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A B S T R A C T

We study the combined influence of calcination and sintering temperature on the microstructure, super-
conducting and pinning properties of Bi1.6Pb0.4Sr2Ca2Cu3O10+θ (Bi-2223) prepared by the sol-gel route. Using
several characterization techniques, including X-rays diffractometry and electrical transport measurements, we
find that the powders calcined at 820 °C often result in a crystal higher critical current density (Jc) compared
those calcined at 830 °C. The powder calcined at 820 °C and sintered at 850 °C (Bi-2223 820

850) showed the best
grain morphology and the largest magnetic hysteresis loop and a Jc equal to 12.94 × 105 A/cm2, comparable to
the best results found in the literature for Bi-2223. The enhancement in Jc for Bi-2223 820

850 seems to be due to
improved grain structure rather than creation of effective pinning centers, because the scaling behavior of flux
pinning force densities indicates that the main pinning mechanism for all samples is normal point pinning.

1. Introduction

In the past decade, Bi-based superconducting ceramics materials
have been investigated extensively in the view of applications in
technology and industry. Several researches on many aspects of the
superconductors resulted in considerable progress in superconducting
properties and fabrication processes of these materials, which are
especially attractive for electric power and high-field magnet applica-
tions. The superconducting properties of Bi-based bulk materials have
been found to depend significantly on heat treatment conditions during
the fabrication process These parameters still need to be optimized to
increase the reproducibility of Bi-based superconductors for industrial
applications [1–3].

The BSCCO system, a member of cuprates family, is a special system
among the high-Tc superconductors due to its good performance in the
electronic areas, high critical transition temperatures Tc, high critical
current density Jc, high magnetic-field-carrying capacity and the con-
siderable features of the layered crystal structures. The BSCCO can be
described by the Bi2Sr2Can-1CunO2n+4+θ general composition, in which
n indicates the number of CuO2 layers in the unit cell. According to the
CuO2 numbers, the Bi-based materials with three different phases ex-
hibit the superconductivity at critical transition temperature values of

Tc ~ 20 K (n = 1, Bi-2201), Tc ~ 85–95 K (n = 2, Bi-2212), and Tc ~
100–110 K (n = 3, Bi-2223). Among these phases, Bi-2223 is the most
promising phase for processing of tapes and wires for large-scale and
high-current applications [4–7]. However, the fabrication of pure Bi-
2223 bulk polycrystalline samples is difficult due to the formation of
several unwanted phases such as Bi-2212, Bi-2201 and Ca2PbO4 [8–10].
Residual secondary phases result in weak inter-grain links and flux
pining capability, limitation in the application of the Bi-2223 super-
conductor. In the literature, the effects of heat treatment on the re-
duction of impurity phases in Bi-based superconductors have been ex-
tensively studied, showing the possibility to improve Tc and Jc values by
a careful tuning of the process parameters. [11–21]. It was shown that
the secondary phases were located between the Bi-2223 grains. The Tc

and Jc increased as impurity phases decreased in Bi-2223 phase as a
result of suitable heat treatment. Moreover, Jc is determined by the flux
pinning mechanism activated in the samples and also is limited by grain
structure and grain connectivity [22,23]. In addition, the heat treat-
ment has a key role in determination of the grain morphology of su-
perconductors. Grain coupling and alignment facilitate the formation of
the superconducting phases [24–26]. Therefore, a detailed study of heat
treatment condition is of paramount importance to optimize the fabri-
cation of bulk polycrystalline samples [27,28].
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At present, a large number of methods is available to prepare Bi-
based superconducting bulk materials in the view of commercial ap-
plications, such as laser floating zone, co-precipitation, glass-ceramic,
polymer matrix, solid-state reaction, sol-gel and etc. [10,29–36]

Among the mentioned techniques, the sol gel is one attractive
method, which has several advantages such as: low processing tem-
perature, the best homogeneity in precursor powders, good repeat-
ability, ability to form high purity powder with precise stoichiometry
and preparation of ultrafine powders with uniform size. The mentioned
advantages are due to the initial mixture of metal cations on an atomic
scale in solution, which results in the enhancement of the reactions and
the reduction of impurity phases. Therefore, sol-gel is still one of the
most effective methods for fabrication of the BSCCO system [37–39].
However, the synthesis of pure Bi-2223 phase is still considered diffi-
cult, since many factors need to be controlled in this method. Recent
studies have shown that the concentration of precursor solution, the pH
of mixture solution, the chelating agent and heat treatment condition
are vital factors in the evolution of the phase structure and the micro-
structure in BSCCO materials. The influence of calcination and sintering
temperature, among these parameters, are particularly significant for
improving the grain coupling, the grain morphology, and the phase
formation and transition, leading to the improvement of the electrical
properties of polycrystalline BPSCCO [40,41]. Indeed, the influence of
these two parameters has been widely investigated [3,11,16,20,27,28].
However, these studies are usually done independently. The present
study, on the other hand, is aimed to investigate the combined effects of
the calcination and sintering temperature on the phase evolution and
superconducting properties of Bi-2223 ceramic materials synthesized
by a sol-gel method.

2. Experimental

2.1. Materials and Methods

We used Bi(NO3)3·5H2O, Pb(NO3)2, Sr(NO3)2, Ca(NO3)2·4H2O and
Cu(NO3)2·3H2O as starting powders. To begin, the required amounts of
bismuth nitrate was dissolved in an aqueous solution of nitric acid
(50 ml 0.1 M HNO3) and stirred at 50 °C. Nitric acid aids to obtain a
clear solution and avoids the formation of Bi(OH)2NO3. Then, proper
amounts of other nitrates were dissolved in the aqueous solution se-
parately, and the resulting solution was stirred at the same temperature
to prepare a light blue precursor solution. Then, ethylenediaminete-
traacetic acid (EDTA), with the molar ratio of EDTA to the total metal
ions of 1:1, was dissolved in ammonium hydroxide as chelating agent.
The solution was stirred at 80 °C and it was gradually added to the
precursor solution to prepare stable metal chelate complexes (M-
EDTA). The pH value of the solution was measured between 6 and 7.
The binding of EDTA to metal ions depends on the pH of the solution.
Ethylene glycol (EG) as a polymerizing agent, with the molar ratio of
EG to the total metal ions of 3.5:1, was injected into the solution, so that
a dark blue solution was obtained. This solution was heated in an oil
bath at 120 °C to get the proper viscosity after 10 h. On further heating
to 200 °C, the viscous solution converted into a black foam-like mass.
The obtained mass was dried at 300 °C to remove water and organic
impurities, and was finally converted into the precursor powder.

The precursor powder was calcined at temperatures in the range
800–830 °C (TCalc). After calcination, the powders were ground. Then,
the calcined powders were pressed into pellets under pressure of 5 t/
cm2. The pellets are sintered at temperatures between 840 °C e 860 °C
(TSint) for 100 h in atmosphere, to study role of calcination and sin-
tering temperature on the Bi-2223 ceramic superconductor.

The samples realized at several TCalc and TSint were studied by X-ray
diffraction (XRD) using an X′Pert Pro MPD (PANalytical) diffractometer
equipped with Cu-Kα radiation (λ = 1. 5418 Å). Additionally, the
changes in the volume fractions of the superconducting phases (f(2223)
and f(2212)) were estimated from XRD pattern, using the following

equations [42]:
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Where I2223 (hkl) and I2212 (hkl) denote the peak intensity of the Bi-2223
and Bi-2212 phases, respectively. Thermal decomposition of the pre-
cursor powder was investigated by differential and gravimetric thermal
analysis (TG/DTA) with the heating rate of 10 °C/min under static air
atmosphere. Infrared spectra were measured by Fourier transform in-
frared (FTIR) spectrometer (8500S SHIMADZU). A Field emission
scanning electron microscope (FESEM, Tescan Mira3) equipped with an
Energy-dispersive X-ray spectroscopy (EDS) system was employed for
morphological changes and microstructural observation of the sintered
bodies. Elemental mapping analysis was performed to investigate the
material composition. The magnetic properties of sintered pellets were
carried out on samples using a SQUID magnetometer. The Bean's
equation was used to determine the critical current density (Jc) of the
samples from the M-H hysteresis curves at 10 K:

= ∆Jc 30 M
d (3)

Where Jc is the magnetization current density in amperes per square
centimeter. ΔM = M+

− M− is measured in electromagnetic units per
cubic centimeter and d is the thickness of the sample.

3. Result and discussion

3.1. STA characterization

Fig. 1 shows the TG/DTA profiles for the dried Bi2223 precursor gel.
There are five stages of reaction as follows: 1. Room temperature to
150 °C: The small weight loss due to evaporation of water is consistent
with an endothermic peak located at 120 °C. 2. 150–280 °C: The first
exothermic peak was observed in this region, which is attributed to the
further dehydration and loss of volatile species. 3. 280–600 °C: There is
a strong exothermic peak accompanied with remarkable weight loss in
which the precursors decomposed almost completely in this region. The
exothermic peak with weight loss might be due to the elimination of
ammonium nitrate, organic compounds, EDTA and nitrate ions. 4.
600–820 °C: There is a small weight loss in this region and some peaks
occur from 600 to 820 °C, which hint that a series of phase formation
occur in this stage. These peaks, in this stage, may belong to formation

Fig. 1. TG/DTA curves for Bi-2223. a) DTA and b) TG.
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of Bi-2201, Bi-2212 and other materials. 5. Above 820 °C, the peaks in
this region are indicative of the Bi-2223 formation and decomposition
of other superconductor phases (Bi-2201, Bi-2212). Above 850 °C: The
transformation of Bi-2223 phase take place due to oxygen loss in the
samples. This region is very important because crystallization of desired
superconducting phases are obtained in this stage [39,43]. It should bo
noted that although the DTA-TG analysis helps with the preparation
process of Bi-2223 superconductors, but determination of the exact heat
treatment process needs experimental research.

3.2. Phase analysis

Fig. 2 shows the XRD patterns of the precursor powders calcined at
TCalc = 800, 810, 820 and 830 °C for 24 h. From the graph, it is clear
that the main phase in all samples is Bi-2212. The powder calcined at
800 °C was composed of Bi-2212 as the major phase and Bi-2201,
Ca2PbO4, CuO, Sr14Cu24O41, Ca2CuO3 and SrCO3 as the minor phases.
As the temperature increased, the amount of Ca2PbO4 and Sr14Cu24O41

decreased and Sr14Cu24O41 was no larger detected at 820 and 830 °C.
Above 820 °C, Ca2PbO4 decomposed into CaO and a Pb-rich liquid and
then Ca2CuO3 phase formed by the reaction of CaO and CuO. Therefore,
the highest amount of Ca2CuO3 was observed in the sample calcined at
830 °C. The observation of XRD patterns reveals that the amount of Bi-
2212 increases with the calcination temperature and Bi-2212, Ca2CuO3

and CuO are present as major phases. The formation of the mentioned
pahses is promising for growth of Bi-2223 phase. By increasing the
temperature, the peaks become sharp and narrow, indicating the im-
provement of crystallinity.

As shown in Fig. 3, XRD pattens of powders calcined at 820 °C and
sintered at 840, 850 and 860 °C for 100 h show presence of the major
high Tc phase (Bi-2223) with very small Bi-2212 and Bi-2201 peaks.
Moreover, a clear change in the sharpness of the peaks was observed by
increasing the sintering temperature from 840 to 850 °C. As seen in
Table 1, the volume fraction of Bi-2223 phase is initially increased with
temperature up to 850 °C and then it starts to decrease by rising tem-
perature to 860 °C. The minimum in the Bi-2223, in 860 °C, is probably
due to the elements losses (Pb and O), resulting in the formation of
unwanted phase of Bi-2212 and Bi-2201. It seems that the optimum
sintering temperature for the samples calcined at 820 °C, to obtain a
high volume fraction of Bi-2223 is 850 °C.

As shown in Fig. 4, XRD patterns of the powders calcined at 830 °C

Fig. 2. XRD patterns of the Bi-2223 calcined at different temperatures for 24 h.

Fig. 3. XRD patterns of the Bi-2223 calcined at 820 °C and sintered at different tem-
peratures for 100 h.

Table 1
Tc values determined from M–T measurements, lattice parameters and volume of unit cell for all samples (x = 0.0–0.2).

Sample f(2223) f(2212) Tc (K) (intragranular transition) Tcj (K) (intergranular transition)

Calcination Temperature (°C) Sintering Temperature (°C)

840 ~ 82.1 ~ 11.8 107.6 98.5
820 850 ~ 89.2 ~ 5.7 110.9 –

860 ~ 78.3 ~ 14.7 105.75 96.4
840 ~ 81.6 ~ 12.5 106.8 97.4

830 850 77.4 ~ 18.4 104.6 96.1
860 73.7 ~ 20.8 103.5 94.2

Fig. 4. XRD patterns of the Bi-2223 calcined at 830 °C and sintered at different tem-
peratures for 100 h.
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and sintered at 840, 850 and 860 °C for 100 h reveal the major phase
formed is Bi-2223, with very few Bi-2212 and Bi-2201 peaks. The vo-
lume fraction of Bi-2223 phase in the samples calcined at 830 °C is
lower than those of calcined at 820 °C. As a consequent, the calcination
temperature around 820 °C is more effective than 830 °C for the

formation of Bi-2223 [17]. Consequently, it seems that the nucleation
temperature of Bi-2223 phase is just around 820 °C. The results of the
samples calcined at 810 and 830 °C show that the formation of Bi-2223
occurs in a narrow temperature range and the temperature range de-
pends strongly on the initial chemical composition, synthesis methods,

Fig. 5. FESEM images of the samples calcined at a)
820 and b) 830 °C for 24 h.

Fig. 6. FESEM images of Bi-2223 heat treated at different temperature.
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atmosphere, additive/substitution, calcination temperature and etc.

3.3. Microstructural analysis

Fig. 5 shows the effect of TCalc on the grain morphology of several
samples. From the photographs, we can conclude that the grains size of
Bi-2212 are slightly larger for the sample calcined at a higher tem-
perature. According to the XRD spectra, these two samples have similar
phase composition after calcination. Therefore, the higher volume
fraction of Bi-2223, after sintering, in the sample calcined at 820 °C
indicates that an optimum grain size and calcination temperature
(820 °C) is necessary for proper formation of Bi-2223 phase. On the
other hand, optimum grain size improves reactivity and diffusion, af-
fecting the formation of Bi-2223 phase.

Fig. 6 shows the FESEM images of the fractured surface of the
samples fabricated at different conditions. The micrographs reveal that
the microstructural evolution of the samples varies with small changes
in TCalc and TSint. In general, all samples show the prominent plate-like
morphology, which is the typical microstructure of Bi-2223

superconductors. It can be seen from Fig. 6a that grains grow with an
irregular form with random orientation, suggesting the selected con-
dition is inappropriate for the metal cations to diffuse and form pure
Bi2223 phase. As shown in Fig. 6c, the sample calcined at 820 °C and
sintered at the 860 °C consists of large grains that are poorly inter-
connected. Moreover, signs of partially melting and some voids were
observed. Fig. 6b shows that the characteristic morphology improves
considerably in proper condition. In more detail, the Bi-2223820850

sample has the largest average plate-like grain size with the smoothest
surface morphology. Moreover, the best connectivity between the su-
perconducting grains and the densest morphology were observed in this
condition. The chemical composition of the samples is confirmed with
EDX, indicating a high purity of Bi-2223 phase. As shown in Fig. 7,
flake-like grains are Bi-2223 phase. According to the EDS results the
flake- shaped grains are consisted of Bi, Pb, Sr, Ca, Cu and Oxygen.
Therefore, The EDS result revealed that the Bi-2223 phase is stoichio-
metric and impurity elements were not observed.

Comparing Fig. 6b and d, it is obvious that grain size increases as
the calcination temperature is raised. However, the connectivity

Fig. 7. Elemental distribution mappings for Bi-2223820850.
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Fig. 8. Temperature dependence of susceptibility for samples sintered at different temperature in the applied field of 10 Oe. a) samples calcined at 820 °C and b) samples calcined at
830 °C.

Fig. 9. Magnetic hysteresis curves obtained for samples sintered at different temperature in the applied field of 10 Oe at 10 K. a: samples calcined at 820 °C and b: samples calcined at
830 °C.
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between the grains has decreased. This observation is in agreement
with the large amount of Bi-2223 formed for Bi-2223820850 sample,
which consumes Ca2PbO4 for its formation.

3.4. Magnetic properties

Fig. 8 shows the DC magnetic susceptibility (χdc(T)) as a function of
temperature for all the samples in both field cooled (FC) and zero field
cooled (ZFC) conditions under an applied field of 10 Oe. The first drop
at Tc on cooling (intragranular transition temperature) indicates the
transition temperature to superconducting state within grains, and the
second one at Tcj (intergranular transition temperature) is attributed to
the superconducting coupling occurrence between the grains. For
samples calcined at 820 °C, the Tc values changes as a function of the
sintering temperature. Initially, Tc increases with increasing the sin-
tering temperature up to 850 °C, and then decreases at higher tem-
peratures (860 °C). In all samples except for Bi-2223820850, a second
transition appears around Tcj ~ 90 °C (see Table 1). This transition can
be attributed to the presence of Bi-2212 or impurity phases, as already
shown by XRD analysis. The Bi-2223820850 sample has the largest ne-
gative magnetization in both FC and ZFC mode with χZFC = −1 in-
dicating purity, good quality and homogeneity. A sharp transition peak
without any second transition is seen for this sample, which is the
characteristic M-T curves of pure superconducting materials followed
by a gradual decrease in magnetic susceptibility at low temperature. As
regards Tcj, it depends on heat treatment condition, implying that the
presence of Bi-2212 phase on the grain boundary plays the role of weak
links and reduces the inter-granular coupling.

Comparison of Fig. 8a and b reveals the simultaneous effect of
calcination and sintering temperature, which is one of the main results
of this work. For the sample calcined at 830 °C, the best Tc and the
largest negative magnetization are obtained for lower sintering (TSint =
840 °C), although χZFC = −1 is never obtained for these samples.
Therefore, it can be concluded that these samples consist of super-
conducting grains embedded in a non-superconducting matrix.

Moreover, with increasing TSint, magnetic susceptibility increased and
approached to χ = 0. As observed, the deviation from the ideal case (χ
= −1) broadened, indicating the formation of more low temperature
superconductor and non superconducting phases. The results are in
good agreement with the XRD pattern and the FESEM observations
discussed previously, which indicated that the best Tc value for the
sample calcined at 820 °C is 109 K and for the sample calcined at 830 °C
is 105.2 K. The mentioned samples possess the highest fraction of the
Bi-2223 phase together with the best connectivity of grains.

Fig. 9 shows the magnetic hysteresis loop between applied fields
of± 2 T, for all the samples, at 10 K. It can be clearly seen that the
sintering and calcination temperature cause substantial changes on the
shape and width of the magnetic hysteresis. For TCalc = 820 °C, shown
in Fig. 9a, the magnetization values and the hysteresis loop width in-
crease as the sintering temperature increases up to 850 °C and then it
starts to decrease for higher sintering temperature (860 °C). The en-
hancement in the width of hysteresis loops can be attributed to the
improvement of grain morphology and creating pinning centers when
appropriate defects or impurities phases form in the superconducting
matrix.

A different behavior is seen for samples realized with TCalc =
830 °C. In this case, the magnetization values and the width of hys-
teresis loop significantly decreased as the sintering temperature is in-
creased due to the low temperature superconducting phases. The de-
creases in magnetization may be attributed to the parameters such as
coherence length, grain morphology, impurity phases and the amount
of the high temperature phases in the samples. The results are in good
agreement with the previously discussed observations.

Fig. 10 shows the intra-granular Jc for studied samples, as a function
of the magnetic field, at 10 K, obtained from the hysteresis loops. As
seen in the graphs, the Jc values depended on the calcination and the
sintering temperatures. The intra-granular Jc values decreases with an
increase in the magnetic field for all the samples, which is a typical
behavior in high Tc superconductor materials. Note that, Jc in BSCCO
system depends the temperature of calcination and sintering, the

Fig. 10. Critical current densities of samples sintered at different temperature at 10 K. a) samples calcined at 820 °C b) samples calcined at 830 °C. Inset shows field dependence of flux
pinning density Fp.
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stoichiometry of oxygen, doping/substitution, grain structure, etc
[11,44]. The higher intra-granular Jc values for the samples calcined at
820 °C and sintered at different temperatures, compared with the
samples calcined at 830 °C, are the result of the improvement in grain
structure and the presence of the secondary or impurity phases. These
phases which formed at different temperatures can act as flux pinning
centers, resulting in a strong increase in Jc values. The highest Jc was

obtained for the Bi-2223820850 sample due to the improvement in grain
structure and other parameters stated previously. As shown in Fig. 10a
and b, the optimum in Jc values occurs at ~ 0.1 T, indicating that this is
the first penetration magnetic field. By increasing the magnetic field,
the magnetic configuration of fluxes was destroyed due to the move-
ment of vortices [45].

The inset of Fig. 10 shows the pinning force density given by FP =

Fig. 11. Normalized pinning force as a function of normalized field for all samples. Doted (blue), solid (red) and dashed (green) line represents theoretical curves given by Eqs. (4)–(6)
respectively.
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Jc × B for all samples at 10 K. For the samples calcined at 820 °C, the
maximum pinning force (FP-max) and the maximum magnetic field
(Hmax) belong to the Bi-2223820850 sample. The Hmax is the field at
which the FP reaches its maximum. For the samples calcined at 830 °C,
there was a substantial decrease in FP-max as the sinternig temperature
increased. Moreover, Hmax values tend to decrease, implying decrease
in flux pinning with sintering temperature, which confirms the sus-
ceptibility results. To further investigate the pinning properties, nor-
malized pinning force density values (ƒp = FP / FP-max) as a function of b
= H / Hmax were studied. Note that, flux pinning force in BSCCO
system depends the nature of pinning center, pinning center size, nature
of interaction between flux line and pinning centers, geometry of pin-
ning centers, the rigidity of the flux lattice and etc. There are two dif-
ferent types of pinning centers in superconducting ceramic materials for
pinning: (1) non superconducting (normal) particles, embedding in the
superconducting matrix, leading to a scattering of the electron mean
free path, and (2) Δκ pinning, which is the result of spatial variations of
the Ginzburg–Landau parameter κ associated with fluctuations in the
critical temperature. The pinning centers are further classified by the
number of the pinning center dimensions. The ƒp-b scaling for high
temperature cuprate superconductors is often analyzed by using three
theoretical models:

= ⎛
⎝

− ⎞
⎠

f b b or normal point pinning(b) 9
4

1
3

f
2

(4)
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⎝
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16
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5

f
2

(5)

= ⎛
⎝

− ⎞
⎠

f b b or Δκ pinning(b) 3 1 2
3

f2
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Fig. 11 shows ƒ-b scaling curves for all samples. The curves for
theoretical models of (4)-(6) are represented in figure to determine the
pinning mechanism. At low magnetic fields, the plots scattered and
located between surface pinning and normal point pinning and at the
higher field, the data points of samples located between normal point
pinning and Δκ pinning. However, the overall shape of ƒp(b) for all
samples agree well with the model of normal point pinning, and surface
of well-oriented grains act as pinning center at low field. Note that, the
results suggest that normal point pinning is the main pinning me-
chanism activated in the samples even though it cannot fully explain
our data.

Table 2 indicates a comparison between the results shown in the
present work and values of Tc and Jc reported in the literature for Bi-
2223 samples. From this table, it can be concluded that the Bi-2223
superconductor sample synthesized by the sol gel in the present work
exhibited values of Tc and Jc which are comparable with the best data in
the literature.

4. Conclusion

In this study, the influence of calcination and sintering temperatures
on the superconducting properties of Bi-2223 ceramic materials was
investigated. The XRD and FESEM/EDS analyses proved the formation

of the desired phase of Bi-2223. Furthermore, it was concluded that the
microstructural changes in the samples are affected by two important
factors: calcination and sintering temperatures, the effect of which are
not independent from each other. The magnetic measurements revealed
that the highest Tc and Jc values corresponded to the Bi-2223820850

samples. Furthermore, the hysteresis loop obtained for these samples
had the highest surface area, and with increasing the calcination tem-
perature the loops became narrower. Therefore, the calcination tem-
perature of 820 °C and sintering temperature of 850 °C were the op-
timum condition of heat treatment for obtaining the best
superconductor properties. The main pinning mechanism activated in
all samples was normal point pinning.
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