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Abstract

The inﬂuence of using two different starting materials (nitrates and carbonates) and calcination
processes on the grain boundary properties of a BSCCO system have been investigated.
Superconducting BSCCO samples with the chemical composition Bi1.64Pb0.34Sr2Ca2Cu3Oy were
successfully fabricated by the sol–gel method. X-ray diffraction (XRD) and scanning electron
microscopy analyses have been used to study the phase formation and microstructure of the
prepared samples, respectively. The DC electrical resistivity, critical current density, and AC
susceptibility of the samples were measured. The XRD result showed that one can improve the
phase formation of the Bi-2223 system by choosing suitable starting materials and the
temperature of calcination. AC susceptibility and DC electrical resistivity revealed that the
synthesis process improves the grain boundaries. The critical current density (measured in 77 K)
increased from 100 A cm−2 to about 145 A cm−2. In fact, the critical current of the sample
fabricated with a carbonates group and calcinated at 750 °C obtained 100 A cm−2, while a
sample that was fabricated with a nitrates group and calcinated at 790 °C had the critical current
of 145 A cm−2.
Keywords: superconductor, BSCCO, grain boundaries, calcination temperature, nitrates and
carbonates, sol–gel
(Some ﬁgures may appear in colour only in the online journal)
1. Introduction

studies have been devoted to improving their electrical
properties. It is desirable to fabricate superconducting wires
with high critical current density. The BSCCO system has
nominal compositions of Bi2Sr2CanCun−1O2n+4+y where
n=1, 2 and 3 with Tc of 20, 85 and 110 K, while these
phases are known as Bi-2201, Bi-2212 and Bi-2223,
respectively [5]. Among these, the most promising phase for
practical applications is the 2223 phase because of its higher
critical temperature and hence it is one of the most promising
cuprate superconductors for practical applications such as

Among the high-temperature superconductors, while yttriumbased superconductors (YBCO) are an easier material for
making different kinds of samples like thin ﬁlm, bulk, or
tapes, the BSCCO system is a more challenging and interesting one [1], since this system is the most promising candidate for the application of electric power, due to its highest
transition temperature (Tc) and critical current density (Jc)
[2–4]. Since the discovery of Bi-based superconductors, many
0953-2048/19/075001+09$33.00
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Figure 1. The chart of sample preparation.

transmission cables, transformers, current limiters, motors and
generators [6]. It has been realized that polycrystalline
superconductors can be described with a set of grains that are
coupled weakly together by a Josephson junction. These
weak links between grains are the reason for Jc reduction
[7, 8]. Some of the reasons for the formation of weak links are
the misorientation of grain boundaries, vacancies, oxygen
deﬁciencies, composition variations and secondary phases
[9, 10]. It was shown that Bi-2201 and Bi-2212 as secondary
phases which exist within the grain boundaries play the role
of weak links and consequently reduce the inter-granular
coupling of the Bi-2223 phase [11]. In order to overcome this
problem, numerous works have been completed and from
their results, great progress has been achieved towards the
enhancement of the transport properties of this high Tc
superconductor phase [1, 4, 6, 12]. There are several reports
studying the effect of various factors on the transport properties of Bi-2223 phase [1, 6, 13–17], like using different
methods (sol–gel, spark plasma, solid state) [10, 18, 19],
preparation conditions (calcination procedure, sintering
temperature, time, pressing load [20] and so on), precursor
powder size, adding nanoparticles to the main material [21],
and the partial substitution of elements in the BSCCO system
[1, 2, 12, 15, 20, 22–30]. The studies have shown that the
sintering and calcination temperature is the predominant
factor for the formation of the BSCCO 2223 phase compared
to the sintering time [2, 4, 6]. Darsono et al studied the effects
of the sintering temperature and time on the phase evolution
in the BSCCO system. Their results showed that the sintering

temperature had a signiﬁcant effect on the structure and
superconducting Tc. Li et al investigated the effect of the
fabrication process, such as using different chelating agents
and process parameters. They reported that the sample
obtained using glucose acid (GA) as the chelating agent, had
better electrochemical performance [16]. Also, it was reported
that the preparation process of the GA sample was shorter
than the other samples such as ethylenediamine tetraacetic
acid (EDTA) [16].
The purpose of the present study is to investigate the
effect of using nitrates and carbonates as two different starting
materials as well as the calcination temperature on the grain
boundaries properties of BSCCO system. Here, we show that
for the formation of the desired gel for fabrication of a
BSCCO system less than 24 h is needed. In [16] this preparation time required up to two weeks.

2. Experimental
In this study, two groups of starting composition materials,
nitrates [Bi(NO3)2.5H2O, Pb(NO3)2, Sr(NO2)2, Ca(NO3)2.4H2O,
Cu(NO3)2.3H2O] and carbonates [Bi2O3, PbO, CuO, CaCO3,
SrCO3], were used for the preparation of superconducting
BSCCO samples with the chemical composition Bi1.64Pb0.34Sr2
Ca2Cu3Oy. The samples were synthesized using the chemical
sol–gel method. Both groups of starting materials were separately
dissolved in nitric acid and a suitable amount of distilled water to
obtain the materials solution. To obtain the main solution, EDTA
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Table 1. Starting composition material and calcination temperature.

Samples symbol
Sol
Sol
Sol
Sol

Gel
Gel
Gel
Gel

C750 (SGC 750)
C790 (SGC 790)
N750 (SGN 750)
N790 (SGN 790)

Calcination temperature (°C)

Starting composition materials

750
790
750
790

Carbonates
Carbonates
Nitrates
Nitrates

(N2H10O16) was used as the complexing agent with the molar
ratio EDTA:cation of 1:1 was dissolved in distilled water and
then NH4, EG(C2H4(OH)2 was used as the binding agent of these
complexes with the molar ratio EG:cation of 3:1 were added to
the liquid mixture. Then, the material solution was poured into
the main solution drop by drop at 50 °C until the formation of
precipitation was started. To eliminate precipitation, NH4 was
added. This process was repeated until all the material solutions
were added to the main solution to create the obtained solution
with pH=4. The next step was adding urea as the fuel with the
molar ratio urea:cation of 0.7:1. The PH of the obtained solution
was balanced to 7 by subsequently adding NH4. Then, the ﬁnal
solution was stirred and heated on a hot plate at temperatures of
70, 100, 120, 150, 180, 200, 220 °C (each case for 5 h) until a
black gel was formed. In this process, the black powders that
formed from the two groups of starting materials (nitrates and
carbonates) were ground and calcinated at 750 °C and 790 °C
separately for 24 h in air. The calcination and grinding procedures were repeated three times. The calcinated powders were
pressed under 50 bar pressure to form slabs with dimensions of
10×1.3×1.5 mm3. Further, the slabs were sintered at 835 °C
for 170 h. The chart of sample preparation is shown in ﬁgure 1,
with details of the conditions listed in table 1.
The x-ray diffraction (XRD) patterns of the samples were
determined using a Philips XPERT x-ray diffractometer using
Cu-Ka radiation (λ=1.5406 Å) operating at 40 kV and
30 mA. The phase purity was calculated from these patterns.
The temperature dependence of resistance and Jc of the
samples was carried out by the four-probe method. The AC
susceptibility measurements were performed using a Lake
Shore AC susceptometer, Model 7000. These three measurements were carried out to study the superconducting
properties of the samples. The morphology and grain structure of the samples were observed by scanning electron
microscopy (SEM).

Figure 2. The XRD patterns of the all samples.

Table 2. The volume fraction of the phases for all samples.

Samples

%2223

%2212

%2201

SGC 750
SGC 790
SGN 750
SGN 790

81
81
81
85

17
18
19
15

2
1
0
0

peaks and the following well-known expressions [2]:
Bi (2201) %
»

å I (Bi2201)
å I (Bi2223) + å I (Bi2212) + å I (Bi2201)

´ 100,
(1 )

Bi (2212) %
»

å I (Bi2212)
å I (Bi2223) + å I (Bi2212) + å I (Bi2201)

3. Results and discussion

Bi (2223) %

3.1. XRD

»

The normalized XRD patterns, which indicate phase formation of the samples obtained from different starting materials
(nitrates and carbonates) and calcinated at 750 and 790 °C,
are shown in ﬁgure 2. As can be seen, the samples consisted
of a mixture of three phases (2201, 2212 and 2223). To
estimate the relative volume fraction of 2223, 2212 and 2201
phases, we used the corresponding 2201, 2212 and 2223

å I (Bi2223)
å I (Bi2223) + å I (Bi2212) + å I (Bi2201)

´ 100,
(2 )

´ 100,
(3 )

where I is the intensity of each phase. The volume fractions of
the phases for all samples are shown in table 2. As table 2
shows, the volume fraction of the 2223 phase for the samples
that fabricated from Group N is more than from Group C.
Also, the volume fractions of the 2223 phase in the samples
that are calcinated at 790 °C are greater than the samples
3
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Figure 3. The SEM micrograph for all samples.

calcinated at 750 °C. In previous research, it has been proved
that the amount of 2201 and 2212 phases on the grain
boundaries of 2223 phase is likely to play the role of a weak
link between grains in the 2223 system [2, 11]. These
boundaries act as an insulating layer around the superconductor grain that weakens grain connectivity and disturbs
current ﬂow [2, 11]. Table 2 shows that the samples of group
N have very little 2201 phases, but for the samples obtained
from Group C, this phase can be clearly observed.
3.2. SEM

Microstructural analyses are taken using a Philip XI30 SEM.
Figure 3 shows the morphology of the prepared samples.
Here, the microstructures of all samples reveal the plate-like
grains with a layered growth, which is a common morphology
of BSCCO. The grains with different sizes are randomly
distributed, while the carbonate samples (SGC 750 and SGC
790) have more cavities and porosity, and local melting seems
to be higher in the nitrate group (SGN 750 and SGN 790).

Figure 4. Temperature dependence of the resistivity for all samples.

samples exhibit metallic-like behavior (the resistivity decrease
linearly with decreasing temperature) in the normal state
above the superconducting transition temperature. It can be
also seen from these curves that the normal state resistivity
regularly decreases from the SGC 750 sample to SGN 790
sample. The onset temperature, Tc(onset) and offset temperature, Tc(R=0), are deﬁned to give information about the grain
structure and grain boundaries, respectively. Figure 4 also
shows that Tc(onset) is almost the same for all samples while
Tc(R=0) changes. In fact, Tc(R=0) decreases for SGN 790 to
SGC 750 so that the ΔT increases for SGN 790 to SGC 750.

3.3. Resistivity

It is well known that the high-Tc granular superconductors
have a well-deﬁned superconducting transition temperature
[2, 31]. The DC electrical resistance transition behavior of all
samples in the range of 0 to 150 K is displayed in ﬁgure 4. All

4
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Figure 6. Temperature variation of AC susceptibility of all samples
in AC ﬁeld of 200 A m−1 with f=333 Hz.
Figure 5. The coupling peak, Tp.

However, Tc(R=0) generally gives information about weak
link grains (grain boundaries) and Tc(onset) provides information about the grain structure. The results show that diversity
in the preparation procedure of samples (using different
starting materials and different calcination temperature) has
more affect on grain boundaries than grain structure. The
variation of ΔT (Tc(onset)−Tc(R=0)) indicates that there is a
mixture of 2201, 2212 and 2223 phases in the samples. In
addition, when ΔT is low, it is expected that the 2223 phase
increases, and the connection between grains of the 2223
phase have been improved. Figure 4 demonstrates that ΔT for
SGN 790 is less than for the other samples. These results are
in agreement with the XRD patterns and SEM results.
3.4. AC susceptibility

Figure 7. Derivative of real part of susceptibility for all samples.

AC susceptibility (χ′+iχ″) is a very useful tool for the
investigation and characterization of the inter-grain and
intragrain parts of high Tc superconductors [32]. In polycrystalline samples, the real part of AC susceptibility shows
two drops as the temperature is decreased below the onset of
diamagnetic transition and correspondingly the derivative of
the χ′ (T) displays two peaks. The ﬁrst sharp drop at Tc is due
to the transition within grains while the second gradual
change at TcJ is due to the occurrence of the weak link network between grains [33, 34]. In brief, the curves of real-part
susceptibility display a two-step change to full diamagnetism
behavior. The superconducting grains and grain boundaries
shield the applied magnetic ﬁeld just below Tc and TcJ,
respectively. The shape of the transition on the in-phase (realpart) component plays a very important role on critical
superconducting parameters of high-Tc superconductors, a
sharper transition indicates better interconnectivity of the
grains [35]. In addition to perfect diamagnetism, the out-ofphase (imaginary part), χ″, displays features of coupling
losses that are common behaviors of ceramic superconductors, generally showing a peak with decreasing temperature below Tc which is ascribed to the AC loss of magnetic
energy (dissipation) of the superconductor from the AC ﬁeld

Table 3. ΔT and Josephson coupling energy for samples in AC ﬁeld
of 200 A m−1 with f=333 Hz.

Samples

Tc

TcJ

Tc−TcJ

Ecoupling (eV)

SGC 750
SGC 790
SGN 750
SGN 790

108.17
107.76
107.12
106.47

97.17
98.72
100.16
101.49

11
9.04
6.96
4.98

0.03
0.04
0.05
0.07

[27, 36]. It has been shown that if the applied ﬁeld is large
enough, the imaginary part curves of AC susceptibility as a
function of temperature show two peaks [36], one near Tc that
is associated with AC losses in grains and one near TcJ, that is
associated with AC losses in grain boundaries (the coupling
peak, Tp) (see ﬁgure 5).
Figure 6 shows the temperature variation of AC susceptibility for all samples in an AC ﬁeld of 200 A m−1 with
f=333 Hz. A broad magnetic transition for all samples is
observed in these curves. The SGN 790 sample has a slightly
sharper transition compared to the other samples. The
5
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Figure 8. Temperature variation of AC susceptibility curves for various AC ﬁelds with a frequency of 333 Hz for all samples.

derivatives of ﬁgure 6 curves are shown in ﬁgure 7. The
transition temperatures Tc and TcJ showed peaks at a higher
temperature and lower temperature in ﬁgure 7, respectively
(see table 3). Table 3 shows that ΔT(Tc−TcJ) for SGN 790
is lower than the other samples. These results suggest that this
sample has better inter-granular coupling between the grains
[37]. Clem assumed that for high Tc of superconductors
consisting of grains, the coupling of the grains occurs through
the Josephson currents in the layers between grains. The
Josephson coupling energy is given by [38]:
Ej =

h
I0.
4pe

Table 3 shows that the Josephson coupling energy for
SGN 790 is higher than the other samples: Ecoupling (SGN
790)>Ecoupling (SGN 750)>Ecoupling (SGC 790)>
Ecoupling (SGC 750). It is obvious that the grain structure
compared to inter-grain coupling has less dependence on the
synthesis process that was studied in this paper because the
variation of Tc is less than TcJ.
The variations in AC susceptibility were veriﬁed as a
function of temperature for various AC ﬁelds with a frequency of 333 Hz (refer to ﬁgure 8). It is clear from ﬁgure 8
that as the ﬁeld increases, the peak of χ″ shifts to lower
temperatures and broadens. Also, the effect of the magnitude
of the amplitude of ﬁeld on the inter-granular component in
the real part is much more visible for the SGC 750 sample. As
we can see, the degree of shift of the peak for sample SGC
750 is much more than other samples and for sample SGN
790, it is less than for the other samples. The amount of the
shift as a function of the ﬁeld amplitude Hac, is proportional to
the strength of the pinning force. The weaker the pinning
effect, the smaller the critical current. Figure 9 shows the
variation of peak temperature, Tp, versus AC ﬁeld amplitude,

(4 )

According to the Ambegaokar–Baratoff equation, the maximum Josephson’s current I0 passing through the grain
boundaries can be calculated using the following equation
[39].
I0 = 1.57 ´ 10-8 ´

Tc
´ 100.
Tc - TcJ

(5 )
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Figure 9. The variation of peak temperature, Tp, with AC ﬁeld
amplitude, Hac for all samples.

Figure 11. The measured critical current density of the samples.

the inter-granular current density, therefore SGN 790 sample
should have the largest inter-grain critical current density.
Comparison of data of XRD pattern, resistivity and
susceptibility behavior for all samples shows that the amount
of 2201 and 2212 phases do change the weak link behavior of
the polycrystalline 2223 ceramics. It means that there are
2201 and 2212 phases between grains. These phases aren’t
superconducting until the Tc of these phases (i.e. ∼85 K and
10 K) is reached.
3.5. Critical current density

In order to see the effect of using different starting materials
and calcination processes on the critical current density of
samples, a conventional four-probe method was used to
obtain a V–Jc graph at the temperature of liquid nitrogen
(77 K) (ﬁgure 11). As one can see, the critical current density
increases for SGC 750 sample to SGN 790 sample. This
improvement in Jc may be attributed to the enhancement in
the inter-grain connectivity.

Figure 10. The temperature variation of Jc for all samples.

Hac for all samples. Figure 9, shows the rate of shift of peak
temperature Tp, with ac ﬁeld amplitude Hac, for sample SGN
790 is less than the other samples. In ﬁgure 9, although Hac
was plotted versus Tp, it can also be related as Jc versus
temperature too. According to the Bean model, for bar-shaped
samples, the relation between the critical current density at the
peak temperature Tp, and Hac can be expressed by the following formula [15]:
Jc =

Hac
,
(ab)1 / 2

4. Conclusions
In this study, superconducting BSCCO samples with the
chemical composition of Bi1.64Pb0.34Sr2Ca2Cu3Oy were successfully fabricated by the sol–gel method. We have investigated the effect of starting materials and calcination
temperature on the weak link behavior of polycrystalline
BSCCO superconductors. The XRD results clariﬁed that the
sample obtained from nitrates and calcinated at 790 °C has
less (2212 and 2201) phases. It was found that the amount of
these phases on grain boundaries plays the role of a weak
link. These weak links are responsible for the improvement in
the superconductivity of SGC 750 and SGC 790 samples, in
comparison to SGN 750 and SGN 790. From the rate of shift
of peak temperature Tp for samples, it has been shown that
SGN 790 has a greater ﬂux pinning force. The weaker the

(6 )

where 2a×2b is the cross-section of the rectangular barshaped sample. In ﬁgure 10, we have plotted the temperature
variation of Jc for all samples. It can be seen that the larger
shifts in Tp qualitatively represent the weaker pinning force
and hence the smaller Jc. The increase of the amount of 2212
and 2201 phases in the 2223 system can cause a decrease in
7
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pinning force, the weaker the inter-granular Josephson coupling energy, and the smaller the critical current density.
From these results, it is clear that two factors—the nitrates
group for the starting materials and the 790 °C calcination
temperature—improve the connection between grains.
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