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a b s t r a c t

Consolidated powders of the superconducting cuprate Bi1.65Pb0.35Sr2Ca2Cu3O10þδ (Bi-2223) by the spark-
plasma texturing (SPT), spark-plasma sintering (SPS), and the traditional solid-state reaction method
were investigated by several techniques and their features compared. The results show that SPT samples
exhibit a higher degree of texture, as inferred by a Lotgering factor of ∼0.73 along the [00l] direction and
a relative density of 96% of the theoretical value. From magnetic hysteresis loops M vs. H at 5 K, the
intragranular critical current densities along two applied magnetic field orientations, Jc

c
0 and Jc

ab
0 , relative

to the compacting pressure direction, were determined. The anisotropy factor, γ = J J/J c
ab

c
c

0 0, yielded an
estimate of ∼2 in the SPS sample and ∼19 for samples obtained via the SPT method. In the latter samples,
Jc

c
0 at 5 K is close to 1.3�108 A/cm2, a value higher than others found for the same compound. The

temperature dependence of the electrical resistivity, ρ( )T , analyzed within the framework of a current
conduction model for granular superconductors, supports the higher degree of texture of SPT samples
and indicates changes in the oxygen content when samples are subjected to a post-annealing heat
treatment. All the results reveal the promising capabilities of the SPT method for improving volume
density, texture, and grain boundary connectivity of superconducting Bi-2223 materials.

& 2016 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
1. Introduction

The layered crystal structure of copper-oxide superconductors
results in highly anisotropic properties. In particular, the aniso-
tropy in transport properties of these materials is one of the most
important factors in limiting their practical applications [1]. Other
important barrier for the current transport in these granular ma-
terials is related to a broad distribution of grain boundaries mis-
orientation [2]. Such a broad distribution promotes the existence
of different scales of superconducting currents, also referred to as
electromagnetic granularity [2]. Previous studies revealed the ex-
istence of three different superconducting levels in polycrystalline
specimens: (i) the superconducting grains; (ii) the super-
conducting clusters; and (iii) the weak-links. Indeed, several ex-
perimental results support that the transport properties in the last
.l. All rights reserved.
two levels strongly depend on the texture degree of the samples
and grain connectivity [3].

Within this scenario, development of highly-textured cooper-
oxide superconducting ceramics is of paramount importance for
producing materials with high values of critical current densities,
Jc. In fact, several different procedures have been employed to
enhance the degree of texture in high-Tc superconductors [4].
Generally, such procedures require a complex deformation and
reaction processes under extreme conditions, e.g., higher me-
chanical deformations and temperatures, larger sintering times,
etc. In the last decade, the well known spark-plasma sintering
(SPS) method has proven to be a very attractive alternative for
improving density in a variety of ceramic materials including fer-
roelectrics, superconducting oxides, etc [5,6]. By using the SPS
method, ceramic materials with more than 98% of theoretical
density may be obtained [7]. Such a very high density is commonly
achieved by using higher heating rates, moderate compacting
pressures, and lower sintering temperatures and sintering times.
Moreover, we have consolidated, by using the SPS technique, pre-
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reacted powders of Bi1.65Pb0.35Sr2Ca2Cu3O10þδ (Bi-2223) and have
obtained pellets with ∼85% of the theoretical density value even
by using mild conditions as an uniaxial compaction pressure of
50 MPa, low temperatures (∼100 °C below the usual ones), and for
just 5 min [8]. However, the application of the SPS method may
result in pellets with a very low degree of texture, a moderate
density, and heterogeneous microstructures, the latter mostly
from the center to the outer region of cylindrical-shaped speci-
mens [9].

On the other hand, it is well known that the electrical transport
properties in these anisotropic layered materials are strongly in-
fluenced by the grain alignment along the −a b planes of the unit
cell [10]. Taking the Bi-2223 material as an example, ceramic
samples subjected to different uniaxial compacting pressures be-
fore the last heat treatment were found to exhibit anisotropic
superconducting properties [11]. The authors also found that in a
range of uniaxial compacting pressures, roughly from 90 to
600 MPa, Bi-2223 samples showed a high degree of texture, with
their grains well oriented along the c-axis, i. e., parallel to the
uniaxial compacting direction. This partial orientation of the
grains resulted in a higher volume density of the material and a
better connectivity between grains, a feature also observed else-
where [12].

We describe here our efforts to obtain highly textured and
dense Bi1.65Pb0.35Sr2Ca2Cu3O10þδ ceramic samples by using, be-
sides the SPS process, an alternative method to the SPS technique:
the spark-plasma texturing (SPT) method [9]. Phase composition,
texture, and morphology of the materials have been investigated
by using X-ray diffraction (XRD) and scanning electron microscopy
(SEM). The samples were also characterized by magnetic field
dependence of the magnetization M(H) and temperature depen-
dence of the electrical resistivity ρ( )T . The main contribution of the
paper is to offer an alternative procedure for obtaining, under
relatively mild sintering conditions, dense Bi-2223 ceramic sam-
ples with a very high degree of texture, and high superconducting
critical current densities suitable for practical applications.
2. Experimental procedure

Powders of Bi1.65Pb0.35Sr2Ca2Cu3O10þδ (Bi-2223) were prepared
by using the conventional solid-state reaction method, as de-
scribed in details in the Ref. [8]. After this step, three portions of
the pre-reacted powders of Bi-2223 were separated for the final
consolidation under different methods: (i) the conventional sin-
tering [13]; (ii) the spark-plasma sintering (SPS) [8]; and (iii) the
spark-plasma texturing (SPT) [9].

In the conventional sintering, a portion of the pre-reacted
powders were uniaxially pressed at 50 MPa in a mold of 20 mm in
diameter. The resulting pellet was subjected to a heat treatment in
a Lindberg/Blue tubular furnace at 843 °C, in air for 2400 min. For
comparison reasons, this sample (REF) will thereafter be referred
to as Reference sample.

For the SPS consolidation, another portion of Bi-2223 powders
were placed inside a cylindrical graphite die with dimensions of
50 mm (outer diameter) and 20 mm (inner diameter) and between
two graphite plungers of ∼40 mm in height. The die was then
placed inside the chamber of the SPS apparatus and sintering was
performed under vacuum (from 10 to ∼30 Pa) and the maximum
uniaxial compacting pressure was 50 MPa. A detailed description
of the preparation method employed was reported elsewhere [8].
Here, the SPS consolidation was performed in the Spark-Plasma
Sintering System (SPSS) 1050 ®Dr Sinter apparatus and under the
following sintering conditions: consolidation temperature
TD¼750 °C, heating rate HR¼145 °C/min, and dwell time,
tD¼5 min The samples obtained by this method will be referred to
as SP.

In the SPT consolidation, the pre-reacted Bi-2223 powders
were first shaped into pellets with a diameter of 13 mm by ap-
plying an uniaxial compacting pressure of 30 MPa. The shaped
pellets were then pre-sintered in a Lindberg/Blue tubular furnace
at 700 °C, in air for 120 min After this step, the pellets were easily
accommodated at the center of a graphite die of a larger diameter
of ∼20 mm. Under this circumstance, there is a difference between
the diameter of the pellet and the inner diameter of the graphite of
7 mm. As reported by Noudem et al. [9], the above feature avoids
the direct contact between the outer surface of the pellet and the
inner wall of the die. Consequently, the negative effect of the
graphite-die wall is minimized, allowing the free deformation of
the pellet. It is believed that this process results in an improved
material with enhanced texture and low degree of defects such as
voids and microcracks [9]. The final processing of the SPT pellets
were carried out using the SPSS apparatus FCT System GmbH, HP
D25, Rauenstein, Germany. The consolidation process was per-
formed under vacuum (from 10 to ∼30 Pa) and the maximum
uniaxial compacting pressure was 50 MPa. The following sintering
conditions were used: consolidation temperature, TD¼750 °C,
heating rate, HR¼100 °C/min, and dwell time, tD¼15 min Samples
obtained by the SPT method will be referred to as ST.

As mentioned above, both SPS and SPT processes are conducted
under vacuum and result in oxygen-deficient materials. It has been
argued that such a deficiency is more pronounced close to the
surface of the grains and grain boundaries [8,23]. In order to re-
store the optimum oxygen content of the materials, small cubes of
both samples, SP and ST, were then subjected to an additional
post-annealing heat treatment (PAHT). Such a heat treatment was
performed in a Lindberg/Blue tubular furnace at 750 °C (heating
and cooling rates of 5 °C/min) in air for 5 min, similarly as reported
elsewhere [8]. These samples will be hereafter referred to as SP5
and ST5, respectively.

The phase identification was evaluated, in both powder and
bulk samples, from X-ray diffraction patterns obtained in a Bruker-
AXS D8 Advance diffractometer. These measurements were per-
formed at room temperature using CuKα radiation in the

θ° ≤ ≤ °3 2 80 range with a °0.05 (2θ) step size, and 3 s counting
time. The microstructure of the samples was investigated at room
temperature using a high resolution Carl Zeiss (Supra 55, Ober-
kochen, Germany) Scanning Electron Microscope (SEM). SEM mi-
crographs of faces broken parallel and perpendicular to the com-
pacting pressure axis clearly show the morphology of the samples.
Finally, the volume density, ρv, of all pellets was determined by
using the Archimedes method.

All magnetization measurements were performed in pellets
and powder samples by using a Physical Property Measurement
System (PPMS) from Quantum Design. The magnetization as a
function of the applied magnetic field, M(H), was measured in the
range of − ≤ ≤H90 90 kOe, for T¼5 K. The samples were cooled
down to 5 K under zero applied magnetic field. Once the tem-
perature was stabilized, the magnetic field was applied along
different orientations of the sample relative to the compacting
pressure direction, i.e., ∥H ab and ∥H c refer to applied magnetic
fields perpendicular and parallel to the compacting pressure di-
rection, respectively. Also, the measurements were performed in
small cube samples avoiding different corrections along the faces
due to the demagnetizing factor.

The electrical resistivity as a function of temperature, ρ( )T , was
measured by using the standard four-probe technique in slabs
with typical dimensions of d¼0.5 mm (thickness), w¼2 mm
(width), and l¼10 mm (length). In these measurements, per-
formed in the PPMS apparatus, Au electrical leads were attached to
Ag film contact pads on samples using Ag epoxy. After cooling the
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sample in zero applied magnetic field, an excitation current of
1 mA ( = −J 10 A/cm2 2) was applied always perpendicular to the
compacting direction. The voltage across the sample and the
temperature were collected as the temperature was raised slowly
from 50 to 300 K.
Fig. 1. The X-ray diffraction patterns of the powdered ST5 sample (a), and of bulk
samples SP5 (b), ST5 (c) and REF (d). The X-ray data of the pellets were taken on the
surface perpendicular to the compacting pressure direction. The reflections be-
longing to the Bi-2223 phase are marked by Miller indexes in (a). Selected regions
of the diagrams, marked as dashed boxes, are discussed in the text.

Table 1.
Some parameters of the samples studied in this work: ρv is the volume density,

( )L l00 is the Lotgering factor along the direction [00l], Mab
r and Mc

r are the remanent

magnetization in two directions: ∥H c and ∥H ab, respectively. γM is the ratio

M M/r
ab

r
c at 5 K, Jc

ab
0 and Jc

c
0 are the extrapolated (H¼0) intragranular critical current

densities along the directions ∥H c and ∥H ab measured at 5 K, respectively, and γJ

is the ratio J J/c
ab

c
c

0 0.

Sample ρv L00l Mr
ab Mr

c γM Jc
ab
0

Jc
c
0

γJ
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ST 6.3 0.73 27.3 24.8 1.1 0.91 0.08 12
ST5 6.3 0.73 38.5 25.7 1.5 1.27 0.07 19
SP5 5.7 0.32 24.1 16.2 1.5 0.26 0.13 2
REF 3.2 0.11 21.1 20.6 1.0 0.21 0.13 1.6
3. Results and discussion

Fig. 1 displays the X-ray diffraction patterns taken on the sur-
face of the samples SP5, ST5, REF, and in powders of the sample
ST5, that was reground after the consolidation process. The ana-
lysis of the patterns reveals that all indexed reflections related to
the high-Tc Bi-2223 have been observed, as displayed in panel
(a) of Fig. 1. The peaks of the Bi-2223 phase were then indexed
with respect to an orthorhombic crystal structure, space group
A2aa, lattice parameters a¼5.410 Å, b¼5.413 Å, and c¼37.152 Å, in
excellent agreement with those reported for the same compound
elsewhere [14]. We have also detected an unknown reflection near

θ = °2 31.4 , not associated with the Bi-2223 phase, in the X-ray
diagram of sample ST5. Close to this angular position is located the
reflection [117] belonging to the Bi-2212, as reported elsewhere
[15]. However, the most intense reflection of the Bi-2212 phase,
[115] and commonly observed at θ = °2 27.4 , is completely absent
in our X-ray diagrams. On the other hand, SEM and energy dis-
persive X-ray spectroscopy (EDS) results obtained in Bi-2223
samples synthesized by the SPS technique were consistent with
the presence of an extra phase in these materials [16]. Such an
extra phase was identified as an infinite layer compound with
general formula −Ca x1 SrxCuO2 [17]. The kinetic formation of this
compound, as a result of the SPT sintering of Bi-2223 pellets, is still
object of study.

From the X-ray diffraction patterns, we have also estimated the
Lotgering factor along the [00l] direction, ( )L l00 [18], and selected
values are listed in Table 1. We have found that =L 0.32l00 in
sample SP5 and reaches a very high value of ∼0.73 in both ST
samples (ST and ST5). We have also observed that ( )L l00 in ST
samples is over two times higher than that one calculated for the
SP sample, and ∼7 times higher than the reference sample, where

( )L l00 is only 0.11. These results indicate a very high degree of tex-
ture in samples consolidated by the SPT method.

The very high degree of texture of the ST samples may also be
verified visually by inspecting the relative intensity of some Bragg
reflections of the type (h00) and (00l) (see dashed boxes in Fig. 1).
We first note here that the behavior of these Bragg peaks obeys a
similar trend in the powder (Fig. 1(a)), the SP5 (Fig. 1(b)), and REF
(Fig. 1(d)) samples: the relative intensity of the reflection (200) is
always greater than (0014). On the other hand, however, the re-
lative intensity of these peaks in the ST5 sample is quite different:
its most intense reflections are those along the [00l] direction,
further indicating a very high degree of texture along the c-axis of
the material.

The above results may have their counterpart in the micro-
structure of the samples studied. This can be inferred from the
surface and fracture micrographs of samples SP5 and ST5, dis-
played in Fig. 2(a)–(b) and (c)–(d), respectively. The high magni-
fication micrographs show samples with similar granular mor-
phology and grain size besides the occurrence of grains with a
platelet-like shape. The average grain size in both samples was
estimated to be = ≈ μL L 6 ma b long, and as thick as ∼ μL 0.16 mc . In
addition to that, a much better alignment of the platelet-like
grains along their minor lengths (c-axis), or more appropriately a
high degree of texture, is clearly seen in the ST5 sample. The
combined features observed in the SEM micrographs are in line
with those extracted from X-ray diffraction data, i.e., the Lotgering
factors along the direction [00l].
The SEM micrographs also indicate that samples SP5 and ST5
have a very high density. Such a statement is confirmed by the
values of the volume density, ρv, of all samples studied and dis-
played in Table 1. As expected, sample SP5 was found to have a
density of 5.7 g/cm3, ∼86% of the theoretical value for Bi-2223
(6.6 g/cm3) [19]. Based on a previous report [8], we speculate that
ρv is limited to 5.7 g/cm3 when the SPS method is used to con-
solidate Bi-2223 powders. This limitation would be related to the
mechanical properties of the graphite die used in these experi-
ments, which is mainly restricted to applied compacting pressures
in the range 80–100 MPa. However, samples ST and ST5 exhibit a
higher value of density, close to 6.3 g/cm3, i.e., ∼96% of theoretical
density at 50 MPa. The above results assure the capabilities of the
SPT process to obtain highly dense and textured superconducting
samples, as reported elsewhere in other materials [9]. On the other
hand, the reference sample has ρ = 3.2 g/cmv

3, a value that hardly
reaches 50% of the theoretical value.

In order to evaluate the texture of the samples and the effec-
tiveness of the SPT method against the conventional SPS, M(H)
measurements were performed in selected samples for different
orientations of H with respect to the compacting pressure. Fig. 3
(a) displays typical hysteresis loops M(H) curves measured in
sample ST5 at 5 K. The most important results here may be sum-
marized as follows: (i) the behavior of both curves strongly de-
pends on the magnitude of H; (ii) the M(H) curves exhibit a defi-
nite anisotropy when different orientations of H are considered;



Fig. 2. Scanning electron micrographs of surface and fracture surfaces of samples SP5 (a), (b) and ST5 (c), (b).
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and (iii) the magnetization measured parallel to the compacting
pressure direction, ∥H c , is always higher than those measured
along ∥H ab. These results are particularly mirrored in the beha-
vior of the remanent magnetization, = ( )M M 0r , as listed in Table 1.
We mention that Mr is closely related to the magnetic flux trapped
within samples as well as their pinning strength [20,21]. According
to values of Mr along ∥H ab (Mr

c) and ∥H c (Mr
ab), the magnetic flux

trapped by samples ST and ST5 is greater than that of sample SP5.
However, the ratio γ = M M/M r

ab
r
c (see Table 1) is ∼1.5 when samples

ST5 and SP5 are considered and only 1.1 for sample ST. These va-
lues of γM are similar to those reported for the same compound
[22] and the difference in γM between samples ST and ST5 may be
understood by considering the post-annealing heat treatment
(PAHT) through which the ST5 sample has been subjected.

Similarly to the SPS method, the consolidation process in the
SPT takes place under vacuum, resulting in oxygen-deficient
samples, or more appropriately, grains with core-shell morphol-
ogy comprising of: (i) a core of stoichiometric Bi-2223 phase; and
(ii) an oxygen-deficient shell, as discussed elsewhere [8]. The PAHT
is then responsible for the re-oxygenation of grains and grain
boundaries of the dense material, the latter being strong altered
and then comprised of a large number of conduction current paths
in oxygenated materials [23]. The observed different values of
γ = M M/M r

ab
r
c between samples ST and ST5 may be connected to the

re-oxygenation process promoted by the PAHT: it is responsible for
the decrease in the width of the oxygen-deficient shell of the
grains. Such a decrease is expected to alter the superconducting
volume fraction of the grains and the number and nature of pin-
ning centers within the shell, i.e., very close to the grain bound-
aries [23]. In order to put this point in perspective, let us assume
that the remanent magnetization stems mostly from the in-
tragranular screening currents. In this case, Mr¼ fgMg, where fg is
the effective volume fraction of the grain cores and Mg is the in-
trinsic intragranular magnetization [24]. As the phase composition
and the texture degree of samples ST5 and ST are similar (see Fig. 1
and Table 1), Mg is assumed to be the same for both samples.
Within this context, the ratio Mr

ab for samples ST5 and ST is
= ∼f f f/ 1.41ab

g
g g
ST5 ST , indicating an increase of the superconducting

volume fraction of the grains after the PAHT, i.e., a decrease in the
width of the oxygen-deficient shell of the grains. It is important to
notice that the estimate of f g

c , by using values of Mr
c, yielded a

value of ∼1.04, further supporting the changes provoked by the
PATH. The difference in the estimated values of f g

ab and f g
c also

suggests that the oxygen-deficient shell is not homogeneously
distributed over the entire surface of the grains. As schematically
represented in the inset of Fig. 3(a), the oxygen-deficient shell can
be viewed as a hollow tube surrounding the surface of the grains.

From the experimental M(H) curves we were also able to esti-
mate the intragranular critical current density by using the ex-
pression [25]:

= × ( − )( ( − )) ( )+ − −J M M L L L20 1 /3 , 1c x x y
1

where −M and +M , in emu/cm3, are the magnetizations asso-
ciated with the decreasing and increasing branches of the M(H)



Fig. 3. (a) Hysteresis loops of M(H) at 5 K for different H orientations measured in
the ST5 sample. (b) Magnetic field dependence of the dc magnetic susceptibility
measured in a powder and pellet of the sample ST5 (see text for further details).
Also, the inset shows in this figure an expanded view in the magnetic field range
between 1 and 100 kOe.

Fig. 4. Intragranular critical current densities Jc(H) determined from M(H) data for all s
described in the text.
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data, respectively. Also, Lx and Ly ( ≥L Ly x), given in cm, are the
average dimensions of the rectangular cross section of the grains
perpendicular to H [25]. We mention here that the values of Lx and
Ly in Eq. (1) refer to the physical dimensions of the physical grains
instead of the macroscopic dimensions of the pellet as a whole. In
line with this statement, Fig. 3(b) shows the magnetic field de-
pendence of M, at 5 K, conducted in pellets and powders from
sample ST5. This figure was constructed from the M(H) data
measured along ∥H c (see Fig. 3(a)). As observed, both M(H)
curves have different qualitative and quantitative behaviors up to

∼H 10 kOe (see the inset of Fig. 3(b)). In the powder sample, the
almost magnetic field independent behavior of M(H) up to 1 kOe is
related to the magnetic flux shielding from isolated grains [23,26].
On the contrary, however, the magnetic responses of the pellet
sample are comprised of two contributions stemming from the
intragranular and the intergranular shielding currents. The former
is expected to be very similar in pellet and powder samples. Thus,
the difference observed between the two M(H) curves of Fig. 3(b),
for ≤H 10 kOe, is due to the influence of the intergranular
shielding capability of the material. Nevertheless, as observed in
the inset of Fig. 3(b) for ≥H 10 kOe, both M(H) curves merge with
each other, revealing quite a similar behavior. This is a remarkable
result and indicates that:

� the pellet samples behave as isolated grains for applied mag-
netic fields higher than 10 kOe, further supporting the use of Lx
and Ly of the grains in Eq. (1) for estimating the superconduct-
ing critical current of the samples;

� ΔM¼ −+ −M M , in Eq. (1), is calculated from the M(H) data for
applied magnetic fields higher than 10 kOe;

� values of Jc obtained from Eq. (1), ≥H 10 kOe, are associated
with the intragranular critical current of the specimen.
amples for H∥ab (a) and H∥c (b), respectively. Solid lines are theoretical fittings, as
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Fig. 4 displays the intragrain current density, Jc(H), of samples
ST, ST5, and SP5 subjected to applied magnetic fields along two
different directions: ∥H ab (4(a)) and ∥H c (4(b)). In all cases,
experimental values of Jc(H) were calculated for ≥H 15 kOe. The
results indicate that all curves exhibit a similar magnetic field
dependence within the range 15–90 kOe. Also, the Jc(H) curves
were fitted to the expression ( ) = ( + ( ))−J H J H H1 /c c0 1

1 [27], where
Jc0 is the critical current density at zero applied magnetic field, and
H1 is a material parameter. As displayed in Fig. 4(a) and (b), a very
good agreement between experimental data and the Kim relation
has been obtained. Values of Jc0, listed in Table 1, confirm the
anisotropic behavior of Jc(H) where the critical current density
along ∥H c ( )Jc

ab
0 is always higher than that from ∥H ab ( )Jc

c
0 .

Moreover, the critical current density of sample ST5 along ∥H c is
slightly higher than the observed in the ST sample and reaches,
extrapolated to H¼0 Oe, ×1.27 10 A/cm8 2. This is a very high value
of Jc0 and it is tempting to compare it with others found in the
literature.

Values of Jc0 as high as ∼108 A/cm2 at 5 K in Bi-2223 are scarce
in the literature. We first mention here an upper limit of
Jc0∼7.3�109 A/cm2, measured at 10 K, in Bi2Sr2Ca2Cu3O10þδ single
crystals grown by the traveling solvent floating zone technique
[28]. We also mention that Jc0∼1.0�107 A/cm2 (4.5 K) has been
observed in multifilamentary Ag-sheathed Bi-2223 tapes, pre-
pared by the powder-in-tube method [29]. On the other hand, our
Jc0∼1.3�108 A/cm2 is similar to Jc0∼1.0�108 A/cm2 (4.2 K) found
in Bi-2223 subjected to an uniaxial pressure of 500 MPa before the
last heat treatment [22]. In addition to the high Jc0 values of our
SPT samples, the degree of texture/effectiveness of the spark-
plasma texturing method must be considered. A measure of the
degree of texture can be made by computing the anisotropy ratio
γ = J J/J c

ab
c
c

0 0 (see Table 1). We have found that γJ is ∼12 and 19 in
samples ST and ST5, respectively. This represents a ∼6 to 9-fold
Fig. 5. Temperature dependence of the electrical resistivity of samples ST, ST5, SP5 (a), a
region. The inset in (b) displays an expanded view of the superconducting transition re
increase in γJ when compared to the sample SP5. Again, the ob-
served difference in γJ between samples ST and ST5 is ascribed to
the post-annealing heat treatment PAHT, as mentioned above [8].

An alternative way to evaluate the effectiveness of the SPT
method for producing dense Bi-2223 samples with a high degree
of texture is considering the transport properties of the con-
solidated materials. Within this context, Fig. 5 displays the tem-
perature dependence of the electrical resistivity, ρ( )T , of samples
ST, ST5, SP5, and REF. We have first observed that all samples
exhibit a metallic-like behavior of ρ( )T and the transition to the
superconducting state below ∼T 118 Kon (see Table 2). As Ton is
related to the transition of isolated grains to the superconducting
state, the comparable values of Ton encountered in all samples
indicates that their grains, or more appropriately the core of the
grains, have similar stoichiometry, a result in line with the X-ray
diffraction analysis. On the other hand, the approaching to the zero
resistance state occurs at quite different temperatures Toff along
the series, as displayed in the inset of Fig. 5(b). Toff , that mainly
depends on the intergranular features of a granular super-
conductor, was found to attain very low values in the oxygen-
deficient sample ST (90.5 K) and the reference sample REF (86.5 K).
On the contrary, Toff assumes much higher values in samples SP5
(97.3 K) and ST5 (96.5 K), subjected to the post-annealing heat
treatment (PAHT). At first glance, the REF sample, with the lowest
value of Toff , has a very weak connectivity between grains due to
its very low volume density (see Table 1). The other SPS and SPT
samples, subjected or not to the post-annealing heat treatment
PAHT, have a very high volume density and display higher values
of Toff , suggesting a better intergrain connectivity. In addition to
that, the normal-state electrical resistivity of sample ST, with

∼T 90.5 Koff , is ∼30% lower than that of the SP5 (Fig. 5(a)), further
indicating that there is an intricate balance among the contribu-
tions to the ρ( )T behavior in this series, i. e., the volume density,
nd the reference sample (b). The continuous lines are linear fits in the normal state
gion.



Table 2.
Parameters extracted from the ρ(T) curves of all samples studied: the onset su-
perconducting critical temperature, Ton; the offset temperature, Toff ; the slope of
the electrical resistivity data in the T-linear region, A; the residual electrical re-
sistivity, ρ( )0 ; the normal-state percolative factor, αn; and the average intergranular
electrical resistivity, ρwl.

Sample ( )T Kon ( )T Koff ( )μΩA cm/K ρ (0) (mΩ cm) αn ρwl (mΩ cm)

ST 117.6 90.5 2.14 0.67 0.85 0.57
ST5 117.6 96.5 1.93 0.33 0.95 0.31
SP5 118.3 97.3 3.26 0.80 0.56 0.45
REF 118.2 86.5 14.4 8.29 0.13 1.08
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the degree of texture, and the oxygen content. In any event, the
ρ( )T data indicate that the microstructural features of the samples,
along the post-annealing heat treatment PATH, have a definite
influence on the transport properties of these materials, as dis-
cussed below.

In order to extract extra microstructural information regarding
our samples from ρ( )T data, the model first proposed by Díaz et al.
was considered [10]. In such a model, based on the effective-
medium theory, the normal-state ρ( )T behavior of polycrystalline
samples of high temperature superconductors is described as a
sum of two contributions: (i) one related to the anisotropic and
assumed single-crystal grains, weighted by the misalignment of
adjacent grains along their ab-planes; and (ii) another one,
stemming from microstructural defects such as voids, microcracks,
insulating grain boundaries, etc. Within the context of the model,
the ρ(T) dependence is written as follows [10]:

ρ
α

ρ ρ( ) = ( ( ) + )
( )

T T
1

,
2n

ab wl

where αn, α< ≤0 1n , given by

α α= ( )f , 3n str

is referred to as the normal-state percolative factor that enhances
the electrical resistivity due to both the misalignment of the grains
f; < ≤f0 1; and microstructural defects αstr; α< ≤0 1str . The grains
are believed to behave as single crystals and the first term in Eq.
(2), ρ ( )Tab , is closely related to the average electrical resistivity of
the anisotropic material along its ab-plane. The second term, ρwl, is
the actual average intergranular component of the polycrystalline
material, assumed to be temperature-independent. The ρ ( )Tab
contribution in our analysis has been assumed to be linearly
temperature-dependent and zero-residual temperature intercept
[30]. In addition to that, αn and ρwl were obtained by utilizing the
appropriate relationships [10]:

α = ( )
A
A

, 4n
sc

and

ρ α ρ= ( ) ( )0 , 5wl n

where A is the slope of the ρ(T) curve in the T-linear region,
Asc¼1.84 μΩ cm/K for Bi-2223 single crystal [30], and ρ(0) is the
residual electrical resistivity at T¼0. The parameters were ob-
tained by fitting the ρ(T) curves to the typical linear-dependence
ρ ρ( ) = + ( )T AT 0 . The best fittings, by using the above T-linear de-
pendence, were obtained by adjusting the parameters listed in
Table 2. Values of αn and ρwl, extracted by using Eqs. (4) and (5),
are also displayed in Table 2.

The results listed in Table 2 indicate that ST samples, subjected
to a process in which a high degree of texture is desired, display αn

values much higher than in samples SP5 and REF. In fact, the
extracted αn values from the ρ( )T data of 0.85 and 0.95 for samples
ST and ST5, respectively, are close to the unity and in excellent
agreement with the very high Lotgering factors along the L00l di-
rection (see Table 1) and a highly textured material seen in the
SEM image of Fig. 2(b). Returning to Eq. (3), we emphasize that αn

mainly depends on two contributions that enhances the electrical
resistivity: (i) the misalignment of the grains f in a ceramic spe-
cimen; and (ii) microstructural defects αstr. The results displayed
in Table 2 combined with the lower value of ρ( )T observed in
sample ST compared to sample SP5, as mentioned above, indicate
that the degree of texture has a major contribution to change ρ( )T
in our granular and anisotropic materials. This is further confirmed
when the contribution of microstructural defects to ρ( )T , ρwl, is
considered. As listed in Table 2, ρwl ∼0.57 of the ST sample is
greater than ρwl ∼0.45 of sample SP5 (see Table 2) but
ρ ρ( ) < ( )T TST SP5 in the normal state (see Fig. 5(a)).

Taking the above discussion into consideration, it is plausible to
infer that ρ( )T in REF sample is mainly dominated by the
ρwl¼1.08 mΩ cm term, i. e., microstructural defects like voids,
microcracks, insulating grain boundaries etc. The microstructural
defects, combined with a very low volume density ρv and a neg-
ligible degree of texture (αn¼0.13) result in a ∼10 times large
normal-state electrical resistivity of the REF sample (see Fig. 5(b)).
This physical scenario is quite different when samples con-
solidated by the spark-plasma technique are considered. In these
samples, where ρ( )T is dominated by the very high degree of
texture, the most important microstructural defect is certainly
related to the oxygen-deficient shell of the grains, acting as in-
sulating or low-conducting grain boundaries. Even though αstr

may not be directly separated from αn, changes caused by the
post-annealing heat treatment PAHT on the ρ( )T data can be
evaluated. Let us consider the spark-plasma textured samples ST
and ST5 with the same Lotgering factor (see Table 1) and similar
values of αn (see Table 2). Both samples are believed to have es-
sentially the same value of f and by using Eq. (3), the ratio
α α α α= =/ / 1.12n n str str

ST5 ST ST5 ST . Such an increase of 12% in αST5 occurs at
the expense of the decrease in the width of the oxygen-deficient
shell of the grains [23]. This simple estimate indicates the im-
portance of the post-annealing heat treatment PAHT in optimizing
the normal-state and superconducting properties of dense and
highly textured spark-plasma sintered samples of Bi-2223.
4. Conclusions

We have used the spark-plasma texturing SPT method to con-
solidate pre-reacted powders of Bi-2223 compounds and com-
pared their physical properties with samples obtained by the
conventional spark-plasma sintering process. The results of X-ray
diffraction indicated that the SPT materials consist of the Bi-2223
phase and have Lotgering factors as high as 0.73. In these samples,
the volume density reached 6.3 g/cm3, a value close to 96% of the
theoretical value and microstructures with a very high degree of
texture. After a post-annealing heat treatment performed in air at
750 °C for only 5 min, the SPT samples exhibited an anisotropic
intragranular critical current density and values as high as
Jc0∼1.3�108 A/cm2 along ∥H c at T¼5 K. We have also found that
the normal and superconducting transport properties of our
samples are strongly dependent on their oxygen content and the
degree of texture. These results are of interest considering that
samples were prepared under mild conditions, i.e., consolidated at
750 °C, under a low compacting pressure of 50 MPa, followed by a
post-annealing heat treatment PAHT performed in air at 750 °C for
a brief time interval of 5 min. We finally mention that dense
polycrystalline samples with a very high degree of texture and Jc0
at 5 K, as reported here in spark-plasma texturing samples, are
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valuable for several practical applications.
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