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Abstract Superconducting Bi1.6Pb0.4Sr2Ca2Cu3O7 was
prepared by a solid-state reaction using high-energy milling
for the starting materials. The effects of the sintering tem-
perature and time on the phase evolution, microstructure,
and superconducting properties were examined by ther-
mogravimetric analysis, X-ray diffraction, scanning elec-
tron microscopy, and four-point probe resistivity measure-
ments. High-energy milling decreased the precursor par-
ticle size to approximately 30 nm with a relatively uni-
form distribution of multi-compositions. Because of the
mechanochemical activation for the starting materials, the
reaction temperature was decreased to 750 ◦C due to
the decreased diffusion length required for the solid-state
reaction. Bi1.6Pb0.4Sr2Ca2Cu3O7 prepared by high-energy
milling showed good superconducting properties with Tc ∼
100 K, which is superior to the same material prepared by
ball milling and sol-gel routes.
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1 Introduction

Since the discovery of the superconducting Bi-Sr-Ca-Cu-O
(BSCCO) system by Maeda et al., there have been consid-
erable efforts aimed at improving its physical and electrical
properties [1]. BSCCO has three different phases based
on the number of Cu-O planes (n = 1, 2, and 3), which
are commonly referred to as 2201, 2212, and 2223 phases
with critical temperatures (Tc) of approximately 20, 80, and
110 K, respectively. Among these, the most promising phase
for practical applications is the 2223 phase because of its
higher critical temperature. On the other hand, achieving
a single 2223 phase is very difficult because of its narrow
temperature stability.

Superconducting materials, including BSCCO, are com-
monly synthesized via a solid-state reaction through the
mixing and calcination of oxide or carbonate starting mate-
rials. This method, however, has several disadvantages, such
as the nonuniform distribution of starting materials, sig-
nificant impurity content and long processing time; the
synthesis of a high-quality superconductor oxide needs
to overcome all these barriers. Therefore, several alterna-
tive methods have been proposed to obtain an improved
superconducting powder with a stoichiometric composi-
tion, including the utilization of recently introduced equip-
ment and wet-processing techniques [2–4]. The use of
planetary milling and attrition milling under dry condi-
tions results in high-quality superconducting oxide powders
[5–7]. On the other hand, fluid energy comminuting was
also reported to be effective in decreasing the particle size
of the starting materials as well as increasing the critical
current (Ic) [4]. Despite these efforts, however, the syn-
thesis of BSCCO powder requires a long heat treatment
time, 840–860 ◦C for up to several days, which needs to be
reduced.
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With this background, this study examined the effects
of high energy milling for the synthesis of high qual-
ity BSCCO, particularly to decrease the processing time.
Although high-energy milling has been used for ceramic
processing in many cases [8], to the best of authors’
knowledge, there are no reports on the use of high-energy
milling for the synthesis of BSCCO superconducting mate-
rials. Therefore, this study examined the effects of high-
energy milling on the solid-state synthesis of BSCCO. A
(Bi, Pb)-Sr-Ca-Cu-O precursor powder was high-energy-
milled using very fine ZrO2 grinding media to decrease
the heat treatment temperature and time by mechanochem-
ical activation of the starting materials. For comparison,
BSCCO powder was also synthesized via a solid-state reac-
tion using two different milling methods, ball milling and
shaker milling. At the same time, wet-processing using
a sol-gel route was also applied for the synthesis of
BSCCO.

2 Experimental

Bi2O3, PbO, SrCO3, CaCO3, and CuO (all from Sigma-
Aldrich Chemicals with a purity >99.9 %) at a molar ratio
of 1.6:0.4:2.0:2.0:3.0 were used as starting materials for
the synthesis of Bi1.6Pb0.4Sr2Ca2Cu3O7. The powder mix-
ture was high-energy-milled (MiniCer, Netzsch, Germany)
for 3 h using 0.45-mm ZrO2 beads at a rotor speed of
3000 rpm after adding 2 wt % of ammonium polycarboxy-
late dispersant (Cerasperse 5468-CF, San Nopco, Korea) in
ethanol.

For the sol-gel method, Bi1.6Pb0.4Sr2Ca2Cu3O7 was pre-
pared using their corresponding high-purity metal nitrates
as the starting materials. After dissolving citric acid in dis-
tilled water, all metal nitrates weighed at a stoichiometric
ratio were added into the citric acid solution followed by the
addition of ethylene glycol. The viscous solution was heat-
treated at 300 ◦C to obtain a precursor powder. More details
on the sol-gel citrate route can be found elsewhere [9]. At
the same time, mixed powders with the same stoichiome-
try were also prepared by 24 h of ball milling and 3 h of
shaker milling (mini milling). The milled powder was dried
completely using a rotary evaporator at 90 ◦C followed by
grinding and sieving. The precursor powder was then placed
into an alumina crucible and heat-treated in a box furnace
for various temperatures (500–800 ◦C) at a heating rate of 5
◦C/min for 6 h. The calcined powder was ground using an
agate mortar and pressed uniaxially at 500MPa. The pellets,
1 cm in diameter, were sintered at 820, 840, and 860 ◦C for
24, 72, and 120 h at a heating rate of 5 ◦C/min to produce
the BSCCO superconducting phase.

Thermogravimetric and differential thermal anal-
ysis (TG-DTA, SDT Q600 TA Instrument) of the

highenergy-milled mixture were performed to characterize
the thermal decomposition of the precursor powder. The
phases generated at each calcination step and sintering were
confirmed by X-ray diffraction (XRD: X’Pert-PRO MPD,
PANalytical using the Cu Kα line, 40 kV and 30 mA) over
the range, 10◦ –90◦ 2θ . The morphology of the particles
and sintered bodies were observed by scanning electron
microscopy (SEM: S-4800, Hitachi at 15 kV and 10 μA).
The mean particle size was estimated from the SEM images
by measuring the maximum and minimum diameters of 100
particles using image analysis software (SigmaScan, Systat
Software, USA).

The superconducting properties of the sintered pellets
were measured using the four-point probe method using
a cryogenic magnet system (Teslatron PT Cryogen Free,
Oxford Instrument) in the temperature range, 10–300 K.
The critical temperature (Tc), where a material loses its
resistivity and becomes a superconductor; Tc (zero), the
temperature, where the material begins to lose its resistivity
and (Tc onset), the starting point for the transition to a super-
conducting state. Tcis defined as the temperature where it
shows the maximum derivative from the resistivity vs. tem-
perature curve and the transition width, �T , is determined
from the initial Tc(zero).

3 Results and Discussion

3.1 Characterization of the Calcined Powder

The effects of high-energy milling on the particle size of
the starting material and its distribution were compared
with the precursor powders prepared by the ball milling,
shaker milling, and sol-gel processes. Figure 1 presents
SEM images of the precursor powders after each treatment.
High-energy milling resulted in a much finer starting mate-
rial size than the ball milling, shaker milling, and sol-gel
routes. Figure 2 shows the particle size distribution of the
powders produced by high-energy milling and the other
methods. The mean particle size of the precursor powder
produced by high-energy milling was 28.88 nm with a nar-
row size distribution (15–50 nm). Figures 1 and 2 show
that much smaller particle sizes in the nanometer range
with a narrow distribution can be obtained by high-energy
milling compared to the other processing routes. Very fine
starting materials with a homogeneous distribution is desir-
able for enhancing the reaction rate between the constituent
particles. Therefore, the powder prepared by high-energy
milling was chosen for further evaluation, including the
phase evolution and microstructural changes, after exposure
to different temperatures.

Powder XRD was performed on the high-energy-milled
powder to examine the structural changes that occurred after
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Fig. 1 SEM images of the
precursor powder produced by a
high-energy milling, b sol-gel
method, c ball milling, and d
shaker milling

(a)  (b)

(c) (d)

calcination at different temperatures. Figure 3 shows SEM
images of the precursor powders after calcination at 350,
550, 750, and 800 ◦C for 6 h in air, and Fig. 4 shows the
corresponding XRD patterns. The precursor powder began
to change its morphology from 550 ◦C, showing signifi-
cant growth at 750 ◦C, according to Fig. 3. From Fig. 4, it
was evident that the as-prepared amorphous powder shows
only broad diffraction peaks corresponding to the starting
precursor powders (Bi2O3, PbO, SrCO3, CaCO3, and CuO),
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Fig. 2 Particle size distribution of the BSCCO precursor powder
prepared by various routes

indicating that no chemical reaction had occurred between
the constituent phases during the milling process. After cal-
cination at 350 ◦C, the peaks corresponding to the Bi2CuO4

phase began to appear. Further increases in the calcination
temperature to 550 ◦C resulted in a significant increase in
the intensity of the Bi2CuO4 peaks, while peaks correspond-
ing to the Ca2PbO4 and Sr0.6Ca0.4CuO2 phases can also
be seen. When the temperature was increased to 750 ◦C,
peaks corresponding to the Bi1.6Pb0.4Sr2Ca2Cu3O7 2201
and 2212 phases were observed, whereas the peaks for
Bi2CuO4 had disappeared. On the other hand, the intensity
of the peaks for Ca2PbO4 also increased at this temperature.
Finally, when the calcination temperature was increased
further to 800 ◦C, the dominant phase was 2212 along
with small traces of 2201, CuO, and Ca2PbO4. The pres-
ence of a CuO phase beyond 750 ◦C might be due to
the decomposition of Bi2CuO4. These results are consis-
tent with those reported earlier using a different preparation
method [10].

Several researchers have examined the various phase
transformations occurring during the synthesis of BSCCO-
based superconducting materials [11–14]. Most of the XRD
diffraction peaks could be indexed according to the phases
formed in the ternary or quaternary systems, such as Bi-Sr-
Ca, Sr-Ca-Cu, Bi-Ca-Cu, Bi-Sr-Cu, and Bi-Sr-Ca-Cu-O, as
reported by Paz-Pujalt [15]. The reactions involved in the
formation of Bi2Sr2CanCu1+nO6+2n can be summarized as
follows:

CuO + Bi2O3
∼500 ◦C−−−−−→ Bi2CuO4 (1)

2SrCO3 + Bi2CuO4
∼700 ◦C−−−−−→ Bi2Sr2CuO6 + 2CO2 (2)
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Fig. 3 SEM images of the
high-energy-milled precursor
powders calcined at a 350, b
550, c 750, and d 800 ◦C for 6 h

(a)  (b)

(c) (d)

Bi2Sr2CuO6 + CaOx + CuO
∼800 ◦C−−−−−→ Bi2Sr2CaCu2O8 (3)

Bi2Sr2CaCu2O8 + CaO + CuO
∼850 ◦C−−−−−→ Bi2Sr2Ca2Cu3O10

(4)

Fig. 4 X-ray diffraction pattern of the high-energy-milled precursor
powder calcined at different temperatures

Figure 5 presents the TG-DTA results for the high-
energy-milled powder. The figure shows that the total
weight loss of the precursor was almost 20 %, where the
weight loss beyond 750 ◦C was quite small (∼ 1.7 %). This
suggests that at temperatures <750 ◦C, a solid-state reac-
tion between the constituent particles occurred to form the
BSCCO compound, which is consistent with the XRD pat-
terns in Fig. 4. Although not shown here, the corresponding
reaction completion temperature for ball milling and sol-
gel route based on the TG-DTA data were 842 and 821 ◦C,
respectively, which is much higher than that of the high-
energy-milled sample. The lower reaction temperature for
the high-energy-milled sample can be attributed to the finer
particle size and uniform distribution, as shown in Figs. 1
and 2, which decreases the diffusion path required for the
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Fig. 6 X-Ray diffraction patterns of high-energy-milled sample sin-
tered at different temperatures for different times in air

solid-state reaction. Figure 5 shows that there are four dis-
tinct weight loss ranges, 40–200, 200–400, 400–750, and
750–900 ◦C. The weight loss at 40–200 ◦C might be due
to the removal of water adsorbed on the surface of powder,
which is indicated by the endothermic peak at approxi-
mately 104 ◦C. Over the temperature range, 200–400 ◦C,
the sample exhibited another endothermic peak at approxi-
mately 256 ◦C, which might be due to the elimination of the
organic dispersant. An endothermic peak at 423.4 ◦C and
exothermic peak at 620 ◦C along with a significant weight
loss of 13.4 % was observed at 400–750 ◦C, which might
be due to the formation of Bi2CuO4 and Ca2PbO4 phases.

Finally, the small DTA peaks observed at 750–900 ◦C can be
attributed to the formation of Bi1.6Pb0.4Sr2Ca2Cu3O7 2201
and 2212 phases.

4 Sintered Powder Characterization

Figure 6 presents the XRD patterns of the pellets sintered
at 820, 840, and 860 ◦C for 24, 72, and 120 h. The diffrac-
tion patterns correspond mainly to the 2212 and 2223 phases
with orthorhombic and tetragonal structures, respectively
[16–20]. This difference in crystal structures in the Cu-
based superconductor oxides is due to the difference in
bonding between copper and oxygen atoms [21]. The bonds
between two Bi-O layers in the BSCCO system are weak
due to the van der Waals force, whereas the bonds in the
basal plane are much stronger [22, 23]. The insets show the
low angle diffraction patterns to clearly identify the peaks
corresponding to the 2212 and 2223 phases. The intensity
of the 2223 phase increased with increasing sintering tem-
perature from 820 to 860 ◦C and with increasing sintering
time from 24 to 120 h at 840 ◦C. Quantitative analysis was
performed based on the summation of the integrated peak
intensities to estimate the volume fraction of the 2223 and
2212 phases. For example, the volume fraction of the 2223
phase was calculated using the following equation, and is
summarized in Table 1.

Vol. % of 2223 =
(

IH(002)

IH(002) + IL(002)
+ IH(0010)

IH(0010) + IL(008)

+ IH(115)

IH(115) + IL(115)

)
100

3
(5)

From Table 1, it appears that the sintering time is the
predominant factor for the formation of the 2223 phase
compared the sintering temperature. The decreased volume
fraction of 2223 at 860 ◦C might be due to its instabil-
ity at higher temperatures. Sintering at high temperatures is
responsible for the oxygen loss of the sample, resulting in
the formation of 2212 and 2201 phases [24]. Therefore, the

Table 1 Volume fraction of the 2212 and 2223 phases and superconducting properties

Sintering temp. (◦C) Time (h) Phases (vol. %) Tc ρ at 300 K (�· m)

2212 2223 Offset d(R)/dT Onset �Tc

Low High

820 24 100 0 68.35 93 1025 111.26 42.91 0.0133

24 76.78 23.22 92.82 98.8 104.8 110.63 17.81 0.0371

840 72 59.22 40.78 98.93 – 107 118.46 19.53 0.0297

120 52.69 47.31 90.61 – 104 122.38 31.77 0.01

860 24 72.84 27.16 66.59 70.7 105 109.28 42.69 0.0124
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Fig. 7 SEM images of the high
energy-milled samples sintered
at a 820, b 840, and c 860 ◦C for
24 h in air; sintered at 840 ◦C
for d 72 and e 120 h

(a) (b)

(c) (d)

(e)

optimal sintering temperature to obtain a high 2223 phase
content is 840 ◦C. Matsushita et al. reported that the for-
mation of high-Tc superconducting BSCCO ceramics (Tc ∼
110 K for Pb= 0.2 ) was enhanced remarkably by annealing
the sample at the endothermic region [25]. The formation of
a 2223 phase appears to be affected by many factors, such as
the sintering temperature, time, oxygen partial pressure, and
composition. Because a longer time is desirable for increas-
ing the formation of the 2223 phase, the sintering time was
increased from 24 to 120 h, which resulted in a significant
increase in the 2223 volume fraction, as shown in Fig. 6 and
Table 1.

Figure 7 shows SEM images of the fractured sam-
ples sintered at different conditions. Plate-like grains were
formed, whereas the grain size increased from 0.15 to 10
µm in diameter with increasing sintering temperature and
time. The mean platelet sizes of the samples sintered at
820, 840, and 860 ◦C for 24 h were 0.15, 0.30, and 1.50
μm, respectively. This plate-like morphology is typical for
BSCCO superconducting oxides, which originated from
their anisotropic nature [26]. Based on Fig. 7, it appears that
the size of the platelets increases with increasing sintering
time.

Fig. 8 Normalized resistivity vs. absolute temperature of BSCCO
prepared by high-energy milling
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5 Superconducting Properties

The different microstructures and phase contents depend-
ing on the sintering conditions also affect the electrical
properties, as shown in Fig. 8, which presents the resistivity
vs. temperature from 10 to 300 K. All the samples exhib-
ited metallic behavior in a normal state (up to Tc onset).
In addition, all the samples showed a very narrow width of
transition temperatures, indicating a single superconducting
transition, except for the sample sintered at 860 ◦C. Figure 9
presents the derivatives of the resistivity (dρ/dT) for all sam-
ples to obtain clear information on the variations of the
critical temperatures according to the sintering temperatures
and times. Figures 8 and 9 show that the transition tempera-
tures are crucially dependent upon the sintering temperature
and sintering time. Moreover, the TCvalues (from dρ/dT
curves) increase with increasing sintering temperature, as
shown in Table 1. On the other hand, when the sintering time

Fig. 9 Critical temperature (Tc derivative) vs. temperature for the
high-energy-milled sample sintered at 820, 840, and 860 ◦C for 24 h,
and 840 ◦C for 72 and 120 h

was increased from 24 to 72 h at 840 ◦C, TC increased from
104.8 to 107 K, and then decreased to 104 K as the sintering
time was increased further to 120 h. Overall, the samples
sintered at 840 ◦C for 72 h showed the best TC results. On
the other hand, the relatively low TC value obtained from
the samples sintered for 120 h was attributed to decomposi-
tion of the 2223 phase to the 2201 phase. These values are
comparable to those reported for BSCCO superconductors
[27–32].

6 Conclusions

This paper presented the experimental results on the solid-
state synthesis of homogenous BSCCO superconductor
oxide by high-energy milling for the starting materials.
The phase evolution, microstructural changes in the sam-
ple, and superconducting properties have been examined.
High-energy milling was found to be quite effective in
decreasing the particle size of the precursor powder with
a uniform distribution, which resulted in a drastic decrease
in the solid-state reaction temperature up to ∼ 100 ◦C
because of the reduced diffusion length required for the
reaction. BSCCO superconducting materials synthesized
by high-energy milling followed by calcination and sin-
tering revealed a mixed system of 2212 and 2223. Based
on the electrical measurements, the optimal sintering con-
dition was found to be 840 ◦C with a holding time of
72 h.
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