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Processing Bi-2212 /Ag thick films under a high magnetic field:
on the Bi-2212 /Ag interface effect
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Abstract

Bi-2212 /Ag thick films have been melt-processed under the influence of a 10 T magnetic field. With a liquid phase
present, the Bi-2212 grain orientation can be controlled by the magnetic field. Under these conditions, the c-axis of the
Bi-2212 grains produced is always parallel to the applied magnetic field direction and does not depend on the Bi-2212 /Ag
interface orientation. As a result, a 10 T magnetic field enhances the Bi-2212 grain orientation and texture development for

thick films. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

A promising approach for enhancing the critical
current density (J,) of high temperature supercon-
ductors is to prepare grain-oriented or c-axis-tex-
tured material. One way of aligning high-T, super-
conductor grainsis to utilize a high magnetic field. If
a grain has an anisotropic paramagnetic susceptibil-
ity in its normal state then, when placed in a mag-
netic field, the magnetic energy is minimized when
the axis of maximum susceptibility is parallel to the
magnetic field. The energy associated with this con-
figuration was large enough [1] to align YBCO
grains under 9.4 T in epoxy at room temperature.
The partial alignment of YBCO powders has aso
been achieved in isopropanol in a2 T magnetic field
[2]. However, only a limited increase in J, has been
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obtained after these processes, since a secondary
phase was produced at the grain boundaries during
heat treatment [3].

Recently, it was reported that anisotropic grain
growth in a Ho—Ba—Cu—O superconductor was in-
troduced under a 1.6 T magnetic field during sinter-
ing above 900°C [4]. It was observed that the degree
of alignment increased as the magnitude of the mag-
netic field increased between 0 and 1.6 T for a fixed
temperature and processing time. Sarkar and Nichol-
son [5] also reported that the magnetic field (i.e,, 1
T) influences the grain orientation of a YBCO thick
film during sintering at 890°C. De Rango et al. [6],
Barbut et a. [7] and Bourgault et al. [8] demonstrated
that it is possible to prepare textured YBa,Cu;0,
ceramic materials by solidification in a5 T magnetic
field. Clots et al. synthesized c-axis-oriented magnet-
ically melt-textured DyBa,Cu;O, under a 0.6 T
magnetic field [9]. Lewis and Wegmann [10] and
Lewis et a. [11] have shown an increase in the
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degree of alignment for YBCO tape-cast films pro-
cessed under ambient and reduced pO, conditions in
an applied magnetic field (0-6 T).

For Bi—Sr—Ca—Cu-O 2212 /Ag thick films and
tapes, c-axis alignment of grains introduced by
melt-textured growth has been shown [12] to be
sufficient to achieve a considerable gainin J.. It was
reported that the textured structure was provided by
the flat Bi-2212 /Ag interface and liquid phase near
the interface. It is claimed that the formation of
texture in Bi-2212 partial melt-grown tapes or thick
films is dominated by this interface effect and thus,
away from the interface, the degree of texture de-
creases. Consequently, J. is expected to decrease
when the thickness of the tape increases.

Stassen et al. [13] reported an increase in texture
of Bi,Sr,Ca, _,Dy,Cu,0q_, under a0.6 T magnetic
induction after sintering at different temperatures.
Noudem et al. [14,15], using a thermomagnetic treat-
ment on Bi-2223 pellets, achieved highly textured
ceramics in a 8 T magnetic field. Recently, Ma and
Wang [16] obtained a high degree of texture in
Bi-2223 /Ag tapes processed in a 4.5 T magnetic
field.

The advantage and potential of processing tapes
or thick films by a partial melting method under an
elevated magnetic field is, in principle, to produce
uniformly textured grains throughout the whole ox-
ide, in contrast to the degree of texture obtained by
only melt-textured growth. As a result, J, should
improve above presently achieved values for thicker
tapes or films. However, there is the issue as to
which effect, the magnetic field or the Ag/Bi-2212
interface, will dominate grain texture development
during partial melt-growth of Bi-2212/Ag. In addi-
tion, an understanding of the mechanism by which
the magnetic field enhances texture may prove of
great interest.

In this work, we chose Bi-2212 /Ag thick filmsto
verify the effect of the magnetic field on the Bi-2212
grain orientation. By carefully controlling the pro-
cessing temperature and creating a liquid phase at
the Bi-2212 /Ag interface, we have successfully con-
trolled the grain orientation of Bi-2212 by a 10 T
magnetic field applied during growth. The results
will show that the c-axis is perpendicular or parallel
to the silver substrate depending upon the magnetic
field orientation.

2. Experimental procedure

The starting materials were first prepared by solid
state reaction. Highly pure (99%) Bi,O;, SrCO;,
CaCO,, PbO and CuO are weighed according to the
normal composition Bi, ;Pb, ,Sr,CaCu,0,. The
mixed powders were first reacted at 800°C for 12 h
in air. The samples were then ground in an agate
mortar and pestle, then pressed into pellets and
sintered at 860°C for 24 h. The samples were finally
ground into fine particles and the particles were
deposited on silver foil in isopropanol. The thick
films were dried at 100°C for several hours and
heated to 920°C for 5 min, and then quenched to
room temperature in air. The quenched amorphous
Bi-2212 thick films were processed at 840°C in a
vertical furnace which is placed in a 52 mm room
temperature bore of a superconducting magnet.

Magnetic fields of up to 10 T are oriented parallel
to the long axis of the furnace throughout the anneal -
ing cycle. The field was first increased to 10 T, the
temperature raised to 840°C, so that the film achieved
a partial melted state [17] and then the field held for
10 h.

After the process, the temperature was decreased
to room temperature and the magnetic field was
reduced to zero. We placed samples in the field in
two orientations. In one case, the surface of the film
was perpendicular to the magnetic field and in the
other case, the surface of the film was parallel to the
magnetic field.

Microstructural observations were performed in a
JEOL 6320 FEGSEM. Back-scattered electron im-
ages were used to produce contrast from the different
phases consisting of different elements. The X-ray
diffraction was performed in a Rigaku 300 X-Ray
diffractometer, using Cu Ka X-ray at 50 kV and
200 mA. Essentiadly, single-phase 2212 was ob-
tained.

Superconducting transitions were determined from
the measurement of Meissner diamagnetic suscepti-
bility as a function of temperature using a Quantum
Design superconducting quantum interference device
magnetometer (SQUID). The field was first set at 30
Oe and held constant throughout the measurement.
The sample was then introduced in the cryostat at
~ 100 K and cooled to 4.2 K in the magnetic field.
The amount of flux expulsion was recorded during
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the warm-up. Magnetic hysteresis was measured at
4.2 K under zero-field, cooling the sample from
room temperature to 4.2 K.

3. Results and discussion

The scanning electron microscopy (SEM) images
of the surface and polished cross-section of a sample
which was processed at 840°C for 10 h, under a10 T
magnetic field perpendicular to the surface of the
film, are shown in Fig. 1. The high degree of texture
achieved across the whole thickness is evident. Sur-
face X-ray diffraction patterns of the specimen show
strong (001) peaks and very weak (103), (105), (107)
and (110) peaks (Fig. 2), a characteristic of samples
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Fig. 1. The SEM images of the sample processed under a 10 T
magnetic field for 10 h and with the film surface perpendicular to
the processing magnetic field, H,. (@) Micrograph of the sample’s
surface. (b) Back-scattering cross-sectional image.
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Fig. 2. Surface X-ray diffraction of the sample processed under a
10 T magnetic field and with the surface perpendicular to the
processing magnetic field, H,. (+) shows a small amount of
impurity phase.

exhibiting a strong parallel c-axis grain alignment
with the Bi-2212 /Ag interface.

When the core thickness is < 20 wm, a well-tex-
tured structure can be provided by the interface
effect alone [12]. However, for thicker melt-textured
samples, the degree of alignment is greatly reduced,
even a the Bi-2212/Ag interface. For the film
shown in Fig. 1, since the thickness is around 60
pm, we claim that the effect caused by the magnetic
field is rather significant.

In order to confirm the magnetic field effect alone
on the grain orientation, an additiona film was
processed with the surface parallel to the magnetic
field, using the same thermomagnetic process. The
SEM images of the polished cross-section and sur-
face of this sample processed under a 10-T magnetic
field for 10 h are shown in Fig. 3. In this case,
assuming that the c-axis of the grains is the crystal-
lographic direction along which the grains exhibit
the lower growth rates, we can argue that across the
whole thickness, the c-axis of most grains is parallel
to the film surface (Fig. 3a and b). However, the
SEM image of the surface of the film reveals that
adjacent to the surface, the c-axis of many grains is
perpendicular to the Ag substrate (Fig. 3c). A three
dimensional schematic view of the grain orientation
in the film processed with the surface parallel to the
magnetic field is shown in Fig. 4.

This effect, difficult to depict in Fig. 3aand b, is
confirmed by the surface X-ray diffraction pattern
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Fig. 3. The SEM images of the sample processed under a 10 T
magnetic field for 10 h and with the film surface paralel to the
processing magnetic field, H,. (2) Back-scattering cross-sectional
image. (b) Higher magnification of (a). (c) Surface SEM image of
the sample.

Fig. 4. The 3D schematic view of the grain orientation on the film
processed with the surface paralel to the processing magnetic
field direction, H. Adjacent to the film surface, the c-axis of the
grains is perpendicular to the former Bi-2212/Ag interface,
whereas below that region, the c-axis of the grains is paralel to
the interface.

(Fig. 5). In this pattern, strong (001) diffraction
peaks appear, which is a characteristic of crystalites
with the c-axis coinciding with the surface normal.
In addition, since the grains with the c-axis perpen-
dicular to the surface do not cover the entire surface
of the film (Fig. 3c), the intensity of the (103), (105),
(107) and (110) diffraction peaks increases and the
(200) peak appears in this case. The reason why
grains with the c-axis direction paralel to the Bi-
2212 /Ag interface are not observed by the X-ray
analysis is due to the shallow penetration of X-rays
(a few micrometers). Therefore, only the grains near
the free surface can be detected by X-ray diffraction.

The overall anisotropic effect of grain growth is
embodied in the measurement of the temperature
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Fig. 5. Surface X-ray diffraction of the sample processed under a
10 T magnetic field and with the surface parallel to the magnetic
field, H,. (+) shows a small amount of impurity phase.
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dependence of the diamagnetic susceptibility (Fig. 6)
and magnetic hysteresis at 4.2 K (Fig. 7). In the
magnetic measurement, the magnetic field H was
applied perpendicular to the film surface. The sample
with H paralel to the applied processing magnetic
field H, (the c-axis of most grainsis parallel to H)
shows a large diamagnetic moment, whereas the
sample with H L H, (the c-axis of most grains is
perpendicular to H) shows a small diamagnetic mo-
ment. This is consistent with the SEM and X-ray
diffraction results. For both samples, the supercon-
ducting transition temperature is the same (i.e.,, 76
K), but the ratio of the low-temperature susceptibility
for the samplesis y(HIIH,)/x(H L H,y) = 3.5. The
magnetic hysteresis at 4.2 K shown in Fig. 7 indi-
cates that the orientation of the magnetic field has a
significant effect on the grain orientation of the
Bi-2212 superconductor grains.

An important question to be asked deals with the
way in which the magnetic field induces texture and
what is the effect of the Ag/Bi-2212 interface on the
thermomagnetic process?

The magnetic driving force for grain alignment is
the normal anisotropy energy which is given by
AE=AxH2V/2, where Ay is the anisotropic
paramagnetic susceptibility, H, is the applied mag-
netic field and V is the volume of the grain. The
magnetic driving force may affect the nucleation and
growth process during solidification, or induce rota-
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Fig. 6. Temperature dependence of the diamagnetic susceptibility
of samples processed under a 10 T magnetic field with the surface
perpendicular and parallel to the magnetic field, H,. The mea-
surement field H is perpendicular to the thick film surface for
both samples.
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Fig. 7. Magnetic hysteresis at 4.2 K of samples processed under a
10 T magnetic field with surface perpendicular and parallel to the
magnetic field, H,. The measurement field H is perpendicular to
the thick film surface for both samples.

tion of the grains if the torque associated with AE is
sufficiently high to overcome thermal disorder. It is
clear that the anisotropy energy depends on the
anisotropic paramagnetic susceptibility, magnetic
field and volume of the grain. Among these vari-
ables, Ay is temperature-dependent and V is tem-
perature- and time-dependent. As a consequence, the
processing time and temperature will affect grain
alignment. Thus, for magnetic rotation-induced grain
alignment, control of the grain size seems to be
rather important. There is a critical volume of a
grain, V,, which corresponds to a magnetic anisotro-
py energy equal to the thermal disorder energy, KT,
i.e, AyH2V./2=KT. Thus,

V. = 2KT/H2A x.

When V <V,, the magnetic field cannot over-
come thermal disorder and introduce grain align-
ment. Once the grain size of Bi-2212 has grown
larger than the critical volume, V>V, during the
processing cycle, the magnetic field will tend to
rotate the grains. Despite this tendency, there is a
mechanical interaction between the grains during the
rotation process, which acts strongly against the
magnetic energy produced force. However, if there
are liquid phases present between the grains, the
grains will be more easily oriented by the magnetic
field. This is where Pb-doped Bi-2212 and the
Ag/Bi-2212 interface play an important role. In the
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first case, the addition of Pb induces the formation of
aliquid phase, which acts as a lubricant between the
grains. In the latter case, it has been shown [18] that
Ag additions to Bi-2212 cause the formation of an
eutectic phase. Thus, near the Ag/Bi-2212 interface,
the melting point can be reduced by more than 30 K
[17].

The existence of an eutectic reaction due to the
presence of Ag, combined with the configuration of
Bi-2212 films or tapes, may revea the mechanism of
texture formation during thermomagnetic processing.
Any proposed mechanism must explain why grain
alignment is improved for thinner films or tapes,
why texture is enhanced over larger thicknesses for
films processed under a magnetic field and why in
thick films or tapes (=20 wm), the region at the
Bi-2212 /Ag interface is less textured in the absence
of a magnetic field [19].

Let us consider the situation depicted in Fig. 8,
where a thin (Fig. 8a) and a thick film (Fig. 8b) are
represented. Each letter, corresponding to a thickness
of 10 wm in the superconductor film, can be associ-
ated with a specific Ag composition as aresult of Ag
diffusion into the superconductor during the process-
ing cycle. This is shown in Fig. 8c where part of a
binary Bi-2212/Ag phase diagram is divided into
compositional regions representing the superconduc-
tor layers A—F. Thus, for a processing temperature

a) b)
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Fig. 8. (@ Schematic of a Bi-2212/Ag thin film divided in
compositional layers. (b) Schematic of a Bi-2212/Ag thick film
divided in compositional layers. (c) Part of the binary Bi-2212 /Ag
phase diagram partitioned in various layers. T, is the processing
temperature and T,, is the melting temperature.

T,, layers A and B are in a molten state, layers C-E
in a partially molten state and layer F in the solid
state. In this configuration, the magnetic field-in-
duced grain rotation is mostly taking place within the
layers C—E. Within layer F, the strong mechanical
interaction between the grains will reduce grain
alignment, whereas within layers A—B, there is no
material in the solid state.

On this basis, we shall argue that, for the case of
the thin film (Fig. 8a), the effect of the magnetic
field seems to be related to the nucleation and early
growth of grains during the solidification process. In
this case, during the early solid growth, the grains
are surrounded by a liquid phase and thus, alignment
can be achieved more easily. Evidence which sup-
ports this mechanism is that when the film surface is
parale to the magnetic field direction, the Bi-
2212 /Ag interface no longer remains flat and the Ag
and the Bi-2212 grains intercalate each other (Fig. 3a
and b).

In the case of thick films (Fig. 8b), the mecha
nism for texture is more complex. During sintering at
a temperature, T,, a gradient in the liquid fraction
develops across the entire film. Hence, close to the
Bi-2212/Ag interface (layers A and B), where the
material is in a molten state, the effect of the mag-
netic field on grain alignment occurs through its
interaction with the nucleation and early growth
process, but only during the cooling process. In
contrast, away from the interface, where a partially
molten state (layers C-E) or even a complete solid
state (layer F) remains, the effect of the magnetic
field is to immediately induce a rotation of the grains
towards a direction where the axis of maximum
paramagnetic susceptibility is paralel to the mag-
netic field. However, for the region where there is no
liquid phase, the interaction energy between the
grains might be high enough, such that grain rotation
in the solid state is hindered.

Some evidence for this mechanism is shown in
Figs. 3-5. In this sample, the magnetic field was
applied parallel to the film surface during processing.
For the region close to the Bi-2212/Ag interface,
the c-axis of most grains is paralel to the film
surface (Fig. 3a-b), i.e, the c-axis is paralel to the
processing magnetic field, H,. On the other hand,
the grains near the film surface, further away from
the interface, till exhibit the c-axis perpendicular to
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Ag

Ag

Fig. 9. (@ A schematic view of texture formation in the case
where alignment at the top layers did not occur. (b) Case where
the presence of a processing magnetic field perpendicular to the
film surface enhanced texture over the whole film thickness.

the processing magnetic field (Figs. 3c, 4 and 5).
This is a consequence of an increased fraction of
solid phase and possibly a free surface effect.

So far, the mechanism described above for thick
films has not explained why texture is improved for
thicker films or tapes processed under a magnetic
field and why in thick films or tapes (=20 pm)
influenced by a magnetic field, there is an enhanced
texture at the Bi-2212 /Ag interface. To answer these
guestions, one should have in mind what happens
during the cooling path.

Thus, to illustrate the situation, let us consider the
case where a magnetic field is applied perpendicular
to the surface of a thick film or tape with the
configuration of Fig. 8b. If the composition at the
top layers is such that no apparent grain orientation
is obtained under the magnetic field (Ilow processing
temperature or high film thickness), the misalign-
ment will be carried throughout the whole film. This
is a consequence of the fact that solidification occurs
from the top to bottom and therefore, a poor aign-
ment at the top layers complicates the alignment of
the next layers (Fig. 9a). On the other hand, if the
processing temperature is sufficiently high, or the
film thickness is not too large, rotation of the grains
under the magnetic field will dominate the texture
development at the top layers. This mechanism will
enable the packing and alignment of grains through-

out the next layers (Fig. 9b) during the cooling
process and enhance the degree of texture through
the whole body of the superconductor (Fig. 1).

4, Conclusions

A 10 T magnetic field is strong enough to induce
a high degree of texture in Bi-2212 /Ag thick (= 60
pwm) films. Thisis accomplished by grain rotation of
Bi-2212 superconductor material under the presence
of aliquid phase. In thin films (< 20 wm), the effect
of the magnetic field is to influence the nucleation
and early growth process. In both thin and thick
films, the c-axis of Bi-2212 grains is always parallel
to the magnetic field direction and does not depend
on the Bi-2212/Ag interface orientation. A high
magnetic field, in combination with a partial melting
process, can thus be used to increase the degree of
texture of the whole body of a Bi-2212 superconduc-
tor in thick film or tape form.
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