase Ca,.
PbO, as the minor. The (Bi, Pb)-2223 phase is called high-
T. phase and their peaks are presented by H (hkl) and (Bi,
Pb)-2212 phase is called low-T, phase and their peaks are
presented by L (hkl). The peaks of Ca,PbO, phase are
indicated by Ca,PbOy,. The first peak H002, at 20 ~4.7°,
corresponds to (Bi, Pb)-2223 phase whereas the second
peak 1002, at 20 ~5.7°, corresponds to (Bi, Pb)-2212

Nb4
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phase. The first peak intensity decreases while the second
peak intensity increases with Nb addition up to x = 0.20.

Additionally, these results do not show the presence of
Nb,Os in XRD patterns, that is, Nb may take a position in
the interstitial or substitutional site thereby becoming part
of the lattice. In our doped samples, Bi may be replaced
with Nb atoms since the ionic radii of Nb (0.70 10%) is close
to Bi (0.74 A). When samples are calcined at a temperature
higher than the melting point of Bi,O3 (818 °C), some of
the Bi atoms are lost, this results in the formation of the
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Table 1 Volume fractions of Bi-2223, Bi-2212 phases and grain size
for samples NbO, Nb1, Nb2, Nb3 and Nb4

Sample Volume fraction (%) Grain size (nm)
Bi-2223 Bi-2212

0.00 49.46 50.54 37

0.05 48.30 51.70 28

0.10 43.66 56.34 29

0.15 48.81 51.19 30

0.20 86.20 13.80 43

off-stoichiometric compound. Thus, we rather add Nb,Os
than substituting it to the Bi site. Since Pb and Nb have
similarities in size with Bi, different valency becomes an
ideal candidate.

In this work, we have used all the peaks of Bi-2223 and
Bi-2212 phases to estimate the volume fraction of the
phases. The volume fractions of the Bi-2223 and Bi-2212
phases were determined from the peak intensities of the
same particular reflections, using the following well-known
expressions respectively;

. Y1223
Bi—(2223) % = 7m293) 1 10212) * '

ST1(2212)

Bi = (2212)% = 15353 1 1(2212)

x 100

1(2223) and 1(2212) are the intensities of the (hkl) dif-
fraction lines for Bi-(2223) and Bi-(2212) phases, respec-
tively [21]. The volume fraction of the phases for all the
samples is given in Table 1. As seen in the table, the
volume fraction of Bi-2223 phase decrease from 49.46 to
43.66 for the samples having x = 0.00-0.10 and then
increase to 86.20 for x = 0.20. The sample with x = 0.20
(Nb4) has shown the highest volume fraction of Bi-2223
phase among the others.

The lattice parameters (a, b, c) of the samples are cal-
culated using the d values and (hkl) parameters by least-
square-method and tabulated in Table 2. We observed that
the lattice parameter c of the samples with Nb substitution
decrease with increasing Nb content (Details are shown in
Table 2).

The values of grain sizes can be estimated from XRD
measurements by using Scherrer Formula. The size of the
grain in the polycrystalline materials has pronounced
effects on many of the properties.

In Scherrer’s equation

I— 0.94
"~ tcosO

where L is the crystallite size in nm, A is the wavelength of
X-ray in nm, t is the FWHM (full width at half maximum)
of the highest intensity peak and 0 is the corresponding
angle of the peak [22].

The grain sizes calculated from XRD patterns lies
between 28 and 43 nm. The results of the calculations are
tabulated in Table 1. As seen from the table, the average
crystallite size of the superconducting samples increase
with addition x = 0.20.

3.2 AC susceptibility measurements

Figure 2a—e displays the temperature dependencies of the
real ¢’ (T) and imaginary " (T) parts of ac susceptibility
for the samples NbO, Nbl Nb2, Nb3 and Nb4 in the pre-
sence of different ac magnetic fields 20, 40, 80, 160 A/m
with a frequency of 1,000 Hz, which are used for deter-
mination and characterization of the intragrain and inter-
grain features of the high temperature superconductors.

The real component of ac susceptibility 3’ (T) shows
two significant drops when the temperature is decreased
below onset of diamagnetic transition for superconductor
samples.

The first sharp drop is due to the transition within grains
and the second drop is due to the occurrence of the
superconducting coupling between grains. In y'-T curve,
diamagnetic onset temperatures (T¢") of the superconduc-
ting transition were observed to be about 108.46 K for
Nb0, 105.85 K for Nbl, 103.80 K for Nb2, 105.43 K for
Nb3, 98.18 K for Nb4 samples respectively and shown in
Table 3. The superconducting transition temperature is
shifted to lower temperatures with increasing Nb addition.

The imaginary component of ac susceptibility x” (T),
generally displays two peaks with decreasing temperature
below T.. Positions of these peaks are determined by the

Table 2 Lattice parameters

Sample Lattice parameters (Bi-2223 phase) Lattice parameters (Bi-2212 phase)
(a, b, ¢), volume of the . . . . _ . . _
orthorhombic cells in pure and a (A) b (A) c(A) V (A% a(A) b (A) c (A) V (A%
Nb addition samples
0.00 5.405 5.405 37.298 1,089.625 5.3970 5.3970 30.807 897.3342
0.05 5.408 5.408 37.015 1,082.558 5.3946 5.3895 30.649 891.0951
0.10 5.399 5413 37.130 1,085.116 5.3979 5.3979 30.685 894.0788
0.15 5.410 5.410 37.129 1,086.744 5.3946 5.3895 30.649 891.0951
0.20 5.400 5.420 37.154 1,087.423 5.3979 5.3979 30.685 894.0788
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Table 3 TC" and T, temperature of NbO, Nbl, Nb2, Nb3 and Nb4
samples at different field amplitudes

Sample T¢" (K) T, (K)

20 (A/m) 40 (A/m) 80 (A/m) 160 (A/m)
Nb0O 108.46 99.756 96.636 91.429 83.401
Nbl 105.85 66.899 66.550 65.886 64.772
Nb2 103.80 63.304 62.376 62.082 61.121
Nb3 105.43 66.232 65.509 65.938 65.053
Nb4 98.180 84.847 81.619 77.017 71.287

strength of flux pinning. As the temperature increases, flux
penetrates first into the intergrain region, which has a low
pinning force and then into the intragrain material, which
has a higher pinning force. At full flux penetration into the
boundaries between the grains, the losses reach the maxi-
mum. Full flux penetration of the grains leads to the

80 100 110 120

TX)

90

appearance of intragrain loss peak, which occurs at a
higher temperature due to the stronger flux pinning within
the grains. The loss peak temperature (T,) shows the
temperature where applied external magnetic field reaches
center of the sample and the intensity of this peak is pro-
portional to the energy loss within the intergrain area
during the diamagnetic transition. The loss peak tempera-
ture (Tp) represents the full flux penetration in the out of
phase component of the samples, are noted to be about 99
(83) K for Nb0, 66 (64) K for Nbl, 63 (61) K for Nb2, 66
(65) K for Nb3, 84 (71) K for Nb4 at 20 (160) A/m ac field,
respectively. It can clearly be seen from Fig. 2a—e that the
imaginary part of ac susceptibility ()”) depends on the
applied ac field. The temperature where maximum peak
observed in the imaginary part (T,) has decreased with
increasing applied field to the sample.

It is also seen from Fig. 2a—e that as the field amplitude
increases maximum peak temperature of imaginary part
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Fig. 3 J. versus T, behavior for Nb0O, Nbl, Nb2, Nb3 and Nb4
samples

(Tp) shifts to lower temperature and broadens. The amount
of the shift as a function of the field amplitude is propor-
tional to the magnitude or strength of the pinning force.
The weaker the pinning effect, the larger is the shift in the
maximum of x” and hence smaller the critical current. At
the peak values of the imaginary part, ac field amplitude
equals to the full flux penetration field, H, [23]. We can
estimate the intergranular critical current density as a
function of temperature, by using the Bean Critical State
Model. According to the Bean model [24], for the bar
shaped sample the critical current density at the peak
temperature T, can be written as the formula:

J(TP):H”/\/%

where the cross section of the rectangular bar shaped
sample is 2a x 2b [25, 26]. In Fig. 3, temperature variation
of the critical current density for all samples plot is given.
As can be seen, the increasing of Bi-2212 phase in the Bi-
2223 system causes a decrease in the intergranular critical
current density. Susceptibility behavior for samples NbO,
Nb1 Nb2, Nb3 shows that the Bi-2212 phase alter the weak
link behavior of the Bi-2223 ceramics meaning the Bi-2212
phase resides in the grain boundaries and act as weak links
in the Bi-2223 system.

In order to study the effect of Nb addition on the
intergranular pinning force, the loss peak temperature
dependence of the imaginary curves as a function of ac
magnetic field (H,.) was investigated. Figure 4 shows the
variation of peak temperature T, as a function of ac field
amplitude, H,. for samples NbO, Nbl, Nb2, Nb3, Nb4.
Figure 4 depicts the ac magnetic field dependence of loss
peaks, Ty, for the samples produced. Muller critical state
model proposes that T, is linearly proportional to H,. but
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Fig. 4 Intergranular peak temperature vs ac-magnetic field amplitude
for Nb0O, Nbl, Nb2, Nb3 and Nb4 samples

Table 4 The extracted values of T,y and U of the pure and Nb
addition samples

Sample Tyo (K) U (o(0)~'"%)
NbO 101.772 0.11888
Nbl 66.857 0.01387
Nb2 63.419 0.01352
Nb3 66.181 0.00664
Nb4 85.411 0.09179
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Fig. 5 Variation of critical hole-carrier

concentrations

temperature  versus

inversely proportional to the intergranular pinning force
density:

T, = Ty — TyoU? Hye

where U is
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Here, a is the length of the samples, L.t is the effective per-
meability of the ceramic and o (0) is the intergranular pinning
force density [27]. As seen from Fig. 4, each set of data shows
an excellent linear relationship between T, and H,.. The slope
of each line is proportional to (o (0)""? and the vertical
intercept of each line corresponds to the peak temperature,

Tpo, at zero ac magnetic field amplitude. From least-squares
fitting procedure by using the data T,y and U were estimated
for all samples and are depicted in Table 4. As seen from the
table, the values of T,y and U were found to decrease with
increasing Nb addition up to x = 0.20. The decreasing trend
in U means that the values of a;(0) increase with increase in
the Nb addition because of the inverse ratio between U and
o5(0). Tpo, U valueas has decreased with increasing Nb
meaning o4(0) values increase with increasing Nb.

In conventional superconductors, the critical tempera-
ture increases monotonically with growth of charge carri-
ers, T.(p)e<<p. In cuprates, this dependence is non-
monotonic. In most of hole-doped cuprates, the T.(p)
dependence has the bell-like shape.

To(p) = Tomar |1 = 82.6(p — 0.16)’]

where T 1. 1S the maximum critical temperature for a given
compound. Superconductivity occurs within the limits,
0.05 < p < 0.27, which vary slightly in various cuprates.

The hole-carrier concentrations per Cu ion, p are cal-
culated by means of the following relation:

T 1/2
p=016— {(1—T ‘ )/82.6}

where T, max is taken as 110 K for (Bi, Pb)-2223 phase
[28]. As seen from the Fig. 5, the relationship between the

Fig. 7 SEM micrographs of a Nb0O, b Nbl, ¢ Nb2, d Nb3 and e Nb4 samples
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superconducting transition temperature T, and hole-carrier
concentration is parabolic. The Fig. 6 shows the decrease
of hole-carrier concentration p with increasing Nb addition.
The hole-carrier concentration of the pure sample is found
to be greater than the others. Hole-carrier concentration
was found to decrease from 0.147 to 0.123 with increasing
Nb addition and decreasing T..

3.3 SEM analyses

The surface morphology images of the samples obtained
are performed by Scanning Electron Microscopy (SEM).
Figure 7a—e shows SEM images of the surface of the pure
and Nb-added samples. The microstructures of all samples
exhibit a common feature of plate-like grains and are
randomly distributed. It is clearly seen from the figure that
the surface morphology changes with Nb addition in the
(Bi, Pb)-2223 system. The surface morphology, grain
connectivity and average crystallite size are found to
degrade with increasing the Nb addition. The grain mor-
phology of the pure sample depicts the clear and flaky
layers of large plate-like structure with random alignment
distribution. On the other hand, the grain size and texturing
of the doped samples up to x = 0.20 are decreasing com-
pared to the pure sample. With increasing Nb the grains
started to degrade by random orientation, showing weak
links between them. This increases the level of impurities,
voids and porosity associated with the formation of smaller
plate-like grains which belong to (Bi, Pb)-2212 phase.
These results are consistent with that of XRD, which
showed a decrease in the volume fraction of the (Bi, Pb)-
2223 phase and an increase of (Bi, Pb)-2212 phase.

4 Conclusion

In this study, the role of Nb addition on the structural,
magnetic and superconducting properties of (Bi, Pb)-2223
superconducting ceramics produced by the conventional
solid-state reaction with Nb concentrations varying from
x = 0.00 to 0.20 is investigated via XRD, SEM and y%-T
measurements. AC magnetic susceptibility measurements
showed degradation of the magnetic properties of the doped
samples, i.e., the transition temperatures of the intragranular
parts are significantly affected by the presence of Nb in Bi
sites. From ac magnetic susceptibility measurement results,
it was also seen that as Nb content increases, diamagnetic
onset temperatures (Tg") are observed to decrease from
108.46 to 98.18 K. Hole concentration of the samples, cal-
culated by the results of ac magnetic susceptibility mea-
surements, showed a decrease with increasing Nb
concentration. The higher concentrations of Nb x = 0.20
enhanced both the critical current density J. and the volume
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fraction of Bi-2223 phase compared to the pure sample. XRD
analyses showed that the sample Nb with x = 0.20 has the
highest volume fraction of the Bi-2223 high-T. phase which
is 86 %. The presence of Nb,Os was not observed in XRD
patterns, indicating that Bi may be replaced with Nb atoms
since the ionic radii of Nb are close to Bi. According to SEM
results, the surface morphology and grain connectivity are
noticed to degrade in the doped samples up to x = 0.20. It
was also observed that Nb addition of x = 0.20 improves
intergrain connectivity which results in better supercon-
ducting properties of BSCCO system. The Nb,Os addition
up to x = 0.20 degrade the phase formation, grain connec-
tivity, critical current density of (Bi, Pb)-2223 supercon-
ducting samples.
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