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properties and non-isothermal
crystallization kinetics of a Bi2Sr2CaCu2O8+d

(Bi2212) superconductor prepared by the Pechini
sol–gel method

Xingming Zhao,a Tianlin Wang,b Songchol Hong,ac Dalu Sun,a Nan Wang,a

Guksong Chaec and Yang Qi *a

Bi2212 superconductors with crystallization treatments at different temperatures were prepared by the

Pechini sol–gel method, and their structural, thermal and transport properties were investigated. The X-

ray diffraction (XRD) and field emission scanning electron microscopy (FESEM) results revealed the high

purity and sheet crystal structures of the prepared samples. The non-isothermal crystallization kinetics

and process of the Bi2212 superconductor were characterized and analyzed by differential scanning

calorimetry (DSC) and Jeziorny and Mo methods, respectively. The results showed that both the Jeziorny

and Mo methods were well suitable for describing the non-isothermal crystallization process of the

Bi2212 superconductor prepared by the Pechini sol–gel method. The Avrami exponent (n ¼ 2)

confirmed the two-dimensional sheet growth mechanism of the Bi2212 superconductor. In addition, the

non-isothermal crystallization kinetic parameter Zc increased with the increase in cooling rate. The

crystallization parameter F(T) also increased with the increase in crystallinity, and the F(T) values were

calculated to be 4.79 and 42.66 when the crystallinity values were 20% and 90%, respectively, indicating

that for the Bi2212 superconductor, it was harder to crystallize at relatively larger crystallinity.

Furthermore, the transport properties of the samples were greatly improved after the cooling

crystallization process. Sample J3 had the highest onset of the superconducting transition T(c,onset) of

80.1 K, which was higher than the 73.1 K value determined for sample J0. Also, sample J2 had the best

zero resistivity superconducting transition temperature T(c,zero) value of 70.1 K, which was higher than the

value of 63.2 K for sample J0. The maximum calculated Jc value was 7.62 � 104 A cm�2 at 2 K for

sample J2, which was higher than the 4.70 � 104 A cm�2 value determined for J0.
1. Introduction

Bi-based (BSCCO) superconductors have become one of the
most distinctive series of high-temperature superconductors in
copper-based superconductors owing to their intrinsic charac-
teristics such as a complex layered crystal structure, rare earth
element-free composition, oxygen content in a non-
stoichiometric ratio, disordered distribution of cations and
intrinsic defects of stacking faults.1–3 The general formula of the
BSCCO superconductors can be expressed as
Bi2Sr2Can�1CunO2n+4+d (n ¼ 1–3), i.e., Bi2Sr2CuO6+d (Bi2201
phase, n ¼ 1), Bi2Sr2CaCu2O8+d (Bi2212 phase, n ¼ 2) and
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Bi2Sr2Ca2Cu3O10+d (Bi2223 phase, n ¼ 3). Compared with the
Bi2201 phase, both the Bi2212 and Bi2223 phases have a higher
superconducting transition temperature (Tc), which can realize
a breakthrough in high-temperature superconductors without
rare earth elements above the liquid nitrogen temperature.4,5

However, compared with the Bi2212 phase, the pure phase or
single crystal of the Bi2223 phase with Tc of 110 K is difficult to
prepare, whichmakes the ne structure of the crystal difficult to
determine. Consequently, the Bi2212 superconductor has been
extensively studied due to its relatively easy preparation and
stable crystal structure.6–9 The Bi2212 superconductor, a typical
multi-component compound, is a potential material for
manufacturing magnetic shields, current leads and other
superconducting devices.10 Recently, many studies have been
focused on the improvement of phase purity and transport
performance of the Bi2212 superconductor. The preparation
methods of the Bi2212 superconductor mainly include the solid
state-reaction method,11 sol–gel method12 and glass ceramic
(melt quenching) method.13 Research on the dynamics of the
This journal is © The Royal Society of Chemistry 2019

http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra07586k&domain=pdf&date_stamp=2019-10-31
http://orcid.org/0000-0003-1915-474X
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra07586k
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009060


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
O

ct
ob

er
 2

01
9.

 D
ow

nl
oa

de
d 

on
 3

/1
5/

20
26

 9
:2

7:
20

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
BSCCO superconductors is very important for understanding
the nucleation and crystal growth mechanism, which plays
a key role in the preparation of high-quality materials.

The non-isothermal crystallization process is a crystalliza-
tion process under a changing temperature eld, which is
signicant for the preparation of ceramic materials. The crys-
tallization behavior is closely related to the properties of the
materials and compared to the isothermal crystallization
process, the non-isothermal crystallization process is closer to
the actual production process, which has more research
signicance due to its easier experimental achievement and
more theoretical information.14,15 However, the process of non-
isothermal crystallization kinetics is complex. At present, there
are many kinds of theoretical and data processing methods
such as the Ozawa method,16 Jeziorny method,17 Kissinger
method18 and Mo method.19 These methods are mainly based
on the Avrami equation and each has certain scopes and limi-
tations. The crystallization kinetics of the BSCCO systems have
been studied by differential thermal analysis (DTA), differential
scanning calorimetry (DSC) and thermogravimetry (TG), and
the crystallization activation energy, Avrami exponents and
average oxidation rate of these systems have been calcu-
lated.20–23 A. Arslan et al. studied the crystallization kinetics of
the BSCCO ceramics using Sn substitution for Cu sites by the
non-isothermal DTA method and found that the change in the
Avrami parameter, n, decreased as the level of doping increased,
whereas the activation energy, E, was calculated by the Kissinger
method.24 O. Ozturk et al. studied the nucleation and crystalli-
zation kinetics of the BSCCO glass-ceramic material, where Bi
was partially replaced by Ru.25 BSCCO superconductors in these
studies were prepared by the solid-state reaction and melt
quenching methods, which have the disadvantages of a long
time, high temperature and high energy consumption. By
contrast, BSCCO superconductors with ne crystallization can
be obtained using the sol–gel method at lower temperatures
and shorter times due to the high chemical activity, dispersion
distribution, short diffusion distance and easy phase formation
of precursors.26,27 Compared to the traditional sol–gel method,
the Pechini sol–gel method further optimizes the sol system and
improves the superconducting performance. The Pechini sol–
gel method has been widely applied to synthesize hundreds of
oxides with high phase purity such as Y2O3 and ZrO2 and
perovskite-structured materials such as LaCoO3 and Bi2Sr2-
CaCu2O8+d.10 However, the nucleation and crystallization of the
Bi2212 superconductor prepared by the Pechini sol–gel method
are rarely reported.

In this paper, the non-isothermal crystallization behavior of
a Bi2212 superconductor prepared by the Pechini sol–gel
method was studied by the DSC method. The experimental data
were processed by the Jeziorny and Mo methods to provide
theoretical guidance and design the practical process in order to
obtain the high-performance Bi2212 superconductor.

2. Experimental

Analytical reagents Bi(NO3)3$5H2O (7.761 g), Sr(NO3)2 (3.386 g),
Ca(NO3)2$4H2O (1.889 g) and Cu(NO3)2$3H2O (3.866 g) were
This journal is © The Royal Society of Chemistry 2019
used as reactants in the molar ratio of Bi : Sr : Ca : Cu ¼
2 : 2 : 1 : 2, and ethylenediamine tetraacetic acid (EDTA,
16.369 g, the molar ratio of EDTA to metal ions was 1 : 1) was
adopted as the chelating agent. In the mixing process, the
nitrates were dissolved in 50 ml nitric acid solution. EDTA was
dissolved in 25 ml ammonia water, and then the two solutions
were mixed to obtain a blue transparent solution. The pH value
of the solution was maintained at about 7. Aerwards, 3 wt%
15 ml hydroxyethyl cellulose (HEC) solution was added into the
above solution and stirred to obtain the precursor solution. The
gel was obtained through heating the solution at 90 �C for 1.5 h
and then at 110 �C for 1 h. Finally, the gel was heated, and with
the increased temperature, the gel spontaneously burned to
form dark brown uffy precursor powders. The precursor
powders were sintered at 850 �C for 3 h to obtain black Bi2212
superconducting powders. The raw powders were carefully
grounded as original material for thermogravimetric analysis.
The DSC curves of the thermal decomposition process were
measured by a STA 449 F3 synchronous thermal analyzer
manufactured by NETZSCH, Germany. The experimental
atmosphere was air, the temperature range was 600–900 �C and
the sample mass was 4 mg. The cooling rates (F) were
5 �C min�1, 10 �C min�1, 15 �C min�1 and 20 �C min�1,
respectively.

The prepared Bi2212 raw powders were pressed into small
pieces at 300 Ma pressure, and then heated at 850 �C, 870 �C,
875 �C and 880 �C for 20 min, respectively. The cooled crystal
samples obtained at a cooling rates of 5 �C min�1 labeled as J0,
J1, J2, and J3, respectively. Finally, samples J0–J3 were simul-
taneously annealed at 820 �C for 2 h. The crystal structure and
phase composition of the samples were characterized by a X-ray
diffractometer (XRD, Rigaku-D/max-A) using Cu-Ka radiation
with 2q ranging from 3� to 60�. The surface morphologies of the
samples were examined by eld emission scanning electron
microscopy (FESEM, Ultra Plus). The elemental quantitative
analysis of samples was analyzed by eld emission electron
probe microanalyzer (FE-EPMA, JXA-8530F). The temperature
dependence of the resistance (R–T) was determined by
a Quantum Design Physical Property Measurement System
(PPMS, Dynacoo1-9) with 9 T magnetic eld. The magnetic
hysteresis (M–H) and the magnetization vs. temperature (M–T)
in eld-cooling (FC) were measured in 100 Oe by a super-
conducting quantum interference device magnetometer
(MPMS3) with 7 T magnetic eld, and the direction of the
magnetic eld was parallel to the length of the samples.

3. Results and discussion
3.1 X-ray diffraction investigations

Fig. 1 exhibits the XRD patterns of samples J0–J3, which shows
Bi2212 single phase for samples J0, J1 and J2, whilst a small
amount of Bi2201 phase for sample J3. Most of the strong
diffraction peaks are (00l) peaks, which implies that the elec-
trical transport measurement mainly reects the ab surface
resistance characteristics of the Bi2212 superconductor. This is
because, the growth rate of the ab plane is 1000 times that of the
c-axis when Bi2212 grains grow. Therefore, when sheet structure
RSC Adv., 2019, 9, 35280–35288 | 35281
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Table 1 The crystallographic properties of samples

Samples ID
(002) FWHM
(�)

Grain size
(nm)

(115) FWHM
(�)

Grain size
(nm)

J0 0.279 30.6 0.310 27.9
J1 0.262 32.9 0.272 32.3
J2 0.239 36.6 0.235 38.5
J3 0.282 30.2 0.278 31.5
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Bi2212 grains with various orientations are extruded by external
force, these sheet structures are liable to c-axis orientation.
Compared with sample J0, the full width at half maxima
(FWHM) of samples J1 and J2 decreases and their grain size
increases, which indicates an improved crystallization. Due to
the high sintering temperature, a part of the Bi2212 phase of
sample J3 is decomposed into Bi2201 phase, which results in
the degradation of crystallization. Detailed crystallographic
properties of all samples are listed in Table 1.

3.2 FESEM and FE-EPMA investigations

The FESEM images of the samples are shown in Fig. 2. The
grains of samples J0–J3 are typical sheet structures, which are
characterized by the anisotropic growth of Bi2212 crystal. This
is consistent with the two-dimensional growth mechanism ob-
tained by kinetic analysis as will be discussed later. Compared
with sample J0, the number of grain boundaries of samples J1
and J2 and sample J3 is reduced aer the crystallization treat-
ment and samples J1–J3 have a better compactness. Table 2 lists
the composition analysis of the samples by FE-EPMA. It can be
seen that the Sr and Ca element components have slightly
decreased with the increasing temperature, but the integrity of
the Bi2212 phase is still maintained.

3.3 Non-isothermal crystallization kinetics

3.3.1 Non-isothermal crystallization behaviors of samples.
Fig. 3 shows the DSC curves of Bi2212 superconductors with
different cooling rates. As shown, the crystallization exothermic
peak appears in each DSC spectrum during the crystallization
process with cooling rates of 5–20 �Cmin�1. As the cooling rates
increase, the crystallization peaks of Bi2212 superconductor
move toward the low-temperature direction and the crystalli-
zation peaks gradually become wider, indicating an obvious
inuence of the cooling rate on the actual crystallization
temperature of Bi2212 superconductor. It shows, a faster cool-
ing rate would lower the actual crystallization temperature.

By analyzing the DSC curves, the parameters of Bi2212
superconductors during non-isothermal crystallization can be
obtained, including the crystallization start temperature (T0),
the crystallization peak temperature (Tp), the crystallization
Fig. 1 The XRD patters of samples.

35282 | RSC Adv., 2019, 9, 35280–35288
termination temperature (TN) and the corresponding crystalli-
zation enthalpy (DHc). The corresponding parameters with
different cooling rates are listed in Table 3.

As shown in Table 3, T0 decreases slowly with the increasing
cooling rate, Tp decreases from 846 �C to 831 �C, and DTc
increases from 7 �C to 21 �C i.e. the width of the crystallization
peaks increases with the increase in cooling rate, which is
mainly determined by the relaxation characteristics of molec-
ular motion. The irregular molecule in the melting state during
the crystallization process needs a certain time to adjust its
conformation in order to enter the regular lattice, which leads
to a lag period in the cooling crystallization process. A faster
cooling rate signicantly reduces the mobility of the molecule,
which results in longer relaxation times, and thus both nucle-
ation and crystal growth become sluggish. Not only are T0 and
Tp transferred to the lower-temperature region, but also a wider
supercooling zone is formed, and the lag period is prolonged
correspondingly. On the contrary, when the cooling rate is slow,
the molecule has a strong ability to move, which accelerates the
crystallization process, and the crystallization proceeds in the
high-temperature region. The crystallization enthalpy (DHc)
decreases with the increase in the cooling rate.

In the crystallization process, the relative crystallinity (Xt) of
the sample at a certain temperature is proportional toDHc, which
is related to the proportion of the area of the crystallization
peaks. The Xt at any temperature (T) can be described as follows:17

Xt ¼
Ð T
T0
ðdHc=dTÞdTÐ TN

T0
ðdHc=dTÞdT

(1)

where, dHc/dT is the heat ow rate at temperature T; T0, T and TN
represent the initial crystallization temperature, the crystalliza-
tion temperature at time t, and the termination crystallization
temperature, respectively. Furthermore, for the non-isothermal
crystallization process, t and T have the following relationship:

t ¼ (T0 � T)/F (2)

where,F is the cooling rate. Thus, the curve of Xt versus t and the
curve of Xt versus T can be obtained by combining formulas (1)
and (2).

Fig. 4(a) and Fig. 4(b) show the relationships between relative
crystallinity and temperature, and relative crystallinity and time
with different cooling rates, respectively. Fig. 4(a) and Fig. 4(b)
show that the curves are anti-S-shaped and S-shaped, respec-
tively, and the curves change to relatively at plateaus at the
ending stage of crystallization. As shown in Fig. 4(a), the
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra07586k


Fig. 2 The FESEM images of samples (a) J0, (b) J1, (c) J2 and (d) J3.

Fig. 3 Non-isothermal crystalline DSC curves of sample Bi2212
superconductors with different cooling rates.
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crystallization temperature increases with the decrease in
cooling rates. As can be seen in Fig. 4(b), as the cooling rates
increase, the time range required to achieve the same relative
crystallinity is signicantly narrowed, and the time tmax

required for the superconducting material to reach maximum
crystallinity decreases, indicating that the cooling rate is the
main factor which affects the crystallization rate under specic
experimental conditions.

The crystallization rates parameters of Bi2212 supercon-
ductor with different cooling rates are also listed in Table 3,
where the T1/2 is semi-crystallization temperature and t1/2 is
semi-crystallization time. It can be seen that both T1/2 and t1/2
decrease with the increase in cooling rate, indicating that the
increase in cooling rate can signicantly accelerate the crystal-
lization rate of the system, which is mainly due to the decrease
in the nucleation and growth time of Bi2212 superconductor as
the cooling rate increases.

3.3.2 Non-isothermal crystallization kinetics via Jeziorny
method. Jeziorny method17 is a method for treating the crys-
tallization process under non-isothermal conditions based on
the Avrami equation. The corrected equation can be expressed
as follows:
Table 2 FE-EPMA analysis of samples J0–J3

Samples ID Bi (at%) Sr (at%)

J0 11.16 11.11
J1 12.38 10.64
J2 13.16 10.49
J3 14.15 11.52

This journal is © The Royal Society of Chemistry 2019
ln[�ln(1 � Xt)] ¼ n ln t + F ln(Zc) (3)

where, n is the Avrami exponent and Zc is the corrected crys-
tallization rate constant. The relationship between Zc and the
Avrami rate constant Zt can be expressed as follows:
Ca (at%) Cu (at%) Proportion

5.25 10.54 2.12 : 2.11 : 1.00 : 2
5.47 11.56 2.14 : 1.84 : 0.95 : 2
5.45 11.63 2.26 : 1.8 : 0.94 : 2
6.15 12.13 2.33 : 1.9 : 1.01 : 2

RSC Adv., 2019, 9, 35280–35288 | 35283
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Table 3 Non-isothermal crystallization thermodynamic parameters of Bi2212 superconductors with different cooling rates

F (�C min�1) T0 (�C) Tp (�C) TN (�C) DHc (J g
�1) T1/2 (�C) t1/2 (min)

5 853 846 827 64.4 844 1.70
10 853 843 821 62.9 841 1.25
15 852 840 816 52.7 838 0.95
20 852 831 804 50.4 835 0.90

Fig. 5 ln t dependence of ln[�ln(1�Xt)] of Jeziomy method.

Table 4 Non-isothermal crystallization kinetic parameters processed
by Jeziorny method

F (�C min�1) n Zt Zc

5 2.39 0.23 0.75
1.66 0.30 0.78

10 2.59 0.56 0.94
2.02 0.44 0.92

15 2.57 1.12 1.00
1.88 0.82 0.98

20 2.23 1.32 1.01
1.77 0.86 0.99
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ln Zc ¼ ln Zt/F (4)

It can be seen from eqn (3) that there is a linear relationship
between ln[�ln(1�Xt)] and ln t. The Zc and n can be obtained
from the curve of ln[�ln(1�Xt)] versus ln t. The curves of ln
[�ln(1�Xt)] versus ln t and the corresponding data with
different F are shown in Fig. 5 and Table 4, respectively.

It can be seen from Fig. 5 that there is a good linear rela-
tionship between ln[�ln(1�Xt)] and ln t in the pre-
crystallization stage at different cooling rates, and then the
linear relationship gradually deviates, indicating that there is
also a secondary crystallization phenomenon during the non-
isothermal crystallization process. That is to say, the crystalli-
zation process can be divided into two processes with different
slopes, i.e. primary crystallization and secondary crystallization.

As shown in Table 4, the non-isothermal crystallization
kinetic parameter Zc increases with the increase in the cooling
rate during both the primary crystallization and the secondary
crystallization stages. Faster crystallization rate indicates that
the nucleation rate becomes larger and the crystal grows faster
as the cooling rate increases. However, when the cooling rate is
too fast, the temperature of the system is low, and thus both the
molecular activity and the diffusion rate are lowered, resulting
in a slowing effect on the crystallization rate.

In the primary crystallization stage, the slopes of the straight
line (n) are 2.23–2.59. The n values higher than 2 indicate the
growth of small particles with an increasing nucleation rate.28

Compared with the primary crystallization rate, the secondary
crystallization rate is signicantly slower, and the n values are
1.66–2.02. The primary crystallization is controlled by nucle-
ation, and the growth rate of the crystal changes with time. In
the stage of secondary crystallization, the crystallization process
Fig. 4 (a) Temperature and (b) time dependence of relative crystallinity.

35284 | RSC Adv., 2019, 9, 35280–35288
is controlled by diffusion, and the growth rate is slowed down.
Theoretically, n should be an integer, but the n values of all
samples are not. It may be affected by the secondary
This journal is © The Royal Society of Chemistry 2019
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Table 5 The Avrami exponents using different growth types and nucleation modes

Growth type Homogeneous Nucleation
Heterogeneous
Nucleation

One-dimensional growth n ¼ 1 + 1 ¼ 2 n ¼ 1 + 0 ¼ 1
Two-dimensional growth n ¼ 2 + 1 ¼ 3 n ¼ 2 + 0 ¼ 2
Three-dimensional
growth

n ¼ 3 + 1 ¼ 4 n ¼ 3 + 0 ¼ 3

Fig. 6 ln t dependence of ln F of Mo method.

Table 6 Non-isothermal crystallization kinetic parameters of Mo
method

Xt (%) a F(T)

20 1.75 4.79
30 1.76 7.08
40 1.77 10.00
50 1.88 13.49
60 1.93 18.62
70 1.98 26.30
80 1.95 37.15
90 1.70 42.66

Table 7 Transport property parameters of samples J0–J3

Samples ID T(c,onset) (K) T(c,zero) (K) DTc (K)

J0 73.1 63.2 9.9
J1 73.2 68.4 4.8
J2 76.2 70.1 6.1
J3 80.1 68.5 11.6
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crystallization, coexisting of two nucleation methods, density
change of the samples, and even the factors in the experimental
process (such as the determination of the crystallization
Fig. 7 (a) R–T and (b) M–T curves of samples J0–J3.

This journal is © The Royal Society of Chemistry 2019
starting point). However, the n value is always around 2
regardless of the cooling rates.

The Avrami exponent related to the nucleation mechanism
and growth mode is the sum of the space dimension and time
dimension of nucleation growth. Crystallization nucleation is
generally divided into heterogeneous nucleation and homoge-
neous nucleation. Heterogeneous nucleation is usually formed
by incompletely melted crystals or foreign impurities, which is
instantaneous nucleation. Therefore, it has nothing to do with
time, and n does not contain the time dimension. Homoge-
neous nucleation is the nucleation of the molecule through
thermal movement, which is time-dependent, so n should
include the time dimension. According to the above principles,
the n values of crystals with different growth types and nucle-
ation modes are listed in Table 5.

The crystallization of the oxide high-temperature supercon-
ductors grown by heterogeneous nucleation of the solid phase
and the liquid phase, and considering that the n value is about
2, the growth of the Bi2212 superconductor is mainly the two-
dimensional growth mechanism.17

3.3.3 Non-isothermal crystallization kinetics via Mo
method. In order to describe the non-isothermal crystallization
RSC Adv., 2019, 9, 35280–35288 | 35285
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kinetics of the material more thoroughly, the Mo method19

combines the Ozawa16 and Avrami equations to derive the
following non-isothermal crystallization kinetic equation under
a certain degree of crystallinity:

ln Zt + n ln t ¼ ln KT � m ln F (5)

The simplication of eqn (5) can be obtained as follows:

ln F ¼ ln F(T) � a ln t (6)

where, F(T) ¼ [KT/Zt]
1/m and a ¼ n/m. KT is the cooling crystal-

lization function that is related to the crystallization rate. F(T) is
the function of the cooling rate, and its physical meaning is the
cooling rate required for the system to reach a certain crystal-
linity per unit crystallization time at a certain temperature. The
higher the value of F(T) is, the lower the crystallization rate of
the material is, which can be used to characterize the degree of
crystallization difficulty. a is the ratio of n to the Ozawa expo-
nent m.

Fig. 6 shows the linear curves of ln F–ln t, indicating that the
Mo method is suitable for describing the crystallization
behavior of Bi2212 superconductor. The F(T) and a values ob-
tained by linear tting are listed in Table 6.

As shown in Table 6, a values are always greater than 1,
indicating that each n is greater than m. In addition, as the
relative crystallinity increases, F(T) increases with relative
Fig. 8 M–H curves of samples (a) J0, (b) J1, (c) J2 and (d) J3 at differen

35286 | RSC Adv., 2019, 9, 35280–35288
crystallinity, indicating that it is necessary to increase the
cooling rate when the system reaches a certain crystallinity per
unit time.17
3.4 Superconducting properties

The electronic transport properties and magnetic properties of
the samples are shown in Fig. 7(a) and (b), respectively. The
detailed parameters are listed in Table 7. As shown in Fig. 7(a),
the T(c,onset) and T(c,zero) of sample J0 are 73.1 K and 63.2 K,
respectively. Besides, the Tc values of samples J1–J3 are corre-
spondingly improved compared with that of sample J0. The
connectivity of samples J1–J3 becomes better due to the reduced
number of grain boundaries aer the cooling crystallization
process. So the Tc values of samples J1–J3 are increased. Sample
J3 has the highest T(c,onset) of 80.1 K and the largest DTc of 11.6
K, which may have originated from the degraded crystallization
caused by the part decomposition of the Bi2212 phase into the
Bi2201 phase at the excessive temperature. Although sample J2
has a lower T(c,onset) than that of sample J3, its T(c,zero) of 70.1 K is
better than those of the other samples. TheM–T curve exhibited
good diamagnetism of all the samples as shown in Fig. 7(b).
Also, the Tc values are substantially consistent with those of the
R–T curves.

Fig. 8 shows the M–H curves of samples between the applied
elds of �7 T at 2 K, 10 K and 25 K, respectively. Magnetic
hysteresis in high-temperature superconductors provides
t temperatures.

This journal is © The Royal Society of Chemistry 2019
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important information such as critical current density, energy
required to completely destroy superconductivity, residual
magnetization (MR) values, and pinning strength.11 All samples
exhibit large hysteresis loops at 2 K, indicating that the samples
have good and uniform superconductivity. However, it can be
seen that the shapes of the M–H curves change for T ¼ 25 K.
Especially at high magnetic elds, any hysteresis in the M–H
curves was not observed.28

The critical current density is one of the most important
criteria for judging the conductivity of a superconductor. The
critical current density directly determines the quality of the
superconductor. Based on the measured hysteresis loops,
the critical current density of all the samples were calculated
by the Bean model. Since the samples are rectangular cylin-
ders, all Bean models can be simplied to the following
formula (7):28

Jc ¼ 20DM

Vb

�
1� b

3a

� (7)

where, a is the width of the sample, b is the thickness of the
sample (a > b), and DM¼ (M+ �M�)/V is the electromagnetism
of unit volume. As shown in Fig. 9, the critical current
densities of the samples aer the cooling crystallization
process are higher than that of sample J0. Some of the Bi2212
phase crystallizes with the decrease in temperature because
some of the Bi2212 phase is molten aer high-temperature
treatment. Aer this process, the grain boundaries of the
samples decrease, the grain sizes increase, and the densi-
cation degree and connectivity of the samples are improved,
which together improves the critical current density. Sample
J2 exhibits the highest critical current density of 7.62 � 104 A
cm�2 in self-eld at 2 K which is higher than that of sample J0
(4.70 � 104 A cm�2), and maintains good properties under
high magnetic elds. The decrease in critical current in
sample J3 is due to the decomposition of the Bi2212 phase
into the Bi2201 phase at the high temperature. In summary,
the performance of superconducting materials can be
improved by cooling crystallization treatment and it can serve
as an advantageous method for obtaining superb super-
conducting materials.
Fig. 9 Calculated critical current densities of samples J0–J3 at 2 K as
a function of applied field.

This journal is © The Royal Society of Chemistry 2019
4. Conclusions

Herein, Bi2212 superconductors were prepared by Pechini sol–
gel method. The structural, thermal and transport properties of
the prepared samples were investigated. The crystallization
treatment at different temperatures provided the sheet growth
of Bi2212 superconductor with high phase purity; meanwhile,
the FE-EPMA results further indicated Bi2212 as the major
phase. The results showed that, the connectivity of the samples
became better due to the reduced number of grain boundaries
aer the cooling crystallization process. Besides, the non-
isothermal crystallization data were analyzed by Jeziorny and
Mo method. These two methods successfully described the
crystallization kinetics of Bi2212 superconductor under non-
isothermal conditions. The n was obtained and the two-
dimensional sheet growth mechanism of Bi2212 supercon-
ductor was determined. The non-isothermal crystallization
kinetic parameter Zc increased with the increase in the cooling
rate, and the crystallization parameter F(T) increased with the
increase in crystallinity. F(T) was 4.79 and 42.66 when the
crystallinity was 20% and 90%, respectively. Sample J3 had the
highest T(c,onset) of 80.1 K which was higher than the 70.1 K
value determined for sample J0. Sample J2 had the best T(c,zero)
of 70.1 K which was higher than that of sample J0 of 63.2 K. The
maximum calculated Jc was 7.62 � 104 A cm�2 at 2 K for sample
J2 which was higher than the 4.70 � 104 A cm�2 value deter-
mined for sample J0. The present results provide an advanta-
geous method for improving the performance of
superconducting materials.
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