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The effect of hot pressing conditions (sintering temperature and time) on the
superconducting properties of (2223) Bi(Pb)SrCaCuO were investigated by transport and
magnetic measurements. The advancement of the densification process leads first to an
improvement of the electrical connectivity between grains (Jc transport increases) and then to
a deterioration of both intragranular and intergranular properties (Tc, Jc magnetic and Jc transport

decrease) because of the induced loss of oxygen, 2212 continuous intergrain network and
other defect formation. C© 1999 Kluwer Academic Publishers

1. Introduction
In view of technological applications of highTc super-
conductor [1] an important task is to obtain dense and
textured materials, maintaining a good control of grain
boundary characteristics (crystallographic phases, de-
fects, oxygen content) in order to optimize the elec-
trical connectivity between grains [2–7]. However, ef-
fective densification processes, like hot-pressing, have
been found from one side to promote complete densifi-
cation and oriented texture, but on the other side to in-
duce partial melting phenomena with recrystallization
of secondary phases. Because of diffusion processes at
grain boundary, they tend to form a continuous layer
around grains and compact, well structured intergrain
areas. As a matter of fact, even if the grains are tightly
connected and well oriented, the actual transport cur-
rent decreases [8].

In order to enlighten the relationship linking mi-
crostructural and functional properties of BSCCO su-
perconductors, we have prepared dense and textured
samples and investigated the effect of hot pressing con-
ditions (sintering temperature and time) by transport
and magnetic measurements.

2. Experimental
Bulk Bi(Pb)SrCaCuO (2223) materials were prepared
starting from a powder obtained by solid-state reaction
of oxides and carbonates with the nominal composition
Bi1.84Pb0.34Sr1.91Ca2.03Cu3.06OX. Powder was uniaxi-
ally pressed at 150 MPa and the pellets obtained were
hot-pressed using an “Instron” apparatus adequately fit-
ted for the experiments. The alumina die and plungers
were sputtered with silver in order to prevent the re-
action of the superconductor with alumina. The con-
stant pressure of 7 MPa was applied before heating.
The hot-pressing temperature was reached with a heat-
ing rate of 10◦C/min. Different sintering temperatures
and times were used in the range 790–810◦C and 2–6 h,
respectively (Table I). Details on powder preparation,
hot-pressing technique and relative theories were de-
scribed in previous papers [9, 10].

X-ray diffraction (XRD) data were taken at room
temperature with graphite monochromatized CuKα ra-
diation. The relative amounts of different phases of
BSCCO system (2201, 2212, 2223) were evaluated by
using the intensity ratio of the principal peaks falling in
similar angular ranges. The degree of grain orientation
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TABLE I Sintering conditions and samples characteristics

Sintering Sintering Relative Orientation Jcm Jcm

Sample temperature time density factor 2223/2212 Tc onset Tc offset Jct 77 K, H = 0 A/m 5 K, H = 800 A/m
code (◦C) (h) (%) (%) (vol %) (K) (K) (A/cm2) (A/cm2) (A/cm2)

A 790 2 92 37 92/8 108 94 0.5 9· 103 1.2· 104

B 800 2 93 43 89/11 108 98 6 2· 103 2.6· 104

C 810 3 96 46 93/7 108 90 3 2· 103 1.2· 104

D 810 4 97 62 98/2 95 85 3 1· 103 4.7· 104

E 810 6 98 57 95/5 92 88 1 — 7.5· 103

D∗ 810 4 97 42 92/8 110 104 20 6· 103 5.3· 104

∗= Recovered 47 h at 840◦C in fluent air.

in the axial direction “F” was determined by means of
XRD analysis from the Lotgering relationship, using
for comparison a randomly oriented powder pattern.
The value was obtained by averaging that one taken on
the surface and that one in the core of the sample.

The bulk density was measured by the Archimedes’
method. The morphology of the samples was inves-
tigated by means of scanning electron microscopy
(Leica Cambridge Ltd.) Energy dispersion analysis X-
ray (EDAX) system was also employed on the polished
surfaces of sintered samples; electron probe microanal-
ysis was performed to determine the composition of the
superconducting and impurity phases. Samples were
prepared by grinding on SiC abrasive paper and subse-
quent polishing with diamond paste up to 0.5µm.

The superconducting properties were investigated by
means of transport and magnetic measurements. The re-
sistivity was measured by the four-probe method, with
Ag-paste contacts and with a maximum feeding cur-
rent of 1 mA perpendicular to the hot-pressing direc-
tion. The critical temperature was extracted from the
ρ vs. T curves. Two values are deduced (Table I), i.e.
the onset superconducting temperatureTc onsetand the
zero-resistivity temperatureTc offset. Transport critical
current (Jct) was determined byI -V measurements at
77 K and zero magnetic field with voltage criterion of
1µV/cm.

Magnetization measurements were performed by a
vibrating-sample magnetometer (77< T < 300 K;
Hmax= 1.0 T) and a SQUID magnetometer (2< T <
400 K; Hmax= 5.5 T) applying the field perpendi-
cular to the pellet plane. The magnetic critical current
(Jcm) was estimated at 5 and 77 K from the hysteresis
cycles by using the Bean critical-state model.

The real and imaginary componentsχ ′ andχ ′′ of the
internal complex ac magnetic susceptibility were mea-
sured as a function of temperature (50< T < 120 K).
Data were collected at a fixed frequency (f = 1000 Hz)
for different driving fields (0.4≤ Hac≤ 800 A/m). Cali-
bration has been performed using a Gd2(SO4)3·8H2O
standard. Demagnetization effects have been taken into
account to calculate the internal susceptibility.

3. Results
3.1. Microstructure
Table I shows that the density of the hot-pressed sam-
ples increases with sintering temperature and time. The
time effect is smaller, although it shows a deep influ-
ence on the orientation factorF ; indeed samples fired
at 810◦C for a time longer than 2 h show an increase
in the F value up toF = 62%.

The volume fraction of 2212 phase changes with sin-
tering conditions. It is worth mentioning that the start-
ing powder had an average 2212 volume fraction around
5%, while the hot-pressing treatments cause an increase
in such a value up to a maximum of 11%; on the con-
trary, by increasing the sintering time, the amount of
this phase decreases, reaching a minimum of 2% and
then increases again (see Table I forTs= 810◦C).

The increase of sintering temperature, up to 800◦C
and of sintering time produces an increase of both
a and c cell parameters (e.g.Ts= 790◦C and ts=
2 h :a= 5.408,c= 37.14 A; Ts= 800◦C andts= 2 h :
a= 5.412, c= 37.18 A) (Ts= 810◦C and ts= 3 h :
a= 5.414, c= 37.20 A; Ts= 810◦C and ts= 6 h :
a= 5.416,c= 37.24 A). This should be due to the de-
crease of oxygen content in the inner part of the sample,
induced by the advancement of the densification pro-
cess, and resulting in a weaker coupling between CuO
layers. For sintering temperatures above 800◦C the loss
of oxygen becomes so important that the cell param-
eters decrease (Ts= 820◦C and ts= 2 h : a= 5.405,
c= 37.08 A). It is interesting to note that thec val-
ues for 2212 phase (present as impurity) behave very
similarly to those of (2223) phase. For a more detailed
discussion of microstructural features of the tested sam-
ples, see [8].

3.2. Transport measurements
Resistivity vs. temperature curves for samples A and
B, sintered for 2 h at 790 and 800◦C respectively are
reported in Fig. 1a. The increasing of the sintering tem-
perature (Ts) for the same sintering time (ts), does not
changeTc onset, whereas it leads to an increase ofTc offset
and of the transport critical currentJct (Table I). By in-
creasingts atTs= 810◦C (samples C, D, E) bothTc onset
(Fig. 1b) andJct decrease (forts= 6 h).

A further annealing in fluent air for 47 h at 840◦C
on the sample D leads to an increase of bothTc andJct
(sample D*) (Table I).

3.3. Magnetic measurements
A typical hysteresis cycle is reported in Fig. 2. The in-
tragrain critical current (Jcm) was estimated using the
Bean critical state model.Jcm (H = 8× 102 A/m) at
T = 5 K increases withTs for the samets (2 h) (sam-
ples A and B) and withts for the sameTs (810◦C)
(samples C, D and E) (Table I). On the other hand,Jcm
(H = 0) atT = 77 K decreases withTs as well as with
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Figure 1 Resistivity vs. temperature for hot pressed samples: (a) isochronous treatments atts= 2 h (Ts= 790◦C: sample A;Ts= 800◦C: sample B),
(b) isothermal treatments atTs= 810◦C (ts= 3 h: sample C;ts= 4 h: sample D;ts= 6 h: sample E). Resistance values are normalized at 150 K.

Figure 2 Hysteresis cycles atT = 5 K for sample B (Table I).

ts. Reannealing in fluent air (sample D*) leads to an
increase ofJcm.

The results of ac susceptibility measurement, (χ ′ and
χ ′′ vs.T) for the samples D and D∗ are reported in Fig.
3. Different transitions are detected in correspondence
of χ ′ drops. In sample D both 2223 and 2212 phases are
detected, whereas for sample D∗ only the 2223 one. The
intragranular transition temperaturesTc, below which
flux is excluded by individual grains, is actually field
independent in the explored field range. On the other
hand, the intergranular transition temperature (Tc interg.),
below which electrical connectivity between grains is
established and flux is excluded by the whole assembly
of coupled grains, is strongly field dependent, decreas-
ing with increasingHac (Fig. 4).

4. Discussion
The results of both transport and magnetic measure-
ments allows us to investigate the effect of hot pressing

conditions on the intragranular as well as intergranular
properties of BSCCO superconductors. The variation
of sintering temperature and time produces microstruc-
tural changes and modifies oxygen content, density, de-
gree of grain orientation, relative percentage of 2223
and 2212 phases and their location, which all strongly
affect the superconducting properties [11].

Let’s discuss first the effect on the intragranular prop-
erties, i.e. onTc onset and Jcm. In oxide superconduc-
torsTc, depending on the number of charge carriers, is
closely related to the fraction of oxygen vacancies [12].
Tc is known to peak generally with the oxygen content
and then to decrease again as the sample becomes over-
oxygenated. Since the densificstion process, responsi-
ble for the increase of thec lattice parameter, leads to
a decrease of oxygen content, the decrease ofTc with
increasingts at Ts= 810◦C indicates that the sample
are in the ascending part of theTc vs. oxygen content
curve (they tend to be under-oxygenated).
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Figure 3 Temperature dependence ofχ ′ (a) and imaginary componentχ ′′ (b) of the ac-susceptibility for samples D and D∗ (Hac= 0.4 A/m).

Figure 4 χ ′ andχ ′′ vs. temperature at different ac fields (+: 0.4 A/m,
×: 50 A/m, h: 200 A/m,M: 660 A/m,¤: 800 A/m) for sample D∗.

The Jcm variation reflects the effect of sintering tem-
perature and time on the actual pinning centers and on
their strength. The different trend withTs and ts ex-
hibited by Jcm at 5 K and at 77 K can be understood
in terms of different effective pinning centers acting at
low and at high temperature. At low temperature (e.g.
5 K), oxygen vacancies in the CuO planes are known
to be effective in pinning flux lines. Such vacancies
act as weak pinning centers but, because of their high
number, actually they are relevant in determining the

Figure 5 SEM micrographs showing microcracks in (a) grain boundary regions and (b) within the grains in sample E.

Jc value, as long as the thermal energy is very low
[12]. The increase ofJcm at 5 K (Table I) with Ts and
ts can be explained by the increase of oxygen vacan-
cies, determined by the increase of relative density, in
agreement with the decrease ofTc. However, for long
sintering times (ts= 6 h atTs= 810◦C) (sample E)Jcm
decreases, revealing a degradation of superconducting
properties, due to a heavy lack of oxygen and probably
reinforced by the formation of structural defects, like
microcracks (Fig. 5).

At higher temperature (e.g. 77 K) the oxygen vacan-
cies are no longer effective as pinning centers and the
dominant role onJcm and on its field dependence is
played by the coupling between CuO planes, i.e. by
the actual dimensionality of the flux line lattice [13].
The loss of oxygen with increasing density, determin-
ing an increase ofc lattice parameter, makes weaker the
coupling between CuO planes and reducesJc (Fig. 6).
Restoring the oxygen content (e.g. by reannealing in
fluent air, like for sample D∗), bothTc (the transition be-
comes sharper and the resistivity tail becomes smaller)
andJcm (T = 77 K) strongly increase again.

The changes produced byTs andts on the intergran-
ular properties are monitored by the variation ofJct
(Table I). The strong increase ofJct with Ts for ts= 2 h
(samples A and B) is clearly due to the increase of
density and orientation factor, making stronger the in-
tergranular coupling.
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Figure 6 Jc vs. applied magnetic field at 77 K for hot-pressed samples.

However, the increase of the sintering time at 810◦C
(samples C, D and E) leads to a decrease ofJct (for
ts= 6 h). Moreover, long sintering times yield broad-
ening in the resistivity drop atTc. Both the decrease
of Jct and the broadening phenomenon reveal a lower
connectivity among grains, mainly due to the organiza-
tion of the 2212 phase as a continuous network at grain
boundaries acting as unavoidable barrier (Fig. 5).

The effect of reannealing in fluent air (sample D∗)
restoring the oxygen content, reduced by the densifica-
tion process, leads to an improvement of the intergran-
ular properties, as shown by the strong increase ofJct
(Table I).

The higher connectivity between grains in the sam-
ple D∗, although the orientation factor is lower than
in sample D (Table I), is also well evidenced by ac-
susceptibility measurements performed at different
driving fields. For D∗, Tc inter is higher and decreases
with Hac slower than for the sample D. Although the
fraction of the 2212 phase is higher in D∗ than in D, the
associated superconducting transition is not observed
in the first sample but in the latter one (Fig. 3). This
fact suggests a different distribution of the 2212 phase
in the two samples [14]. In sample D the 2212 phase
is likely located at grain boundaries, strongly affecting
the intergranular properties. On the other hand, in the
sample D∗ the 2212 phase is likely confined in clusters
under the thrust of grains randomization movement oc-
curred during the thermal treatment of the restoring and
therefore it is more easily bypassed.

5. Conclusions
We have investigated the effect of hot pressing condi-
tions on the superconducting properties of BSCCO ma-
terials. The results show that microstructural changes,
induced by the advancement in densification process
(by increasing sintering temperature and time) strongly

affect the superconducting intergranular and intragran-
ular properties.

By increasing density and orientation factor, asTs
and ts increase,Jct first increases and then decreases,
because of the densification-induced loss of oxygen and
microcracks formation.

The presence of a fraction of 2212 phase (changing
from 2% to 11% according to the sintering conditions)
and mainly its distribution within the material also is
greatly affected by sintering methodology and has a
great influence on the electrical connectivity between
the 2223 grains. Indeed, it is found that hot pressing
stimulates the recrystallization of 2212 which concen-
trates at grain boundary and, reducing porosity and in-
creasing the compactness of grain boundary regions,
it weakens the links among the grains. Consequently,
even if the fraction of 2212 is low and the orientation
factor is high,Jct decreases (e.g. sample B in compari-
son with sample D).

The intragranular properties are found to be strongly
dependent on the oxygen content. Indeed, they deteri-
orate when the loss of oxygen becomes important with
the advancement of the densification process, as shown
by the decrease ofTc and Jcm. Restoring the oxygen
content by a further annealing in air (e.g. in sample D∗)
bothTc andJcm increase again.
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