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Abstract

The influence of the spark-plasma texturing (SPT) conditions on the intragranular superconducting properties of
Bi; 4sPby 355r,Ca,Cu;0,(, s (Bi-2223) samples has been investigated. Also, the SPT samples were subjected to a post-
annealing heat treatments (PAHT) in different times. Intragranular superconducting features, extracted from magnetoresist-
ance measurements, p(T, H), in applied magnetic fields up to 9 T, were studied by analyzing the temperature dependence
of the in-plane upper critical field, ngb (T), and the magnetic field dependence of the pinning energy at zero temperature,
U(0, H). The results indicated that, before and after the PAHT, values of the Hg‘zb (0), obtained by using the Werthamer—Hel-
fand—Hohenberg formula, increased ~ 21%, i.e., from 115.8 to 140.2 T. We have also found that the effective intragranular
pinning energy at zero applied magnetic field, U, = U(0, 0), also increased over approximately three times, from 0.28 to 0.98
eV. These results strong strongly indicate that the SPT process is responsible for inducing deoxygenation at the intragranular

level of ceramic samples, a feature presumably occurring near of the end of planar defects.

1 Introduction

As far as the densification of powders is concerned, the
conventional spark-plasma sintering (SPS) is a very useful
method and largely employed in the last decades [1, 2]. In
the SPS process, sintering is achieved in very short time
intervals by the simultaneous action of the electric current
and applied compacting pressure. An alternative method,
namely spark-plasma texturing (SPT), together with a better

P4 E. Govea-Alcaide
egoveaalcaide @ gmail.com

Departamento de Fisica, Facultad de Informatica y Ciencias
Exactas, Universidad de Camagiiey, Camagiiey, Cuba

Departamento de Fisica, Universidade Federal do Amazonas,
Manaus, Brazil

Departamento de Matemética-Fisica, Facultad de Ciencias
Informaéticas, Naturales y Exactas, Universidad de Granma,
Bayamo, Cuba

4 Normandie Univ, ENSICAEN, UNICAEN, CNRS,
CRISMAT, 14000 Caen, France

Departamento de Engenharia Mecatronica e Sistemas
Mecanicos, Escola Politécnica, Universidade de Sao Paulo,
Sao Paulo, SP, Brazil

Departamento dos Fisica de Materiais e Mecanica, Instituto
de Fisica, Universidade de Sdo Paulo, Sdo Paulo, Brazil

@ Springer

densification is also responsible for the improvement of
the degree of texture in different classes of materials [3].
In (Bi,Pb),Sr,Ca,Cu; 0, (Bi-2223) superconductor, the
application of the SPT technique results in samples with
relative density close to 96% of the theoretical value and
very high texture degree, even when low uniaxial compact-
ing pressure of 50 MPa is used [4].

Similarly to the SPS technique, consolidation of powders
through the SPT method is conducted under vacuum of ~ 10
to 30 Pa. This unavoidable condition, along with the applica-
tion of elevated electrical current during the sintering, has a
definite impact on the microstructure of the resulting materi-
als, e.g., at the grain boundaries [4]. For instance, Bi-2223
samples consolidated by the SPT method are composed of
grains with core—shell morphology. In such a morphology,
the core of the grains is comprised of stoichiometric Bi-2223
and the shell is formed essentially by Bi-2223, but with
oxygen deficiency. Due to the close relationship between
the superconducting properties and the oxygen content, the
Bi-2223 samples consolidated by the SPT method must be
subjected to a post-annealing heat treatment (PAHT) [4,
5]. However, previous works were focused on the effect of
the sintering conditions on the intergranular features of the
samples. However, an experimental study of the impact of
the SPT consolidation on the intragranular superconducting
properties of ceramic samples is lacking.
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Within this context, we have performed a systematic study
of the resistive transition in Bi; ¢5Pby 355r,Ca,Cu30¢, 4
ceramic samples obtained through the SPT method. The
influence of the consolidation parameters on the phase com-
position and microstructure of the samples was inferred from
X-ray diffraction (XRD) analysis performed in powder and
pellet samples along with finite element simulation meth-
ods. The main contribution of this work is to discuss the
influence of consolidation conditions on the intragranular
superconducting properties of Bi-2223 compounds and the
role played by the post-annealing heat treatment. Also, finite
element simulations of the SPT process were performed to
investigate the relationship between the consolidation condi-
tions and the phase composition and microstructure of the
obtained samples.

2 Materials and methods

Pre-reacted powders of Bi; ¢4sPb355r,Ca,Cu;0,4,s (Bi-
2223) have been synthesized by using the conventional solid
state reaction method, as described in details in the refer-
ence [6]. For the SPT consolidation, the pre-reacted Bi-2223
powders were first shaped into pellets with a mean diameter
of ~ 13 mm by applying a uniaxial compacting pressure of
30 MPa. The shaped pellets were pre-sintered in a furnace
at 700 °C for 120 min in air. After this step, the pellets can
be easily accommodated at the center of a graphite die of a
larger diameter of ~ 20 mm. Under this condition, a differ-
ence of 3.5 mm between the radius of the pellet and the inner
radius of the graphite die is settled [3]. The final processing
of the pellets was carried out by using the SPSS apparatus
FCT System GmbH, HP D25, Rauenstein, Germany. The
consolidation was performed under vacuum (from 10 to ~ 30
Pa) and the maximum uniaxial compacting pressure used
was 50 MPa. Other sintering conditions were: consolida-
tion temperature, 7, = 750 °C, heating rate, HR = 100 °C/
min, and dwell time, #;, = 15 min. Samples processed by the
procedure described above will be referred to as STO. After
the SPT consolidation, small pieces of the samples were
subjected to an additional, oxygenation post-annealing heat
treatment (PAHT) performed in a Lindberg/Blue tubular fur-
nace at 750 °C in air by using a heating rate of HR = 5 °C/
min, and for two time intervals: 5 and 30 min. These samples
will be hereafter referred to as ST5 and ST30, respectively.

The phase identification of the samples was evaluated
from X-ray diffraction patterns obtained in a Bruker-AXS
D8 Advance diffractometer. These measurements were per-
formed at room temperature using CuKa radiation in the
3° <20 < 80°range with a 0.05°(20) step size, and 5 s count-
ing time. X-ray measurements were performed in powder and
pellets samples. In the later case, the patterns were measured
in two surfaces of the samples. The first, where the piston used

in the compacting process has direct mechanical contact with
the powder, referred to as face-S and the other one, which is
perpendicular to the former, referred here to as face-L. We
mention that S and L are perpendicular and parallel to the
compacting direction, respectively. The volume density, p,, of
all pellets was determined by using the Archimedes method.
The temperature and magnetic field dependence of the
electrical resistivity p(T, H) were measured by using the
four-probe method in a Quantum Design Dynacool Physi-
cal Property Measurement System (PPMS), operating in the
T and H ranges of 1.8-300 K and 0-9 T, respectively. The
typical dimensions of the samples were d = 0.5 mm (thick-
ness), w = 2 mm (width), and / = 10 mm (length). In these
measurements Au electrical leads were attached to Ag film
contact pads on samples. After cooling the sample under
zero applied magnetic field, an excitation current, 7, of 1 mA
(J = 1072 A/cm?) was injected along the major length of sam-
ples. The magnetic field, H, was applied parallel to the uniaxial
compacting pressure direction and perpendicular to /.

3 Finite element method simulations

The SPSS apparatus used to consolidate our ceramic samples
does not allow the measurement of the actual temperature
within the sample region. For this reason, the finite element
simulation has been used to gain extra information regard-
ing the actual temperature experienced by the samples during
the spark-plasma process [7-9]. The schematic drawing of the
consolidation system and the boundary conditions limited by
the apparatus are displayed in Fig. 1a, b. The arrangement
consist of two Inconel electrodes, six graphite spacers, the die
with two plungers surrounding the sample, that is located in
the center of the stack. In this case, Fig. 1c displays both the
SPS and SPT setups, respectively. Taking into account the
axisymmetrical configuration, only two dimensions are of the
interest, the system is studied in cylindrical coordinates, and
the problem is rather simplified. For every domain displayed
in Fig. 1a, the spark-plasma process is governed by a system of
electro—thermal-mechanical coupled partial differential equa-
tions related to the heat transfer process, the charge conserva-
tion, and constitutive equations for a linear elastic problem
given by [7, 8]

VxJ=0 €))
pcp(T)%—]; - VX (kVT) =g, 2)
VXo+F=0 ©)

where T is the temperature; p is the density, here assumed to
be constant and corresponding to the last stage of sintering;
q; = J X E is the heat loss by Joule effect; J = E/p,(T)is the
electric current density; p,(T) is the temperature dependence
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Fig.1 a Schematic drawing of the consolidation system; b boundary conditions; ¢ SPT and SPS plunger/die setups

of the electrical resistivity; ¢,(T') and k(T) are the tempera-
ture dependence of the heat capacity and thermal conductiv-
ity, respectively; o is the stress tensor, and F, the body force
per unit volume. Values for all parameters are assigned for
each material or domain in the actual design, i.e., the Inconel
600, the high-density graphite, and the Bi-2223 ceramic
sample. Table 1 displays the parameters used in the FEM
simulations.

The initial and boundary conditions used for solving egs.
(1), (2), and (3) are displayed in Fig. 1b. The initial tempera-
ture was set to be 300 K and the heat losses by conduction
and/or convection through the gas were neglected because
the process occurs in vacuum. All the free surfaces exposed
to the vacuum chamber have heat losses by radiation and
are given by g,,, = o,£(T} — Ty)), where T, is the tempera-
ture of the free surfaces, o, the Stefan-Boltzmann’s constant,
€ = 0.3 (0.69) is the graphite (Inconel 600) emissivity, and

Table 1 Parameters of Bi-2223 samples, graphite, and Inconel 600 used in the FEM simulations: p is its density, p,(7) is the electrical resistivity
as a function of temperature, c,(T) is the heat capacity as a function of temperature, and k(7) is the thermal conductivity

Property Bi-2223 High-density graphite Inconel 600 Units

p 5700* 1900 8175 kg/m?

p.(T) 0.8x 1070 +0.8x1078T 24x107° -2.6x 1087 +22x10717% 1.03x 107 - 1.85x 107197 +62x 1071372 Qm

c,(T) 131.6 + 0.77T —151 4237 - 7.1 x 10747172 395.28 + 0.1576T + 7.1 x 107372 Ji(kg K)

k(T) 0.27 +1.95x 1073T 84 —0.063XT+29x 107 x T? 8.955 +0.016T W/(m

K)

Young’s 51.15x 10° 1.03 x 101! —2.841 x 10*T% — 2.866 x 107T +2.666 x 10! Pa
modulus

Poisson’s 0.166 0.32 0.315 Pa
ratio

Thermal 18 x 1070 8x107° 1.5%x 1073 Pa
expansion
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T, = 300 K is the temperature of the wall chamber. The tem-
perature of both the upper and lower Inconel electrodes was
300 K and the electrical and thermal resistances were dis-
regarded [7]. Finally, the electro—thermal-mechanical eqs.
(1), (2), and (3) were solved by using the COMSOL Mul-
tiphysics™ package. Also, a proportional-integral-deriva-
tive (PID) control has been programmed into the COMSOL
code. In this particular case, the current profile I(¢) is given
by

1(t) = kpe(t) + k; / e(t)dt + kp(de(t)/d), &)
0

where e(?) is the difference between the desired temperature
and the actual temperature of the control point. It is impor-
tant to point out that /(¢) is applied as a function of the meas-
ured temperature as a close-loop control system. Values of
kp, k;, and kj, are then obtained by adjusting the PID control
to the experimental temperature profile [9].

4 Results and discussion

Figure 2 displays the X-ray diffraction patterns taken on the
pre-reacted powder, and bulk samples STO, ST5, and ST30.
The X-ray data of bulk samples were taken along the sur-
face L. By comparing bulk and powder patterns, it is clear
that all samples have similar chemical composition and their
indexed reflections are related to the high-7, Bi-2223 phase
[4]. The unit-cell parameters were calculated regarding an

(d)

Normalized Intensity

Fig.2 X-ray diffraction patterns taken in the pre-reacted powders (a)
and in pellets of the SPT samples STO (b), ST5 (c), and ST30 (d). In
the pellet samples, measurements were performed along the surface
L, and in panel (c), IL refers to an infinite layer compound with the
general formula Ca,_,Sr,CuO,. Also, Bragg reflections belonging to
the Bi-2223 phase are marked by Miller indexes in (a)

orthorhombic unit cell and the obtained values a = 5.409 A,
b=5411 A, and ¢ = 37.153 A are in line with those reported
elsewhere for the same compound [6]. We have also found
that the post-annealed samples ST5 and ST30 exhibit an
additional peak located at 2@ = 33.18°. Such a Bragg reflec-
tion is related to the most intense peak belonging to an infi-
nite layer compound Ca,_,Sr,CuO,, as discussed elsewhere
[10]. We have also found that the height of this extra peak
remains almost unaltered as the PAHT time increased from 5
to 30 min, suggesting that changes in the time interval of the
PAHT has no influence on the phase content of the samples.

Additionally, from patterns displayed in Fig. 2 it was
possible to estimate the ratio between the height of peaks
(007) and (hkl), yielding a value of 0.35 for the pre-reacted
powder and ~ 0.29 for all SPT samples. By assuming that
these values can be considered as a roughly measure of the
degree of texture of the samples, the obtained result seems
to be paradoxical because the degree of texture of powder
samples is greater than the pellet ones. However, we first
argue that the X-ray data of STO, ST5, and ST30 samples
were taken along the surface L, which is parallel to the com-
pacting pressure direction. As the application of the SPT
technique aims to produce high textured samples [3, 4], the
degree of texture along this surface is expected to be very
low. In order to verify such a statement, Fig. 3a, b display
the X-ray diffraction patterns taken along surfaces L and S,
respectively. The difference of the degree of texture between
both surfaces is verified visually by inspecting the height of
the peaks (113) — (0010), and (200) — (0014), respectively
(see dashed boxes). In addition, the most intense reflection

(@)

Normalized Intensity
200 |

P 206

20 25 30 35 40
26 (deg)

Fig.3 X-ray diffraction patterns taken in the pellet sample STS5.
The measurement were performed along the surfaces L (a) and S
(b). Bragg peaks of the Bi-2223 phase are identified by their Miller
indexes in (a). Selected regions of the diagrams, marked as dashed
boxes, are discussed in the text
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of the diagrams taken along surface L is (200), in contrast to
the one from the surface S, (0012). A quantitative evaluation
of the degree of texture along the surface S yields 0.59, a
value twice higher than that obtained along the surface L.

Computational simulations were performed to have a
clear understanding about the influence of the SPT process
on the phase composition and the microstructure of the sam-
ples. For comparison reasons, simulations were also per-
formed considering the SPS pluger/die setup (see Fig. 1c).
Figure 4a, b show the results of the computational simula-
tion of the temperature, 7(r,,, z), and the normalized radial
stress distribution, ¢(7,,,, 2)/0o(r, 0), respectively, for the
SPT pluger/die setup (see Fig. 1c). Here r,, is the radius of
the sample. Both distributions were taken along the vertical
direction, z, and atf = 8 min, i.e., at a given moment during
the sintering time interval.

As can be seen in Fig. 4a, the difference in temperature
between both configurations is close to 0.1 °C and the quali-
tative behavior of both curves is very similar. Along the
z-direction, the estimated difference in temperatures between
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Fig.4 Temperature (a) and radial stress (b) distributions along the
outer wall of SPT and SPS samples. All curves were obtained for a
simulation time of # = 500 s
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the center of the sample (» = 0) and its outer surface (r = r,,,)
is pretty small, less than 1 °C, and may be disregarded. Here,
we must recall that the optimum sintering temperature for
the Bi-2223 phase is ~ 845 °C and the predefined tempera-
ture at the thermocouple position (consolidation tempera-
ture) was 750 °C. Thus, our findings indicate that under our
experimental consolidation conditions the temperature of the
samples is significantly below ~ 845 °C. This corroborates
our finding that the SPT conditions applied here do not affect
the phase composition of samples, a result in agreement with
X-ray diffraction analysis.

Figure 4b displays the normalized radial stress distribu-
tion along the z-direction for r = r,,,. As expected, the major
difference between the SPS and the SPT techniques is related
to the influence of the stress distribution on the microstruc-
ture of the samples. In this case, the results indicate that the
ratio o(7,, , 2)/0 (1, 0) for the SPS configuration is almost
pressure independent and the higher value of the stress is
attained for z = 0. On the other hand, in the SPT plunger/
die setup, the ratio o(r, .., 2)/ 0 (7, 0) exhibits an appreciable
pressure dependent behavior. Under this configuration, the
maximum stress value is seen in a point at the edge of the
sample in contact with the plunger for r = r,,,. These find-
ings indicate that the SPT configuration is responsible for a
pronounced mechanical impact on the microstructure than
the other one. In fact, such a configuration allows the lateral
wall of the sample to move freely along the r,, direction,
resulting in a better alignment of the anisotropic grains of
the Bi-2223 material, as reported elsewhere [3, 4].

On the other hand, Fig. 5a—c display the p(T, H) curves
of samples STO, ST5, and ST30, respectively, under the
influence of applied magnetic fields ranging from O to 9
T. We have found that the progressive increase of the mag-
netic field results in appreciable changes in the shape of
the resistive transition to the superconducting state, a fea-
ture observed in all samples studied. As the magnetic field
increases in strength, the transition becomes broader. We
have also found that all curves exhibit a transition to the
superconducting state below the so-called onset critical tem-
perature 7, ~ 120 K. Besides, the temperature in which the
zero resistance state is observed, the offset temperature, T,
decreases abruptly with increasing H. For the same applied
magnetic field window (H = 0 — 9 T), it was found that 7
decreases in the range 88.5-35.5 K in STO, 96.1-38.6 K in
STS5, and 92.3-35.7 K, in ST30. It is important to point out
that the observed values of 7 at H = 0 T are slightly lower
when compared with previous results of ~ 102 K in Bi-2223
materials [6]. This is a consequence of the remanent mag-
netic field of the superconducting magnet.

We have already mentioned that the SPT consolida-
tion takes place under vacuum, resulting in samples
composed of grains with a core—shell morphology, i.e.,
grains with a core of stoichiometric Bi-2223 phase and an
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Fig.5 Electrical resistive transition in applied magnetic fields up to
9 T of samples STO (a), ST5 (b), and ST30 (c). Values of the upper
critical field H,, were obtained from the 80% drop in p(T, H) curves
across the superconducting transition. The temperature dependence

oxygen-deficient shell [4]. Assuming this kind of morphol-
ogy sets up in our samples, it is possible to understand the
difference in T between samples STO, ST5, and ST30
(see Table 2). We first mention that values of T_4(0) are
strongly influenced by the intergranular features in granu-
lar superconductors . Thus, in the STO sample, even with

0.020 | (d)

0T

(=3

(=1

—_

w
T

9T A
| TAFF region -7

0T

9T

| TAFF region
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0 20 40

of the activation energies for samples STO, ST5, and ST30 are dis-
played in d—f), respectively. Dashed lines correspond to U(T) = kg T
and separate the flux-flow conductivity from the thermally activated
flux-flow (TAFF) regime

arelative density as high as 96% and with a high degree of
texture [4], the core—shell morphology is sufficient in pro-
moting a weak-link behavior at the intergranular level of
the material. On the other hand, after the PAHT the inter-
granular properties of the samples are partially restored
and T4(0) is observed to increase from 88.5 to 96.1 K,
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Table2 Some relevant parameters of the SPT samples: T,;(0) and
T,(0) are the offset critical temperature and the critical temperature at
zero applied magnetic field, respectively, —dH,(0)/dT is the slope of
H,(T) curve, Hé‘é’ (0) is the orbital upper critical field at 7 = 0 K, and
U,(0) is the intragranular pinning energy

Sample To(0) T.(0) —dH,(0)/dT H:é’ 0) U,
X X) (T/K) X V)
STO 88.5 104.3 1.61 115.8 0.28
STS5 96.1 108.1 1.88 140.2 0.98
ST30 92.3 106.2 1.65 120.9 0.93
12 T T T T T T T T
10 | TFF
r m e O
8+
6 m e
S
|
4L
2+
oL— 1 : '
60 70 80 90 100 110

T (K)

Fig.6 Vortex phase diagram of Bi-2223 samples STO, ST5, and ST30
(see details in the text)

as seen in sample STS. It is also interesting to point out
that an increase in the post-annealing time interval from
5 to 30 min results in a decrease in T, 4(0) of ~ 4 K . It
seems that increasing the post-annealing time results in a
deterioration the superconducting properties of the grain
boundaries.

From the p(T, H) data, we were able to built an H,-T
phase diagram of the studied samples and the results are
displayed in Fig. 6. Pairs of (H,T) were extracted from the
p(T, H) curves by using the p(T, H)/p(T,,,) = 0.5 criterion
[11-14]. However, when polycrystalline samples are con-
sidered, the application of such a criterion may introduce
artifacts stemming from the intergranular contribution. This
occurs when the superconducting critical temperature at zero
magnetic field, 7,(0) = (T, + T,(0))/2 is greater than the
temperature where the condition p(T,0)/p(T,,) = 0.5 is
valid. Taken into account values of 7,(0) listed in Table 2
and to assure that only the intragranular contribution must
be considered, we adopted the p(T, H)/p(T,,,) = 0.8 criterion
for all samples (see Fig. Sa—c).

@ Springer

The results displayed in Fig. 6 reveal a linear relation-
ship between H_, and T near 7, (0) in all samples. The
orbital upper critical field at T = 0 can be estimated by
using the Werthamer—Helfand—Hohenberg (WHH) formula
H,(0) = 0.69T,.(0)(dH,(T)/dT), where —(dH,(T)/dT) is
the linear slope of the H.,(T) dependence. Also, considering
the measurements conditions (H parallel to the compacting
pressure) and the high degree of texture of the samples, it
is reasonable to assume that the estimated values of H,(0)
mostly reflect the upper critical field parallel to the ab-plane,
ngb (0). Thus, the results for Hcaé’ (0) yielded 115.8, 140.2, and
120.9 T for samples STO, ST5, and ST30, respectively (see
Table 2). The above values are in the range 40-350 T and
in line with those previously reported for Bi-2223 ceramic
samples [15-17].

It is important to point out that the extrapolated value
Hgé’ (0) increases ~ 21% between samples STO and STS. Pre-
vious results indicate that these samples have similar phase
composition and degree of texture. Hence, such an increase
in Hé‘f (0) is only related to the influence of the post-anneal-
ing heat treatment, further suggesting that the deoxygenation
caused by the SPT sintering can also affect the intragranular
superconducting properties of the samples. To our knowl-
edge, this is a new finding, which has not been reported
in previous studies regarding superconducting cuprates
obtained by using spark-plasma sintering techniques [4-6].

Another way to evaluate the influence of SPT condi-
tions on the intragranular features of the ceramic samples
is by inspecting its pinning capabilities. Figure 5d—f dis-
play the temperature and applied magnetic field depend-
ence of the pinning energy, U(T, H), for samples STO, ST5,
and ST30, respectively. These curves were constructed by
recalculating the experimental electrical resistivity data as
U(T,H) = kgTIn(p(T,,)/p(T,H)) [11]. The dashed lines
in the Fig. 5d-f indicated boundary lines that separates
the flux-flow (FF) region from the thermally activated
flux-flow regime (TAFF), i.e., the temperature 7j; where
U(T,H) = kgT [11]. Figure 6 shows T} vs. H boundary lines
for samples STO, ST5, and ST30. As observed, all curves
exhibit similar downward curvature and, in all range of the
applied magnetic field, values of Ty in sample STS when
compared with those from samples STO and ST30, respec-
tively. Provided that the TAFF region has been identified,
the U(T, H) curves were linearly extrapolated to 7 = 0 K
and values of the applied magnetic field dependence of the
effective pinning energy, U(0, H), were obtained.

Figure 7 displays the magnetic field dependence of
U(0, H) for samples STO, ST5, and ST30. Also, in the
inset of Fig. 7 are shown fittings of the experimental data
to the equation U(0, H) «x H™%, where « is an exponent.
The results yield @ = 0.15, 0.5, and 0.28 for samples STO,
ST5, and ST30 respectively. These values are close to
those expected for highly anisotropic materials such as
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Fig. 7 Effective pinning energy as a function of applied magnetic
field, U(0, H), for samples STO, STS, and ST30. The inset shows the
fit of the experimental data to U(0, H) x H~*. In this case, the fitting
curves are displayed in solid lines

the BSCCO compounds [11, 18] and indicate that the vor-
tex dimensionality of the studied samples is 2D, at least,
for H > 1T. Additionally, values of the effective pinning
energy at zero applied magnetic field, U, = Uy(0,0), for
samples STO, ST5, and ST30 are listed in the Table 2. In
particular, a 3.5-fold increase in U, is observed between
samples STO and STS. This result suggest that the SPT
process is responsible for a pronounced suppression of
the intragranular pinning capabilities of the samples. We
speculate that, as the SPT process occurs under vacuum,
the deoxygenation occurs preferentially within the grains,
and predominantly at the edge of planar defects, e.g, stack-
ing faults [19]. Such imperfections act, similarly to grain
boundaries, as a current-blocking defects which locally
increases the Joule self-heating effect. It seems that the
combination of effects arising from high electric current
during the sintering, the increase of the local tempera-
ture at the edge of planar defects, and vacuum, result in
the oxygen electromigration. Finally, the combination of
these features results in the deterioration of the pinning
properties of the ceramic samples at the intragranular
level. Once the SPT samples were subjected to the PAHT,
the superconducting properties are partially restored and
the increase in the post-annealing time seems to maintain
unaltered values of U, as seen in samples ST5 and ST30.

Finally, we want to remark that the application of SPS
and SPT techniques result in highly dense ceramic samples
but oxygen-deficient materials, a feature that occurs not
only at the intergranular level but also at the intragranu-
lar region. However, the major difference between both

techniques is that in SPT the consolidated sample are not
completely confined [3]. Such difference has a definite
effect on the stress distribution within the samples, which
consequently impact on the degree of texture of the SPT
samples.

5 Conclusions

In summary, the influence of the SPT consolidation on the
intragranular features of Bi; ¢5Pb 3551,Ca,Cu;0,(, s sam-
ples has been investigated. From H,(T) dependence, we
have estimated values of the upper critical field along the
ab-plane for all samples studied. The results indicated that
the SPT process has influence on the intragranular super-
conducting properties of Bi-2223 materials mostly because
this technique occurs under vacuum. Thus, the samples were
subjected to an additional post-annealing heat treatment,
resulting in a 3.5-fold increase of the effective intragranular
pinning energy at zero temperature and applied magnetic
field. Based on these findings, we primarily concluded that
the SPT process is responsible for a deoxygenation within
the grains of the ceramic samples, a process that occurs
predominantly near at the edge of planar defects. However,
further studies are needed to confirm this belief.
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