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Abstract

A new method of preparation of bulk textured Bi2223 ceramics and Bi2223 + Ag composites,
based on room temperature pressing of foamed precursor (Bi2223, Bi2223 4 Ag) in a liquid
medium, is proposed. SEM and XRD data prove a high degree of texture of the bulk samples
obtained. Magnetic measurements performed in directions H || c-axis and H | a—b-planes of
Bi2223 crystallites demonstrates anisotropy of magnetization confirming the texture of the
ceramics. The materials obtained possess large diamagnetic response in the direction

H || a—b-planes of Bi2223 crystallites at both 77.4 and 4.2 K.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

In various preparation methods of bulk textured Bi2223
ceramics, such as the powder in tube technique, sinter-forged
method, etc [1-9], in most cases the intermediate product
undergoes mechanical stress or pressing at high temperature
(typically 830-850°C). Although the mentioned techniques
allow one to obtain highly textured bulk samples demonstrating
large values of critical current density, nevertheless these
techniques are very laborious. In the present paper we
suggest a new, easier method of preparation of textured
Bi2223 and Bi2223/Ag ceramics which avoids pressing at high
temperature.

The main idea of this method is to use foamed bulk Bi2223
superconductor [10, 11] having a flake-like microstructure as
a precursor. This material consists of chaotically oriented
plate-like crystallites which are joined via cleavage areas [11].
Uniaxial pressing of such a material may lead to an
arrangement of crystallites so that the presence of micro-
interstices in the precursor facilitates the turning of crystallites.
Besides, the pressing of precursor was done in a liquid
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medium, so the hydrostatic stress drastically increases the
ductility of a material [4].

2. Preparation and characterization of textured
Bij; gPby.3Sr;.9Ca;CuzO, and
Bij gPb.3Sr;.9CazCuzO, + Ag superconductors

2.1. Preparation and characterization of precursors—foamed
Bi1.3Pb0_3Sr1_9Ca2CM3Ox and Bi1.3Pb0_3Sr1_9Ca2CM3Ox + Ag
superconductors

Preparation of foamed Bi2223-based samples was done in
two steps [10, 11]. In the first stage initial powders Bi,Os3,
SrCO3, PbO, CuO, and CaCOs; taken in necessary proportions
were ground, mixed thoroughly, pressed into pellets and then
annealed at 7 = 800 °C for 24 h followed by regrinding and
pressing into pellets. In the second stage pellets were annealed
at T = 820°C for 400 h.

Composite samples containing 20, 25, and 30 vol% of Ag
were prepared in the same way. Ultra-dispersive Ag powder
was added and mixed with the intermediate product after the

© 2008 IOP Publishing Ltd  Printed in the UK
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(a) Agpowder

(c) foam Ag 25

(b) foam Ag 0

(d) foam Ag 25

Figure 1. SEM images of foamed Bi-based samples (precursors for textured ceramics) ((b), (d)) and of ultra-dispersive Ag powder
(a) obtained using a commercial JEOL installation. In (b) a spherical Ag particle is shown. The arrows in (d) indicate Ag particles in foamed

composite with 25 vol% of Ag.

first stage of preparation. The SEM image of ultra-dispersive
Ag powder used is presented in figure 1(a). It is seen that this
powder contains particles of ~1 pum in diameter.

After annealing, the pellets increased in dimensions. The
densities of materials obtained were 1.6 g cm™ (26% of the
theoretical one) for Bi-based foam and ~1.2 g cm™> (20% of
the theoretical one) for Bi-based/Ag composites.

The x-ray analysis of foamed samples measured on
a D8 ADVANCE (Brucker) powder diffractometer reveal
that the structure 2223 is dominant; a small amount of
Bi2212 phase (less than 5%) was also detected. Reflections
from Ag are also seen on diffraction patterns of composites
Bi; gPbg3Sr; 9Ca,CuszO, /Ag. Magnetic measurements have
shown that all samples have critical temperature 7¢ ~ 108 K.

Typical scanning electron microscopy (SEM) images
of foamed Bi-based samples are presented in figures 1(b)
and (d). It is seen that the material has a pronounced flake-
like microstructure. Crystallites of Bij gPbg 3Sr; 9CayCuzO,
have a form of plates of ~1-2 um in thickness and
average linear dimensions ~20-30 pm. The micro-
interstices, having dimensions about ~10-30 um, are also
clearly seen.  Obviously, the crystallographic c-axes of
Bi; gPbg 351 9Ca,CusO, are perpendicular to the surface of
plates and the a—b planes are parallel to the surface. We
believe that during final heat treatment the crystallites grow
predominantly in the a—b planes. Due to the random

orientations of crystallites this growth led to the material
volume increase [11].

Ag is seen on the SEM images of composites
Bi; gPbg 351 9CaCusO, /Ag both as small (~1 pm, like that
in the initial powder; see figure 1(a)) and sufficiently large
spherical particles of 10-20 pum in diameter; see figures 1(c)
and (d). During long time annealing at a temperature not
far from the melting temperature of silver, a portion of
~1 um Ag particles of the ultra-dispersive silver powder
seems to adhere and form spherical particles. Ag particles
of both types are seen to be in close contact with crystallites
of Bij gPbg3Sr;9CaCuszO,. The face-centered cubic lattice
of silver becomes apparent on the surface of the spherical
particles as fluted drawing containing hexagonal and rhombic
traceries.

2.2. Preparation of textured Bi §Pb 3Sr1.9Ca,Cusz O, and
Biy §Pby3Sr1.9Ca, Cuz Oy JAg superconductors

Foamed Bi-based samples were used as precursors for textured
ceramics. The pellets of ~4—4.5 mm height and ~30 mm in
diameter were impregnated by ethyl alcohol and then subjected
to uniaxial pressing up to 200-500 MPa (along to the direction
of symmetry axis of the pellet) at room temperature followed
by drying at 70 °C for 5 h. The pressed pellets were annealed
for 30-50 h at 830°C. We found that after one circle of



Supercond. Sci. Technol. 21 (2008) 105019

M I Petrov et al

Table 1. Designation and composition of textured samples.

Bi-HTSC Bi-HTSC

vol. Ag vol. weight Ag weight
Designation content (%) content (%) content (%) content (%)
Text Ag 0 100 0 100 0
Text Ag 20 80 20 69 31
TextAg25 75 25 63 37
Text Ag 30 70 30 57 43

‘pressing in liquid medium — annealing’ the samples obtained
demonstrate a high degree of texture. The resulting materials
had the form of pellets with typical dimensions ~0.9-1.0 mm
in height and 30 mm in diameter. The density of the materials
obtained was ~5.3 g cm ™ (& 90% of the theoretical one).
The sample compositions (volume and weight contents) and
designations are given in table 1.

In order to recognize the effect of texturing on the trans-
port and magnetic properties a ‘benchmark’ polycrystalline
sample was prepared. The foamed Bi; gPb 3Sr; 9Ca,CusO,
ceramic sample was reground, pressed as a pellet and annealed
at 830°C for 25 h. The SEM image of the surface of this
sample revealed a granular microstructure. The crystallites
have the shape of plates but their average linear dimensions
decreased down to ~10 pum while the portion of small size
crystallites (less than 10 wm) is increased in comparison with
sample text Ag 0. No well pronounced texture was observed.
Hereafter we denote this sample as Bi-poly. The density of the
Bi-poly sample was x89% of the theoretical one.

2.3. X-ray analysis of textured samples

The x-ray diffraction patterns of textured samples are shown
in figure 2. In the same way as for precursors (see above)
the structure 2223 is dominant, and reflections from Ag are
also seen on diffraction patterns of composite textured samples.
The degree of orientation F was evaluated using the Lotgering
method [12]:

P =%21(000)/[X1(hkl)],

where [ (hkl) is the total intensity of (hkl) reflections, and
X 7(001) is the total intensity of (00/) reflections. The F value
is equal to 1.0 for ideally ordered crystallites. For quantitative
analysis we took reflections from Bi2223 structure (002),
(004), (008), (0010), (0014), (0016), (0020), and (115), (119),
(1115), (1117), (1119). The values of P are 0.97 &+ 0.01 for
sample fext Ag 0 and 0.98 £ 0.01 for composite samples with
Ag manifesting the arrangement of the Bi; sPbg 3Sr,Ca,Cuz0,
crystallites in the materials obtained.

2.4. Microstructure of textured Biy gPbo 38t 9CayCusz O, and
Bi1 8Pby3Sr19CarCus O, /Ag superconductors

Figure 3 shows typical SEM images of textured samples.
The images from the surface of pellets (figures 3(a) and (b))
show that the Bi2223 crystallites have the form of plates
similarly to the precursors used (figures 1(b) and (d)). The
surfaces of the plates are in the plane of the face of the pellet.
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Figure 2. The x-ray diffraction patterns of textured composite
samples.

The linear dimensions of the crystallites are nearly the same
as those for the precursors (~20-30 um; see figures 1(b)
and (d)). So, pressing of the precursor in the liquid medium
facilitates turning of the crystallites and does not result in
dramatic crushing of the crystallites. Note that Ag particles
are also seen in the SEM images both as ‘large’ spheres
(figure 3(a)) and small particles ~1 pum in diameter. In
order to observe texture in the direction of pressing, SEM
images were obtained from different parts of natural chips
of pellets; see figures 3(c) and (d). These images reveal
that the plate-like Bij gPbg3Sr; 9Ca,CusO, crystallites stand
mainly perpendicular to the axis of pressing, i.e., parallel to the
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(a) text Ag25

(c) text Ag 25

(d) text Ag20

Figure 3. Typical SEM images of textured samples obtained using commercial JEOL installation. ((a), (b))—the images from the surface of
the pellets. Arrows in (a) and (b) indicate a spherical Ag particle (pink, open arrow) and small Ag particles (red, solid arrows). ((c), (d))—the
images from natural chips of a pellet. Arrows in (c) and (d) indicate the direction of pressing (L to the surface of pellet).

face of a pellet, and this ordering remains deep in the pellet.
So, according to the images of microstructure, the materials
obtained have pronounced texture: the a—b planes of plate-like
Bi; gPbg3Sr; 9Ca,CusO, crystallites lie mainly parallel to the
face of pellet while the c-axes are parallel to the pellet’s axis of
symmetry.

3. Experimental methods

Magnetic measurements were studied using a vibration sample
magnetometer. A superconducting solenoid was used for
generation of magnetic fields up to 60 kOe. For measurements
of hysteretic loops of magnetization M(H) at 77.4 K and
temperature dependences of magnetization M(T"), a copper
solenoid was used. For magnetic measurements, samples of
cubic form ~1 x 1 x 1 mm® were cut from the pellets. The
cubic samples of textured Bi2223 had the same symmetry as
the pellets: two opposite facets correspond to the a—b planes of
Bi; gPbg 351 9Ca,CusO, crystallites. The M (T) dependences
were measured both in the zero field cooled (zfc) and field
cooled (fc) regimes.

The transport properties (temperature dependences of
resistance p(7) and current—voltage characteristics (CVCs))
were measured by the standard four-probe technique under
fixed DC current conditions. The sample was cut from a pellet
in the form of a parallelepiped. The transport current direction

was along to the a—b planes of Bij gPby3Sr;¢CayCus0,
crystallites. The electrical contacts were made using epoxy
Ag paste. For the CVC measurements the central part of the
sample was polished down to thickness ~0.2 mm. The CVCs
were measured in a liquid nitrogen bath. The magnitude of
transport critical current /- was determined by the standard
1wV em™! criterion.

4. Results and discussion

4.1. Magnetic properties

4.1.1. Temperature dependences of magnetization. Figure 4
shows the temperature dependences of magnetization M(T')
of textured ceramics for two different orientations (H | c-
axis and H | a-b-planes) of samples measured at H =
13 Oe under zfc and fc conditions in comparison with the
M (T) dependences of a polycrystalline sample. The data in
this figure and the following figures are presented in units
‘emu per mass of the whole sample’, i.e., this is the property
of the composite material. The values of magnetization per
mass of Bij gPbg3Sr; 9Ca,Cuz0,, i.e., the characteristic of
superconductive phase in the composite, are given in table 2.
The critical temperature 7¢ is ~108 K for all samples.
The orientation magnetic anisotropy of textured samples is
clearly seen from figures 4(a)—-(d). The absolute values of
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Figure 4. Temperature dependences of magnetization M (T') of textured ceramics for two orientations (H || c-axis and H || a—b-planes) at
H = 13 Oe under zfc and fc conditions and M (T") of sample Bi-poly.

Table 2. The screening properties of textured samples. M, and My, are magnetizations in emu per g of Bi2223 units at H = 13 Oe.

My (T7T4K)H | ¢

M;. (T7T4K)H || ¢ My —My (77T4K)H | ¢

Sample (emu/(g Bi2223)) (emu/(g Bi2223))  (emu/(g Bi2223))
Text Ag0  —0.192 —0.0975 0.0945

Text Ag 20 —0.25 ~0.156 0.094

Text Ag 25 —0.23 —0.132 0.098

Text Ag 30 —0.226 ~0.132 0.094

Bi-poly ~ —0.066 —0.0475 0.018

magnetization are 2—3 times higher for the orientation H || c.
Moreover, the difference My.—M,z is also 2-3 times higher

for this orientation.

Comparing M(T) and Mi.—M,;. data

obtained on textured ceramics with those for the ‘benchmark’
Bi-poly sample (see figure 4(d)) one can see that the values of

magnetization obtained on the composite textured ceramics for
the orientation H | c¢ are significantly higher even without
accounting the mass of Ag in the composites. On the other
hand, the magnetization of the HTSC crystallites is practically
the same for samples with various Ag content; see table 2.
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Table 3. The magnitudes of remanent magnetization in emu per g of HTSC units of textured samples for various orientations of magnetic

field and crystallographic axes of HTSC crystallites.

Mo (774 K) H | ¢

M 42K) H || ¢ Munm (42K) H | a=b

Sample (emu/(g Bi2223)) (emu/(g Bi2223))  (emu/(g Bi2223))
TextAg 0 0.32 24.44 10.35

Text Ag 20 0.35 29.6 16.45

Text Ag 25 0.33 21.6 11.45

Text Ag 30 0.44 27.5 14.85

Bi-poly 0.1 10.0

The magnitude of magnetization and the difference
Ms.—Myz. at sufficiently small external fields are known to
be proportional both to pinning and screening currents [13].
So, the texture of micro-crystallites in bulk samples provides
the magnetic anisotropy of the ceramic samples due to
the anisotropy of the superconductive properties of Bi2223
crystallites.

It is worthwhile noting that the M,¢(T) dependences of
sample fext Ag 0 exhibit a peculiarity—the change of curvature
aaT ~ 8 K(H || ab)and T ~ 93 K (H | o).
Such a peculiarity seems to arise from the effect of natural
inter-crystallite boundaries so that the DC magnetization* at
sufficiently small fields is determined by both inter-crystallite
and intra-crystallite screening currents [13, 14]. This behavior
correlates with transport critical current density data (the jc
(77.4 K) value for sample rext Ag O is noticeably less than for
the composite samples; see section 4.2.2).

4.1.2. Hysteretic loops of magnetization and intra-crystallite
critical currents. At intermediate (~10°-10° Oe) and high
(10*-10° Oe) external magnetic fields the intra-crystallite
critical currents give the dominant contribution to the
magnetization. The hysteretic loops of magnetization of
textured samples at 77.4 K in the range of fields up to 1.6 kOe
are presented in figure 5. These dependences also exhibit
anisotropy with respect to the orientation. The magnetization
in the direction H || ¢ is about two times higher than that
for the H || a—b direction. Since the specimens had cubic
form, the effect of the shape demagnetization factor was the
same for both H | a—b and H | c directions. Therefore,
the magnetic anisotropy observed is due to the texture of the
ceramic samples. Similarly to M(T) data one can see that
the magnetization of textured samples in the direction H || ¢
is higher than that for the ‘benchmark’ Bi-poly sample even
in ‘emu per g of sample’ units. The values of remanent
magnetization of Bi2223 phase in composite samples are given
in table 3.

On the decreasing branches of the M(H) curves the
magnetization is negative in a wide field range, which points
out that hysteretic M (H) dependences are characteristic for
geometric barrier or Bean—Livingston barrier [15, 16] models.
Similar behavior was observed on textured and polycrystalline
Bi2223 samples in the high temperature range [17, 18].

4 The DC M(T) dependence is proportional to susceptibility x (T) (x> =
x> 4+ x'?) where yx’ is determined by the effect of inter-grain boundaries; see
for example [14].

Table 4. The intra-crystallite critical current densities at 7 = 4.2 K,
H = 0 and the ratio J¢”/J& determined from M (H) data of
textured samples.

R
Sample (Acm™?)  (Acm™) JEP ¢
Text Ag 0 90 x 10 1.6 x 10° 55
Text Ag20 110 x 10° 2.5 x 10° 44
TextAg25 80 x 10° 1.77x 10° 45
Text Ag 30 100 x 10° 2.3 x 10° 43

Figure 6 shows hysteretic loops of magnetization of
textured samples at 4.2 K in the range of fields up to 60 kOe.
The values of magnetization are increased up to ~30 times in
comparison to M(77.4 K). This is in accordance with data
for Bi2223 [17, 18]. The magnetic anisotropy of bulk textured
samples is clearly seen in figure 6. The ratio M(H || c¢) to
M(H || a-b) is ~2-2.5, and holds both for 77.4 and 4.2 K. In
the low temperature range the shape of M (H) curves is close
to that predicted by the Bean model (ascending and descending
branches have a plateau in the high field range and are nearly
symmetrical).

One can estimate the value of intra-grain critical current
density using the formula

Jo =30 x AM/d,

derived from the Bean model [19, 20]. Here AM is
the difference of positive and negative magnetizations in
emucm > units at a constant field and d is the aver-
age crystallite dimension for the case of polycrystalline su-
perconductor [20]. For our textured samples d has the
sense of crystallite dimension in the direction parallel to
external field, so the critical current density is determined
by the cross-section perpendicular to the circulating cur-
rents. If we take AM 2Mem (AM (emu cm™)
AM (emu g_1 of HTSC) x 5.95(g cm ™)), see table 3, d ~
1 um and d ~ 25 pum for the directions along the c-axis and
in the a—b planes respectively, one obtain the values of J¢ in
the a—b planes (J¢ ) and along the c-axis (J§) at zero exter-
nal field. These data are presented in table 4. The magnitudes
of intra-crystallite J&~* at 4.2 K (~10% A cm™2) obtained are
typical for Bi2223 superconductors. The anisotropy parame-
ter J&?/J& is about ~50 for all textured samples. This is in
accordance with known data for Bi2223 [21]. This result ad-
ditionally proves that the samples obtained in fact have a high
degree of texture.

=
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Figure 5. The hysteretic loops of magnetization M (H) at 77.4 K of textured samples for two orientations (H || c-axis and H || a—b-planes) in

the range of fields up to 1.6 kOe and M (H) of sample Bi-poly.

4.2. Transport properties

4.2.1. Temperature dependences of resistivity. Figure 7
shows the temperature dependences of resistivity of textured
samples and poly-Bi sample. The temperature of onset of
the resistive transition is ~113 K while 7¢c at R = 0 is
~106 K for all samples. The absolute values of resistivity
of textured samples with Ag additions are less than that for
sample rext Ag 0. We believe that this fact is due to the effect
of silver particles which form inter-crystallite boundaries and
improve the electrical contacts between Bi-2223 crystallites.
Above ~150 K the p(T) dependences have metallic behavior.
Extrapolation of the p(7) dependences from the range

T > 150 Kto T = 0 gives the magnitude of residual
resistivity. ~ The behavior of this parameter versus the
Ag content correlates with the dependence of normal state
resistivity of samples on the Ag content. On the other hand, the
resistivity of sample fext Ag 25 is somewhat less than that for
sample fext Ag 25. This fact correlates with data on transport
critical currents; see section 4.2.2.

4.2.2.  Transport critical current density. The transport
critical current density jc of polycrystalline HTSC first
and foremost is determined by Josephson tunneling between
superconducting crystallites. For this reason the jc value
is a characteristic of inter-crystallite boundaries. Figure 8
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Figure 6. The hysteretic loops of magnetization M (H) at 4.2 K of textured samples for two orientations (H || c-axis and H || a—b-planes) in

the range of fields up to 60 kOe and M (H) of sample Bi-poly.

shows CVCs at 77.4 K of the studied textured samples. The
Jjc(77.4 K) values are given in this figure. The textured sample
without Ag addition has considerably lower jc than those
obtained on the composites. The M (T) curves of sample
text + Ag 0, measured at H = 13 Oe (in contrast to M (T) of
samples with Ag additions), demonstrate a peculiarity which
reflects the poor quality of inter-crystallite boundaries; see
figure 4 and section 4.1.1. Obviously, we are dealing with the
well known fact that silver may improve the transparency of
inter-crystallite boundaries for the supercurrent carriers [22].
We believe that the small Ag particles (1 um or less) seen on
SEM images of precursors and textured ceramics, see figures 1
and 3, provides better Josephson coupling than natural inter-

crystallite boundaries. Spherical particles of 10-20 pum in
diameter are too large to play the role of Josephson barriers
between Bi2223 crystallites. The highest jc value is obtained
for the composite text + Ag 25 and this sample has the lowest
resistance in the normal state (see figure 7). At sufficiently
large contents of Ag, it is more probable that ultra-dispersive
particles seek to form large spherical particles and the effect of
improvement of Josephson coupling becomes less pronounced.
Apparently, the content of Ag 25 vol% is close to optimal to
achieve the ‘best’ transparency of inter-crystallite boundaries.
Note that value 25% is close to the percolation threshold of a
three-dimensional two-phase system.
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5. Concluding remarks

Thus, in this work a new method of preparation of bulk Bi2223
and Bi2223/Ag textured ceramics is proposed. In this method
the porous superconducting materials having Bi2223 plate-like
micro-crystallites of ~1 pum in width and linear dimensions
about 20-30 pum used as precursors were subjected to uniaxial
pressing in liquid medium at room temperature followed by
thermal treatment. The x-ray data analysis and SEM images of
the samples obtained testifies that they have textured structure.
The anisotropy of magnetization with respect to orientation
of external magnetic field and crystallographic axes of micro-
crystallites as well as estimation of the anisotropy parameter
Jé‘_b /J& additionally prove a high degree of texture in the
samples obtained.

We believe that the following two factors mainly caused
the texture formation in these materials. Firstly, the precursors
used have flake-like microstructure in which the crystallites
are sufficiently thin and have large enough linear dimensions.
Secondly, the precursors were impregnated by liquid (ethyl
alcohol), which penetrates into the micro-interstices. So,
during pressing the crystallites are under conditions analogous
to hydrostatic pressing. This provides a turning of Bi2223
crystallites without their being crushed.

Bulk textured composites Bi2223/Ag demonstrate large
diamagnetic response in the direction perpendicular to
orientation of a—-b planes of Bi2223 crystallites both at
774 and 4.2 K, making these materials promising for
possible practical applications in superconducting flywheels
and magnets. Composites with 25 vol% of Ag addition
demonstrate enhancement of transport critical current density
at 77.4 K up to ~360 A cm~2 due to the improvement of
transparency of inter-crystallite boundaries by the effect of Ag.

Also, we note that the materials obtained are interesting
for study of anisotropy of magnetic properties (magnetization
hysteretic loops, melting point of Abrikosov vortex lattice,
isothermal relaxation of magnetization, etc) of Bi2223
superconductors with respect to orientation of crystallographic
axes of superconductive crystallites. This study is in progress
at present.
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