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Irreversibility Fields of Bi-2223 at 30-77 K

J. G. Chandler, J. Jiang, X. Y. Cali, L. A. Schwartzkopf, and D. C. Larbalestier

Abstract—Significant differences exist, of order a factor of two, at which the solid vortex glass phase capable of flux pinning
in irreversibility field at 77 K of Ag-clad (Bi,Pb);Sr2Ca;CusO. and finite bulk critical current density transforms to a vortex
(Bi-2223) composites from different sources. In the present case, liquid phase in which flux pinning is destroyed and for which

we have studied the 30-77 K irreversibility field andJ. perfor- the bulk td ity Inth | in which h
mance of post annealed Bi-2223 samples. Post annealing in the € bulk currentdensity IS zero. In the normal way in which suc

temperature range 800-750C significantly raises bothJ. andthe ~tapes are tested, the magnetic field is applied perpendicular to
irreversibility field. At 77 K, the irreversibility field was charac-  the broad tape face and thus approximately parallel to-tvees
terized both by the decrement field, H,, defined by J.(H) o of the grains. This configuration has much lowé, than for
exp(—~H/H,) and by the glass transition field, Hy, defined by = gieq anplied parallel to theb-planes. Any experimental mea-

the change in sign of the curvature of the voltage—current char- t of]. b licated by si Is d | di
acteristics. At lower temperatures, where only magnetization mea- surement otif,; Can be complicated by signais developed in

surements were madeH,, and the Kramer function extrapolation ~ different parts of the tape at varying fields, some of which have
field, Hgx were used.H,, (77 K) ranges from 0.143-0.170 T and a lower irreversibility field than others.
Hy, (77K) from 0.082-0.164 T. Higher post annealing temperatures  Careful study of tapes from multiple sources by transport has

produced larger values of bothH i and H,, at 30-50 K. H i (30 K) : i
varied from 8-10 T. Two tapes from Ieaﬁing manufacturers had shownthaty, (77 K) as measured by, can vary significantly

H (30K) values of 7.3and 10 T, bracketing the results obtained in from ’_“160 t0 370 mT [3]. In prlnc_:lple, a ,h'ghEHi”,'S taken to

our post-annealed tapes. We conclude that sample-to-sample vari- b€ evidence of stronger flux pinning, a highly desirable property

ations of irreversibility field at 77 K carry over to lower tempera-  that would be even more valuable in the 25-50 K range where

tures too and that optimizing the irreversibility field properties at  Tesla-strength magnetic field applications for 2223 can be con-

77 K'is very valuable for lower temperature Bi-2223 performance  gjqered. The magnitude df(H ) is always important buf..(H )

too. is composed both of a connectivity component (the amount of

_ Index Terms—(Bi,Pb) Sr>Ca; Cus O tape, Kramer extrapola-  the cross section that is actually carrying current) and a flux pin-

tion, magnetization, post annealing. ning component. The connectivity contribution.tg H) is not
easy to define, though detailed magneto-optical current recon-

|. INTRODUCTION structions are making this parameter much clearer [11]. In re-

cent work, it has been shown that minimization of 2212 inter-

HE l.JSE Of.Bi'2223 tapes for poweriqg uti_lity devices ig rowths is very valuable in raising. (0 T, 77 K) andJ.. (0.1 T,
. .predlcated N many cases on.de\./elopmg high current deg, K), probably because such intergrowths strongly reduce the
sity in the presence of a magnetic field. Two benchmarks Q

rrent path cross-section at 77 K [4]-[6]. However, 2212 in-

\?é-r?sizkil?i)ntafpi)eelz aIr{e th?nctrrlfilgavlvglrjlirw; iengslydz,ea?:et?;rllgga tergrowths are only one of many current-limiting mechanisms
o A ’ . “controlling theJ.. of Bi-2223 tapes. At lower operating temper-
ture dependence dff;,,, at 77 K and below, as a function of g P P 9 P

. atures, it might be expected that 2212 intergrowths would be
post-anneal tempergturﬁpa, for reatments that vary and M |ess influential, though little hard evidence on this point exists.
prove these prppgrtlgs. : o i i The present study aimed to evaluate the lower temperature
The irreversibility field, Hi, n principle defines the field irreversibility field behavior of a set of post annealed Bi-2223
at wh|ch_the bulk current densny_becomes_ Zero. For_a CO[PXpes all derived from the same precursor. To accomplish this
plex partially textured, polycrystalline material like a B|-222i%ask we compared magnetization evaluations over the range
tape, it can have m_ultiplg experimentql definitions. Forexa".‘p'&)—éo K with transport data taken at 77 K. We made three dif-
Sheahan [1] describes it both as the field at which Mvs. Hiis Crent experimental evaluations 8f,.., one of which, that of the

longer a double-ya!ued function and as the magnetic field tr.@gcrementfieltﬂp, was made at all temperatures. We found that
makes/. zero. Within the context of the vortex glass theory [2] ost annealing significantly improvefl(Ff) and H,, at 77 K

the irreversibility field H;,, can also be described as the fiel nd thatH,, was then improved at all temperatures. We bench-
marked the changes found in our samples against those found in
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HT separated by an intermediate densification treatment, six TABLE |

samples were given a 24 hour post anneal (PA) at temperatures CRITICAL CURRENT DENSITY, J., DECREMENT FIELD, H,,, AND
" . VORTEX GLASS TRANSITION FIELD, H, AT 77 K

from 750°C to 800°C. Each heating cycle from room temper-

ature (RT) employed a heating rate df®/ min from 50°C to *PA_ 1,0T, J,01T, Alon H, H,
the PA temperature and a cooling at a rate 8€2 min back Temp (kA/cm?) (kA/cm?) PA (mT) (mT)
down to 50°C. All samples were treated in a flowing 7.5% None! 258 7.1 - 157 -
O,/balance N atmosphere. 800°C 30.8 9.4 17% 170 164
Transport critical current/., data were measured at 77 K~ 790°C 308 9.5 17% 170 164
; : T 780°C 31.7 98 23% 159 123
using the standard four probe technique in fields upto 0.5 T 270°C 307 95 19% 161 123
applied perpendicular to the broad tape face. The voltage was ,gqo~ 307 28 22% 161 102
measured using a Keithley 2001 multimeter fed by a Keithley  750°c  26.1 8.1 2% 143 82

1801 nanovolt pre-amplifier. To prevent excessive thermoelec-
tric voltages and give true nanovolt sensitivity, CONtiNUOUS CU  Tpverage values of samples after HT2 used for subsequent PA.
leads were used from the sample to the inputs of the pre-am- *All had same HT1 and HT2.

plifier. The critical current density/.., was defined at the usual
criterion of 1 V/cm. The Bi-2223 area was measured by digital
image analysis of polished cross-sections.

Magnetization data was obtained using a Quantum Desic 324
Model 6000 PPMS. DC magnetization loops were taken from
to 6 T at temperatures of 30 to 40 K in steps of 2 K and also ¢ ~
50 K. The magnetometer was ramped at a rate of 2 mT/s, leadil §
to an induced electric field of 0.4V/cm across the sample for
the magnetization data. £ 281

From the 77 K transport measurements we extradigd
by observing the field at which the curvature of the extende: 26 | ]
log V—log I characteristics changed sign, defining thisths me
the vortex glass transition field. For Bi-2223 tapes there is als —e— Before Post Amneal
a region from about 50 mT to 150 mT for which(H) is pro- B
portional toexp(—H/H,) [3]. We report this decrement field,

H,, as a second benchmark of tape quality. In the context c.
therma"y ac_tlvqted flux C_reep, Iargé{l’ values C(_)rre_spond to Fig. 1. Critical current density/. (0 T, 77 K), for Bi-2223 samples before
higher flux pinning potential wells and stronger pinning. As welkquares) and after (triangles) post annealing at different temperatures.

as providing an experimental measure of the rate of fall-off of

J. infield, H, has an independent physical significance: it is thgture declinest, declining from 164 mT at 800C to 82 mT at
field, Hy,ax, at which the volume pinning forcé),, is maximum  750°C, while H,, falls only from 170 to 143 mT over the same
[8]. Itis this field which Mawataret al.used to scale the volumerange of PA treatment. As found féf,, the 750°C PA has the
pinning force in their study of temperature scaling in a Bi-222@west value off,,.

tape [9]. From studies of low temperature superconductors theBelow 77 K all data were extracted from magnetization
irreversibility field is known to be definable by extrapolating thfhysteresis loops. Fig. 2 shows plots of the Kramer function,
linear scaling functionss/>H'/4 (or Am'/2H'/*, wherem is ~ Am®3 25, and example linear extrapolations to the field
the magnetic moment in magnetization measurements) to zaxds which defineH ;. There is a substantial linear section to
[10]. We define this extrapolation of our magnetization meaach plot, similar to that seen for MBn [10]. Since BSCCO
surements a#l k. This scaling function is the linearization thetapes are not fullyc-axis oriented, there is an unavoidable
flux lattice shear function first proposed by Kramer [12]. Agontribution to the magnetization hysteresis near to and above
seeninthe subsequent dalth, andH , are very similar in mag- Hy for highly misaligned grains having theib-planes aligned
nitude, whileH g is 4-5 timesH,,. parallel to the field and thus possessing higligy,. Linear
extrapolations below this threshold defifig; characteristic of
long-range current flow with the applied field parallel to the ¢
axes of grainsH i values are shown in Table II.

The J., H,, and H, values at 77 K for the PA samples to- Table Il compares the transpaif, (77 K) data with these
gether with an average of these values after HT2 but before pogtgnetizatior i (30-50 K) values for all post annealed sam-
annealing are shown in Table | and Fig. 1. Post annealing signffies and two industrial tapes made by manufacturers X and Z.
cantly improves/. (0 T and 0.1 T) at each temperature (8@ It can be seen thallx (30 K) for the PA samples varies from
to 750°C) the largest increase . (0 T, 77 K) from 25.8 to 8.4-10.0 T, while the two manufacturers’ tapes have values of
31.7 kAlcnt (23%) occurring at 7806C. H, is also improved 7.3 and 10 T. Fig. 3 shows thafx increases smoothly and with
from 157 to 170 mT, the best results being obtained at 790 aindreasing slope as the temperature decreases. THe&30dst
800°C, rather than at 780C as was found fod.(H). Table | annealed sample had the highest valuH gf. Table Il and Fig. 3
also shows that/ ; falls more rapidly thar#,, as the PA temper- show that the relative ranking of post-annealed samples by value

34 -

740 750 760 770 780 790 800 810
Post Anneal Temp. (°C)

Ill. RESULTS
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ig. 3. Hg (30-50 K) andH, (77 K) as a function of test temperature for

Fig. 2. Kramer plots of 32—40 K of Bi-2223 tape. Sample was post anneal post annealed tapes and industrial tapes X and Z.

at 760°C for 24 hours.

TABLE 1l
TABLE 1 DECREMENTFIELD, H,,, FOR30-50 KAND 77 K
KRAMER SCALING FUNCTION EXTRAPOLATIONS,
H g, FOR30-50 KAND H, FOR77 K PA H,(T) H,(T) H,(T) H(T)
Temp. 30K 40K 50K 77K
PA Hx (T) Hx (T) Hg (T) H, (T) 800°C  3.04 1.17 0.529 0.170
Temp 30K 40K 50K 77K 790°C  2.87 1.11 0.528 0170
800°C 10 47 25 0.164 780°C  2.59 1.01 0.468 0159
700°C 95 46 55 0164 770°C  2.59 0.988 0489 016l
760°C 2.47 0.990 0.489 0.161
780°C 89 42 23 0.123 .
270°C 9.0 43 24 0123 750°C 2.45 0.888 0.450 0.143
760°C R4 42 23 0.102 Tape X 2.85 1.17 0.533 0.165
750°C 8.8 43 24 0.082 *Tape Z 2.03 0.889 0479  0.175
*Tape X 10 49 28 0.143
'Determined by finding Byax for o vs. H.
"Tape Z 7.3 38 22 0.205 *Determined by using the equation J{(H) ~ exp(—H/H,).

“Industrial tape — monocore (no PA)

*Industrial tape — monocore (no PA) *Industrial tape — multifilamentary (no PA)

*Industrial tape — multifilamentary (no PA)
effective benchmark of the relevance of these data to commer-

of H, (77 K) remains valid at 30 K, too. Fig. 3 suggests that thc&jal multifilament tapes. In as much as the spread of values of

absolute magnitude of the differences between tapes increasés In Fig. _3. tends to increase as th? operating temperature
as the operation temperature diminishes. ecreases, it is clearly valuable to maximizg, (77 K) so that

Table Il comparest, of all post annealed samples and thQetter performance is obtained at lower temperatures too.

two commercial tapes, wheté, is taken as the field at which 7;—T<e S"gg di;fsr;ncglsl ti)n j[he trgndsdfc.ifrc(fl-l, :}7 K), Ilpr
F, is maximum. H, shows the same trend as doHs in ( ) andf, ( ) wi  be Investigated in further work. By
logy to NBSh for which a Kramer function scaling of the

Table Il, that is, a decrease with decreasing PA temperature, YITH) is well attested, we expect that useful magnets can be
highest value being attained after post annealing af 800 made up to about 2/8,, that is~4—6 T at 30 K for Bi-2223
tapes withH i (30 K) of 7-10 T. But the magnitude df.(H) is
also vital too. To maximizd.(H) requires separate attention to
A study of the irreversibility field over the temperatureboth the connectivity, here not explicitly evaluated, and flux pin-
range 30-77 K shows a systematic trend, namely that amyng, here evaluated by the measuremerfgf. It is intriguing
improvement inff;,, developed at 77 K is also valuable at 30 Kthat H, (77 K) varies more strongly with post anneal treatment
The primary experimental variable used to develop propettiyan doesH,, (77 K). Becausedl, is defined by the change of
variability in our tapes was a 24 hour post-anneal proceduresagn in the curvature of low-levabg V—log I plots, whereas
temperatures of 750-80C. VaryingT,, markedly improved H, is evaluated at a higher dissipation levej{t/cm) and rel-
J.(H,77 K), raising.J. (0 T) above 30 kA/crh, a respectable atively far fromH ,, these two distinct measures 8f,, may be
value for monofilament tapes, also making small improvemergampling different parts of the dissipation spectrum. We hope
to Hi,., too. The values ofix, H,, and H, found for these that there may be some significant clues to the various current
tapes all fell within the range of values measured for represdimiting mechanisms in Bi-2223 tapes, by performing multiple
tative tapes from two leading manufacturers, thus providing amdependent characterizations as has been done here.

IV. DISCUSSION
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V. SUMMARY [4]

We have investigated the irreversibility fielé,. behavior of
post annealed Bi-2223 tapes by magnetization (30-50 K) and

transport measurements (77 i), has been evaluated by three

independent measurements,, H, andH i . Maximizing Hi,,
at 77 K also maximizegl;,, at all lower temperatures studied.

By benchmarking the samples against two representative tape[g

from two different commercial sources, we conclude that our
observations are generally valid.

(7
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