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ABSTRACT

In this work, superconducting samples of type (Bi;gPbg4)Sr;¢Ca, Cus0j5 wWere prepared, with Pby, composed of
Pb;, and Pb;}, at different sintering temperatures ranging from 835°C to 855°C. The prepared samples were charac-

terized using x-ray powder diffraction (XRD), scanning electron microscope (SEM), electron dispersive spectroscopy
(EDS) and differential scanning calorimetery (DSC). The superconducting properties were investigated using electrical
resistivity and transport critical current density. Our results showed that the sample prepared at sintering temperature
845°C has the optimum value of superconducting transition temperature T, and transport critical current density J..
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1. Introduction

Among the high-temperature superconductor materials
(HTSCs), the Bi-Sr-Ca-Cu-O (BSCCO) system was con-
sidered to be the most interesting superconducting mate-
rials due to their high superconducting transition tem-
perature T, and critical current density J.. The BSCCO
system with a nominal composition Bi,Sr,Ca,, Cuy,
Oamia+5, Where m is the number of Cu-O layers, involves
three superconducting phases, Bi-2201 (m = 1), Bi-2212
(m = 2) and Bi-2223 (m = 3) with T, ~ 20, 80 and 110 K,
respectively. The Bi-2223 phase is the most promising
one among these phases to synthesis tapes and wires for
large-scale and high-current applications [1]. It is charac-
terized by a high T, and a high upper critical magnetic
value By, of the order of 150 Tesla [2]. Tremendous
works [3-5] were directed towards the preparation of a
nearly single Bi-2223 phase in order to optimize its su-
perconducting transition temperature and critical current
density J.. The Bi-2223 phase formation strongly de-
pends on the preparation conditions such as sintering
temperature, thermal processing time, synthesis atmos-
phere, precursor compositions and doping or substituting
with various cations and anions. The best results revealed
that the formation of Bi-2223 phase is significantly en-
hanced through the partial substitution of Bi by Pb [6]. It
is extremely difficult to prepare the (Bi, Pb)-2223 phase
as a single phase since it usually intergrowths with the
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(Bi, Pb)-2212 phase. This is due to the high complexity
of the reaction and to the small difference in their ther-
modynamic stabilities [7]. It is known that, the Bi-2223
phase is formed just below the melting temperature
(875°C - 880°C) [8,9]. The temperature range for partial
melting becomes lower and wider as a result of Pb-sub-
stitution [10,11]. This means that the partial substitution
of Bi by Pb could accelerate the phase formation by the
help of a partial melting [12,13]. In Bi-2223 the hole-
density is nearly optimum-doping [14]. So, Pb** substitu-
tion could increase the hole-density and may shift the
hole-density apart from the optimum-doping. Therefore,
it is more convenient to make the substitution by
Pb;,+Pb,, instead of Pb.% to keep the hole-density
near optimum which is important for improving T.. A
small change in CuO and/or Bi,0; during the preparation
of the Bi-2223 phase leads to a pronounced decrease in
its volume fraction [15]. On the other hand, an excess of
Bi,0O; and CuO enhances the formation of the Bi-2223
phase with small amounts of CuO and the viscosity of
the forming transient liquid which is known to support
the crystallization of the Bi-2223 phase [16,17]. The best
stoichiometric amounts of both Bi and Pb were found to
be about Bi, 5 or about (Bi + Pb),, for both Bi-2223 and
(Bi, Pb)-2223 phases, respectively [16].

In this study it is convenient to consider Bi; gPby4Sr;
Ca, Cu;304 phase to investigate the effect of sintering
temperatures and various valence of lead; PbO and PbO,
on the phase formation, superconducting transition tem-
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perature, transport critical current density and the melting
point.

2. Experimental Technique

Bi, gPby 4Sr; 9Cay 1Cu; 00+ superconducting samples were
prepared by the standard solid-state reaction method.
Stoichiometric amounts of the raw materials Bi,Os, PbO,
PbO,, SrCO;, CaCO; and CuO (Sigma-Aldrich chemi-
cals) were weighed with ratios (1.8:0.2:0.2:1.9:2.1:3),
respectively. The powder was ground in an agate mortar
and then was sifted by a 65 pm sieve. Then, the mixed
powder was subjected to two-stages of calcinations in air
at 820°C for 24 hours for each stage. This is important to
obtain the proper precursor phase’s necessary for the
formation of Bi-2223. The phase assemblage is sensitive
to the calcination conditions [18]. After that, the mixture
was cooled to 100°C and ground. Then, the powder was
pelletized into a disc of diameter of 1.5 cm and thickness
of about 0.3 cm. The pellets were sintered in air at dif-
ferent sintering temperatures from 835°C to 855°C for 96
h with heating rate 4°C/min. Finally, the samples were
cooled down to room temperature by a rate of 2°C/min.

The prepared samples were characterized by X-ray
powder diffraction using X’Pert Graphics and Identify
with Cu K,-radiation (1 = 1.5406 A) in the range 4° < 20
< 70°. The grain size and microstructure morphology of
the samples were identified using a Jeol scanning elec-
tron microscope JSM-5300, operated at 30 kV. Energy
dispersive spectroscopy analysis was performed for the
prepared samples using Oxford X-ray micro-probe ana-
lyzer connected to a Jeol scanning microscope JSM-5300.

The amount of heat absorbed, differential scanning
calorimetery (DSC), and the mass loss, thermogravimet-
ric analysis (TG), of all prepared samples during the heat-
ing process were carried out by SDT Q600 instrument.
This instrument measures both DSC and TG simultane-
ously. 0.2 gm powder for each sample was putted in
alumina cup and its temperature was raised from room
temperature up to 900°C, for both measurements, with a
rate of 10°C/min in flow of Ar.

The electric resistivity of the prepared samples was
measured by the conventional four probe technique from
room temperature down to zero resistivity temperature
T, via a closed cryogenic refrigeration system (Displex)
employing helium gas as a working medium. The sam-
ples have the shape of parallelepipeds of approximate
dimensions 15 x 2 x 3 mm’, and the connections of the
copper leads were welded with sample using a conduc-
tive silver paint. The temperature of the sample was
monitored by Fe-Au thermocouple and stabilized with
the aid of a temperature controller to within £0.1 K. A
typical excitation of 1 mA was used to avoid heating
effects on the samples. The potential drop across the
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sample was measured using a Keithely-181 digital nano-
voltmeter. The voltage was determined by taking the
average of the values measured with the normal and the
reverse directions of applied current to eliminate the
thermoelectric voltages of the junction leads. The trans-
port critical current density was measured by the conven-
tional four-probe technique at 77 K using liquid nitrogen
flow.

3. Results and Discussion

Our work studied the effect of sintering temperatures
835°C, 840°C, 845°C, 850°C and 855°C on the formation
of (Bi, Pb)-2223 phase using stoichiometric ratios 0.2
PbO and 0.2 PbO, instead of 0.4 of PbO. The XRD pat-
terns for Bil'ng()ASI'l'9C32'1CU3010+5 at different sintering
temperatures 835°C - 855°C are shown in Figure 1. For
sintering temperatures 835°C, 840°C and 845°C, the ma-
jor peaks are well indexed by tetragonal unit cell of (Bi,
Pb)-2223 phase with a space group P4/mmm [19]. As the
sintering temperatures increases to 850°C and 855°C, the
major peaks are well indexed by tetragonal unit cell of
(Bi, Pb)-2223 phase with another space group P [20].
The change in space group is probably due to the lattice
instabilities which involve distortion in the copper-oxy-
gen layers. This is interesting aspects of the high tem-
perature superconductors and was observed by Rawford
et al. [21] in La,CuOQ, phase. Also, few weak diffraction
peaks of the superconducting phase (Bi, Pb)-2212 and
non-superconducting phase Ca,PbO, are observed in
XRD patterns. The (Bi, Pb)-2223 phase is called high T,-
phase and their peaks indicated by H (hkl), but (Bi, Pb)-
2212 phase is called low T.-phase and their peaks indi-
cated by L (hkl). The peaks of Ca,PbO, phase are indi-
cated by (*).

In the inset of Figure 1, we represent the XRD pat-
terns of (Bi, Pb)-2223 samples in the 2@ range 4.6° - 6° at
different sintering temperatures 835°C - 855°C which is
more suitable for pointing out the presence of both (Bi,
Pb)-2223 and (Bi, Pb)-2212 phases, since no overlapping
of the peaks occur. The first peak (002)H, at 26 ~ 4.7°,
corresponds to (Bi, Pb)-2223 phase whereas the second
peak (002) L, at 20 ~ 5.7°, corresponds to (Bi, Pb)-2212
phase. As the sintering temperature increases the first
peak intensity increases with high rate, while the second
has slight increase. The volume fractions of (Bi, Pb)-
2223, (Bi, Pb)-2212 and Ca,PbO, are estimated from the
summation of their intensities [22]. The values of the
first two phases are plotted versus sintering temperature
in Figure 2. It is clear that, the calculated volume frac-
tion of (Bi, Pb)-2223 increases as the sintering tempera-
ture increases from 835°C to 855°C while the calculated
one for (Bi, Pb)-2212 decreases. This result confirmed by
the increasing of (002) H peak intensity as the sintering
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Figure 1. XRD patterns for Bi; gPb 4Sr; 9Ca, Cuz0,.;, at different sintering temperatures.

temperature increases. Another advantages of substitut-
ing Pb*" in Bi’" sites is to relieve the internal stress [15],
but the disadvantage is the presence of the third phase
(Bi, Pb)-2201 and other impurities such as Ca,CuOs,
CaCu,03;, CaO and CuO. In our work, the disappearance
of these impurities in XRD patterns is properly due to the
substitution of both Pb*" and Pb*" in Bi’" sites, which
could be motivate the other impurities to interact with
Bi-2201 to form Bi-2212 [23].

The lattice parameters a and ¢ are calculated by taking
all the tetragonal peaks of (Bi, Pb)-2223 phase as a func-
tion of sintering temperature. Figure 3 shows the varia-
tion of a and ¢ at different sintering temperatures. The
lattice parameters ¢ shows a parabolic curve while the
lattice parameter a is nearly unchanged in average a =
5.4 +0.02 A. The change in the lattice parameter ¢ may
be due to the substitution of both PbO and PbO, in Bi**
sites. The lattice parameters a¢ and ¢ for (Bi, Pb)-2223
phase substituted with PbO are nearly 5.41 and 37.07 A,
respectively [24]. So, the change in ¢ could be due to the
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substitution by PbO,. The increase in the lattice parame-
ter ¢ with sintering temperature up to 845°C is due to the
substitution of large ionic radius Pb*>* (1.19 A, VI coor-
dination) in the Bi’" sites of the small ionic radius (1.03
A, VI coordination). But the decrease in ¢ for sintering
temperatures greater than 845°C is probably due to that
some of Pb*" could be entered at Ca®" sites, since the
jonic radius of Ca®" ion (0.99 A, VI coordination) is
greater than that of Pb*" (0.84 A, VI coordination) [25]. Tt
is important to mention that the samples sintered at tem-
peratures 850°C and 855°C are stretched and quasi-melted.
Typical SEM micrographs for the prepared samples
are shown in Figures 4(a) to (e). The grains of all sam-
ples are plate-like in shape and their size is found to in-
crease with increasing sintering temperature. All samples
from 835°C - 855°C show a small amount of sphere-like
grains which could be due to Ca,PbOy, solid particles that
are randomly distributed over the phase plates [26]. Also,
Figures 4(d) and (e) show that these samples are quasi-
melted as mentioned before, but the superconducting
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Figure 2. The volume fractions of (Bi, Pb)-2223, (Bi, Pb)-2212 at different sintering temperatures.
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Figure 3. The variation of lattice parameters a and c with the sintering temperatures.

phenomenon still exists. It seems that the increase of
sintering temperature from 850°C up to 855°C leads to
the formation of a liquid phase that acts as insulating
layers around the superconductor grains. This may be the
reason for the quasi-melted for them. This increases the
resistance of grain boundaries, leading to a decrease in
the J. [27]. Figure 5 shows the variation of grain size
with sintering temperature. The grain size increases with
two rates according to the sintering temperature range.

Copyright © 2012 SciRes.

For 835°C - 845°C the rate is 0.07 um/°C, while at 845°C
- 855°C it is 0.19 um/°C. The later can be explained by
the fact that the residual (Bi, Pb)-2201 phase is located at
grain boundaries, although this phase does not appear in
XRD data [28].

One of the most important measurements is the energy
dispersive x-ray, EDX, which is used to confirm if the
real compositions of our phase exists or not at different
sintering temperatures 835°C - 855°C. To clarify this
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Figure 4. SEM images for (Bi, Pb)-2223 phase with different
sintering temperatures: (a) 835°C; (b) 840°C; (c) 845°C; (d)
850°C; (e) 855°C.
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Figure 5. Variation of grain size with sintering temperature.
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point, EDX spectra for the prepared samples were carried
out for the same regions of SEM. Figure 6 displays EDX
spectra for (Bi, Pb)-2223 phase sintered at temperatures
835°C, 845°C and 855°C. All peaks show that there is no
change in the position of Bi, Pb, Sr, Ca and Cu peaks
after the partial replacement of the Bi*" ions by Pb*" and
Pb*" ions. These results indicate that these ions are well
substituted in the micro-structure of (Bi, Pb)-2223. The
mean real composition of Bi, Pb, Sr, Ca and Cu, deter-
mined from EDX analysis, showed that Ca composition
for 850°C and 855°C are lower than that for 845°C, this
proves that Pb*" could be substituted in the Ca*" sites
which in agreement with the decrease in the lattice pa-
rameter ¢ [25]. On the other hand, the ratio (Bi + Pb)/Cu
has value below 1, indicating the formation of (Bi, Pb)-
2223 phase [20]. It is clear that the sample sintered at
845°C has the lowest ratio, about 0.68. This means that
this sample is nearly single phase of (Bi, Pb)-2223 phase,
consistent with the results of Calestani et al. They found
that the single phase of (Bi, Pb)-2223 was formed at ratio
<0.66.

Figure 7 shows the DSC curves for the (Bi, Pb)-2223
phase sintered at different temperatures 835°C - 855°C.
For samples sintered at 835°C - 845°C, two endothermic
peaks are observed between 820°C to 850°C. This peak is
related to the formation of a liquid phase in coexistence
with the (Bi, Pb)-2122 phase due to a reaction between
two or more of the secondary phases present at this stage
as was first suggested by Hatano et al. [14]. The second
peak corresponds to the melting temperature of the (Bi,
Pb)-2223 substituted with PbO and PbO, which is lower
than that of the (Bi, Pb)-2223 phase substituted with PbO
[15]. The decrease in the melting point is probably due to
the change in the effective oxygen content in the final
sample. For samples of sintering temperatures 850°C and
855°C, another peak is observed around 390°C, indicat-
ing the formation of the (Bi, Pb)-2201 phase which did
not appear in XRD. This result is in a good agreement
with that obtained through SEM data. It is important to
mention that the melting temperature of our sample sin-
tered at 845°C is close to its sintering temperature, while
it decreases as the sintering temperatures increase up to
855°C. This decrease may be due to the formation of (Bi,
Pb)-2201 at the grains boundaries.

The temperature dependence of the electrical resistiv-
ity for (Bi, Pb)-2223 at different sintering temperatures
835°C - 850°C in the temperature range Ty < T < 300 K,
where Ty is the zero resistance temperature, is shown in
Figure 8. All the samples show a metallic like—behavior
at high temperature followed by a superconducting tran-
sition as the temperature is lowered. There are only a few
models concerning the linear temperature dependence of
the electrical resistivity of the cuprates. One may exclude
the electron-phonon interaction because the very small
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Figure 6. EDX spectra for (Bi, Pb)-2223 sintered at 835°C, 845°C and 855°C.

electron-phonon coupling constant, estimated from the
electrical resistivity in high temperature superconductors.
Martin et al. [29] fitted a T-linear electrical resistivity in
Bi-cuprates with the Bloch-Gruneisen formula, which
gave an unreasonably low Debye temperature of less
than 35 K. From the RVB model proposed by Anderson
and Zou [30], the bosons and fermions are confined to
the Cu-O planes, and the electrical resistivity in the plane
is produced by the scattering of the bosons from the fer-
mions, which will follow a linear-temperature depend-
ence. By using the marginal-Fermi-liquid theory by Varma
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et al. [31] and the nested Fermi liquid by Virosztek and
Ruvalds [32], one can also explain the T-linear electrical
resistivity.

A small curvature in the electrical resistivity data is
observed above the superconducting transition tempera-
ture T, indicating superconducting thermodynamic fluc-
tuations. These superconducting thermodynamic fluctua-
tions occur at finite range above T, due to the appearance
of cooper pairs above T, [33]. For the samples sintered at
840°C, 845°C and 850°C, the transition to T is nearly one
step transition (nearly sharp), indicating the formation of
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Figure 8. Temperature dependence of electrical resistivity
for (Bi, Pb)-2223 at different sintering temperatures 835°C -
850°C.

nearly (Bi, Pb)-2223 single phase. While for samples
sintered at 835°C and 855°C a broadening from the tran-
sition to T, was observed causing a significant decrease
in T, value. The broadening in the transition width for the
sample sintered at 835°C is due to the existence of sec-
ondary phases and low connectivity between grains, re-
sulting from low sintering temperature. But for the broad-
ening in the transition width for the sample sintered at
855°C is due to the formation of (Bi, Pb)-2201 at the
grain boundaries. Table 1 summarizes the data of the
residual resistivity “p,”, resistivity temperature coeffi-
cient “Q”, the superconducting transition temperature T,
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and the transition width AT. It is clear that both Q and p,
decrease with increasing sintering temperature to reach
minimum value at sintering temperature 845°C after that
they start to increase for sintering temperature greater
than 845°C. The lower residual resistivity values indicate
that the samples are of high quality and contain fewer
defects, while the higher residual resistivity can be ex-
plained in terms of increase in impurities. These results
are consistent with those obtained from XRD data. It is
known that the granular high-temperature superconduc-
tors having a well defined superconducting transition
temperature T, generally determined from the derivative
of p(T) with respect to T and the temperature corre-
sponding to the peak is T, [34]. do(T)/dT curves for (Bi,
Pb)-2223 at sintering temperatures 835°C - 850°C are
shown in Figure 9. It is clear that the sample sintered at
845°C has the highest superconducting transition tem-
perature.

The E-J curves for (Bi, Pb)-2223 superconducting
samples at different sintering temperatures 835°C -
850°C are shown in Figure 10. The general behavior can
be described as follow. The current is not large enough to
cause vortex pair unbinding and the system is resistance-
less V(I) = 0 [35]. The voltage drop appeared at certain
value of applied current I.. With further increasing in
current, we notice that all the curves exhibit non linear
behavior followed by linear increase. The transport criti-
cal current density J., for all samples, was obtained using
a criterion of 1 pV/cm. Table 1 summarized the variation
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Table 1. Variation of p,, Q, T, AT, J., and n for (Bi, Pb)-2223 phase with sintering temperatures 835°C - 855°C.

st Resistivity E-J
Slnten{lég temp. T. (K) AT (K)
Q) Qx 107 (K™Y po % 107 (Q-cm) J. (A-em™?) n
835 1.47 73.30 105.55 248 103.17 15.39
840 1.17 6.70 282.12 371 104.50 6.00
845 0.39 4.90 489.13 4.02 106.42 2.92
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Figure 9. The derivative of the o(T) versus T for (Bi, Pb)-2223 at sintering temperatures 835°C - 855°C.
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of J. with sintering temperature. It is clear that, J. in-
creases as sintering temperature increases from 835 to
845°C, and they decreases with further increases in sin-
tering temperature. The increase in J, is probably due to
the enhancement in intergranular flux pinning which re-
sults from the pinning centers in the (Bi, Pb)-2223 phase
and also from the rearranging of the grains. While the
decrease in J; is attributed to the formation of a liquid
phase that acts as insulating layers around the supercon-
ductor grains and decrease the grain connectivity leading
to a decrease in J... Also, the shape of the E-J characteris-
tic of a superconductor can be described using [36]

E=qal" ()

where o, n are experimental or material constants. The
n-value is often called the order of transition or index. It
is important to note that n characterizes the homogeneity
of superconductors. High n values tend to signify more
homogeneous superconductors. To calculate n, we con-
sider values in the linear region of E-J curves, 1000
puV-em™' to 4300 pV-ecm', The LogE-LogJ curves for
these values will represent a straight line of slope n, inset
in Figure 10. Table 1 summarizes the n values with dif-
ferent sintering temperatures 835°C - 850°C. As we can
see the n value increases with increase in sintering tem-
perature till 845°C then starts to decrease. The highest
value of n at sintering temperature 845°C indicates the
high quality of this sample, consisting with the lowest
value of residual resistivity and the highest supercon-
ducting tranaition temperature.

4. Conclusion

In summary, our experimental results show that the par-
tial replacement of Bi,0; by both PbO, and PbO instead
of PbO affected the formation, melting point, supercon-
ducting transition temperature and transport critical cur-
rent density of (Bi, Pb)-2223 phase. It was found that the
volume fraction of (Bi, Pb)-2223 phase increased as the
sintering temperature increased. The samples sintered at
temperature higher than 845°C were stretched and quasi
melted. Both values of liquid temperature and melting
temperature of the (Bi, Pb)-2223 phase substituted by
PbO, and PbO were lowered than those prepared by PbO,
indicting the change in the partial pressure of oxygen.
The sample sintered at 845°C had the optimum value of
both superconducting temperature and transport critical
current density, this leads to study the effect of Ag,O
addition on (Bi, Pb)-2223 phase, prepared by both PbO,
and PbO instead of PbO at 845°C, in the next article.
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