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Microstructure and/. Improvements in Overpressure
Processed Ag-Sheathed BI-2223 Tapes

Y. Yuan, J. Jiang, X. Y. Cai, S. Patnaik, A. A. Polyanskii, E. E. Hellstrom, D. C. Larbalestier, R. K. Williams,
and Y. Huang

Abstract—Overpressure (OP) processing influences the mi- integrity of grain connectivity, limiting supercurrent flow in the
crostructure and critical current density (J.) of Ag sheathed filaments.

Bi-2223 tapes. SEM and mass density measurements show higher Overpressure (OP) processing is designed to incrdase

core density and fewer micro-cracks in OP tape than in 1 atm b ina th bl iated with th Hi |
tape. The self-field critical current density, J. (0 T, 77 K) in )y OVErcoming me prodiems associated wi € conventona

multiflamentary tapes was increased from 33.5 kA/crd with ~Bi-2223 processing. OP processing is a low-pressure variant of
1 atm processing (1 atm IR) to 48 kA/cni with OP processing (OP hot isostatic processing [4], [5] that uses a mixture of Ar and
pressure= 148 atm) after the first heat treatment (OP HT1), and O, with a total pressureptoml) up to 200 atm to isostatically

to 58.7 kA/cm? with OP processing after intermediate rolling (OP . ; ;
IR). The corresponding values forJ, (0.1T, 77 K) are 12.3 KA/cn? compress the tapes. The Ar a_lpphes th_e isostatic pressure that
(1 atm IR) to 18.2 kAlcm for OP HT1 and to 22.4 kAlcm? for ~ COMPresses the tape. The,@vhich can diffuse through the Ag

OP IR. sheath surrounding the ceramic filaments, sets theneeded
to form 2223. Heat treating under external isostatic pressure
squeezes the tape, which can remove pores, heal cracks, and
align growing 2223 grains. Thus OP processing can incréase
by densifying the ceramic superconducting core, and improving
. INTRODUCTION grain alignment and connectivity.
HE HIGH temperature superconductor that is N this study, we inv_estigated OP processing of multifila-
used for large scale applications is Ag-sheathéBent aqd monocore B|—'2223 tapes. We demonstrate that OP
(Bi,Pb),Sr,CaCu;0, (Bi-2223) tape. The self-field crit- Processing significantly improves the mlcrostruc_ture dpt_d)f _
ical current density at liquid nitrogen temperatutg, (0 T, Bi-2223 tapes _compared to tapes processed using the identical
77 K), of long-length commercially available Bi-2223 tape atm processing.
is as high as~40 kA/cn?, which is lower than the desired
J. (0 T, 77 K) of at least 100 kA/chkh The major goal of Il. EXPERIMENTAL PROCEDURES
Bi-2223 research is to improv.. Bi-2223 tapes are currently  The OP processing was performed in a flowing gas OP system
fabricated from a mixture of 2212 and other phases by t'[@_ The pressure is Supp"ed by a commercial &r/@s mix-
oxide-powder-in-tube (OPIT) method. These OPIT tapes aige (Matheson Gas) in a high pressure tank (400 atm) that can
typically processed using a two-step thermomechanical cydl® used until the tank pressure equals the desfgd; in the
consisting of a first heat treatment (HT1), intermediate rollingp system. The design pGn the mixture was 0.077 atm for
(IR), and a second heat treatment (HT2), which may be fob, ,,, = 148 atm. All OP studies reported here were done with
lowed by post annealing. Intermediate rolling increases the cqeg, ., = 148 atm. In the flow systemP,,;.; and pQ remain
density [1], [2] but it also breaks many of the grains formingonstant during a run because the gas mixture inside the OP fur-
large numbers of cracks that can not be fully healed in HTRace is continuously being replaced during a run. Any gas lost
Furthermore, the filaments can dedensify when 2223 formsfigm small leaks or @ consumed by oxidizing the Inconel tube
HT2. It has been observed that even the best multiflamentafythe OP furnace is replaced by the incoming gas.
tapes still contain 10-30% porosity [3]. The pores and unhealedrhe Bi-2223 multifilamentary and monocore tapes used
deformation damage from IR, which are inherent defects in the this study were produced at American Superconductor
currently practiced conventional 2223 processing, destroy t®rp. The tape specimens were from various points in the
conventional 1 atm heat treatment: after the initial rolling
(green tape—GT), after the first heat treatment (HT1), and after
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Fig. 1. Final heat treatment (FHT) schedule used for 1 atm and 148 atm OP 24 1
processing.
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Sanple Heattresment and pressure conditions QSITZ(M{BC :tl;nn)”lultifilamentary Bi-2223 GT sample as a function®f.... for
lam GT FHTof GT @ 1 st
14tm HT1 HT1 @1 stm + FHT @ 1 4t duc_:tlng filaments was measured using image analysis of _thrge
polished cross sections. The mass was measured by weighing
latm IR HT1 @1latm +IR+FHT @1 atm the core after etching off the Ag. The microstructure was exam-
0P GT FHT of GT @ 148 atm ined using JEO!_ 61OQ and LE01530_ scanning ele_ctron micro-
0P HT1 HT1 @ 1 4om + FHT & 148 scopes. X-ray diffraction was done using a STOE diffractometer
@1atm @148 aom with Cu radiation.
0P IR HTl1 @ lamm +IR+FHT @ 148 st

Ill. RESULTS

The second heat treatment we used, called final heat treatFig. 2 shows that. of multifilamentary Bi-2223 GT samples
ment (FHT), is shown in Fig. 1. It is a simplified version of théOP processed using SHT at 148 atm for 36 hours varies with
multi-step 1 atm heat treatment developed by Jetrad.[6] that  11,.x. The maximuni, is at 816°C. SEM images of these sam-
uses a highef,... than that used for HT1. We used the FHTples’ microstructures show that the sample processed £t®16
schedule shown in Fig. 1 to 1 atm and OP process GT, HTas the best phase assemblage. The microstructures of samples
and IR multiflamentary and monocore samples. The 1 atm pqarocessed at lowdr,,,., contain more 2212 because the 2212 to
cessing was done in a normal tube furnace with flowing Ar/Q2223 conversion reaction is slower at lower temperature. Sam-
gas. The 1 atm experiments were done to compaiia 1 atm ples processed at highé&t, ., contain more 2201 due to the
and OP samples that had received identical FHT processing, mare transient liquid in the sample’At.« that converts to 2201
cept for the difference in total pressure. The 1 atm processidgring cooling.
was also done to study the effects of varying,p®xplained  When we OP processed HT1 and IR samples with FHT
below. Each FHT OP and 1 atm run contained monocore affg. 1), we found that the optimuffi,,.. for FHT was 822C,
multifilament GT, HT1, and IR samples. The sample designeich is higher tharl},,... found in SHT for the GT samples.
tions for the various heat treatments are summarized in Tabl&\le used!}, ., = 822°C for the FHT for all samples (multifila-

The as-received 400 atm OP gas mixture had a very lamentary and monocore GT, HT1, and IR samples) even though
O, content, 520 ppm, to set the desired,p@© 0.077 atm at there is microstructural evidence that a differéht,. may be
Pyoiar = 148 atm. It is difficult for the gas supplier to control needed to achieve highdr for some of the samples.
precisely the @ content at such low values. We measured the Fig. 3 presents thé. of 1 atm GT, HT1 and IR samples at
O, content using a zirconia oxygen sensor and determined tp&, = 0.075, 0.09, and 0.105 atm. For the 1 atm HT1 and IR
the O, content in the tank corresponded topkketween 0.075 samples/. is essentially constant over this p@nge. For the
and 0.10 atm at 148 atm. To investigate how fhas affected 1 atm GT sampled],. decreases with increasing pQvith the
by changes in p@over this range, we carried out FHT on GThighestl, for 0.075 atm. This is consistent with reported results
HT1, and IR samples at 1 atm with pC= 0.075, 0.09, and that the optimum p@for 2223 formation is around 0.075 atm
0.105 atm. [71, [8].

The voltage—current measurements were made with a stanFig. 4 shows the microstructures of 1 atm IR and OP IR sam-
dard four-probe method in liquid nitrogen in magnetic fields uples. In the 1 atm IR sample, large, well-aligned 2223 grains are
to 1 T. The magnetic fieldd was applied perpendicular to theonly present in a thin layer near the Ag/Bi-2223 interface. The
broad tape surfacé]|c). I. was extracted from thE—TI curves centers of the filaments are partially filled with poorly connected
using a IuV/cm criterion, and/.. is defined ad../A, whered is 2223 grains that are separated by large amounts of porosity and
the average cross sectional area of the Bi-2223 core. The massks. The cracks formed by IR are not effectively removed
density of the filament in monocore Bi-2223 was calculateoy FHT at 1 atm, and the porosity may have even increased in
from the mass, length, and cross sectional area of the sugbe IR sample during FHT at 1 atm. The OP IR sample appears
conducting filaments. The cross sectional area of the superctmhave much higher density compared to the 1 atm IR sample
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Fig.3. I. of multifilamentary Bi-2223 samples as a function of p@ith 1 atm TABLE 1l
FHT processing. Jc OF 1 ATM AND OP RROCESSED(148 ATM) MULTIFILAMENTARY SAMPLES

Saple  L(O0T,77K)  L(OT,77K) L(0.IT,77K) JL(0.1T,77K)
A katan A kivan

14m
1:mm GT 21 12
14m 56 31
HT1
1 sm IR 60 335 221 123
OP &t 148 atm

OP GT 55 31
20KV 2000 OP HT1 76 43 287 132
0P IR 88 587 3356 224

samples were reduced by 11% and 16%, respectively. Density
measurements on monocore OP IR samples showed the core
was up to 97% dense.

Table Il listsI. and.J. of 1 atm and OP processed samples. It
shows that OP processing significantly increagesompared
toidentical 1 atm processing. The self-field(0 T, 77 K) of the
OP GT sample is-2.5 times greater than the 1 atm GT sample;
J. (0T, 77 K) of the OP HT1 sample is 55% greater than the

A= S 1 atm HT1 sample; and. (0 T, 77 K) of the OP IR sample is
AR et 1 75% greater than the 1 atm IR sample.(0 T, 77 K) for the

(b) OP IR sample is 58.7 kA/ctn J. (0.1 T, 77 K) of the OP IR
Fig. 4. Backscattered electron micrographs of multifilamentary Bi-2228ample is 82% greater than the 1 atm IR sample, having reached

Sam_p:es (@1 fﬁ?ﬂl_lR and éb) OPIR. T(geE QCJr)ay rggignssare |I|3i-2§_23- Lar_g? bl2R.4 kA/cnt, which is the highest 0.1 T, 77 K value reported so
particles are alkaline earth cuprates or CuO. Small, white particles i

Pb-rich phases. White line-like particles are Bi-2212/2201. The tiny irreguﬁcl% for Bi-2223 sample.

and line-like black regions are pores and cracks, respectively.

IV. DISCUSSION

and the 2223 grains appear to be well connected throughout th&he OP heat treatment schedule we used (FHT in Fig. 1)
filament. OP processing significantly reduced the porosity amehs not fully optimized. We adopted a simplified version of the
healed the cracks. The small white particles dispersed throulylatm processing schedule Jiagigal. [6] developed. In spite
the microstructure in both the 1 atm IR and OP IR samples arEnot being completely optimized, Table Il shows the OP pro-
the Pb-rich phase (Pb-3221), which formed during the last atessing reported here dramatically increagecelative to iden-
nealing step in FHT [5], [6]. tical 1 atm processing.

Fig. 5 displays the Bi-2223 cross sectional areas of 1 atmWe found thatl},., was 822°C when using FHT for OP
and OP processed multifilamentary samples. Compared to thi€l and OP IR samples, which was slightly higher than for the
1 atm IR sample, the cross sectional areas of OP HT1 and OPOR SHT of GT samples (818C). As Jianget al. explain [6],
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Huanget al. [11] have used SQUID measurements of the
magnetic moment of Bi-2223 tapes to determine the amount of
2212 in the tape. They measured 1 atm IR and OP IR samples
from our study and found that the OP IR samples contain less
2212 than the 1 atm IR samples. X-ray diffraction studies also
show less 2212 in the OP samples. Umezaial. [12] and

Additional
Jefrom OP
processing

5559
59555555%
5555%%

L e Huanget al. observed that decreasing the 2212 content corre-
CH Caloulsted lates with increasing/.. At present we do not know how OP
gael :—e';;';;ng I processing decreases the 2212 content. We speculate that the
| core S local regions in the OP sample with the highgsmay contain
o - the fewest 2212 intergrowths.
1amlIR OPHT1 OFIR A practical goal of OP processing is to achieve high

without the IR step. To date, our highektis for OP IR sam-
Fig.6. Calculated portion of thé increase between 1 atm and OP processingl€S, and the largest increase between 1 atm and OP samples is
that is due to densifying the core. for IR samples. The 2223 (and 2212) grains are fractured during
IR. We expect that fewer 2223 and 2212 grains are broken by
se both the HT1 anaqﬁisostatic compression the_ OP HT1 samples _experience com-
0% of the 2212 in pared to the shear deformation that occurs during IR. In 1 atm

the sample is converted to 2223. At higher temperatures durfi pessing, the cracks thqt fprm in IR do not_ completely heal
P 9 P gc;mg FHT and thus they limif.. However, grain fracture that

HT2, more transient liquid forms in the HT1 and IR sample@ during IR al d mi ted material
that may help heal cracks and enhance densification. We exp%%(furs. uring also €xposes and Mixes unreacted material,
which is similar to what occurs during intermediate grinding

the same phenomena occur during OP processing. . . . .
o ) when doing solid state reactions. This may allow more 2223 to
The data in Fig. 3 for the 1 atm FHT experiments showfhat o quring the final heat treatment. Thus an IR sample, which

is essentially independent of p@om 0.075 to 0.105 atm for 1 j o« more grain fracture than an HT1 sample, may form more
atm HT1 and IR tapes. Although we do not know the exact PG 223 than the HT1 during OP FHT processing.

in the OP system at 148 atm, our measurements have bracketqqg_ 4(b) shows the OP IR sample still contains nonsupercon-

itin the range 0.075 to 0.100 atm (for this tank of gas). EXtragy,cting phases, micropores and microcracks, suggesting there is
olating from the results for the 1 atm samples, we asslif@&  o4m for OP processing to improve the microstructure and fur-
the OP HT1 and OP IR samples would be essentially constaqgt, increase...

for any pG between 0.075 and 0.105 atm.

The microstructure in Fig. 4, measurement of the cross sec-
tional area of the core (Fig. 5), and measurement of filament
density show that OP processing densified the 2223 core. If OP processed Bi-2223 tapes have higher core density,
is constant and the core is densifigdincreases. Thus one canl€ss porosity, more uniforny.. distribution, higher local/.,
ask how much of the, increase that occurs in OP samples ignd better connectivity than tapes that received identical
due to densification and how much is caused by other factotsatm processing. With our partially optimized OP processing
Fig. 6 shows the portion of the increase.nin OP HT1 and Schedule, we have increased (0 T, 77 K) of IR tape by
OP IR samples that can be attributed to densification. For th&% from 33.5 kA/crfi (1 atm IR) to 58.7 kA/crfi (OP IR).

OP HT1 sample, OP increasdd (0 T, 77 K) by 14.5 kA/crd  The 1 (0.1 T, 77 K) data for the OP IR tape is 22.4 kKARmM
over the 1 atm IR sample and densification can only account #hich is the highest value reported to date. We believe that
4.2 kAlcn? of this increase. For the OP IR sample, OP increasé/ther understanding and optimizing the OP processing will
J. (0T, 77 K) by 25.2 kA/cr over the 1 atm IR sample andsignificantly improveJ. in Bi-2223 tape.

densification can only account for 6.4 kA/érof this increase.
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