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By manipulating the cooling rate from the final heat treatment, we have raised the 77 K, self-field
critical current density J;) of multifilament (Bi,Pb}Sr,CaCu;0, (2223 tapes by a factor of 3,

and the irreversibility field1*) by more than 50%. Thé. of samples cooled in 7.5%3rom their
reaction temperature of 825 °C increased frem to ~24 kA/cn? andH* (77 K) increased from
~120 to ~200 mT as the cooling rate was decreased from 5 to 0.016 °C/min. The results
unambiguously show that the flux pinning properties of 2223 tapes can be improved by simple
changes in wire processing. ®96 American Institute of Physids§0003-695(96)00145-3

Improving theJ, of 2223 superconductors in an applied Ag-clad 85-filament samples of nominal composition
magnetic field provides the most direct path to broad appliBi; gPhy 3Sr Ca Cuz 10, were processed to develop a
cation of high-temperature supercondudtdiS) wire. Ag-  dense and aligned 2223 phase structure. The final heat treat-
clad 2223 made using the powder-in-tube process is cuiment was given at 825 °C for 100 h in a 7.5%/kalance
rently the most promising HTS wire technology becauseN, atmosphere. Samples were cooled under electronic fur-
established processes can be used to manufacture lom@ce programmer control from 825 to 730 °C at seven rates
lengths of strongly linked material. However, in contrast topetween 5 and 0.005 °C/min, and were then furnace cooled
Y- and Tl-based superconductors, 2223 has relatively weakt ~20 °C/min. Scanning electron microscopy was used to
flux pinning properties above about 30 K. For this reasoneyamine the filament microstructures, and x-ray diffraction
use of 2223 wires in moderate to high applied fields is cur(xrp) using Cu-K « radiation was used to study the phase
rently limited to low temperature. assemblage of the samples.

Three strategies have been used previously to improve |, 77 K, self-field critical currentl() defined at 1

flux pinning in Bi-based supercqndu.ctors.. Qne successful ap,&V/cm were measured for six 2.5 cm long samples for each
proach has been postprocessing irradiatidfowever, al-

thouah the in-field t g be sianificant cooling rate. Thd . was converted td. by dividing by the
h oug d 'te' - |<te | rantsporhctcar; ft;.'gn' 'C;n dy en- b average superconductor area of 12 transverse cross sections.
anced, 1L1S not clear fo what extent this method can ¢ values were also measured at 77 K in magnetic fields from

applied to practi_cal wire _manufacturing. A_second_ approactb to 300 mT applied perpendicular to the broad face of the
has focused on introducing defects associated with dopantfc,ape(i_e. nominally parallel to the axis of the 2223 grains

dislocations, and particlés* While this has achieved some
S Extended voltage-transport current measurements were made
success, enhancements to the transhoof HTS wires in an N at least tw mples for h ling rat ing a Keithl
applied field has not yet occurred. Finally, controlled ma—isoa1 eas c|>tsa pesl.f(_) eacd Coozoc?l Z.e.ijsl 9 ait' N i e
nipulation of the oxide constitution to produce impurity nanovolt preampliier and a 'gital muttimeter.
The noise was kept ta=3 nV in the best cases by using

phase particles in Bi-222has met with limited success. In _ | londs f h h e
this contribution, we show that simple modifications to theCoNtinuous Cu voltage leads from the 4.1 the preamplifier

heat treatment can enhance both the zero field and the i#IPUts- Although it is desirable to remove the Ag sheath in
field properties of 2223 tapes. order to obtain the tru€e—J characteristics of the 2223
Parrell et al® have shown that the rate at which 2223 filaments! this was not feasible for the multifilament
tapes are cooled after heat treatment can have a large effet@@MPples studied here. To correct for current sharing between
on the transpord,, critical temperatureT) transition, and the Ag and the 2223 filaments, the current flowing in the
filament microstructure. They reported that slow coolingSuperconductor,ls, was calculated fromls=I—V/Ryg,
(<0.1 °C/min in 7.5% O, increased thd, (77 K, self-field wherel is the measured curreny, is the measured voltage,
by as much as 50% over tapes cooled more quickly, an@NdRyg is the measured resistance of the Ag claddiRg,
considerably sharpened tfie transition, despite decomposi- Was determined from a sample that had been severely bent,
tion of the 2223 phase at temperatures below the 2223 phasiestroying the continuous 2223 paths, and then annealed at
stability limit. This letter builds on this previous work of 400 °C to eliminate any cold work effect on the Ag resistiv-
Parrell et al. by exploring in detail one contribution to the ity. As Raq varied by less than 2% between 20 and 300 mT,
J. improvement. In particular, we have evaluated the fluxthe magnetoresistivity of the Ag was ignored, @y, deter-
pinning contribution by measuring the cooling rate depen-mined atwoH =300 mT was usedd* of some samples was
dence of the irreversibility fieldd* . also measured by magnetizati@efined by the field of loop
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FIG. 1. J. (77 K, self-field, 1uV/cm) as a function of cooling rate from 825 10

to 730 °C.J. was maximized at a cooling rate 6f0.016 °C/min. measured

E (uV/cm)
curvature parameter

closureg in a superconducting quantum interference device
(SQUID) magnetometer.
Figure 1 showsl; (77 K, self-field, at 1 wV/cm, as a 0.1
function of cooling rate from 5 to 0.005 °C/mid, increased
from ~8 kA/cn? to a maximum value of-24 kA/cn? for a
cooling rate of 0.016 °C/min, and then decreased for the still
Slo‘.Ner cooling r.ate of 0.005 .O/mm' As (.jetalled-below, .We FIG. 3. Examples ofa) the extended—J data used to determirté*, (b)
believe that the increase iy with decreasing cooling rate is a characteristic corrected for current sharing with the Ag cladding,(end
at least partially due to increases in the flux pinning strengthhnow H* was determined by the squared term parameter of a quadratic fit.
We attribute the decrease df at extremely slow cooling
rates to decreases in both* and the intergranular connec- An example of theE—J data collected for a sample
tivity, the latter due to extensive decomposition of the 2223;q0led at 0.016 °C/min is shown in Fig. 3. Following
phase’ conventior® we defineH* as the field at which the curva-
Figure 2 shows the normalizel} values,J¢(B)/Jc(0),  ture of the logE—log J characteristics changes from negative

as a function of applied field for three of the cooling rates.tg positive. A quadratic fit to the measured data was used to
These data show that, in addition to the increase in the zergrovide an unbiased determination of the curvature, and

field J., some of which may be due to increases in the con{y* \was taken as the field at which the value of the coeffi-
nectivity of the core, slow cooling also increasksin ap-  cjent of the square term of the quadratic passed through
plied magnetic fields, indicating an independent increase iBgrg? The open symbols in Fig.(8 show the Ag-corrected
the flux pinning strength. E-J data as a function of magnetic field, and the lines
through the data points are quadratic fits. Figurés and
3(c) show examples of the Ag correction and quadratic fit

b
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10¢ T — analysis procedures used to determiié&. If left uncor-
T rected, current sharing with the Ag sheath causesEthé
08 1 characteristic to shift to higher values &fwhich can intro-
? S C/min duce error into the curvature analy_sis, particularly for
2 06 5 016°C/min ] samples with lowl; values.ugH* for this sample was de-
= s 0.016°C/min termined as 1975 mT.
o X . " . -
T 04} J Figure 4 showdH*, determined as in Fig. 3, and from
%, SQUID magnetization loop closure, as a function of cooling
02 0 ‘ rate. As thg cooling rate was decreased from 5 to Q.OO5 °C/
1 uViem min, poH* mcrea_sed frorr_tv120 f[o over 2Q0_ mT. This de-
0.0 o . L pendence on cooling rate is qualitatively similar to that of the
000 005 010 0I5 0.20 self-field J; in Fig. 1. This behavior, in addition to the in-

B.(lic) Tesla field normalizedJ, values of Fig. 2, confirms that the flux
¢ pinning properties of the 2223 have been improved by slow
FIG. 2. NormalizedJ. values as a function of applied field for samples ?OOImg’ since both the nprmallzed and the abso]gmlues
cooled at 5, 0.16, and 0.016 °C/min. Slow cooling improved the in-fieldINCrease upon slow cooling. For example, at 77 Kand 0.2 T,
J. values of the tapes. in addition to the absolutd. being approximately 10 times
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FIG. 4. Irreversibility field {*), determined by transport and magnetiza-

tion, as a function of cooling rate. FIG. 5. X-ray diffraction patterns of samples cooled at 5 and 0.016 °C/min.

Slowly cooled samples have high&r values despite containing more Pb-
rich impurity phases.

greater, the normalized;, of samples cooled at 0.016 “C/min tated phases produce increased flux pinning, either directly

is about twice that of samples cooled at 5 °C/min. Although L . . .
. " . or through strain fields or other perturbations associated with
the magnitude of thél* enhancement observed is modest,,, . ) o S
their presence. As important as our initial flux pinning en-

our results are particularly significant in that the proces . .

. . . . .o ancements are to performance improvements of 2223 wires,
through which they were obtained is readily applied in prac- . . .
. L further understanding of the complex interplay between in-
tice. Furthermore, the development of a mechanistic under-

standing may lead to further flux pinning improvements. tergranular connectivity and intragranular flux pinning will

To develop this understanding, we have carried out E;{:\Imost certainly result in more substantialimprovements

. . . 2 of HTS wires.
preliminary microstructural investigation of samples cooled

at different rates. As shown in the XRD patterns of Fig. 5’m en[t)ISGCrL:)iSI?:E“\_N IEZSOSr EOAI:\Tfoﬁtg;? |g;hNeLWgﬁdDLeJ\\//§lop-
samples cooled at slower rates with higigandH* values P ' ' i ' '
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