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Abstract The impact of the grain boundary misorientation
distribution (GBMD) on the intergranular voltage relax-
ation (V − t) curves at zero applied magnetic field in
Bi1.65Pb0.35Sr2Ca2Cu3O10+δ (Bi-2223) ceramic samples
has been investigated. Changes in the GMBD were real-
ized by subjecting powders of Bi-2223 to two different
uniaxial compacting pressures (UCP) before the last heat
treatment of the samples. The GBMD was then determined
from X-ray rocking curves and revealed significant differ-
ences between intergranular media of the specimens. It was
found that the UCP results in a two-time reduction in the
population of high-angle grain boundaries (θ > 12◦) while
the orientation homogeneity of the grain boundaries rises ∼
30 %, indicating an improvement of the degree of texture
of the materials. Such changes are mirrored in the behavior
of the V − t curves which are explained by invoking differ-
ences in the rearrangement of the transport current driven by
the angular dependence of the critical current density along
grain boundaries. Numerical simulations of the V − t curves
support the experimental V − t results and further suggest
the occurrence of current localization in conductive paths
within the materials.
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1 Introduction

Achievement of practical level of the critical current densi-
ties, Jc, is mandatory to widespread the commercial appli-
cation of the high-Tc superconductors materials [1–3]. By
definition, Jc is the maximum current density that a super-
conductor can carry without the undesirable dissipation. To
further improve the Jc, a huge effort to understand the influ-
ence of mechanical deformation on the microstructure has
been done [4–12]. Nowadays, there is a clear consensus that
independently of the polycrystalline superconductor system
the critical current density are closely related to two main
features of these anisotropic materials: the anisotropy (or
texture) and microstructural defects (grain boundaries) [5,
13–16].

Grain boundaries (GBs) are naturally present in these
polycrystalline materials as a consequence of the synthesis
employed from powdered precursors. In the normal-state,
both types of current path frustration contribute to the dis-
sipation but in the superconducting state the anisotropy of
individual grains becomes irrelevant [14]. Consequently, the
transport of the electric current is mainly controlled by the
grain boundary misorientation distribution (GBMD) which
is also responsible for the existence of different scales of
superconducting currents or the electromagnetic granular-
ity [17–19]. Granular superconductivity commonly occurs
when microscopic superconducting grains are separated by
non-superconducting regions, i.e., sites where the super-
conducting order parameter is deeply depressed. Previous
experimental results support the existence of three different
superconducting levels in polycrystalline specimens: (i) the
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superconducting grains; (ii) the superconducting clusters;
and (iii) the weak-links. It was also found that the properties
and the distribution of the two last levels are strong related
to the GBMD.

In fact, the sensitiveness of last two levels to the man-
ufacturing route seems to be the key to overcome the Jc

dependence with the misorientation angle, θ , of the GBs.
However, due to the percolative nature of current conduction
in ceramic superconductors the critical current is always
limited by the weakest links in a given percolation pathway
even if it is comprised by strong links of the GBMD, i.e.,
grain boundaries with angles less than 5◦ [20].

The coated-conductor technology has shown usefulness
to surpass this issue [21]. Here, the fraction of high-
angle grain boundaries with θ > 5◦ – 10◦ is reduced by
growing superconductor films on textured metallic sub-
strates. The two main technologies used in the manufacture
of coated-conductor tape, the ion-beam-assisted deposition
(IBAD) and the rolling-assisted biaxially textured substrates
(RABiTS), have been shown to be suitable for the prepara-
tion of high Jc conductors.

A different situation exhibit the bulk samples, where
Jc is strongly dependent on granularity or equivalently the
GBMD [17]. Until now, in these kind of samples, the appli-
cation of compaction pressure remains as the easy way
to control the GBMD and promote texture [19, 22, 23].
Nevertheless, recently a Bi-2212 isotropic round-wire mul-
tifilament conductor shows a surprising results: the presence
of many high-angle grain boundaries, do not prevent the
achievement of high Jc values [24]. This finding can bring
a new insight to GBMD problem in the bulk samples and
renew the attention in the grain boundary properties.

In this paper, we use the voltage relaxation measure-
ments, as an alternative experimental technique to explore
the effect of GBMD on the transport properties of the super-
conductor bulk samples. In these measurements, also called
V − t curves [25–29], the superconducting to normal-state
transition is caused by the application of a transport density
current Jn much higher than the critical current density Jc of
the sample as a whole. The next step is to reduce the excita-
tion current to a lower value, but still higher than Jc, and the
time evolution of the voltage across the material is recorded.
Under these conditions, the transport response of the sam-
ple is described by Kirchhoff rules, that is, the V − t curves
is related to the rearrangement of the transport current at
the intergranular level of the material. Within this scenario,
the GBMD is believed to govern the voltage relaxation pro-
cess across the sample, a phenomenon that deserves further
study.

Based on the above mentioned arguments, the purpose of
this study is to investigate the influence of the GBMD on the
intergranular transport properties of Bi-2223 ceramics sam-
ples subjected to different uniaxial compacting pressure.

Transport relaxation measurements, V − t curves, were then
performed by using different excitation current profiles. The
grain-boundary angle distribution GBMD for each sample
was calculated on basis of their X-ray rocking curves. We
have also performed computer simulations within the frame-
work of a series-parallel arrays of Josephson junction to
obtain the expected theoretical V − t curves. The main
contribution of this study is to gain further understanding
on the influence of GMDB on the transport properties of
anisotropic, superconducting Bi-2223 samples.

2 Experimental and Computational Procedure

2.1 Experimental

Polycrystalline samples of Bi1.65Pb0.35Sr2Ca2Cu3O10+δ

(Bi-2223) were prepared by the conventional solid state
reaction method, as described elsewhere [9]. Before the
last heat treatment, the Bi-2223 powders were uniaxially
pressed at two different pressures: 100 (sample BP2) and
250 MPa (sample BP5). The last heat treatment was then
performed in air at 845 ◦C for 40 h followed by slow cooling.

The phase identification in both powder and bulk samples
was evaluated by X-ray diffraction analysis. The diffraction
patterns were collected at room temperature in a Brucker
D8 advanced diffractometer with CuKα radiation by using
the scanning mode with a step size �(2�) = 0.05◦ and
3◦ < 2� < 80◦. A Shimadzu XRD-6000 diffractometer
with CuKα radiation and graphite monochromator was also
used to perform a detailed study of the X-ray rocking curves
in bulk samples. These measurements were performed sim-
ilarly as described in Ref. [30] and the full width at the half
maximum (FWHM) of the peaks was calculated by assum-
ing a Gaussian distribution (see, for instance, Figs. 3 and 4
of Ref. [30]).

Three types of electrical transport measurements, by
using the standard dc four-probe technique, were performed
in a closed cycle cryogenic refrigerator ARS-4HW/DE-
202N attached to a temperature controller Lakeshore model
331S: (i) the temperature dependence of the electrical resis-
tivity, ρ(T ); (ii) The currentvoltage characteristics (I − V );
and (iii) the voltage relaxation measurements (V − t) [10,
31]. In these measurements, copper electrical leads were
attached to Au film contact pads of ∼1400 Å in thick-
ness, evaporated on parallelepiped-shaped samples, using
Ag epoxy. The typical dimensions of the samples were t

= 0.5 mm (thickness), w = 2 mm (width), and l = 8 mm
(length).

The temperature dependence of the electrical resistiv-
ity, ρ(T ), was measured in the temperature range 77 K
≤ T ≤ 300 K. Before each measurement, the samples were
cooled from room temperature down to 77 K in zero applied
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magnetic field. Then, an excitation current, Iex = 1 mA, was
injected along the major length of the samples. The voltage
across the sample and the temperature were both collected
while the temperature was raised slowly to 300 K. From
these measurements, we have also extracted the temperature
in which the samples attain the zero resistance state, Toff

[10] (see Table 1).
Current-voltage (I − V ) measurements were performed

after cooling the sample in zero applied magnetic field to
a certain temperature Tm. Once the temperature was stabi-
lized, the excitation current through the sample was applied
and increased automatically in steps of 1 mA, while the
voltage across the sample was measured. The value of the
transport critical current density at zero applied magnetic
field , Jc(Tm,0), was determined from the measured I − V

curve by taking the Jc value in which the voltage across the
sample reached 1 μV [31].

The voltage relaxation measurements V − t were per-
formed by using a procedure similar to the one reported
elsewhere [25–29]. For comparison reasons, we have
defined the normalized excitation current density as Jn =
Jex/Jc(Tm, 0) where Jex is the excitation current. The sam-
ples were then first cooled from room to a desired tempera-
ture, Tm, in zero applied magnetic field, without application
of an excitation current. When Tm is reached, a normalized
excitation current density with magnitude Jn1 = 3 is applied
to the sample for 60 s. After this step, the normalized excita-
tion current density is reduced to a lower value, Jn2, and it is
maintained for 120 s. To assure similar thermodynamic con-
ditions in the V − t measurements, the curves were recorded
at the reduced temperature Tm = 0.96 Toff for both sam-
ples. The voltage data as a function of time (V − t curves)
were continuously recorded during the time window of the
measurements.

2.2 Determination of the Grain Boundary
Misorientation Distribution (GBMD)

The crystallographic orientation of any grain in a sample
may be characterized by the use of three Euler angles (φ1,

Table 1 Some parameters of the studied samples: Toff is the temper-
ature in which the zero resistance state is attained; Jc(Tm, 0) is the
critical current density at zero applied magnetic field and measured at
Tm = 0.96Toff; �ωPA and �ωPE are the full width at the half maxi-
mum (FWHM) of the rocking curves measured on surfaces PA and PE,
respectively; θm is the mean value of the grain boundaries angle; and
σ is the standard deviation of the GBMD angle distribution

Sample Toff Jc(Tm, 0) �ωPA �ωPE θm σ

(K) (A/cm2) (deg.) (deg.) (deg.) (deg.)

BP2 98 2 15 20 10.9 5.7

BP5 105 13 13 19 7.7 4.1

φ, φ2) which define a rotation matrix [6, 7, 32]. The rotation
matrices of two adjacent grains were combined to calcu-
late their relative angle of misorientation. In order to assign
Euler angles to the grains of the modeled sample, rocking
curves were measured over the two surfaces of the studies
samples: parallel (PA) and perpendicular (PE) to the com-
pacting pressure direction. Based on the the full width at
the half maximum (FWHM), each peak profile was fitted to
a Gaussian distribution [10, 30]. Values of FWHM for the
(0012) rocking curves peak profile are listed in Table 1. As
a consequence of the uniaxial compacting pressure and the
platelet-like geometry of the Bi-2223 grains, a higher align-
ment of the grains is observed along the PA direction and
those along the PE direction remain mostly randomly ori-
ented [10, 30]. Thus, the grain angle distribution in both a

and b crystallographic directions of the surface PE is sup-
posed to be very similar. Based on these particularities, the
Gaussian distribution obtained from rocking curves taken
on the surface PE is then used to assign the Euler angles
φ1 and φ. In a similar fashion, the profile obtained along
the surface PA is then used to assign the φ2 angles. At this
point, the axis/angle methodology is then used for calcu-
lating the relative misorientation of a grain with respect to
each one of its neighbors and therefore to determine the mis-
orientation angle, θ , of each grain-boundary throughout the
modeled sample [6, 7, 32]. The collection of all misorienta-
tion angles conforms the GBMD of the sample, that is then
fit to a Rayleigh distribution function [20]:

F(θ) = (θ/θ2
m) exp(−θ2/2θ2

m)) (1)

where θm is the value of the mean angle. Some parameters
extracted from the fit of the GBMD histograms are listed in
Table 1.

2.3 The Model

The voltage relaxation V − t curves were simulated by
considering the polycrystalline samples of high-Tc super-
conductors as a two-dimensional series-parallel array of
Josephson devices (JD) [33]. When an electrical current, i,
passes through a JD, the voltage drop across the junction
may be calculated as:

V =
{

0 if i ≤ ic,

Rn

(
i2 − i2

c

)1/2
if i > ic.

(2)

where Rn is the normal-state resistance of the device and
ic its superconducting critical current. For each device in
the array, ic, as expected, is a function of both the applied
magnetic field Ba and the grain boundary angle θ , i.e.:

ic(θ, Ba) =
{

lc(Ba) if θ ≤ θc,

lc(Ba) exp −(θ−θc)
θ0

if θ > θc,
(3)
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where θc and θ0 are the critical angles with values close
to 5◦ [32]. The superconducting critical current as a func-
tion of the applied magnetic field, lc(Ba), can be approxi-
mated by the envelope of the Franhouffer-like interference
pattern [34].

Taken into account that the voltage relaxation measure-
ments were performed in zero applied magnetic field, for
all Josephson devices lc(Ba) = ic(0), where ic(0) is the
superconducting critical current density of the device at Ba

= 0. The above condition indicates that the voltage relax-
ation process, in the absence of an applied magnetic field, is
essentially governed by the misorientation angle, θ , or more
appropriately by its distribution, defined by F(θ) (see (1)).

The algorithm to simulate the voltage relaxation mea-
surements starts by generating a two-dimensional series-
parallel array of Nt Josephson devices. Different values of
θ , extracted from F(θ), were assigned to each element of the
array (devices) as well as the voltage drop, the latter accord-
ing to (2). After this step, a value of the excitation current,
I , is set. Then, Kirchoff’s equations for current and voltage
are written for each node and mesh of the network, giving
a set of coupled nonlinear algebraic equations, which are
solved by using an iterative method [35]. The iterative pro-
cess ends when the difference between two consecutive set
of device’s potentials is smaller than 10−6. The I −V curve
is then obtained by repeating the above procedure for differ-
ent values of I , and the theoretical superconducting critical
current of the array, Ic, is then determined.

The relaxation curves are generated according to the fol-
lowing conditions: (i) the array of Josephson devices is led
with I1 = 3Ic; (ii) the mean value of the voltage of the array
at each iterative step, v̄ = ∑

vij /Nt , is calculated until the
iterative process described above ends; (iii) starting from the
final current-voltage configuration obtained for I = I1, the
new excitation current I = I2 < I1 is set; and (iv) the step
(ii) is repeated. We have also considered in our simulations
that the computational time scales as t ′ = 60(IS/ISm).
Here, IS = 1, 2, . . . , ISm is the iteration step and ISm is the
total number of iterations needed to compute the solution up
to a desired accuracy.

3 Results and Discussion

We first mention here that a detailed characterization of the
structural and the transport properties of samples presented
here have been reported elsewhere [30, 31]. Therefore, a
summary of some relevant parameters of these samples are
displayed in Table 1. The next step is to concentrate our
efforts for a better understanding of the influence of the
GBMD on the voltage relaxation curves described below.

The GBMD of the two samples BP2 and BP5 are dis-
played in Fig. 1. The most prominent result here is related

a

b

Fig. 1 Grain-boundary misorientation distribution (GBMD) for sam-
ples BP2 (a) and BP5 (b), as determined from the X-ray rocking
curves. The solid line is the best fit to the Rayleigh distribution
function. Values of the percentage population of grain-boundaries
with misorientation angles between some relevant θ intervals are also
displayed in the figure (see text for details)

to the value of the mean angle (θm) of the grain boundaries
that decreases from ∼ 11◦, in sample BP2, to ∼ 8◦, in sam-
ple BP5 (see Table 1). As a consequence of this result, the
fraction or population of grain-boundaries with misorienta-
tion angles less than 5◦ (strong-links) [13, 20] is 10 % in
sample BP2 and has increased nearly two times (∼ 20 %) in
sample BP5 (see Fig. 1). As expected, in sample BP5, sub-
jected to a higher uniaxial compacting pressure, the fraction
or population of grain boundaries that behave as weak-links
(θ > 12◦) [13, 20] is low and reaches ∼ 30 %. This result
differs considerably from sample BP2, where the estimated
population of weak-links is very high, i.e., close to 55 %.
These results clearly indicate that the uniaxial compacting
pressure (UCP) is an effective tool to alter the microstruc-
ture of the samples and their degree of texture. The lower
is the UCP the lower is the fraction of strong-links, i.e.,
the higher is the population of weak-links throughout the
material. We also mention that the standard deviation of the
distributions, σ , decreases ∼ 30 % between samples BP2
and BP5 with increasing uniaxial compacting pressure (see
Table 1). Such a result may be interpreted as a measure of
the degree of homogeneity of the intergranular medium: the
grain boundaries in the sample BP5 are more homogeneous
than in the sample BP2.

The above results are expected to have their counterparts
in the transport properties of the samples. Figure 2 displays
the V − t curves measured in samples BP2 and BP5. All
curves have been normalized with respect to the maximum
voltage of 20 μV in sample BP2 and 10 μV in sample BP5.
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a

b

Fig. 2 Time evolution of the V − t curves obtained in samples (a)
BP2 and (b) BP5 for selected normalized excitation currents Jn1 = 3
and Jn2 = 2.0, 1.8, 1.6, 1.4, and 1.2. The solid lines in panels (a) and
(b) are fits of the experimental curves to (4)

For convenience, the analysis of all V −t curves is separated
in two time regions: (i) the region A in the time interval 0
≤ t ≤ 60 s, where Jn1 is established; and (ii) the region B
for times t > 60 s, where the voltage decays after the reduc-
tion of Jn1 to Jn2. Notice that Jn = Jex/Jc(Tm, 0) is the
normalized excitation current and Jc(Tm, 0) is the transport
critical current density measured in zero applied magnetic
field at Tm = 0.96Toff. Values of Jc(Tm, 0) for samples BP2
and BP5 are 2 and 13 A/cm2 (see the Table 1), respectively,
indicating a ∼ 6-fold increase of Jc(Tm, 0) with increasing
uniaxial compacting pressure.

The experimental V − t curves of both samples, as
displayed in Fig. 2, exhibit similar qualitative behavior.
However, a careful inspection of the data contains important
differences. In the region A, for instance, even when Jn1

= 3 is applied instantaneously, the voltage increases non-
linearly and reaches a plateau at t = tss < 60 s. We have
found that tss is ∼ 43 s in sample BP2 while it is only ∼

30 s in sample BP5. This suggests that, as the normalized
excitation current is switched from zero to Jn1, the dissi-
pation process first starts in weak-links until reaching the
more strongest grain boundaries with very low electrical
resistance. We also note that the superconducting to normal-
state transition may occur when the local electric current
exceeds the critical current of a given junction, affecting
its neighborhood, and dissipation is propagated through-
out the sample. It is reasonable to assure that almost all
the junctions had transitioned from the superconducting to
normal-state at t = tss while physical grains still remain
in the superconducting state. Under this circumstance, the
sample is in the so-called paracoherent state [14, 36]. We
also argue that in the range tss ≤ t = 60 s, the voltage
response of the samples is associated with an electric cur-
rent distribution (ECD) at the intergranular level which in
turn is related to a particular GBMD.

In the region B (t ≥ 60 s), the voltage across the sam-
ples first decreases abruptly and gradually reaches a steady
state. Also, the time evolution of the voltage seems to be
strongly dependent of Jn2, i.e., the lower Jn2 is the lower
is the voltage measured across the sample. In the relaxation
region (t > 60 s), the V − t curves can be described by the
empirical relationship [25–29, 37]:

V (t) − V0 = A exp(−t/t0)
α

(4)

where A is a coefficient, t0 is a characteristic time, and α an
exponent [25–29]. The best fits of the curves were obtained
for α = 1, as indicated by solid lines in Fig. 2. After collecting t0
values from fits of the experimental V − t curves to (4), the
behavior of t0 for different values of Jn2 in samples BP2 and
BP5 are displayed in Fig. 3. The results indicate that, for
sample BP2, t0 shows a monotonically decreasing behavior

Fig. 3 Excitation current dependence of the characteristic time, t0, of
samples BP2 (open circles) and BP5 (closed squares). Values of t0
were obtained from fits of the V − t curves to (4)
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up to Jn2 ≥ 1.8 and then it is almost independent of the exci-
tation current Jn2. Assuming that the relaxation mechanism
is mainly related to the rearrangement of the ECD [25–29],
the characteristic time t0 may be interpreted as a measure
of how fast the process is settled throughout the material.
We also point out that in sample BP2, where the fraction
of weak-links is ∼ 55 %, the rearrangement of the electric
current distribution is slowly than that observed in sample
BP5. The sample BP5 has a ∼ 20 % population of strong-
links and the grain boundary population with misorientation
angle less than 12◦ is ∼ to 70 % (see the Fig. 1b). As a
result, the behavior of t0 in sample BP5 may be considered
as almost independent of the excitation current Jn2.

The results shown above strongly suggest that there is
a close relationship between GBMD, ECD, and the exper-
imental V − t relaxation curves. In order to clarify such a
relationship, we have performed simulations of the relax-
ation process following the model described in Section 2.3.
The generated V − t curves, by using the GBMD for sam-
ples BP2 and BP5 (see Fig. 1), are displayed in Fig. 4. We
first argue that the generated V − t curves reproduce well
the general features of the experimental data in the whole
time frame except for a small increase in the voltage just
after the abrupt change in the excitation current. It is impor-
tant to note that each point in the generated V − t curves
represent an instant solution of the coupled current-voltage
Kirchhoff’s equations, as described in Section 2.3. Thus, the
local distribution of electric current and voltage at a given
t ′ may be used to construct intergranular power dissipation
maps (IPDM) of the modeled samples. This kind of map
shows the dissipation in every Josephson device of the array
due to the local current passing through.

Figure 5 shows the simulated intergranular power dis-
sipation maps (IPDM) of samples BP2 (Figs. 5a and c)
and BP5 (Figs. 5b and d). In the IPDM, we use the
following color scheme: red color represents the fully dis-
sipative regions (normalized power dissipation 1), from
orange to dark-green color represents partially dissipative
regions (normalized power dissipation ranging from 0.75 to
0.25), and light-green color represents the non-dissipative
or superconducting regions (normalized power dissipation
0). The IPDM were generated for different computational
times: t ′ = 60 (Figs. 5a and b) and t ′ = 80 (Figs. 5c
and d). We have also found that in the simulated V − t

curves of Fig. 4, for t ′ = 60, the voltage across the sam-
ples attains its maximum value. Consequently, the IPDM
are mainly composed of red color interspersed with some
isolated orange regions but its amount in sample BP5 is
much greater than in BP2. These results indicate that, for
t ′ = 60, all GBs in the samples are in the normal state.
On the other hand, the power dissipation distribution for
t ′ = 80 has changed appreciably because the excitation cur-
rent is reduced from Jn1 = 3 to Jn2 = 1.4. In sample BP2

a

b

Fig. 4 Theoretical V − t curves generated for different values of Jn2
by using the model described in Section 2.3 for samples BP2 (a) and
BP5 (b)

(Figs. 5c), even when most of the red regions have become
orange, the former is still visible. The situation in the map of
sample BP5 (Fig. 5d) is quite different because the fully dis-
sipation regions have been completely suppressed. The most
relevant result observed in these figures is the occurrence of
green regions spread out over the maps. Also, the amount
and size of these superconducting regions are greater in BP5
than BP2. We want to point out that the IPMD obtained
here resemble the gap maps displayed in Fig. 1 of Ref. [38]
and reflect the occurrence of granular superconductivity, as
a consequence of the GBMD.

Within the framework of the model described in
Section 2.3, the above results can be explained by assuming
the correlation between the GBMD and transport proper-
ties of these granular superconductors. Once the excitation
current exceeds the transport critical current of the sam-
ples (region A), the local voltage of a given junction is
no longer zero. Initially, the junction will try to minimize
the local excitation current that exceeds its critical current
(see (2)), distributing it to the neighborhood. Such a process
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Fig. 5 Normalized
intergranular power dissipation
maps predicted by the model
described in Section 2.3. The
maps were obtained by using the
GBMD displayed in Fig. 1 for
samples BP2 ((a) and (c)) and
BP5 ((b) and (d)). The
intergranular power dissipation
maps (IPDM) represent
snapshots at different
computational times: t ′ = 60 ((a)
and (b)) and t ′ = 80 ((c) and
(d)). The color scale goes from
light-green to red: the
light-green color identifies the
superconducting regions, and
red regions represents the full
power dissipation (regions in
normal state)

a b

c d

results in dissipation that first appears in weak-links due to
its very low critical current density, close related to a very
high misorientation angle (see (3)). For low excitation cur-
rent, the above process only occurs in isolated junctions or
locally interconnected weak-links, creating isolated dissipa-
tion areas. At this stage, it is quite probable that dissipation
areas are surrounded by non-dissipative regions and the
samples as a whole still remain in the superconducting state.
However, the excitation current in V − t measurements is
applied instantly, hence the size and the distribution of dis-
sipation regions (red regions) due to the current exceeded
a certain critical value also increases very fast. Thus, it is
reasonable to assure that, for Jn1 = 3, the snapshots of the
samples seem to be similar to that reported in Figs. 5c and
d. Moreover, the existence of superconducting regions dur-
ing the electric current application is clearly demonstrated
by the tiny green areas observed in the IPDM of sample BP5
(see Fig. 5b).

On the other hand, when Jn1 is switched to Jn2, the
excitation current exceeding δJn = Jn1 − Jn2 might be
relaxed. The decrease in the voltage response of the sam-
ples occurs as a result of the local relaxation at individual
GBs. However, the behavior of a given GB is no longer
independent and it is related to the behavior of the mul-
tiply connected random junctions array [20, 25–29]. Con-
sequently and during the time frame of the relaxation, the
electric current redistribution may develops voltage oscilla-
tion due to fluctuations of the order parameter across GBs

[25–29]. We argue that the above effect has its counterpart
in the observed behavior of t0 when both samples BP2 and
BP5 are considered, as displayed in Fig. 3.

Previous analysis indicated that sample BP2, uniaxially
pressed at 100 MPa, exhibits a high-to-low ratio of grain
boundaries angles γ ∼ 5 (see Fig. 1 and standard devia-
tion of GBMD σ ∼ 6 deg. (see Table 1)). In sample BP5,
pelletized at 250 MPa, values of γ and σ were 1.6 and
4.1, respectively. Here, we propose that γ and/or σ can
be used as a measure of the intergranular homogeneity of
the samples, i.e., the lower γ and/or σ is, the higher is
the intergranular homogeneity of the pellet. Considering the
obtained values of γ and σ , it is clear that the intergranular
homogeneity of sample BP5 is higher than that of sample
BP2. As mentioned above, values of t0 are greater in the
former, being more evident for low values of Jn2 due to
the fact that δJn is higher. Under this circumstance, when a
weak-link is leading to minimize the local electric current
exceeding δj = j −jc, a large amount of the electric current
will be transferred to its neighbors, triggering the forma-
tion of other dissipation areas as a consequence of Joule
self-heating effect [25–29, 39]. It is believed that this pro-
cess occurs repeatedly until the system reaches the steady
state. We want to point out that in the relaxation region, as
time evolves, the size of the full dissipation regions is expect
to decrease, favoring the localization of the electric cur-
rent through specific and conductive pathways. On the other
hand, even when the amount and size of the superconducting
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regions increase, the latter are expected to be isolated, fur-
ther evidencing the localization of the electric current but
preserving the samples, as a whole, in the normal state.

Finally, the above results contribute to a better under-
standing of the role played by the grain boundary mis-
orientation on the transport properties of Bi-2223 ceramic
samples. They also indicate that the reorganization of the
driving current, caused by the Jc(θ ) dependence, provides a
reasonable mechanism for explaining the behavior observed
in the V − t curves. We also want to point out that the model
described here is a first qualitative approach to describe the
behavior of the V − t curves related to the distribution of
Jc(θ ) dependence across grain boundaries.

4 Conclusion

The effect of the GBMD on the intergranular transport
relaxation in Bi-2223 ceramics samples subjected to dif-
ferent uniaxial compacting pressures was systematically
studied. The reduction of the high-to-low ratio of grain
boundary angles indicates that the process is useful for
modifying the intergranular media and to promote a higher
degree of texture in anisotropic, polycrystalline specimens.
The changes observed in the voltage relaxation curves V − t

were explained by taking into account the transport cur-
rent rearrangement in an interconnected network of GBs
with different critical current densities which are deter-
mined by the GBMD. The performed simulations reaffirm
the fundamental role of the GBMD on the relaxation process
and suggest the probable occurrence of current localiza-
tion generated by Joule self-heating effect. In addition, the
experimental findings disclose the capability of the voltage
relaxation for characterization of the intergranular media of
superconducting ceramics where GBs are the sensors and
the excitation current stamps the low level of sensibility of
the technique.
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26. Kiliç, K., Kiliç, A., Yetiş, H., Çetin, O.: Eur. Phys. J. B 46, 177
(2005)
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