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This i)a~er describes a new method to improve
pinn”ing in Bi2Sr2Ca2Cu30y (Bi-2223) superconducting ~apes
fabricated by the powder-in-tube technique. In order to use Bi-
2223 superconducting tapes for practical applications at
liquid nitrogen temperatures, the critical current density (J.)
must be as high as possible under an applied magnetic field.
In this work, an attempt was made to increase pinning in Bi-
2223 superconducting tapes by creating defects at the
interface between a Bi-2223 superconductor and an MgO
single crystal. Reference samples showed decreased 1. values
in a 0.4 T field applied perpendicular to the widtft of the tape
to =4 to 7?4. of the IC value in zero field. With improved
pinning, the 1, value in the field decreased to 12 to 20’XOof the
Ic value in zero field. Results were compared with in-field
performance of high-quality coated YBa2CuJOy (Y-123) tapes,
which showed an in-field decrease to =30°/0 of the ICvalue in
zero field.

Index Terms— Bi2SrzCa2Cu~OY(Bi-2223) superconducting
tapes, defects, MgO, pinning, powder-in-tube (PIT) technique.

INTRODUCTION

F [RST-generation (Bi,Pb)zSrzCa2CujOY (Bi-2223)
superconducting tapes are used to build large prototype
devices such as cryofkee magnets, transformers, power

cables, fault current limiters, and SMES units. The
prototype applications are possible due to improved critical
current density (L) in long lengths of Bi-2223
superconducting tapes made by the powder-in-tube (PIT)
process [1]-[3]. State-of-the-art f~st-generation tapes ate
multifilament tapes made of Ag or Ag-alloy sheath. They ate
typically 3.5 mm wide and 250 ~m thick, >100 m long, and
capable of withstanding 100 MPa tensile stress without
degrading L values. They have a critical current L = 50 A at
77 Kin self-field.

Technological goals for ftrst-generation of HTS wires were
published by the DOE requesting the following minimum
performance characteristics: current = 100 A, strain tolerance
tolerance = 0.5%, and magnetic field = 2 T [4]. Improved
processing to eliminate density variations during tube
loading and to improve HTS core texture was also requested.
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To reach these DOE goals with the PIT technique, it is
important to control the processing parameters. In this work,
we used a prealigned precursor powder, an improved
mechanical processing technique, and a modified heat treating
schedule. The resulting long lengths of mono- and
multifilament Bi-2223 tapes showed good conductor
uniformity and high critical currents at 77 K.

Another goal is to improve pinning in Bi-2223 tapes. We
attempted to improve pinning in Bi-2223 by creating clef-
at the interface between Bi-2223 and MgO. This technique
gave promising results. Results were compared between Bi-
2223 reference samples, Bi-2223 with improved pinning, and
Y-123 coated tapes.

EXPERIMENTALPROCEDURE

The precursor powder was produced by the chemical
precipitation method and contained Pb-added 2212, CaZPbOq,
alkaline-earth cuprate, and CUO phases. The powder showed
high reactivity and chemical homogeneity. Precursor powder
particles were consolidated into billets by drybag pressing
method. The prepressed bii!ets were inserted into Ag tubes,
swaged, drawn through a series of dies, and then rolled to a
final thickness of either =450 ~m or =250 pm. Mechanical
processing consisting of= 10?4 reduction per pass was used in
fabricating these tapes. Tape samples were cut and heat
treated “at 828°C in 8!/0 oxygen atmosphere. The total
annealing time was approximately 60 h. Each heat treating
step was 30 h at the set point. A slow cooling schedule
incorporated three cooling steps: 2°C/h for 8 h, 10°C/h for 10
h and 60°C/h to RT. Cold pressing with 50-70 tons load
was applied after the first heat treatment.

Fig. I
22>3 in tape ;Iler first h~at ‘treistment.-
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To make tapes with improved pinning, Ag was removed
from one side of the as-rolled tape by chemical etching that
used a I: 1 volume ratio of H20z and NHiOH. The exposed
side of the Bi-2223 was placed on MgO single crystal and
heat-treated along with the reference tape under the same
conditions. A small load was placed on short samples of Bi-
2223/MgO tape during the heat treatment. Following the first
heat treatment, Bi-2223 adhered to the MgO single crystal.
Composite tape Bi-2223/MgO was cold pressed under the
same load as the tefmnce tape, and put through another heat
treatment.

Another way of fabricating Bi-2223/MgO samples was to
use electron-beam (e-beam) physical vapor deposition cf
MgO. The chemically etched samples were placed into the
ion beam assisted deposition (IBAD) chamber, and MgO was
deposited to a thickness of about 2.5 pm onto the Bi-2223
surface at a temperature of 750”C with 10 cm’/min of oxygen
flowing. Samples were then heat treated under the same
conditions as the Bi-2223 refmnce tape and the Bi-
2223/MgO single crystal.

Microstructure were characterized by scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM), and chemical analysis was pertiormed by energy
dispersive X-ray spectroscopy (EDS). Transport critical
current was measured on short samples of Bi-2223/Ag tapes
at liquid nitrogen and liquid helium temperatures by a four-
point probe method. The mutual inductance testing setup
was used to measure the critical temperature (T,) of the
sample and its inductive critical current (Ic,dnve). T ~ and I~,&-i,~
were measured without contact with the sample.

REStJLTS

A. Thick Tapes (w = jmm; t = O.35mm)

Long lengths of mono- and multifilament tapes were
f~ricated by PIT technique and the prealigned precunor
powder. The interface plays an important role in controlling
the grain morphology and texture of Bi-2223 grains. The
more coherent Bi-2223/Ag interface results in higher IC
values.
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Fig, 2, Characteristic magnetic field dependence of transport criticsd
current for multifilament Bi-2223/Ag tape at 77 K.

A detailed analysis of the interface was carried out with
TEM. Figure 1 is a high-magnific~tion TEM micrograph
showing the interface between Ag and Bi-2223 phase formed
after the first heat treatment for the tape made with the
prealigned powder. Contact between the Ag and Bi-2223
grains was well-bonded and the interface was sharp.
Diffraction patterns taken from Bi-2223 grains and the Ag
indicated that the c-axis of Bi-2223 was perpendicular to the
interface.

Transport critical current was measured on short samples of
Bi-2223/Ag tapes at liquid nitrogen temperatures. The
following ICmeasurements at 77 K in self-field were obtained
after each heat treating step: 30-35 A after the first heat
treatment, and 90-100 A after the second heat treatment.
Figure 2 shows the IC-HaPP characteristics of the
superconducting tape that carried 120 A in zero applied
magnetic field at 77 K (JC= 3x104 A/cm2). Magnetic fields up
to 0.4 T were applied perpendicular and parallel to the tape
width. Magnetic field dependence at 77 K showed pronounced
anisotropy for fields parallel and perpendicular to the tape
width. A perpendicular field of 0.4 T 10wers the ICvalue from
120 to 5 A. A paralIel field showed weak depmdence:
magnetic field of 0.4 T reduces the ICvalue from 120 to 35 A.

To characterize high-IC tapes for high field applications at
4.2 K, a short sample (4 cm) that canied 120 A at 77 K was
tested at 4.2 K in field applied perpendicular to the width of
the tape. An 1. value of 560A was obtained in the self-field at
4.2 K (JC= 1.4xl@ A/cmz). After an initial drop to 310 A at
1 T, the critical current reaches a plateau and then declines to
245 A at 6 T. The observed 1=drop in the low-field region at
4.2 K indicates that connectivity and grain alignment of Bi-
2223 grains could be further improved by a factor of =2.

B. Thin Tapes (w = $mm; t = 0.225mm)

A monofilament Bi-2223 reference sample was made by the
technique stated above, heat-treated twice and pressed, and then
measured for transport Ic at 77 K. Voltage vs. transport
current characteristics for a thin Bi-2223 reference tape at 77
K with a magnetic field applied perpendicular to the width of
the tape showed a sharp decrease. Ic decreased from = 50 A at
zero field (Jc = 2x 104A/cmz) to = 2 A at 0.4 T. This clearly
illustrates the weak performance of the Bi-2223 tapes at 77 K
in applied magnetic field perpendicular to the width of the
tave.

Fig. 3. SEM photomicrographs showing interface between Bi-2223 and
MgO single crystal atler cold pressing and second heat treatmcm~ (a) BS
mode with 10 ym marker indicisted; white region is Bi-2223 tape, and gray
region on right side is MgO single crystal, (b) SEI mode with 5 ~m marker
indicated, showing cracks in MgO at interface with Bi-2223.
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T() Improve p[nning in Bi-2223 tapes, det’ects were mode at
the interface ()( [he sample. Ag was removed from one side of
the tope. and the exposed surface of the Bi-2223 was placed on
lM@ single crystul. After the. first heat treatment, gcd
contact was developed along the interkwe between the Bi-2223
and MgO single crystal. Transport critical current values for
Bi-2!223/MgO composite tapes were twice those for the Bi-
2223 reference tape at 77 K in zero tield. The tapes were cold
pressed and heat treated again. Figure 3 shows the interface
between Bi-2223 and MgO single crystal after the cold

pressing and second heat treatment. The white region in fig. 3
a) is the Bi-2223 tape, and the gray region with a crack on the
right side of the Bi-2223 is the MgO. There was interaction
between the two regions after the second heat treatment
(indicated by white protrusions into the MgO from the Bi-
zzzs side). Figure 3 b) was taken at higher magnification to

show protrusions into the microcrack in the MgO region at
the interface with Bi-2223.

High-magnification TEM was used to reveal at higher
resolution the nature of defects in Bi-2223 grains at the
interface with MgO. Figure 4 a) was taken at 120,000x,
showing defects in one small Bi-2223 grain at the interface
with MgO substrate. These defects are perpendicular to the
direction of current in Bi-2223 grains and should help pin the
vortices and improve in-field performance of Bi-2223 tapes at

77 K. In figure 4 a), microstructure shows sharp stepwise
defects in the top right comer of a small Bi-2223 grain. Also,
a small, tilted particle of Bi-2223 within the Bi-2223 grain is
shown near the MgO interface. Many dislocations are tevealed
in the MgO grain as dark lines coming up to the interface.
Figure 4 b) shows Bi-2223 particle at the interface with MgO
substrate at higher resolution. The ideal size of small
columnar defects should be = 30 nm [5]. Our observation
supports J recent study in which surface columnar defects
were created along .5% of the sample thickness by irradiating
the surface layer of Bi-2223 tape with heavy ions [5]. Sample
irradiated with a 2 T matching field showed increase in H*
from 0.5 T (for the reference tape) to 2.5 T for field applied
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Fig. 5. Tc measurement of a thin Bi-2223/MgO sample after the second
heat treatment with TC = 109 K.

After etching Ag, cold pressing the Bi-2223 with the MgO,
and during heat treatment, there is a chance of damaging the
sample and causing the superconductivity to decrease. Figure
5 shows the Tc value of the thin Bi-2223/MgO sample. Thin
Bi-2223/NlgO sample showed a Tc of 109 K. It is apparent
from fig. 5 that the etching, pressing, and heat treating has
not decreased the Tc of the Bi-2223/MgO sample.
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Fig. 4. High-magniticMion TEM photomicrographs showing interface
bctwcwr 13i-2223 and Mgt) single crystal after cold pressing and second
heat trwament (a) 120,WOX. (b) 200,000x.

Fig. 6. Inductive [c measurements: (a) Bi-2223 reference samplewith
I..,Jw= 150mA (Jc= 2x104 A/cm*). (b) Bi-2223/MgO single crystal with

L,m”, >310 mA (J, > 4x 104 A/cmz).
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Fig. 7. Normalized transportcurrentas functionof apptiedmagneticfield
for thin Bi-2223 reference tqe and Bi-2223/MgO tape at 77 K.

Figure 6 shows the improved current-carrying properties cf
the Bi-2223/MgO sample compared to that of the Bi-2223
refemwe tape. Thin Bi-2223 reference sample showed I~,driv~
current to be = 150 mA at 77 K (J6 = 2X104 A/cmz). Bi-
22231Mg0 sample did not reach the transition point up to
310 mA (J, > 4X104A/cmz).

Figure 7 shows the normalized values for transport current
in applied magnetic field for the thin Bi-2223 refimxtce
sample vs. Bi-2223/MgO sample. In the magnetic field of 0.4
T applied perpendicular to the width of the tape, transport
critical current was about three times higher in the Bi-
2223/MgO single crystal than in the Bi-2223 sefmce tape.
L value in a field of 0.4 T decreased to = 12% of the Ic value
in the zero field for the Bi-2223/MgO sample, while the Bi-
2223 reference sample decreased to = 4°/0.

The ~ value of the thick Bi-2223/MgO tape in a 0.4 T
field dropped to only 20% of the 1. value in zero field. Figure
8 shows the normalized transport current as function of the
applied magnetic field at 77 K, for thick Bi-2223 reference
sample, thick Bi-2223/MgO, and coated Y-123 sample.
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The 1. value for reference sample dropped to <7% in a field of
0.4 T of its [Cin zero field, where the Bi-2223/MgO single
crystal drops to only 20%. Results were compared with in-
field performance of high-quality coated Y- 123 tapes, which
showed an in-field decrease to 30~0 of the original 1=value.

Electron-beam (e-beam) physical vapor deposition was used
to deposit MgO on Bi-2223. This is an industrially scalable
technique that can be used to fabricate long lengths of Bi-
22231Mg0 tapes. Samples were processed under the same
conditions as the Bi-2223 reference tape and the Bi-
2223/MgO single crystal tape. Tc was = 102 K and inductive
L,drive was = 150 mA for the Bi-2223/IvlgO-IBAD sample (Jc
= 2x104 A/cm*). However, the transport current measurements
did not show improved pinning in these samples. The
method is currently being optimized.

CONCLUSIONS

In order to use superconducting tapes for practical
applications at liquid nitrogen temperatures, it is necessary
for the Jc values to be as high as possible under an applied
magnetic field. In this work, art attempt was made to
increase piming in Bi-2223 superconducting tapes. To do
so, defects were fortned on the surface of the Bi-2223
superconductor. Pinning of the vortices was increased by
making defects at the intefice between Bi-2223
superconductor and MgO single crystal. This work has
shown that in a tefetmce sample with no improved pinning,
the [c value in a 0.4 T field applied perpendicular to the
width of the tape decreased to about 4 to 7°/0of the L value in
zero field. With improved pinning, the L value in the field
decreased to 12 to 20% of the L value in zero field. Y-123
coated conductor samples gave values of = 30% from the
original value in zero field.
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