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Abstract

The aim of this work was to study the effect of compaction pressure on the growth of the crystalline structure of the Bi-2212
phase and on the current density of the material. Ceramic samples were prepared by conventional solid-state reaction method,
sintered at 840 °C after compacting at five different pressures that were 300, 450, 600, 750, and 900 MPa. The obtained
samples were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), resistivity vs. temperature (p
vs. T') by the four-point probe method, critical current density vs. magnetic field (J,. vs. H) at 4 K, and by mass density vs.
pressure (p,, vs. P). The XRD patterns show the main reflections of the Bi-2212 and Bi-2223 phases for all samples, varying
slightly in intensity and with the presence of approximately 95.77% and 4.23% of each phase. The highest critical tempera-
ture values, at the beginning of the superconductor transition, T, ou1> and forR =0, T, are noted to be about 111.63 K and
101.20 K, respectively. For the calculations of critical current density, we used the Bean model, obtaining 6.84x107 Am™>
(the highest for 600 MPa) and 9.71x10° Am~2 (the lowest for 300 MPa). The optimal conditions that improve the electrical,
physical, and morphological behavior of the Bi-2212 superconducting material occur when the compaction pressure is 600
MPa and the lattice parameter c of the crystal structure is increased.
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1 Introduction the modification of the microstructural grain size in poly-

crystalline superconducting materials, the Josephson unions

New horizons in technological applications have been
reached thanks to the increase in current density in high
critical temperature superconducting materials. Nowadays,
scientists are seeking to reduce defects in polycrystalline
superconducting materials, as for example disorders, dislo-
cations, lattice strains, misorientations, and local structural
distortions in the material. Through doping or adding for-
eign materials such as nanoparticles, it has been possible to
reduce these defects [1]. Additionally, the effects caused by
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that cause the “weak link” between grains, and many more
difficulties that exist when trying to reach the local depair-
ing current density (J,(B, T)), which is the theoretical limit
associated with the density of Cooper pairs [2, 3], have been
studied [4].

Recently, research groups and companies have modified
or added steps in the classic solid-state reaction process,
in order to mitigate the morphological defects mentioned
above. Two new metallurgical processes, in the synthesis of
the Bi-base superconducting material, that have been pri-
marily used to reduce the “weak link™ are (1) application
of pressure and heat, simultaneously; and (2) annealing in
controlled atmospheres at high pressures [2, 5].

When the superconducting material is synthesized
by solid-state reaction, unwanted compounds are always
obtained, since it is a procedure to obtain polycrystalline
materials. Hence, the importance that the process guaran-
tees the maximum formation of the desired compounds, as
reported [2, 5, 6].
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We have worked from 300 to 900 MPa, since from 100
to 300 MPa there are no significant changes in the magnetic
and electrical properties of the superconducting material
Bi-2212, as reported in refs. [7, 8]. On the other hand, it is
taken into consideration that for the superconducting mate-
rial with Bi-2223 phase, a significant affectation has been
reported in the electrical and magnetic properties when com-
pacted with pressures greater than 900 MPa [9].

Now, talking about the crystalline structure, it is known
that the c lattice parameter value for the Bi-2212 phase is
30.78A, and that ¢ for Bi-2223 phase is 37.082A [10]. The value
of the lattice parameter c characterizes the superconducting
phase.

When the compaction pressure is increased in the pro-
cessing of the bulk superconducting material, in general, the
content of the superconducting phase increases. It is logical
to associate that by having a greater presence of Bi-2223
phase the J. is greater. However, two things are experimen-
tally demonstrated: the first, that there are better J, behaviors
in pure phases than in materials with the presence of com-
bined phases [11]; and second, that samples with a lower
percentage of Bi-2223 phase but with lower porosity and
higher apparent density have better behavior in their electri-
cal properties than samples with a greater presence of such
phase [12]. Each of those research gives chemical, physical,
or phenomenological justifications in the improvement of
the properties of the superconducting material.

Previous studies indicate that applying high compaction
pressure (between 1.5 and 6 GPa), in the precursor powders,
affects the kinetics of formation of the superconducting phases,
leaving the presence of impurities or non-superconducting
phases, such as Bi,CaO, and Bi, ;5Sr, 505, even when the
annealing temperature is high ~ (850 °C) [9, 13]. In other
words, if high compaction pressure is applied to the precursor
powders (>1.5 GPa), these are directly forced to react with
their immediate neighbors, hindering the formation of more
complex compounds such as superconducting phases [2, 5],
hence the importance of obtaining greater knowledge about the
formation of superconducting phases and the junction between
grains.

To explain the behavior of J, in polycrystalline supercon-
ductors, the effects of grain boundaries [14], the weak and
strong bond between grains [8], the chemical composition
(for example [13, 15]), and the effect of compaction pressure
in the Bi-Sr-Ca-Cu-O system (BSCCO) in general [7-9, 14,
16] have been analyzed.

In this article, we report our recent results. We show
how the compaction pressure influences the J, in material
with the Bi-2212 superconducting phase, all supported with
measurements of X-ray, SEM, resistance versus temperature,
and DC magnetization.

We have mainly found that the compaction pressure of the
precursor powders of the bulk superconducting material, for
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5 min and before the last heat treatment at 840 °C, reduces
defects that naturally arise in polycrystalline superconduct-
ing materials.

The processing of the superconducting material allowed
us to obtain 7, values around 100 K in the Bi-2212 phase,
above of those reported for the same phase by Ali I. Al-
Janabi et al. [17]. They estimated values of the critical onset
temperatures for the Bi-2212 and Bi-2223 phases at 104 K
and 110 K respectively.

2 Preparation of Bi-2212 Ceramics
and Experimental Procedures

The bulk ceramic samples used in this study were prepared
by the ordinary process of solid-state reaction, using Bi, O,
CuO, CaCO; brand J. T. Baker, SrCO5 of Aldrich Chem-
istry, and PbO of Técnica Quimica, with 99.2, 99.2, 100,
98, and 100 % of purity, respectively. The powders of these
oxides and carbonates were mixed in cation molar ratio
1.6:0.4:2:2:3 in order to obtain Bi; ¢Pb 4,Sr,Ca,Cu;0q ¢ of
nominal composition. In this work, our interest was to obtain
the Bi-2212 phase, but with the possibility of subsequently
increasing the reaction temperature to obtain the Bi-2223
phase. The growth of the Bi-2212 phase was controlled by
the reaction temperature.

After mechanically mixing for 20 h in a planetary mill
inside an agate mortar, the powders were heat treated at 400
°C, 600 °C, and 750 °C for 106 h, 12 h, and 12 h, respec-
tively, with a heating rate of 5 °C/min in porcelain crucibles.
Then, 5 tablets of an equal quantity of powder were pre-
pared, applying a constant load for 5 min to obtain rectangle-
shaped samples of 10 X 6 X 2 mm?>. The compaction pres-
sures used were 300, 450, 600, 750, and 900 MPa. Finally,
to obtain the Bi-2212 phase, we run a last treatment at 840
°C for 36 h with the same heating rate mentioned above.

The X-ray diffraction measurements of samples were per-
formed in a Siemens D5000 diffractometer with source of
CuK, (A=1.54 A), in Bragg-Brentano configuration, 36 kV,
in air at room temperature, in the 26 range of 3—-60° at a scan
speed of 2 °/s with step increment of 0.02.

Analysis of morphology was performed in a scanning
electron microscope model JEOL JSM-7401F with an exter-
nal voltage of 20 kV and resolution power of 10 nm. The
SEM images allowed us to study the morphology of the top
face surface and measure the grain size. It was also possible
to survey porosity, crystallinity, local structural distortions,
disorders, dislocations, defects, and the weak grain bound-
ary connection between grains that are created during the
synthesis process utilized. Grain size was measured with the
Zen Blue software from Zeiss, on the surface shown in the
micrographs obtained at 2000 amplifications. A statistical
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average of the length of the flake-shaped particles was
obtained.

Evaluation of mass density was performed by Archime-
des water displacement technique. The experimental den-
sity findings enable us to evaluate the relative densities, of
the processed material, and the variation of the degree of
granularity with the variation of the compaction pressure
in each of the samples with the same annealing temperature
at 840 °C.

The DC resistivity as a function of temperature was meas-
ured by the standard four-point probe method, in the interval
of 70-150 K. The electrical contacts were made with silver
paint, and the measurements were performed with a quantum
design physical property measurement system (PPMS). In
the same way, the magnetization measurements were per-
formed by using the vibrating sample magnetometer (VSM)
option installed in the PPMS. The samples were zero field
cooled to 4 K, and then the magnetization vs. applied mag-
netic field (M vs. H) curves were measured in the interval
of + 2 T. The critical current J, as a function of the applied
field was calculated from the hysteretic curves using Bean’s
model [18, 19].

3 Results
3.1 X-ray Diffraction Analysis

Figure 1 shows the X-ray diffraction patterns between 3
and 60° (6 — 260) for the samples at five different pressure
conditions. The Bi-2212 and Bi-2223 phases are identified.
The Bi-2212 phase peaks with the Miller indices (hkl)
are shown as L. These are peaks that do not overlap with
those of Bi-2223 phase. In the same way, Bi-2223 phase
peaks are shown as H (kkl). All the samples studied in this
work exhibit the polycrystalline superconducting phase.
Tiny unassigned peaks at the 26 positions 20°, 37°, 38°,
and 54° have a very low intensities, at noise level. They do
not belong to any of the superconducting phases identified.
They probably belong to impurities that were not identi-
fied. In all samples, the Bi-2212 phase is the dominant one
and the Bi-2223 phase only appears as traces. In Table 1,
the cell parameters for the Bi-2212 superconducting phase
are shown. This phase exhibits a Pb-dependent solubility,
which causes the transformation of the tetragonal structure
to an orthorhombic one when the Pb content increases, being
identified with the appearance of the peak in position 26
= 33.65° in addition to the peak at 33.15° [13]. In the pro-
cessed samples in this work, the stoichiometric relationship
of Pb and the annealing temperature led to the formation of
the orthorhombic structure, evidenced by the presence of
both peaks mentioned above. It is observed, from the rela-
tive intensities (hkl)/(0010) as a function of the compaction

Table 1 XRD measurement results of cell parameters for the Bi-2212
phase and phase fractions, at different compaction pressures

Compaction Cell parameters, A Fraction of phases,
pressure, %

MPa a b c Bi-2212  Bi-2223
300 5.4091 5.4019 30.8608 95.71 4.29
450 5.4043 5.3981 30.8705 95.49 4.51
600 5.4127 5.3966 30.9255 95.77 4.23
750 5.4139 5.4028 30.9208 95.19 4.81
900 5.4101 5.4026 30.9033 94.06 5.94

pressure, that at 600 MPa, in the family {00!}, the intensities
are of the highest and, on the other hand, the family {77/}
presents a minimum in intensities. This indicates that the
cell mostly grows in the ¢ direction.

The volume fraction, of Bi-2212 and Bi-2223 phases in
all the samples, was calculated using Eqs. (1) and (2) [1, 11,
20] and the relative percentages are tabulated in Table 1.

In Egs. (1) and (2), the relative percentage of each phase
is the ratio, in percentage, of the sum of the intensities (/) of
the peaks of one phase, with respect to the sum of the inten-
sities of the peaks of both phases, in the range of 26 from 3
to 60°. The results in Table 1 show that the Bi-2212 phase
grew as the main phase as a result of the reaction tempera-
ture at 840 °C. Also in Table 1, the lattice parameters of the
pseudotetragonal structure are presented.

21 L(hkl)

(2212) = % 100 1)
/ 2 Lygany + 2 Low
and
I
£(2223) = 2 lnowo « 100 )

2 Lngany + 2 Lo

3.2 Mass Density

In order to quantitatively show the behavior of the density
change at each pressure of compaction, the mass density
analysis of all the samples was carried out in the same way
as in [1, 16] and the values are tabulated in Table 2. The
formula of the Archimedes water displacement method was
used,

W, X pg

Pm =W —w. 3)
Wa - Wﬂ

where p,, is the mass density of the sample, pj is the mass

density of the liquid, W, is the weight of the solid in the

air, and Wj, is the weight of the solid in the liquid. The syn-

thesized superconducting pellets have a lower mass density
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Table 2 Mass density of

i i . Compaction  Mass density, p,,
supf:rconductmg material pressure, P
at different pressures. The 3
experimental error of mass MPa glem’
density is + 0.34 g/cm? for each
measurement 300 4.66

450 4.83

600 4.95

750 5.03

900 5.09

compared to the theoretical of the pure Bi-system phases
(~ 6.302 g/cm?) [21, 22]. The reason the compaction pres-
sure was not raised so much was because the precursor pellet
would have a mass density much higher than the theoretical
density of the superconducting material, which could more
significantly affect the formation kinetics of superconduct-
ing phases (Bi-2212 and Bi-2223) as already mentioned
above.

3.3 DCElectrical Resistivity

Figure 2 shows the behavior of the resistivity vs. tempera-
ture (p vs. T') curves, in the temperature interval of 70—150
K, of the superconducting samples under study, prepared at
different compaction pressures. It is clearly visible that all
the samples show a metallic behavior above the T, ,,| value
and that the sample compacted to 600 MPa is less resistive
than the other samples. The critical transition temperatures
at zero resistance (7T, ) of the samples studied in this work
are around 100 K. The maximum T, ; value was 101.2 K for
sample at 600 MPa. On the other hand, the minimum 7,

(008) L
0010 L

900 MPa

600 MPa L l 5 8
450 MPa iy l
_______.____J

Intensity (a.u.)

300 MPa I
—1 T T T T T T T T
10 20 30 40 50 60

20 (degree)

Fig. 1 Diffraction patterns of the samples at 300, 450, 600, 750, and
900 MPa. Heat treatment at 840 °C for 36 h
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Table 3 Electrical parameters of the superconducting material at dif-
ferent pressures

Compaction T, o T, on T, AT,
pressure, P

MPa K K K K
300 109.09 104.57 99.00 10.09
450 110.72 106.21 99.50 11.22
600 111.63 106.49 101.20 10.43
750 111.22 106.35 100.00 11.22
900 110.52 105.89 99.10 11.42

value is noted to be about 99 K for the sample at 300 MPa.
In addition, the variations of AT, (T, - T, ) are shown in
Table 3. There, it can be observed that the minimum AT, is
about 10.09 K for the sample at 300 MPa, while the maxi-
mum AT, is about 11.42 K for the sample at 900 MPa. This
phenomenon can be explained by the compaction pressure
and the reduction of the grain limits.

The behavior of the p vs. T curves shows two shoulders in
the resistance drop, which is typical when there is a combi-
nation of phases [23]. The point where the transition to the
superconducting state begins, first shoulder, corresponds to
the T, ,,, of the samples and the values of these temperatures
belong to the phase with the highest critical temperature.
The T, ,,; values range from 109.09 to 111.63 K. The sec-
ond shoulder belongs to the phase with the lowest critical
temperature. Its critical temperature is identified as T,
and varies between 104.57 and 106.49 K. All the mentioned
values are shown in Table 3. The T, ,,; and T, ,, values are
close to the critical temperatures of the Bi-2212 and Bi-2223

phases estimated in [17], as 104 K and 110 K respectively.

1.5x10 T T T T T T T
T 1.0x10%
S
Q
>
=
k) s —o—450 MPa| |
g 500 —a—600 MPa
@ —v— 750 MPa
—o— 900 MPa
0.0 E
T T T T T T T
80 100 120 140

Temperature, T (K)

Fig.2 Resistivity vs. temperature behavior of superconducting sam-
ples at different compaction pressures
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In addition, as reported by Aytekin et al. [9], if the compac-
tion pressure increases when processing the superconducting
material above 1.5 GPa, as for example, the T, decreases,
and the transition width AT, increases.

3.4 DC Magnetization and J,

The isothermal magnetization was measured in the four
quadrants in the range of + 2T (see Fig. 3). The shape of
each of the curves shows a minimum that indicates a strong
field dependence in J,, which is usually described by a mod-
ified Bean model in the cuprates [18, 19]. In order to obtain
the samples for this measurement, a very careful mechanical
cutting milling was performed on them to avoid fractures
and defects. The masses of the samples were 45.2, 24.1,
42.2, 65.3, and 60.0 mg and their volumes 5.52, 6.9, 8.97,
10.8, and 9.9 mm? for 300, 450, 600, 750, and 900 MPa
respectively. Figure 4 shows the tendency of the values of
critical current density obtained from the loops of Fig. 3.
The formula used to calculate the critical current was

_2dMyv
T W1 = b)) @)

where dM = Mt — M~ and V is the volume, w is the length,
and b is the width of the tablets. The critical current den-
sity values at 0 T of applied field were 9.71x10°, 1.17x107,
6.84x107, 1.18x107, and 1.32x107 A/m?, and at approximately
0.15 T the maximum values of J, were 1.06 x 107, 1.33 x
107,7.29 x 107, 1.23 x 10, and 1.36 x 107 A/m?, for samples
compressed at 300, 450, 600, 750, and 900 MPa, respectively,
and the ramping rate of the magnetic field for the magnetic
hysteresis measurement was 1.2 yT. The high values of critical
current density at 4 K are slightly lower than those reported

T T T T T T T T T
v

6L [—o—300 MPa| |
—o— 450 MPa|
I —2— 600 MPa|

4 [—v— 750 MPa| 4
—>—900 MP3|

Magnetization, M (1 o* Am'1)
o
T

Magnetic Field, H (T)

Fig. 3 Magnetic hysteresis loop at 4 K
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Fig.4 Critical current density at 4 K

in the references by Guanmei Wang et al. [2], G. Wang et al.
[4], and Y. Yuan et al. [S]. This shows that not only does the
processing of the superconducting material influence high J,
values, but also, the percentage of superconducting phases
present in the processed material. This is because they have
a significant role when it comes to mitigating defects in the
electrical phenomena mentioned in [2] and this breaks the goal
of achieving the predicted theoretical values.

3.5 SEM Analysis

Figures 5, 6, 7, 8, and 9 show the images of the top face
surface of all the samples in bulk. As seen from the fig-
ures, the granular morphology of the samples consists
mainly of layers of flakes with a structure similar to

Fig.5 SEM micrograph of the sample pelletized at 300 MPa
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Fig. 6 SEM micrograph of the sample pelletized at 450 MPa

large randomly distributed platelets. There are signifi-
cant changes in the morphology of the material when the
pressure of compaction is increased in its processing. In
Fig. 7, it can be clearly seen that the most regular mor-
phology is obtained for the sample with a compaction
pressure of 600 MPa. In all samples, the dominant struc-
tures are plate-like grains and flakes randomly distributed
due to the presence of pores between the grains. This is a
direct observation of the texture with increasing compac-
tion pressure. Fine particles are visible on the top surface
of the grains, which may be a result of their fragmenta-
tion with a high degree of deformation occurring at a
high pressure from 450 to 750 MPa, as mentioned in the
same way by Kocabas et al. [16]. It is also evident from

10um WD 6.0mm

Fig.8 SEM micrograph of the sample pelletized at 750 MPa

the micrographs that the grains of the samples compacted
from 450 to 750 MPa are smaller and more uniform com-
pared to those of the samples compacted to 300 MPa. We
were able to corroborate this with the statistical meas-
urement, for each compacted sample, of the length of
the two types of grain observed. The results are shown
in Table 4. The sample compacted at 900 MPa has few
fine particles on the top surface of the granules, very low
porosity, and larger grains. This can be attributed to the
effect of compaction in the samples as already mentioned
above. Regarding the morphology of the samples, it can
be observed that the samples at 450 and 750 MPa have
a similar grain structure, while the sample at 600 MPa
has a more homogeneous structure with smaller grains,

Fig.7 SEM micrograph of the sample pelletized at 600 MPa
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Fig. 9 SEM micrograph of the sample pelletized at 900 MPa
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Table 4 Grain size from two types of morphology of superconducting
material processed at different pressures

Platelet-like
structure length,

Compaction pressure, P Flakes length, L1

L2
MPa um um
300 1.78 5.67
450 1.16 4.31
600 1.05 2.39
750 0.71 2.88
900 2.17 5.27

which directly affects the superconducting state transition
modifying the T, T, 1, and T, ,,» [22].

onl> on2

4 Discussion

The diffractograms of the processed material indicate
the presence of the superconducting phases Bi-2212 and
Bi-2223, in a content around of 95% and 5% respectively.
In this work, for the Bi-2212 phase, the effect of compaction
pressure on the value of J, was studied. We observed that
increasing the pressure up to 600 MPa increases the value
of J_, but as the pressure continues to increase, the value of
J.. decreases. It has been reported that the behavior of J, is
not related with the content of the superconducting phases.
Rather, it is related to the local excess or deficiency of oxy-
gen in the crystal lattice of the Bi-2212 phase, similarly to
what was mentioned in the studies carried out in the (Bi,
Pb)-2223 phase by Khulud Habanjar et al. [12], and with the
interplanar distance [2, 4, 12, 14, 24]. We have shown that
the behavior of the critical current density J,, at 4 K, with
respect to the variation of compaction pressure is directly
associated with the increase or decrease of the lattice param-
eter ¢ and specifically with the variation in the intensity of
the planes (00!) and (111). In the same sense, the intensity of
the family of planes {00/} is due to the excess or deficiency
of oxygen locally in the entire crystalline lattice as indicated
in [12]. The greatest increase in ¢ and J, is obtained at a
compaction pressure of 600 MPa.

The improvement in J,. between the samples compacted
at 300, 450, 750, and 900 MPa can be justified because the
weak-link between grains improves, more than with the
growth of the lattice parameter c. The values of J. do not
increase significantly because they can only be improved up
to a certain percentage as mentioned in [2]. But at 600 MPa,
J.. increases almost by an order of magnitude. This could be
explained through a strong link between grains. However,
this increment is outside the limits of the improvement of
the strong bond, leaving as a primary option, the growth of

the lattice in ¢ due to its local oxygen content in the crystal
lattice, as well as it has been shown in [12] and [14].

The compaction pressure of the precursor powders for 5
min causes the superconducting material to be formed with
a different morphology when the last heat treatment at 840
°C is applied. At this temperature, the compaction pressure
generates changes in the material, such as micropores and
nanopores, among others, that are typical microstructural
morphologies other than normal [7-9, 12].

According to the electrical results, the existence of two
shoulders in the p vs. T measurements has been justified by
the presence of two phases. The first fall, 7, belongs to
the phase with the highest critical temperature Bi-2223 and
the second fall, T, ,,,, to the phase Bi-2212 with a lower
critical temperature.

5 Conclusions

The study presented in this work of the effect on J,, when
the compaction pressure is varied in the processing of bulk
superconducting material, indicates that the application of
pressure for 5 min directly impacts its crystalline structure,
on the relative content of the superconducting phases, and
in its electrical behavior mainly in J,.

The pressure raise locally increases the oxygen content in
the entire crystal lattice up to 600 MPa compaction, while
causing oxygen deficiency when the pressure continues to
increase. The excess or deficiency of oxygen in the crystal
lattice has a proportional effect on the lattice parameters
b and c, on the values of the critical temperatures and on
J... The greatest effect is obtained at 600 MPa that can be
explained by the increase in interplanar distance due to the
natural incorporation of oxygen in certain planes of the crys-
talline lattice.

The study on the processing of material in bulk reflects
that the behavior of the critical current density can be
improved by increasing the Bi-2212 phase content by
exploring the compaction pressure around 600 MPa.

Now, according to the results obtained, a simple way to
reduce the phenomena that affect to reach the theoretical
values J,(B,T), on different scales and in large proportions,
is with an adequate reticular growth in the parameter c, spe-
cifically in planes of families {00/} and { 11/}, since these are
among the most important in increasing J,..

Finally, we can say that the variations in the content of
the phases Bi-2212 and Bi-2223, in the values of the critical
temperatures, in the lattice parameters b and ¢, and in J, (0
T, 0.15 T), are a reflection of the content of oxygen in the
crystal lattice. This is exclusively due to the variation of the
compaction pressure applied during 5 min, since the super-
conducting material was prepared with the same composi-
tion and at the same reaction temperature.
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