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Abstract The influence of addition of lead borate Pb(BO2)2

and boron oxide B2O3 on the phase evolution and supercon-
ducting properties of (Bi, Pb)-2223 HTSs synthesized by the
solid-state reaction method in alumina crucibles has been
studied. X-ray diffraction, resistivity, critical current den-
sity, and AC susceptibility measurements were performed
on the prepared compounds. Obtained results have shown
that boron-containing dopants lead to the drastic enhance-
ment of the (Bi, Pb)-2223 phase formation. Boron-doped
samples reveal a significant increase in both the zero resis-
tivity temperature and transport critical current density com-
pared to the undoped specimen. On the other hand, a high
content of boron-containing dopants causes the appearance
of a very low-Tc 2201 phase and leads to a deterioration
of coupling between superconducting grain boundaries. Ob-
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tained results could enable us to develop a cheap and energy
efficient fabrication technology for nearly single (Bi, Pb)-
2223 phase superconducting materials via heat treatment of
boron-incorporated precursors in an alumina crucibles.
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dopants · Critical temperature · Critical current density

1 Introduction

Material processing still remains the key factor in realizing
the application potential of high-temperature superconduc-
tors. The synthesis of a nearly pure single-phase Bi-2223
HTS (Tc ≈ 110 K) is a time consuming and complicated
process due to its slow formation kinetics and extremely
narrow stability range, which results in the formation of in-
tergrowth of the multiple phases coexisting with the 2223
phase [1–3]. Partial substitution of Bi by Pb is the most
widely used method to enhance the formation of the Bi-2223
phase [4]. It was also found that the high-Tc 2223 phase for-
mation is very sensitive to the partial pressure of oxygen [5].
Thus, many factors, including the starting nominal com-
positions, preparation conditions, element of dopants, and
their concentration, significantly influence the final physical
properties of the samples.

According to our preliminary results, B2O3-added pre-
cursors drastically promote the formation of the (Bi, Pb)-
2223 phase when heat treated in alumina crucibles [6]. No
measurements of critical current densities (Jcs) were per-
formed in [6]. On the other hand, no studies on the effect of
lead borate Pb(BO2)2 incorporation on the phase formation
and critical current density in the (Bi, Pb)-2223 HTSs have
been reported yet. On the basis of the above background,
the purpose of the present paper is to investigate the impact
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of boron-containing dopants, Pb(BO2)2 and B2O3, on the
formation, critical temperature, and transport critical current
density of (Bi, Pb)-2223 HTSs prepared via heat treatment
of the precursors in alumina crucibles.

2 Experimental

Two series of the Pb(BO2)2-doped and B2O3-doped (Bi,
Pb)-2223 HTSs with the nominal compositions Bi1.7Pb0.3−x

Ca2Sr2Cu3Oy[Pb(BO2)2]x , x = 0.05, 0.15, 0.3 (0.1, 0.3,
0.6 wt% of boron, respectively) and Bi1.7Pb0.3Ca2Sr2Cu3

BxOy , x = 0.05, 0.1, 0,3, 0.5 (0.05, 0.1, 0.3, 0.5 wt% of
boron, respectively) were prepared by the solid state re-
action method. The appropriate mixtures of Bi2O3, PbO,
SrCO3, CaCO3, CuO, Pb(BO2)2, and B2O3 were thor-
oughly ground and sintered at 850 °C for 45 h with in-
termediate grindings. The resulting materials were pressed
into pellets under hydrostatic pressure at 29 MPa and an-
nealed at 850 °C for 10 h in air, then cooled to room tem-
perature in the furnace. All the heat treatment procedures
were performed in alumina crucibles. For comparison, an
undoped (reference) sample was also prepared under the
same conditions. The synthesized compounds were char-
acterized by powder X-ray diffraction (XRD) analysis us-
ing the Dron-3M diffractometer (Cu Kα radiation). The re-
sistivity as a function of temperature, ρ(t), and transport
critical current were measured by a standard four-probe
method for bar-shaped specimens (∼10 × 0.5 × 0.5 mm3)
cut from the sintered pellets. The transport critical current
densities were evaluated at the liquid nitrogen temperature
in the self-field, with a criterion of 1 µV/cm. Temperature
dependences of the real part of AC susceptibility χ ′(T )

were measured using the so-called phase method, i.e., by
determining the phase shift between the voltage and cur-
rent [7].

3 Results and Discussion

XRD patterns of the undoped and boron-doped specimens
are shown in Fig. 1. The dominance of the low-Tc 2212
phase over the high-Tc 2223 phase was observed in the un-
doped sample. It can be seen from Fig. 1, that with the in-
creasing of boron-doping level, the 2223 phase is markedly
enhanced in both series and its increase is associated with
the decrease of the 2212 phase; although the weak peaks
of the very low-Tc 2201 phase appear at doping level of
0.3 wt% B and are intensified with increasing a boron
content. In addition, no peaks related to boron-containing
dopants are observed. The volume fraction (H ) of the 2223
phase relative to the 2212 phase could be estimated from
the XRD data using the relation: H = I (0010)/I (0010) +

Fig. 1 XRD patterns of Bi1.7Pb0.3−xCa2Sr2Cu3Oy [Pb(BO2)2]x and
Bi1.7Pb0.3Ca2Sr2Cu3BxOy samples. �—2223 phase, ∗—2212 phase,
�—2201 phase

I (008), where I (0010) is the intensity of the (0010) diffrac-
tion peak for the 2223 phase and I (008) is the intensity of
the (008) peak for the 2212 phase [2]. It is observed that
introduction of boron-containing dopants leads to marked
increase of the volume fraction of the 2223 phase in a short
total sintering time of 55 h from ∼15 % for the undoped
sample up to ∼75 % and ∼50 % at 0.1 wt% boron dop-
ing for Pb(BO2)2 and B2O3-doped samples, respectively.
Figure 2 represents the temperature dependence of resistiv-
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Fig. 2 Resistivity versus temperature curves of Bi1Bi1.7Pb0.3−x

Ca2Sr2Cu3Oy [Pb(BO2)2]x (a) and Bi1.7Pb0.3Ca2Sr2Cu3BxOy (b)
samples

ity for the undoped and boron-doped (Bi, Pb)-2223 sam-
ples. Onset temperature of superconducting transition is
near 110 K for the undoped sample and remains almost
unchanged with increasing the boron content. For the un-
doped specimen, zero resistivity is reached at Tc = 73 K. It
is seen that Tc increases drastically with the introduction of
boron-containing compounds, passes through a maximum
at 0.10 wt% B doping, and then decreases gradually with
increasing doping level. Low level doping with Pb(BO2)2

and B2O3 (0.10 wt% B) enhances the critical temperature
by about 30 K up to 102.5 K and 101 K, respectively, com-
pared to an undoped specimen. Gradual decrease of Tc may
be related to the appearance and increase of the secondary
2201 phase upon increasing the boron concentration. Fig-
ure 3 illustrates the temperature dependence of the AC sus-
ceptibility (χ ′) for reference and boron doped samples. It
could be seen that the χ ′(T ) curves show a two-step behav-
ior. Superconducting grains first shield the applied magnetic
field, whereas the transition at relatively lower temperature
is originated by the weak coupling between the grains. The
undoped sample exhibits a weak diamagnetic signal due to
the presence of the small amount of the 2223 phase. Fig-

Fig. 3 Temperature dependence of real part of the AC susceptibil-
ity at 1 Oe, f = 20 kHz and H = 0. (a) Bi1.7Pb0.3−xCa2Sr2Cu3Oy

[Pb(BO2)2]x ; (b) Bi1.7Pb0.3Ca2Sr2Cu3BxOy

ure 4 reveals the relationship between the transport Jc val-
ues (77 K, zero field) and the boron content. For both series,
after passing the maximum value at 0.10 wt% B (215 A/cm2

and 190 A/cm2 for Pb(BO2)2 and B2O3-doped samples, re-
spectively), Jc turns to decrease with the increasing dopant
content. This increase in Jc seems to result from the increase
of the volume-fraction of the 2223 phase. In agreement with
the resistivity data shown in Fig. 2, lower Jc values for a
level of 0.3 wt% doping imply the deterioration of coupling
at grain boundaries due to appearance of minor amounts of
2201 phase in the 0.3 wt% B-doped samples. It is generally
believed that in case of the melt assisted solid state reaction,
elements required to form the 2223 phase can rapidly dif-
fuse through the melt and enhance the formation of the 2223
phase [8, 9]. We can conclude that due to very low melting
point of Pb(BO2)2 and B2O3, Tm = 500 °C and 450 °C, re-
spectively, boron-containing dopants act as a flux during the
sintering process, and thereby promote extra liquid forma-
tion and accelerating the (Bi, Pb)-2223 phase growth. It is
also possible that the boron-doping process allows an up-
take of the optimal oxygen content into matrix, which is
beneficial to the (Bi, Pb)-2223 phase formation and trans-
port properties.
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Fig. 4 Relationship between critical current density and boron content

4 Conclusion

Two series of (Bi, Pb)-2223 HTSs doped with lead borate
Pb(BO2)2 and boron oxide B2O3 were prepared by the heat
treatment of Bi1.7Pb0.3−xCa2Sr2Cu3Oy[Pb(BO2)2]x (x =
0–0.3) and Bi1.7Pb0.3Ca2Sr2Cu3BxOy (x = 0–0.5) precur-
sors in an alumina crucibles. Boron-containing dopants pro-
mote the formation of (Bi, Pb)-2223 phase and lead to the
drastic increase in both the critical temperature and the in-
tergranular critical current density compared to the undoped
sample. We could conclude that by choosing the optimum
content of boron-containing dopants, it could be possible to
prepare a significant amount of nearly single (Bi, Pb)-2223
phase materials in alumina crucibles after a relatively short
solid-state reaction time.
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