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Abstract In this work, nano-SnO, (<100 nm) added
samples in Bi; 7_Pbg3Sn,Sr,Ca,Cuz0, (x = 0.00-0.20)
were prepared by conventional solid-state reaction method.
The phase formation, volume fraction and lattice parame-
ters were characterized using X-ray powder diffraction
measurements. Surface morphology and grain connectivity
of the samples were identified by using scanning electron
microscope (SEM). Diamagnetic onset temperatures (To")
and hole concentration (p) of SnO, added samples were
determined by ac susceptibiliy measurements. AC sus-
ceptibility measurements showed that diamagnetic onset
temperatures (T¢") of samples Sn0 (x = 0.00), Snl
(x =0.05), Sn2 (x =0.10), Sn3 (x = 0.15) and Sn4
(x = 0.20) are 108.559, 109.985, 101.281, 101.670 and
92.676 K, respectively. SEM measurements showed that
not only the surface morphology and grain connectivity
degrade but also the grain size of the samples decrease with
the increase of the Sn addition. Also, addition of SnO,
nanoparticles increases the impurities, voids and porosity.
X-ray diffraction patterns of all samples indicated the
majority of Bi-2223 and Bi-2212 phases along with minor
impurity phase Ca,PbO,4. The volume fraction of the Bi-
2223 phase for the sample with x = 0.10 SnO, showed the
highest percentage (49.49) and with further increasing
SnO,, the volume fraction of the Bi-2223 phase decreases
and Bi-2212 phase increases. All SnO, nanoparticles added
samples showed quite similar lattice parameters compared
with non-added sample. These results indicate that nano
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SnO, does not have significant impact on the lattice
parameters.

1 Introduction

Since 1980s, the investigation of high temperature super-
conductor materials has taken great attention. The discov-
ery of Bi-based high temperature superconductor ceramics
has helped to improve the most promising materials which
can be used for technological and industrial applications
[1]. In order to enhance superconducting, electrical, mag-
netic and mechanical properties of these materials, differ-
ent dopants have been made [2, 3]. The BSCCO families
are known as Bi,Sr,Ca,,_{Cu, 05,1445, Where n = 1, 2 and
3. (Bi, Pb)-2201, (Bi, Pb)-2212 and (Bi, Pb)-2223 phases
are characterized by high superconducting transition tem-
peratures 20, 95 and 110 K, respectively [4].

Chemical doping and introduction of nano-sized parti-
cles in bulk high-T. superconductors have generated great
interest because they serve as an easily controlled and
efficient tool for improving the superconducting properties
[5]. Recently, addition of nano-particles to (Bi, Pb)-2223
phase has been effective in enhancing the flux pinning,
critical current density and critical temperature. It has been
reported that the addition of ZrO, [6], SiC [7], MgO [8],
ALO;5 [9, 10], Cr,0O5 [11] in Bi-2223 improves the flux
pinning of this system [4, 12]. However, this addition could
produce defects within superconducting grains [9].

Nanotechnology developments enabled synthesize of a
wide range of nanostructure materials. In the nanosize
range, the particles have high proportion of atoms located
at their surface compared to bulk materials, increasing
unique physical and chemical properties that are very dif-
ferent from their bulk counterparts. In recent years, the
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studies on the effect of addition or substitution of
nanoparticles in BSCCO system has become area of
interest. When nanoparticles are added to the BSCCO
system, they settle easier and much more among the grains
of these ceramic superconductors than the micro size
dopants due to the tiny size of nanoparticles. If adequate
amount of nanoparticles with metallic character is added to
the BSCCO, the intergrain connectivity will possibly
improve. Nanostructured materials are with structural fea-
tures in between those of atoms/molecules and bulk
materials, with at least one dimension in the range of
1-100 nm [13-17]. Coherence length is & = 2.9 nm and
penetration depth is 4 = 60-1000 nm for Bi,Sr,Ca,;Cu;
O, system. Thus, nanoparticle addition between 2.9 and
60 nm in which superconducting properties may be
improved have been studied in various works [18, 19].

The influence of SnO, nanoparticles addition on (Bi,
Pb)-2223 superconducting phase formation and supercon-
ducting properties have been studied in various works.
Abou-Aly et al. [4] has reported the influence of SnO,
nanoparticles addition with different concentrations to the
phase formation, microstructure, electrical and thermal
properties of (Bi, Pb)-2223 phase. In their study, the vol-
ume fraction, the superconducting transition temperature
and critical current density had optimal values at
x = 0.4 wt%. Garnier et al. [3] observed the influence of
the addition of SnO, nano-particles on Bi-2223 phase
formation as well. It was found that c parameter of Bi-2223
phase increases with SnO, addition. Awad et al. [20]
investigated the influence of SnO, nano-particles addition
on Vickers Microhardness of (Bi, Pb)-2223 superconduct-
ing phase. The results showed that SnO, nanoparticles
addition had a significant effect on improving the micro-
hardness of the phase. The microhardness of Bi-2223 phase
increases with SnO, nano-particles addition up to
x = 0.4 wt%. Agail et al. [21] reported the effect of nano-
size SnO, addition on (Bi, Pb)-Sr—Ca—Cu-O supercon-
ductor. This work showed that critical current density and
transition  temperature have optimal values at
x = 0.02 wt%. Bushra et al. [22] studied the improvement
of superconducting properties of (Bi, Pb)-2223 added with
nano-particles SnO,. The results indicated that SnO, nano
particle enhanced the (Bi, Pb)-2223 phase formation by
increasing volume fraction of high T, phase up to x = 0.4
wt %.

In this work, the effects of nano SnO, (average size
<100 nm) addition on the microstructure and supercon-
ducting properties of Bi; 7_Pbg3Sn,Sr,Ca,CuszO, was
studied. Superconducting samples of Bi;;_Pbg3Sn,Sr,
Ca,Cu30, with different SnO, nanoparticles concentra-
tions (0.00 < x < 0.20) were prepared using solid-state
reaction method. Structural and magnetic characterizations
of the samples were performed by X-ray powder diffraction

(XRD), scanning electron microscopy (SEM) and ac sus-
ceptibility measurements.

2 Experimental details

Superconducting samples with chemical composition
Bi; 7_xPbg 35n,Sr,Ca,Cuz0, (x = 0.00, 0.05, 0.10, 0.15,
0.20) were prepared using a conventional solid-state reac-
tion method. The starting materials were Bi,Os3;, PbO,
SrCO;3;, CaCOs3, CuO and SnO, with average size <100 nm
(from  Aldrich) (purity > 99.99 %).  Stoichiometric
amounts of these powders were weighted by Scaltec bal-
ance. After weighting, they were thoroughly mixed and
ground using an agate mortar and pestle. They were cal-
cined in air at 800 and 820 °C for 20 h with intermediate
grinding. The obtained product after calcinations was
ground once more. Then, these powders were pressed
under 450 MPa pressure using a press machine to form
them into pellets of 13 mm diameter and 2 mm thickness.
The prepared pellets were sintered at 845 °C for 120 h in
air. Samples were cooled in furnace up to room tempera-
ture after each cycle. The samples were labelled as Sn0
(x =0.00), Snl(x=0.05), Sn2 (x=0.10), Sn3
(x = 0.15) and Sn4 (x = 0.20).

Morphological and structural analyses of the samples
were performed by SEM and XRD, respectively. The
magnetic properties were measured by the mutual induc-
tance method. The prepared samples were characterized
using X-ray diffraction (XRD) with CuK,, radiation (CuK,
radiation, 4 = 0.154 nm) in the range 20 = 3°-60°. The
density of the samples were calculated with the Archi-
medes method. AC susceptibility measurements of the
samples were performed using a home-made susceptometer
and a lock-in amplifier (MODEL SR830 DSP Lock-in
Amplifier). The temperature 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 1000 Hz. Suscepti-
bility data taken from lock-in amplifier were recorded by
using Labview computer software.

3 Results and discussion

Figure 1 shows X-ray diffraction patterns of samples Sn0,
Snl, Sn2, Sn3 and Sn4. Characteristic peaks corresponding
to different phases were labelled with different sembols
which are filled circle, open circle, filled four pointed star
and indicate the peaks due to the Bi-2223 phase, Bi-2212
phase, and Ca,PbQO,, respectively. The position of the
peaks and intensities of diffraction data reveal that all
samples consisted of a mixture of Bi-2223 and Bi-2212

@ Springer



4528

J Mater Sci: Mater Electron (2016) 27:4526-4533

Intensity (a.u.)
LU AL LG R R R R /i R R R R R R A )

10 20 30 40 50 60
20 (Degree)

Fig. 1 XRD patterns of the Bi, 7_4Pbg 35n,Sr,Ca,Cuz0y (x = 0.00,
0.05, 0.10, 0.15, 0.20) samples; filled circle Bi-2223 phase, open
circle Bi-2212 phase, filled four pointed star Ca,PbO,

phases as the major constituents and non-superconducting
phase Ca,PbO, as the minor. The first peak HO002, at
20 ~ 4.7°, corresponds to (Bi, Pb)-2223 phase whereas the
second peak L002, at 26 ~ 5.7°, corresponds to (Bi, Pb)-
2212 phase. The first peak intensity decreases while the
second peak intensity increases with nano SnO, addition up
to x = 0.20. A characteristic impurity phase Ca,PbO, peak
is at 20 ~ 17.8°. According to XRD results, addition of
SnO, nanoparticles has increased the intensity of Ca,PbO,.
In this study, all peaks of Bi-2223 and Bi-2212 phases
have been used for the estimation of the volume fraction of
the phases. The volume fractions of the Bi-2223 and Bi-
2212 phases were calculated from all peak intensities of Bi-
2223 and Bi-2212, using the following equations;
>1(2223)

Bi = (2223)% = <1253y 1 10212) * 1

. >1(2212)
Bi - (2212)% = 15253y r10212) * 1
where I is the intensity of the Bi-2223 and Bi-2212 phases
[23-26]. The volume fraction of the phases for all the
sample is given in Table 1. As seen in the table, the volume
fraction of Bi-2223 phase decreases from 48.18 to 47.60
for the samples having x = 0.00-0.05 and increases to

Table 1 Volume fractions of Bi-2223, Bi-2212 phases and grain size
for samples Sn0, Snl, Sn2, Sn3 and Sn4

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

Sn0 48.18 51.82 32

Snl 47.60 52.40 28

Sn2 49.49 50.51 34

Sn3 47.36 52.64 31

Sn4 44.74 55.26 32

@ Springer

49.49 for x = 0.10 and then decreases from 49.49 to 44.74
for the samples having x = 0.10-0.20. The sample with
x = 0.10 has shown the highest volume fraction of Bi-
2223 phase among the others. The intensity of the peaks
corresponding to the Bi-2223 phase decreases and the
intensity of peaks corresponding to the Bi-2212 phase
increases with further increase of SnO,. The lattice
parameters (a, b, ¢) are calculated from Miller indices (hkl)
and interplanar distances (dpy) by least squares method for
all prepared samples. The lattice parameters (a, b, c) of the
samples is given in Table 2. The lattice parameters of Bi-
2223 and Bi-2212 for the pure sample are
a=b=0407 A and ¢ = 37.250 A and a = 5.4065 A,
b = 5.4051 A and ¢ = 30.737 A, respectively. Almost, the
same lattice parameters were obtained for the Sn
nanoparticles-added samples. The results indicate that
SnO, nanoparticles added samples showed almost no
change in the lattice parameters. This can be explained as a
result of the fact that nano-SnO, does not enter the (Bi,
Pb)-2223 crystal structure, meaning SnO, acts only at the
grains boundaries.

The crystallite size was estimated from the broadening
of XRD peaks, using Scherrer’s formula. The advantage of
Scherrer’s formula is that the nanometric order of crystal-
lite sizes can be estimated. The values of grain size of
samples were calculated by using Scherrer Formula.
Scherrer’s Equation;

I— 0.94
" tcos0

In equation, L is the crystalline size in nm, A is the
wavelength of X-ray in nm, t is the FWHM of the highest
intensity peak and 0 is corresponding angle of the peak
[27]. The results of the crystallite size are shown in
Table 1. The grain sizes calculated from XRD patterns lies
between 28 and 34 nm.

The density of samples were measured according to the
Archimedes principle in pure water and air. Density was
calculated by using the equation;

__ W(h)[p(s) — p(h)]
0.99813[W(s) — W(h)]

+ p(h)

where p(h) and p(s) are in air and pure water densities and
W(h) and W(s) are their weights. The density of samples
were shown in Table 3. The densities are 5.2006, 5.3438,
5.3056, 5.2802 and 5.2324 g/cm3 for samples Sn0, Snl,
Sn2, Sn3 and Sn4, respectively. Snl has the highest density
value. The theoretical density of BPSCCO system is found
as 6.3 g/em® from the lattice parameters [28-30]. The
density of pellets are calculated by geometrical measure-
ments and found to be in the range of 3.8-4.1 g/cm>. The
bulk densities determined by the Archimedes method are in
the 82.5-85 % range of theoretical density. The bulk
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l’f, a(f))l?ozr SE:EEIC:S gir(i rrg]tifssglz” Sample Lattice parameters (Bi-2223 phase) Lattice parameters (Bi-2212 phase)

Sn3 and Sn4 a(A) b (A) c (A a (A) b (A) c(A)
Sn0 5.407 5.407 37.250 5.406 5.405 30.737
Snl 5.406 5.408 37.203 5.405 5.394 30.688
Sn2 5.405 5.410 37.156 5.406 5.405 30.737
Sn3 5.406 5.408 37.203 5.406 5.405 30.737
Sn4 5.407 5.407 37.250 5.406 5.405 30.737

Table 3 Density for the Sample Density (g/em®) between grains. As seen from Table 4, the diamagnetic

Zi‘;lpvlzigig%osm’ Sn2, Sn3 and onset temperatures (Te") of the superconducting transition

sus coping ratio Sn0 5.2006 are 108.559, 109.985, 101.281, 101.670 and 92.676 K for

Snl 5.3438 the samples Sn0, Sn1, Sn2, Sn3 and Sn4, respectively. The
Sn2 5.3056 maximum value of T¢" is observed in the sample with
Sn3 5.2802 x = 0.05. The variation of T, with SnO, nano-particles for
Sn4 5.2324 Bi; 7_xPbg 38n,Sr,Ca,Cu30y (x = 0.00-0.20) is shown in

densities of the samples are also determined from their
mass and geometrical dimensions to obtain the information
about the structure (porosity) of the samples. These pellets
have 34.5-40 % porosity. The variation of the density of
samples with SnO, nano-particles concentrations is shown
in Fig. 2.

AC susceptibility measurement is used for the charac-
terization of inter-grain and intra-grain features of the high
temperature superconductor ceramics. The temperature
dependencies of the real part ¥/(T) and imaginary part
¥"(T) of ac susceptibility for all samples under the different
ac magnetic field values of 20, 40, 80, 160 A/m with
f = 1000 Hz is shown in Fig. 3a—e. The real component of
ac susceptibility x'(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

5.36

5.34 I
5.32 I
5.30 I
5.28 -

5.26

Density (p)

5.20

sl - ! . L - 1 '
0.00 0.05 0.10 0.15 0.20

Doping ratio (x)

Fig. 2 Density of the samples versus doping ratio

Fig. 4. The superconducting transition temperature shifted
to lower temperatures with increasing Sn addition.

In particular, the imaginary component, " (T), of the ac
magnetic susceptibility has been widely used to probe the
nature of weak links in polycrystalline superconductors.
The imaginary part, x”(T), shows a peak, which is a
measure of dissipation in the sample. When the peak of
¥"(T), shifts to lower temperatures and broadens, the
intergranular coupling between the grains, the critical
current density and the flux pinning energy decrease. It can
clearly be seen from Fig. 3a—e that the imaginary part of ac
susceptibility ¥”(T) depends on the applied ac field. The
temperature where maximum peak is observed in the
imaginary part (T,,) has decreased with increasing applied
field to the sample. As the field amplitude increases, the
peak of y” shifts to lower temperatures. The amount of the
shift as a function of the field amplitude is proportional to
the magnitude or strength of the pinning force [31]. The
loss peak temperature (T,,) shows the temperature where
applied external magnetic field reaches center of the sam-
ple and the intensity of this peak is proportional to the
energy loss within the intergrain area during the diamag-
netic transition. AC loss peak temperature (T,) represents
the full flux penetration in the out of phase component of
the samples. As seen from Table 4, the loss peak temper-
atures (Tp) are 62-59, 60-59, 58-55, 63-60 and 55-52 K
for the samples Sn0, Snl, Sn2, Sn3 and Sn4, at 160-20 A/
m ac field, respectively. With increasing the field amplitude
H,., the x” signal shifts to lower temperatures. This result
demonstrates that the intergranular coupling decreases with
increasing ac field amplitude [32].

The variation of peak temperature T, versus the ac
magnetic field for all samples is given in Fig. 5. Miiller
critical state model accepts a magnetic flux independent
pinning force density, oy and a for intergranular vortices
described by the relation:
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@ Springer

Fig. 4 Variation of T, versus SnO, content for Bi;;_,Pbg3;Sn,Sr,

Ca,Cuz0, (x = 0.00, 0.05, 0.10, 0.15, 0.20)
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Fig. 5 Intergranular peak temperature versus ac magnetic field
amplitude for Sn0, Snl, Sn2, Sn3 and Sn4 samples
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In equation, u.p(0) is the effective permeability of the
ceramic, a is the length of the samples, and o(0) is the
intergranular pinning force density [33, 34]. The slope of
each line is proportional to (ocJ(O))_”2 and the vertical
intercept of each line corresponds to the peak temperature,
Tpo, at zero ac magnetic field amplitude. The values of U
are calculated from the slope of each line and shown in
Table 5. The decreasing trend in U indicates that the values
of intergranular pinning force density o,;(0) increase due to
the inverse ratio between U and a,(0). Hence the sample
with x = 0.05 has the highest intergranular pinning force
density.

All cuprate families allow non-stoichiometry indicating
that carrier hole concentration can be changed continuously
by various methods without changing crystall structure.
The hole concentrations of superconducting cuprates can
be varried by substitution of metallic atoms, by adding
excess oxygen atoms or reducing oxygen atoms. In con-
ventional superconductors, the critical temperature increa-
ses monotonically with growth of charge carriers, 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. Superconductivity occurs within the limits,
samples Sno 0.01437
Snl 0.00188
Sn2 0.01854
Sn3 0.02068
Sn4 0.01665

0.05 < p < 0.27, which vary slightly in various cuprates
[35].

It is well understood that for an optimum hole concen-
tration the T, has a maximum value and above and below
this optimum, T. decreases. The decrease in the hole
concentration might be responsible for degradation of
superconducting properties. A parabolic relationship holds
between the superconducting transition temperature and
the hole concentration p. The hole concentration p is cal-
culated by using the formula:

p=0.16— [(1 —T./T")/82.6]"*

where, T"* is taken as 110 K for (Bi, Pb)-2223 system
[36]. It was observed that hole carrier concentration
decreases from 0.160 to 0.115 with increasing SnO, addi-
tion and decreasing T., as shown in Fig. 6. The sample
with x = 0.05 has the highest value of hole carrier con-
centration which is 0.160.

Grain structure is one of the most important properties
of high transition temperature ceramic superconductors.
These grain structures can be examined by SEM pho-
tographs. Surface morphology micrographs for all samples
are shown in Fig. 7a—e. As SnO, nano-particles addition
increases, the grain size reduces, the impuruties, porosity
and voids increase indicating addition of SnO, nanoparti-
cles acts as a barier and hinder the grain growth. In the
samples, all of the grains leaded randomly and grain
boundaries seem to be in touch with each other soas to
make weak bonds which is one of the most important
properties of high transition temperature in ceramic
superconductors. We believe that white particles sited
between the grains are SnO, nanoparticles, which is
obvious in the micrographs of SnO, added samples.
Increases of the porosity with more random distribution of

0.15

a8

0.12 -

Hole carrier concentration (p)

0.11 : ' ; ' : ' '
0.00 0.05 0.10 0.15 0.20

Doping ratio (x)

Fig. 6 The variation of hole carrier concentrations versus SnO,
content for Bi; 7_,Pbg 35n,Sr,Ca,Cuz0, (x = 0.00, 0.05, 0.10, 0.15,
0.20)

@ Springer



4532

J Mater Sci: Mater Electron (2016) 27:4526-4533

Fig. 7 SEM micrographs of a Sn0, b Snl, ¢ Sn2, d Sn3 and e Sn4 samples

grains are seen at samples with SnO, nanoparticles added
samples compared to undoped sample, which may cause to
a decrease in superconducting properties of this sample.

4 Conclusions

In this work, we studied the effects of SnO, nanoparticles
addition on the phase formation, microstructure and critical
temperature of (Bi, Pb)-2223 superconducting phase using
XRD, SEM and ac susceptibility measurements. Super-
conducting samples with chemical composition Bij;_x
Pby 3Sn,Sr,Ca,Cuz0, (x = 0.00, 0.05, 0.10, 0.15 and 0.20)
were prepared by the conventional solid-state reaction
method.

XRD indicated that both Bi-2223 and Bi-2212 phases
coexisted in the samples. Volume fraction of Bi-2223

@ Springer

phase increases up to 49.49 with increasing SnO,
nanoparticles concentration up to x = 0.10 and decreases
to 44.74 with x = 0.20, while the lattice parameters (a, b,
¢) were almost not affected. It was also found that Bi-2212
phase on the grain boundaries is likely to play the role of
weak links and hence reduces the intergranular coupling.
The surface morphology and grain connectivity of samples
were analyzed by using SEM. It was observed that the
microstructures of all samples exhibit a common feature of
plate-like grains and are randomly distributed. As addition
of nano-Sn increases, the size of plate-like grains slightly
decreases, whereas voids and porosity increase. SEM
photographs showed that SnO, nano-particles addition
degraded the grain connectivity. With increasing SnO,, 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
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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-2223 phase and an increase of Bi-2212 phase. The
magnetic characterizations and critical temperature values
of the samples were revealed by ac susceptibility mea-
surements. The sample with x = 0.05 addition showed the
highest superconducting transition temperature, T,
(~110 K). The hole carrier concentration of sample with
x = 0.05 was found to be greater than the others. AC
susceptibilty measurements showed that the intergranular
coupling between the grains, the critical current density
and the flux pinning energy of the samples decreased by
increasing the amount of SnO,. It was observed that SnO,
nanoparticle (<100 nm) had a degradation effect on
superconductivity of the Bi-based materials. The higher
concentrations of SnO, nanoparticles x > 0.05 reduced
phase formation and superconducting transition tempera-
ture of (Bi, Pb)-2223 superconducting phase. This may be
attributed to the high concentration of SnO, nanopatrticles,
induced large agglomerations between superconducting
grains and hence reduced superconducting grain connec-
tivity. From our study results, it can be stated that addition
of SnO, nano-particles had a significant role in deterio-
rating of superconducting properties which is different than
previous studies.
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