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Abstract
In present work, we investigated the structural, magnetic, and electrical properties of Bi1.6Pb0.4Sr2Ca2Cu3O10+x superconductor
prepared by using four different techniques: (i) solid-state (A), (ii) sol-gel (B), (iii) chemical wet (C), and (iv) melt-quench (D).
From x-ray diffraction (XRD) and transmission electron microscopy (TEM) results, it is observed that the sintering process does
not influence final crystallite size of compounds, but final crystallite sizes of the compounds were nearly the same after sintering
process, while initial crystallite sizes were found to be different after the preparation process. From the XRD results, it is seen that
the main phase in the compound is low-Tc Bi-(2212) phase and all samples contain a small amount of high-Tc Bi-(2223) phase.
From scanning electron microscopy (SEM), two different types of surface crystallization of the compounds have been observed.
The low-temperature resistivity, R(T), measurements show that all compounds have low zero resistivity, Tc,offset, value. Samples
A, B, and C show the high-Tc and low-Tc transition at 110 and 75 K, respectively, while sample D displays only low-Tc transition
at 75 K. These results have been supported bymagnetization versus temperature measurement,M(T). In order to calculate critical
current, Jc, values for the samples, magnetic hysteresis curves were taken at temperatures 10, 20, 30, 40, 50, and 60K between the
fields of ± 9 T. The hysteresis and the Jc calculation results show that sample D, when compared with other samples, has the best
superconducting properties and has the highest Jc value. The best superconductivity properties between the studied samples have
been obtained for sample A, while the best magnetic properties and the highest Jc value have been observed for sample D.
According to the results obtained in this study, the structural and superconducting properties change with sample preparation
method.
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1 Introduction

Bi-based superconductor (BSCCO) was discovered around
1988 [1], and those materials have been investigated exten-
sively in recent years. The BSCCO superconductor family
contains three phases having the generalized chemical

formula Bi2Sr2Can-1CunO2n+4+x where n = 1, 2, and 3 (where
n is referring to the number of CuO2 layers in the crystal
s t ruc ture which respons ible 20 , 85, and 110 K
superconducting phases, respectively) [2–3]. The formation
of the high-temperature phase (2223) in BSCCO systems
strongly depends on the preparation technique, sintering con-
ditions (such as temperature, time, and heat treatment atmo-
sphere), crystal defects, and impurity phases [4–6]. The high-
Tc phase (2223 Tc = 110 K) is difficult to prepare in a pure
form since it usually finds together with the Bi-(2212) (Tc =
85 K) phase [7]. Enhancement of the transition temperature
and critical current density of superconductors are very impor-
tant both in scientific manner and technological application.
Moreover, the reaction kinetics of the Bi-(2223) phase forma-
tion is very slow [8, 9]. Pb is mostly used as a dopant to
enhance the zero resistance transition temperature and volume
fraction of the high-Tc phase [10]. It has been observed that the
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partial substitution of Pb atoms instead of some Bi atoms
supports the growth of the Bi-(2212) and Bi-(2223) phases,
and a more stable compound is formed due to the small
amount of Pb substitution [11, 12]. In addition to these, it is
found that themelting temperature of the compounds becomes
lower as a result of Pb substitution. With heat treatment under
controlled conditions, the material can be prepared as a single
Bi-(2223) phase. Finally, it shows a sharp Tc and zero resis-
tivity at 110 K.

In the literature, there are different approaches related to the
formation of the Bi-(2223) phase [13–15]. The most accept-
able approximation of the formation of the Bi-(2223) phase is
the combination of both (2212) phase that formed at between
750 and 800 °C during the sintering process and the partially
melted liquid Ca2PbO4 phase which formed above at 820 °C
[11, 16–18]. In order to confirm the validity of this approxi-
mation, the sintering temperature effects on electrical proper-
ties of Bi-based superconductors prepared by different tech-
niques have been studied by different groups [11, 16, 18]. It is
known that the superconducting properties of the compounds
are affected also by the preparation techniques and the quality
of the starting materials [6, 19]. To prepare Bi-based

superconductors, several techniques such as solid-state reac-
tion, melt-quench, sol-gel, chemical wet, and thin film are
used generally [6–7, 19–22]. In this work, we have prepared
Bi1.6Pb0.4Sr2Ca2Cu3O10+x superconductor by using different
production methods and studied their influences on the struc-
tural, electrical, and magnetic properties.

2 Experimental Procedure

Bi1.6Pb0.4Sr2Ca2Cu3O10+x compound has been prepared by
using four different ways. The details of these methods are
summarized as following for solid-state, sol-gel, chemical
wet and melt-quench, respectively.

Solid-State Reaction Method Appropriate amounts of starting
oxides and carbonates of the respective elements (Bi2O3,
SrCO3, CaO, CuO, and PbO) were mixed, ground in program-
mable agate mortar for an hour, and then calcinated at 700 °C
in air. The calcinated material was slowly cooled to room
temperature and was ground in an agate mortar for an hour

Fig. 1 TEM images before heat
treatment for A, B, C, and D
samples

3378 J Supercond Nov Magn (2020) 33:3377–3393



again. This process was repeated for several times until ob-
tained a well homogeneous mixture.

Sol-Gel Method Stoichiometric amounts of Bi2O3, PbO,
SrCO3, CaCO3, and CuO were dissolved in dilute HNO3 so-
lution at 150 °C. Then, citric acid and ethylene glycol were
added to the mixture for achieving a homogeneous solution.
To obtain the viscous residual, the solution has been heated at
200 °C. The obtained residual was dried slowly at 300 °C until
dry gel was formed. Finally, the precursor material was
burned in the air at 600 °C in order to remove the organic
materials produced during chemical reactions. The material
from this process was ground to obtain a fine powder.

Chemical Wet Method In this method, the required amounts of
Bi2O3, PbO, SrCO3, CaCO3, and CuO powders are mixed in a
glass beaker. Then, an appropriate amount of ammonium ni-
trate is added into the mixed powder in the ratio of 1:1. The
mixture was heated by stirring at about 180–200 °C. During
the stirring, the mixture was converted to liquid form, and it is
observed that some poison exhaust gases such as CO2, NO2,
and N2O while chemical reaction occurs. Finally, it obtained a
black-like residual powder bottom of glass beaker at the end
of the stirring period.

Melt-Quench Method The starting materials Bi2O3, PbO,
SrCO3, CaO, and CuO were mixed in the stoichiometric

values of the nominal compositions. The materials were cal-
cinated at 400 °C and grounded. Then, the sample was placed
in a programmable furnace at room temperature, and to obtain
the melted form, the sample was heated at 1200 °C in a plat-
inum crucible. The melted sample was poured onto a pre-
cooled copper plate and pressed quickly by another cooper
plate to obtain approximately 1.5 to 2 mm thickness of
plate-like amorphous material. The material has been ground-
ed for 1 h in order to obtain powder sample.

The powder materials synthesized by using four dif-
ferent techniques were calcinated at 750 °C for 20 h in
air. The calcinated materials were grounded, and the final
samples were pressed into pellets of 13 mm diameter by
applying a pressure of 225 MPa. All samples were
sintered at 830 °C for 100 h in air atmosphere. The
samples prepared by using solid-state, sol-gel, chemical
wet, and melt-quench method have been entitled as A, B,
C, and D, respectively.

The morphological and crystallographic properties were
investigated by SEM, TEM, and XRD techniques. The R(T)
measurements were carried out by a standard four-point probe
in the 10–320 K range, using a closed cycle helium cryostat
from Cryo Industries. The temperature dependence of the
magnetization (M(T)) were measured using a Quantum
Design PPMS superconducting quantum interference device
magnetometer with VSM (vibrating sample magnetometer)
head.

Fig. 2 SEM images taken 5kx
magnification for the samples
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Fig. 3 The XRD patterns of
samples A, B, C, and D

Table 1 The percentage of the Bi-(2223) and Bi-(2212) and Ca2PbO4

phases for the samples

Sample Bi-(2223) (%) Bi-(2212) (%) Ca2PbO4 (%)

A 28.9 66.6 4.5
B 21.3 73.9 4.8
C 19.6 74.5 5.9
D 16.6 77.2 6.2

Table 2 Tc,onset, Tc,offset, and ΔT values of the samples

Sample Tc1,onset (K) Tc2,onset (K) Tc,offset (K) ΔT (K)

A 110 75 64 46
B 110 75 62 48
C 110 75 59 51
D – 75 55 20
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3 Results and Discussion

Figure 1 a–d show TEM images of the A, B, C, and D samples
prepared by different production methods before heat treat-
ment. As seen in Fig. 1a, sample A has consisted of randomly

distributed needlelike formation at the edge of the crystallites.
The crystallite size for sample A changes between 0.2 and
0.5 μm. The shape of crystallites for sample B is spherical,
and the crystallite sizes vary between 20 and 50 nm (see Fig.
1b). From the TEM image of sample C, two different kinds of

Fig. 4 R(T) curves of samples A, B, C, and D
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grain formation are seen. One of them is clusters that were
formed by a combination of small grains whose size is smaller
than 100 nm, and the other is long rectangular bars whose size
is much greater than the other (> 500 nm). The TEM image of

sample D is given in Fig. 1d. It is seen clearly that the com-
pound form from the chains of nano-sizes (20–50 nm) spher-
ical small grains and a cluster of large grain that sizes change
between 0.5–1 μm. It is seen from the TEM images that the

Fig. 4 (continued)
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grain sizes of the samples are different from each other. This
may arise from the presence of some impurities observed in
the structure by depending on the preparation techniques.

In order to get information about crystallization, surface
morphology, and the grain size of the compounds after the
sintering process, SEM photographs were taken 5kx magnifi-
cations. The SEM images of the samples are shown in Fig. 2a–
d. It is observed that there are two different kinds of grain
formation on the surface morphology for the A sample (see
Fig. 2a). A well-connected the twiggy structure which is com-
posing perpendicular to the surface has been observed and
planar grains have formed also under and above of the twiggy
grains in the structure. In addition to these different formations
for the A sample, there is some porosity between twiggy re-
gions. The number of these grains is greater than that of the
planar ones, but their grain size is also smaller. It is observed
that the surface crystallization of sample B is similar to sample
A (see Fig. 2b). But, the sizes and the number of the twiggy
grains are less than that of sample A. It can be said that the
formation of the twiggy grains is the initial state. Occurrences
of the twiggy grains on the surface of the samples state that the
high-Tc 2223 phases have just started the forms in the struc-
ture. Figure 2 c–d) show the SEM images of the C and D
samples. The surface morphologies of C and D samples are
different. The formation of the planar structure on the surface
increased, while the formation of twiggy grains decreased.
According to the results, the size, shape, and distribution of
the grains of all samples are different from each other.
According to results, the different sample production tech-
niques affect the surface morphology of the samples.

Figure 3 shows that the XRD patterns of the A, B, C, and D
samples were taken at room temperature. It is seen from XRD
patterns of the samples that all samples contain the Bi-(2212),
Bi-(2223), and Ca2PbO4 impurity phase. The volume frac-
tions of the Bi-(2212), Bi-(2223), and Ca2PbO4 impurity
phases for the samples were determined by using the follow-
ing expressions [23]:

Bi− 2223ð Þ% ¼ ∑I 2223ð Þ
∑I 2223ð Þ þ ∑I 2212ð Þ þ ∑I Ca2PbO4ð Þ ð1Þ

Bi− 2212ð Þ% ¼ ∑I 2212ð Þ
∑I 2223ð Þ þ ∑I 2212ð Þ þ ∑I Ca2PbO4ð Þ ð2Þ

Ca2PbO4ð Þ% ¼ ∑I Ca2PbO4ð Þ
∑I 2223ð Þ þ ∑I 2212ð Þ þ ∑I Ca2PbO4ð Þ ð3Þ

Bi-(2223)% and Bi-(2212)% represent the integrated inten-
sity of Bi-(2212) and Bi-(2223), respectively. The percentage
of Ca2PbO4 impurity phases is given as Ca2PbO4%. The per-
centages of these phases for all samples are given in Table 1.
According to Table 1, Bi-(2212) phase is dominant for all
samples, and Bi-(2212) phase has not transformed into the
Bi-(2223) phase. Bi-(2223) peaks start to occur nearly next
to the characteristic Bi-(2212) peaks for all samples. But, the
characteristic peak (2θ = 39.3°) belonging to Bi-(2223) phase
has been observed in only sample A. The presence of wide

Fig. 5 Hall carrier concentration
and the Tc,offset values of samples
A, B, C, and D

3383J Supercond Nov Magn (2020) 33:3377–3393



diffraction peaks seen from the XRD patterns of all samples
expresses that the formation of the Bi-(2223) phase is not
completed during sintering process and the heat treatment
temperature chosen to obtain the Bi-(2223) phase is not suffi-
cient. It is known that substitution of Bi ions by Pb ions causes
the formation of the Bi-(2223) phase and increases Tc value of
the new compound (optimum lead content lies between 0.3
and 0.4) [24, 25]. Also, Pb-doped Bi-based superconductors

contain Ca2PbO4 or PbO impurity phases which occur during
the heat treatment, and these phases play a crucial role in the
formation of the high-Tc phase [26].Many studies showed that
the high-Tc (2223) phase is formed via combining low-Tc
(2212) and Ca2PbO4 impurity phases [27–28]. All compounds
which are studied in this study contain Ca2PbO4 impurity
phases. In Table 2, the percentages of the Bi-(2223) and
Bi-(2212) and Ca2PbO4 phases for the samples are given.

Fig. 6 The M(T) curves for samples A, B, C, and D
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The ratio of Bi-(2212) and Ca2PbO4 phases is highest for the
D sample when compared with that of others. This may
change the electrical properties of the samples.

The average crystallite size (D) was calculated by using
Debye–Scherrer formula which is defined like [29]:

D ¼ κ λ
βcosθ

ð4Þ

where λ is the x-ray wavelength, β is the line broadening at
full width at half maximum height (FWHM), θ is the Bragg
angle, and κ is a constant related to crystallite shape, normally
taken as 0.9. The crystallite size of the samples was found to
be 204.7 Å, 203.1 Å, 207.8 Å, and 202.6 Å for samples A, B,
C, and D, respectively. It found different crystallite sizes for
the compounds from TEM images (see Fig. 1a–d) that were

Fig. 6 (continued)
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taken before heat treatment. However, as can be seen from the
calculations, all compounds have almost the same crystallite
sizes after the heat treatment although they were produced by
different production techniques.

In order to investigate the superconducting behavior and
determine the transition temperature of the compounds, the
temperature dependence of resistivity measurements, R(T),
have been performed at 10–300 K temperature interval under

Fig. 7 The M(H) curves of the samples at 10, 20, 30, 40, 50, and 60 K
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zero magnetic field. Figure 4 shows the R(T) curves of the
samples. It is clearly seen from Fig. 4 that the samples display
characteristic metallic behavior at temperatures 300–110 K

interval K. Two onset transition temperatures, Tc,onset, were
observed at temperatures of about 110 and 75 K which are
most likely due to the presence of both the high-Tc and low-Tc

Fig. 7 (continued)
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phases in samples A, B, and C, while sample D has only low-
Tc phase at 75 K. Although the Tc,onset value is 110 K, R goes
to zero at Tc,offset at 64, 62, and 59 K for samples A, B, and C,
respectively (see Table 2). There is a big difference between
Tc,onset and Tc,offset value (ΔT = Tc,onset–Tc,offset) of the sam-
ples, and this represents that the Bi-(2212) is the dominant
for all samples. This result corresponds with XRD result and
the ratio of Bi-(2212) phase.

By using the R(T) results, we have also calculated to the
hall carrier concentration (P) per Cu ions of the sample due to
the following relation [30]:

P ¼ 0:16−
1−T c; offset

T c;onset

� �
82:6

2
4

3
5
1=2

ð5Þ

Figure 5 shows the relation between hall carrier concentra-
tion and the Tc,offset values of the samples. It is seen that the
samples in both hall carrier concentration and the Tc,offset
values have the same trend and sample A has the maximum
P values as Tc,offset.

Figure 6 shows the magnetization measurements as a func-
tion of temperature (M(T)) of samples A, B, C, and D in the
range of 5–150 K and in an applied magnetic field of 0.01 T. It
is clearly seen that sample A exhibits a diamagnetic behavior
(first critical transition temperature) below 110 K.Meanwhile,
it has the second critical transition temperature in the M(T)
curve which occurred near 72 K. In general, this kind of

behavior arises from the different phase formations in the
sample. The critical transition temperature values are very
close to the Tc,onset and Tc,offset values of the A, B, and C
samples which were found from the R(T) measurements.
However, sample D has only one critical transition tempera-
ture which occurs nearly at 70 K. The M(T) curve represents
that sample D has only Bi-(2212) as well as it was found from
XRD and R(T) measurements.

Magnetic hysteresis cycles, M(H), of the samples were
performed at different temperatures (for 10, 20, 30, 40,
50, and 60 K) between the fields of ± 9 T. Figure 7 shows
the M(H) curves of the samples. For all samples, the hys-
teresis loops are symmetrical and increase with decreasing
temperature. This implies the existence of the flux pinning
centers [31]. The area under the hysteresis loop is propor-
tional to the superconducting properties of the samples
[8]. The area is larger at 10 K for all samples with com-
pared to obtain at other temperatures. This result is an
indicator of the existence of strong pinning center in su-
perconductor samples at 10 K, and also these centers
show strong resistance opposite of the applied magnetic
field at this temperature. It is observed that the areas un-
der hysteresis curves decreased due to the increasing tem-
perature which represents that the strengths of the pinning
centers are decreasing. The hysteresis loops which taken
at 60 K have the smallest area for all samples. This be-
havior explained that this temperature is very close to the
Tc,offset value of the compounds.

Fig. 8 Magnetic hysteresis curves
of the samples at 10 K
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In Fig. 8, the combination of the hysteresis curves of
the samples which were taken at 10 K is given. We
obviously see that sample A has the largest area which
is result of the best superconducting properties and also

the remagnet magnetization value which is the propor-
tional the superconducting volume is the higher in all
samples. This result is consistent with other measure-
ments. The trend of the hysteresis curves is very

Fig. 9 The calculated critical current densities as a function of applied magnetic field for all the samples at different temperatures
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symmetrical which shows the presence of strong pinning
center in the samples.

The value of the critical current density, Jc, is an important
parameter for many technological applications. The value of

the Jc is proportional to the area under the hysteresis curves. If
this area is large enough, it means that the Jc will be a bigger
value. The graphs of the Jc values versus applied magnetic
fields at a certain temperature give some information about

Fig. 9 (continued)
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the magnitude and the activity of the pinning centers. In this
work, the Jc values calculated the hysteresis data which were
taken at 10, 20, 30, 40, 50, and 60 K by using Bean Critical
State Model [32] that relates to the M+and M− acquired from
the intersection of M(H) loops at a chosen applied magnetic
field. The critical model formula is given as [4]:

4π Mþ−M−ð Þ ¼ 4π
10

� �
J c

d
3

� �
ð5Þ

where the units of M+and M− are emu/cm3, Jc is the critical
current density in A/cm2, and d is the sample thickness in centi-
meters [10]. The temperature dependencies of the Jc values of
the compounds are shown in Fig. 9. In all samples, a remarkable
increase in Jc valueswhich calculated at the 10, 20, and 30Kwas
observed up to the value at which the applied external magnetic
field up to 0.1 T. It is possible to explain that kind of increase in
the Jc values stem from strong pinning center and the activity of
the flux tubes [33]. It is well known that the change in the applied
magnetic field causes regulation of the density of flux tubes. The
flux tubes can move freely in the superconducting region and
their density rearrangement due to the applied magnetic field
[34]. But, impurity or secondary phases, inhomogeneities in
the superconductor due to the grain boundaries and also crystal
lattice defects behavior like an energy wall and contributes to the
improvement of the flux pinning force, results block to move of
the vortices in the compounds [10]. So, the magnetic flux in the
superconductors was not changed in a reversible manner as the
external magnetic field changes to 0.1 T. The increase in Jc value
up to 0.1 T indicates that the strong pinning center raises from the

strong connection between the grain boundaries and improves
the supercurrent paths which exist in the compounds [10]. A
substantially rapid decrease of Jc values was observed due to
the increasing temperature (20 to 60) for all samples. The low
critical currents can be attributed to the poor connection between
the superconducting grains due to the increasing temperature.

Figure 10 shows the applied magnetic field dependence of
Jc for the compounds. It is obviously seen that sample A has
higher Jc values than that of the other samples. Low-
temperature resistivity measurements R(T) showed that sam-
ple A has largest Bi-(2223) phase, while it has smallest
Bi-(2212) and Ca2PbO4 impurity phase compared with other
samples. Therefore, it is possible to say that the higher Jc
values related to the amount of Bi-(2223) and Bi-(2212)
phases in the compounds. Jc values are consistent with the
volume fraction of both Bi-(2223) and Bi-(2212) phases and
the impurity phase in all compounds of this study. It should be
indicated that the value of Jc is almost completely related to
defects in superconducting materials. Large Jc values indicate
the existence of strong flux pinning in the materials [10]. By
comparing the results mentioned above, one can conclude that
the strong flux pinning centers are more effective in sample A.

4 Conclusion

In this study, the Bi1.6Pb0.4Sr2Ca2Cu3O10+x superconductors
were prepared by using four different preparation techniques,
sintered at 830 °C in air atmosphere. The structural, electrical,

Fig. 10 The applied magnetic
field dependence of the critical
current densities for all samples at
10 K
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and magnetic properties of the compounds were investigated.
The TEM results were obtained in this study, to produce nano-
sized compounds, and the best method is the sol-gel. The
SEM investigations showed that the surface morphology
formed two different types of grin formation, twiggy and the
plane like. These kinds of structural inhomogeneities which
are formed in the compounds may be responsible for the lower
Tc. The R(T) measurements show that the samples have the
multiphase superconducting structure. The M(T) measure-
ment results of the compounds support theR(T) measurements
of the samples. The largest hysteresis and the critical current
density were observed for sample A. According to the results
that were obtained in this study, one can be said that the
structural, superconducting, and magnetic properties were
best for sample A which are prepared by solid-state method.
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