
ML/E7-’/7tw-9JW7

CURRENT TRANSPORT AND MICROSTRUCTURAL EVOLUTION IN BSCCO

TAPES FABRICATED BY GROOVE ROLLING*

A. N. Iyer, M. Mironova, S. Stolbov, C. Vipulanandan, and K. Salarna

Texas Center for Superconductivity, University of Houston, Houston, TX 77204

U. Balachandran

Argonne National Laboratory, Argonne, IL 60439

L

5

— .. —---- -,------ ,-. ,.. .,,-,, —.— --.— -. -—... ---

The submitted manm”pt haa been creakd
by the University of Chicago aa Operator of
Argonne National laboratory ~Argonne”)
under Oontract No. W-31-109-ENG-3S with
the U.S, Department of Energy. The U.S.
Government ratshsforitself, and othera act-
ing on its beha!f, a paid-up, nonexclusive,
irrevocable worldwide license in said article
to reproduce, prepare derivative works, dis-
tribute copies to the public, and perform pub-
licly and display publlcly, by or on behalf of
the Government.

Presented at 1998 Applied Superconductivity Conf. , Palm Desert, CA, ‘ .-.
Sept. 13-18, 1998.

“This work was supported by ARPA MDA 972-9O-J-1OO1,the State of Texas through the Texas

Center for Superconductivity at the University of Houston; Argonne National Laborato~ and the

U. S. Department of Energy, Office of Energy Efficiency and Renewable Energy, under Contract

W-31 -109-Eng-38.



DISCLAIMER

This repofi was prepared as an account of work sponsored

by an agency of the United States Government. Neither the
United States Government nor any agency thereof, nor any
of their employees, make any warranty, express or implied,
or assumes ‘any legal liability or responsibility for the
accuracy, completeness, or usefulness of any information,
apparatus, product, or process disclosed, or represents that
its use would not infringe privately owned rights. Reference .
herein to any specific commercial product, process, or
service by trade name, trademark, manufacturer, or

otherwise does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United
States Government or any agency thereof. The views and
opinions of authors expressed herein do not necessarily
state or reflect those of the United States Government or
any agency thereof.



DISCLAIMER

Portions of this document may be illegible
in electronic image products. Images are
produced from the best available original
document.

)

1

,--7— --,- -,, ,. ,., . . .,. . . . . . . . . . ,,, . . -.~f ,.-.. . .,”, . . . . . =.. -.. .
—. ~. .



..

Current Transport and Microstructural Evolution in BSCCO Tapes
Fabricated by Groove Roiling

A. N. Iyer, M. Mironova, S. Stolbov, C. Vipulanandan, and K. Salama
Texas Center for Superconductivity, University of Houston, Houston, TX 77204

U. Balachandran
Argonne National Laboratory, Argonne, IL 60439

Abstract—The powder-in-tube technique, consisting of wire drawing and

rolling, has been widely used to fabricate superconducting tapes for possibIe

electric power applications. In this study, instead of wire drawing, the starting

billet was reduced in size by groove roIIing. To optimize the deformation and

thermomechanical treatment process, wires of varying dimensions were

fabricated. The wires were flat-rolled to a final thickness of 250 mm. Short-

Iength tapes were subjected to a series of thermal and deformation steps. Phase

development and microstructural evolution during the process were monitored by

XRD, SEM, and TEM. The BSCCO-2223 tapes, which were subjected to

thermomechanical treatment, had average critical current densities of 18,000 A

cm-2. Colony boundaries, examined by TEM, near the superconductor-silver

interface were found to form in certain preferred orientations. Polytypoids o f

2212 phase were also observed at the colony boundary. The effects of grain

boundary on superconducting order parameter and critical current density have

also been examined.
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1. INTRODUCTION

The powder-in-tube (PIT) technique has established itself as the most popular process for

fabricating long-length superconductors for possible electric power and high-field magnet

applications. The technique utilizes traditional metalworking processes such as drawing and

rolling to transform the ceramic-based high-temperature superconductors (HTS) into more useful

forms such as wires and tapes. Because of its platelike morphology, the Bi-Sr-Ca-Cu-O

compound is the only HTS material that has proven to be capable of being fabricated into long

lengths. The desired 2223 phase is obtained by subjecting the tapes to a series of

thermomechanical treatments consisting of heat treatment and mechanical deformation [1-4]. The

formation of phase pure and textured 2223 phase is a critical issue in fabricating BSCCO tapes

with high critical”current density (J,). Additionally, careful control of PIT variables such as

composition and phase assemblage of the precursor powder, initial tape deformation, and

thermomechanical treatment conditions is required to achieve the desired current transport

properties [1-3]. Although high JCvalues have been achieved in short BSCCO tapes, better control

of the process variables is still required to improve reproducibility of the results.

Recently, several research groups reported that most of the current in the BSCCO tapes flows

exclusively in a thin layer of highly aligned grains near the silver (Ag) sheath [5-7]. Existence of

such a layer has been confiied by, high resolution electron microscopy (HREM) [5], and

magneto-optical imaging [6]. A correlation between the interface contact length of the

superconductor core and the Ag has also been established [7]. Although the presence of Ag aids in

the formation and alignment of the 2223 phase, the actual mechanism remains unclear. Because

current transport in tapes has been reported to follow a percolative path, JCof the tapes will be

strongly determined by weak links, grain boundary misorientations, and electromagnetic coupling

at the boundaries [1],[2],[8]. To improve the Jc of Ag-sheathed superconducting tapes, it is

imperative to understand the correlation of JCwith the microstructure of the tape, especially at the

interface between the core and the Ag sheath.

In the present study, a modified version of the PIT technique was adopted in which the Ag billet

was reduced in size by groove rolling rather than by wire drawing. The advantage of this

technique is that it is less energy-intensive because both groove rolling and flat rolling can be

achieved using the same setup. Furthermore, the technique is readily scalable and therefore long-

length conductors can be easily fabricated. By optimizing the deformation and therrnomechanical

treatment process Ag-clad BSCCO tapes with high current transport properties were fabricated.

Simultaneously, formation of the 2223 phase during thermomechanical treatment was also studied.



Transmission electron microscopy (’I’EM)was used to evaluategrain boundary misorientations and

alignment close to the superconductor-Ag interface. Based on the ~M results, an effort was also

made to simulate the grain boundary (GB) effwt on the superconductororder parameter (SOP) and

current transport properties of the tapes.

IL EXPERIMENTAL PROCEDURE

Partially reacted precursor powder of composition Bil.8Pb0.4Sr2.0Ca2.2CU3.00x WaSObtied by a

solid-state reaction of high purity oxides and carbonates of Bi, Pb, Sr, Ca, and Cu. The powder

was packed by mechanical agitation into a high purity Ag tube. The tube was deformed using a

rolling mill which had the facility to do both flat as well as groove rolling. Fig. 1 shows a

schematic representation of a single groove. The tube was deformed by passing it through the

grooves and by reducing the gap between the rolls. To determine the optimal groove rolling

conditions, appropriate sections were taken for flat rolling after the fourth, sixth, and eighth

groove, respectively. ~The dimensions of the wires, all of which had rectangular crosssections,

were 3.4 mm-.x 3.2 mm, 2.2 mm x 2.0 mm, and 1.7 mm x 1.5 mm, respectively. The wires

were flat rolled to a final thickness of 250 mm. Tapes fabricated by this procedure have been

labeled as GR4, GR6, and GR8, respectively. The widths of untreated GR4, GR6, and GR8

tapes were 4.72 mm, 3.68 mm, and 3.17 mm, respectively.

Short lengths of the BSCCO tapes were cut for thermomechardcal treatment. The tapes were

initially heat treated in air at 840 “C for 50 h; this treatment was then repeated at 100-h cycles.

After each heat treatment cycle, the tapes were pressed at 1 GPa for 5 s. Following each

thermomechanical treatment step, the tapes were charactetid for their superconducting and

microstructural properties. Critical current c) was measured at 77 K and self field, using the

standard four-point probe ttzhnique. The JCwas calculated by dividing the ICby the cross-sectional

mea of the superconductor core. Phase development during the thermomechanical treatment was

studied by X-ray diffraction (XR.D), scanning ekc~on microscopy (SEM), and energy dispersive

spectroscopy (EDS). Evolution and amount of the 2223 phase was estimated from the XRD pattern

of the tapes.

Specimens for TEM analysis were prepmed from the transverse cross section of the tapes. The

transverse sections were prepared by sandwiching and gluing the tapes together with epoxy. Two

1 mm x 2 mm x 3 mm sections were cut and polished to a thickness of 150 mm. The sections

were then dimpled to a thickness of about 40 mm and ion milled with a 4 kV argon ion beam at an



incident angle of 10-15”. T’EManalysis was conducted with a JEOL-2000FX electron microscope

at200 kV. Misorientations of the grain boundaries were characterized by rotation axis and angle,

which were determined by using the rotation matrix. The Ki.kuchi pattern of each grain was used

in calculating the matrix. The beam and beam stopper directions were taken as the two freed

directions [9].

III. RESULTS AND DISCUSSION

The Ag clad BSCCO tapes have been fabricated by a mo~led PIT technique comprising of flat

and groove rolling. Detailed stress and microst.ructwd analysis were conducted to establish the

optimal deformation conditions during groove rolling. Inadequate annealing conditions and high

reduction ratios led to the rupture failure of the Ag sheath. It also led to the formation of

microcracks in the superconductor core which ultimately affected the current transport properties of

the tapes. Details of this study are provided in [3]. Short lengths of the Ag-clad BSCCO tapes

(GR4, GR6, GR8) were subjected to a series of thermomechanicaJ treatments, during which

phase development in all of the tapes was monitored by XRD. The study revealed that during the

thermal treatmen~ the partially reacted precursor powder consisting predominantly of 2212 and

alkaline earth cuprates is slowly transformed to the 2223 phase. While a small amount of 2212

phase was still present, after 250 h of thermal treatment, the amount of textured 2223 phase

formed was 88%. Baclcscattered electron images of the GR4 and GR6 tapes, after the final

thermomechanical treatment step, are shown in Fig. 2. SEM and EDS analysis indicated the

superconductor core to be predominantly dense and well textured 2223 grains. Secondmy phases

such as the Ca rich 2:1 (dark regions) and Pb rich 3221 (light regions) were observed but were

present in only small amounts.

Fig. 3 illustrates the current transport properties of GR4, GR6, and GR8 tapes after each

thermomechanical treatment step. In each case, JCvalues after the initial 50 h of heat treatment

were fairly low. This can be attributed to the low formation of 2223 and the frequent interruption

of the grains by secondary phases. After 250 h of heat treatment and two rounds of pressing, the

1, values of the GR4, GR6, and GR8 tapes were 53, 37, and 21 A, respectively. This, as shown

in Fig. 2, corresponds to a JCof 13,000, 18,000, and 12,000 A cm-2, respectively. The highest JC

was obtained in the tape that had been groove rolled to the sixth groove. The increase in current

transport properties during thermomechanicrd ueatment can be attributed to the increased amount

and texturing of 2223 grains, the higher oxide core density, and the greater connectivity of grains.

Measurement of the interface perimeter lengths on transverse cross sections of GR4, GR6, and
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GR8 tapes gave values of 8.5 mm, 6.53 mm, 4.88 mm, respectively. This indicates that

substantial improvement in current transport properties Cm be obtied by modifying the contact

area between the Ag and the superconductor interface.

Most of the TEM analyses were conducted on the GR6 Mpes and after the final heat treatment of

250 h. HREM was conducted on the transverse cross-section, in a region approximately 10 mm

from the edge of the silver sheath. HREM study indicated that even alla 250 h of heat treatment,

polytypoids of 2212, as shown in Fig. 4, can be observed at the colony boundaries (CBS).

Furthermore, intergrowths (1/2-1 unit cell) of 2212 phase were also observed within the 2223

phase. The GB, which had an 18° [010] tilt, consisted of the (1 O 18) GB plane of 2212 and (001)

GB plane formed by 2223.

Preliminary studies have been conducted to study the effect of this GB on the SOP and JCof the

sample. The estimation is based on the relationship betieen SOP and the contribution of NCU(0)

of copper atoms to the density of electron states at the Fermi-level in copper oxides [10]. A new

model that gives the dependency of NCU(0) on the distance from the boundary has been used to

characterize the GB [11]. The model is based on fist-principle ‘calculations that gives a

relationship between Ncu (0) md 10C~ configuration mound the CU atoms” The model h~ been

successfully used to chmxtiri= strong ~d we~y coupled GBs in ~MW7.x ~CO

samples. Computer simulations were conducted on the basis of the model and a 152,000 atom

fragment of the 18° [010] tilt GB. The resulk of the calculations for the above mentioned GB ate

shown in Fig. 5. The ratio of Cu atom contribution to tie density of states at Fermi-level, near the

GB [Ncu‘B (0)] and in the bulk [Ncub“’k(0)], is plotted in Fig. 5, as a function of distance to the

GB. “

For comparison the Nm (0) behavior for a weakly coupled GB in YBCO, which had a JCof 180

A cm-~,is also shown in Fig. 5. The calculated results for the GB under consideration indicate that

the layer of suppressed NCU(0) is quite small and narrow, in comparison to the YBCO sample.

This suggests, that even though 2212 is present at the GB, the SOP is not suppressed noticeably

and that the boundary is strongly coupled. Thi# unique behavior may be obtained because the GB

topology does not cause multiple breakdowns of the CU-O bonds. Especially in the grain with the

(001) GB plane the CUOZplanes are parallel to the boundary and hence all the CU-O bonds me

preserved. Another reason could be that the Cu atoms of the other grain near the boundary are

screened by oxygen atoms, and therefore the perturbations of their local electron states are very

small.
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TEM examination of the transverse cross section of the tape indicates that texturing is not perfect.

Some of the colonies seem to form in certain preferred orientations to the Ag surface. As shown in

Fig. 6 the angle in the pattern reflects the angle between the basal planes, also called the kink angle

[12]. Because in the cross section of the tape, the basal planes of all colonies are perpendicular to

the plane of the picture, the kink angle can be measured directly from high resolution TEM by

using lattice fringes. However, only the tilt component of the total disorientation angle can be

registered this way because the twist component does not add to the kink angle. Analysis of the

kink angle indicates that CB1 is 15° [010] tilt grain boundary and C132 is 18° [010] tilt grain

boundary. Analysis of papers in the literature, describing high resolution microstructure of

BSCCO tapes, revealed that most of the reported CBShave ~ mgles of either 18”* 3° or 30”A

3“ [13]. In the recentpaperby Yan et al., these kink angles are observed for 50% of the CB [14].

However the exact mechanism for the formation of these kink angles has not yet been established.

They may form because of the existence of coincident site lattice (CSL) boundaries X24 andZ51

for 2223. Another reason could be the formation of facets along low-index planes thus reducing

the energy for kink-angle formation [15].

IV. CONCLUSIONS

Silver-clad BSCCO tapes of various dimensions were fabricated by groove and flat rolling.

Detailed microstructural and phase development studies were conducted to optimize the

deformation and thermomechanical tteatment process. The highest JC of 18,000 A cm-z was

achieved in Ag-clad BSCCO tape that had been groove roLIedup to the sixth groove. Improvement

in current transport properties can be attributed to the increased amount and texturing of 2223

grains and to the absence of microcracks. Colony boundaries at the superconductor-Ag interface

were observed to form in certain preferred orientations. This can be attributed to the presence of

coincident site lattices for 2223 or to the formation of facets along low index planes. Polytypoids

of residual 2212 were also observed at the colony boundaries. The effects of this GB on the

superconductor order parameter and JCof the sample were also examined. The study revealed that

the layer of suppressed NCU(0) is quite small and narrow, thus implying that the boundary is

strongly coupled.



7

ACKNOWLEDGMENT

This work was supportedby ARPA MDA 972-9O-J-1OO1,the State of Texas through the Texas

Center for Superconductivity at the University of Houston; Argonne National Laboratory; and the

U. S. Department of Energy, Office of Energy Efficiency ~d Renewable Energy, under Contract

W-3 l-109-Eng-38.

REFERENCES

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

R. Flukigerj G. Grasso, J. C. Grivel, F. Marti, M. Dhalle, and Y. Huang, “Phase formation

and critical current density in Bi,Pb (2223) tapes, ” Supercond. Sci.TechnoL, vol. 10, pp.

A68-A92, 1997

S. X. Dou and H. K. Liu, “Ag-sheathed Bi(Pb)SrCaCuO Superconducting Tapes:’

Supercond. Sci. Technol., vol. 6, pp. 297-314, 1993

U. Balachandran, A. N. Iyer, P. Haldar, J. G. Hoehn, L. R. Motowidlo, and G. Galinski,

“Recent issues in fabrication of high-TCmagnets and long length multi-filament conductors:’

Appl. Supercond., vol. 2, pp. 251-259, 1994.

A. N. Iyer, S. Salib, M. K. Mironova, C. Vipulanandan, U. Balachrmdran and K. Salama,

“Fabrication and electromechanical characterization of silver-clad BSCCO Tapes:’ J. of
Supercond., in press

Y. Feng and D. C. Larbalestier, “Texture relationship and interface structure in Ag-sheathed

Bi(Pb)-Sr-Ca-Cu-O superconductor tapes;’ Interjace Sci., vol. 1, pp. 401-410,1994

D. C. Larbalestier et al., “Visualizing current flow in high-TCsuperconductors:’ JOM, vol.

46, no. 12, pp. 20-22, 1994

B.C. Prorok et al., “Improvements in critical current density for Bil.8pbo.4sr2ca3cU30x

(2223) OPIT tapes by increasing Ag-superconductor contac~” in Adv. in Cryogenic Engg.,

L. T. Summers, ed. New York: Plenum Press, 1996, pp. 739-743.

A. Umezawa et al., “Electromagnetic granularity, critical cument density and 10W-TCphase

formation at the grain boundary in (Bi,Pb)+3rzC~Cu~OX silver-sheathed tapes:’ Physics C,

vol. 198, PP. 261-272, 1992.

Y. Zhu, H. Zhag, H. Wang, and M. Suenaga, “Grain boundary in textured YB%CU7.X

superconductor~’J. Mater. Res., vol. 6,2507-2518, 1991.

P. Monthoux and D. Pines, “Spin fluctuation induced superconductivity and normal state

properties of YB~Cu~07~’ Phys. Rev. B, vol. 49, no. 6, pp. 4261-4278, 1994.

.:~:~,l..>,,,!,,.,:- mZ”-w~-~.--Z&x< :-— :.. .“b~.~ ..... ---——- —-—-—------ —- —--. --- ....-,.,.,



8

[11]

[12]

[13]

[14]

[15]

S. Stolbov, M. Mironova, K. Sakuna, unpublished, University of Houston, Houston, 1998.

M. B. Field, X. Y. Cai, S. E. Babcock, and D. C. Larbalestier, “Transport propertk across

high angle bicrystals of melt texture YB%Cu~+X,“ L%!? Trans. Supercond., vol. 3, 1479,

1993.

Y. Gao, C. T. Wu, Y. Shi, K. L. Merkle, and K. C. Goretta, “TEM study of grain

boundary in Ag-Clad (Bi,Pb)#zCaCu~OX Tapes;’ AppL Supercond, vol. 1, pp. 131-140,

1993.

Y. Yan, M. A. Kirk, and J. E. Evetts, “Structure of GB: Correlation to supercurrent

transport in textured B~ SrzCA.lCunOXbulk material;’ J. Mater. Res., vol. 12,3009, 1997.

B. V. Vuchic, K. L. Merkle, P. M. Baldi, K. A. Dean, D. B. Buchholz, R. P. H. Chang,

H. Zhang, and L. D. Marks, “The formation, transport property and microstructure of 45-

[001] grain boundary induced by epitaxy modification in YB~C~.X thin films;’ Physics C,

vol. 270, Pp. 75-90, 1996.



..

Msss Flow

I 6

Fig. 1 Schematic representation of single groove, showing direction of stress and mass flow.
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Fig. 2. BackScattered SEM photomicrographs of (a) GR6 and (b) GR 4 tape after 250 h of heat

treatment and two rounds of pressing.
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Fig. 3. Variation in current transport properties as a function of heat treatment time for GR4, GR6,

and GR8 tapes.
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Fig. 4. HREM illustrating GB with 18° [010] tilt. Boundary consists of (1 O 18) GB plane of

2212 and (001) GB plane formed by 2223.
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Fig. 5. Suppression of NCU(0) as a function of distance to grain boundary..

Fig. 6. Example of colonies that form preferred orientations to Ag surface. Analysis of kink angle

indicated that the CB 1 is 15° [010] and CB2 is 18° [010] tilt GB


