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ABSTIUCT

(Bi,Pb)@2Ca2CusOX (Bi-2223( bars, prepared by sinter forging, exhibited good phase
purity and strong textures with the c axes of the Bi–2223 grains parallel to the forging
direction. The initial zero-field critical current density (Jc) of the bars was 10s A/cm2, but
because the forged bars were uncoated, this value decreased with repeated thermal cycling.
JC as a fhnction of applied magnetic field magnitude and direction roughly followed the
dependencies exhibited by Ag–sheathed Bi–2223 tapes, but the forged bars were more
strongly dependent on field strength and less strongly dependent on field angle.

INTRODUCTION

Good Bi2SrzCaCuzOX (Bi–22 12) and (Bi,Pb)zSrzCa2CusOX (Bi–2223) conductors
exhibit excellent phase purity and texture. 1‘3 These bulk, Bi–based, high–temperature
superconductors have exhibited high transport critical current density (Jc). However, Jc
values ofBi–2212 and Bi–2223 can decrease substantially in applied magnetic fields that
have a component in the c direction of the predominant texture, especially at temperatures
approaching 77 K.z~4

The microstructure of sinter–forged Bi–2212 and Bi–2223 bars appear to be nearly
identical to those of Ag–sheathed tapes. A-10 Jc values of forged Bi–2223 bars have been
reported to reach 104 A/cm2 at 77 K in self field, with critical current (Ic) values of up to
several hundred amperes. Tapes have achieved transport Jc values of= 10s A/cm2 at
77 K. 11 The difference of nearly one order of magnitude between these two conductors is
at least partly related to the higher self fields of the larger, sinter–forged Bi–2223
conductors.

The effect of angle of applied magnetic field on Jc has been quantified and modeled
successfully for Ag–sheathed Bi–2223 tapes at 75 K.2 The goal of this study is to
determine whether forged Bi-2223 bars exhibit in–field Jc properties similar to those of the.
sheathed tapes.
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. EXPERIMENTAL PROCEDURES

Powder of nominal composition Bi 1.~4Pb0,@r2.03Ca 1.@.13.060y was prepared W

solid–state reaction of Bi20~, PbO, SrCO~, CaCO~, and CUO powders. The powders
were mixed in ethyl alcohol, dried, and then fired in air and ground repeatedly. The heat–
treatment schedule was 750°C for 5 h, 800”C for 5 h, 850”C for 20 h, and 850°C for 50 h.

Compacts, each with a length of 60 mm, a width of 10 mm, and a thickness of
4.2 mm, were prepared by cold uniaxial pressing at 9.8 MPa for 60 s. Each compact was
placed between two MgO plates, sinter–forged in air at 850”C and 2.0 MPa for 5 h in the
first stage, and then at. 860°C and 9.8 MPa for 20 h in the second stage. Temperatures
were maintained along each sample to +2°C; the distance between the sample and a
thermocouple was =3 mm.

The MgO plates became bonded to the Bi–2223 bars during forging. They were
removed by polishing. The thickness of each polished sinter-forged sample was =1.4 mm.
Four sinter–forged samples were stacked and forged again in air at 860”C and 9.8 MPa for
20 h to produce a final sample thickness of =3 mm.

Sample density was obtained from mass and dimension measurements. Phase purity
and texture were evaluated by X–ray diffraction, which was conducted parallel with the
sinter–forging direction, and by scanning electron microscopy (SEM). 12

To measure the ICof the forgings, three 20-A Kepco current amplifiers were placed in
parallel to obtain a maximum current of 60 A. The output from the amplifiers was
connected to a l–mf2 resistor and the sample in series. This resistor was used to
determine the current passing through the sample. A Hewlett-Packard voltage source was
used to pulse the Kepco units (the pulsing unit is capable of current pulse widths of
<1()()ins). A Hewlett–packmd nanovoltmeter was used to measure the voltage drop of the
sample and a Hewlett–Packard multimeter was used to measure the voltage drop across
the resistor. All instruments were controlled by a computer through a GPIB interface.
LabVIEW software was used for control and data collection.

Current was passed through the sample in both directions, and averages of these two
readings were taken to cancel any thermal offset. The sample was placed in a liquid–N2
dewar that was positioned in a uniform magnetic field from an accelerator magnet. IC
values were measured in magnetic fields from Oto 0.4 T; orientations were Oto 90° with
respect to the forging direction.

Figure 1 is a schematic diagram of the ICmeasurement system. Transport current was
determined from the voltage drop across a calibrated resistor in series with the Bi–2223
sample. ICwas determined with a standard l–pV/cm criterion. All measurements were
conducted at 77 K. The magnetic field was applied by a large–bore accelerator magnet
capable of O.4 T.

RESULTS AND DISCUSSION

The density of the forged Bi–2223 samples was 6.1 g/cmJ. SEM examinations of
fracture surfaces and polished cross sections indicated that the samples consisted of >95’%0
Bi–2223 phase. Individual grains exhibited large aspect ratios and significant texture (Fig.
2). X–ray diffraction confirmed strong textire (Fig. 3), with the c axes of the grains aligned
parallel to the forging direction and the a–b planes along the direction of current transport.
It has been shown that the texture of good sinter–forged bars is sufficiently strong to
produce near–single–crystal elastic properties. I J>14 One expects that such a
microstructure should be well suited to high-current applications.

The initial transport JC values were 103 A/cm2, with ICvalues reaching =50 A. These
values are lower than have been achieved by the best forged Bi–2223 materials .s$- 10 After
a series of tests, in which the satnple was repeatedly cooled in liquid N2 and then heated to
room temperature, JC and ICvalues dropped significantly. The samples were uncoated and
the degradation was attributed to effects of moisture. 1s
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Figure 1. Schematic diagram of system used to measure ICvs. applied field strength and angle.

In–field transport measurements were conducted on single specimens in single
campaigns to minimize environmental effects. Results for normalized Ic vs. applied field
parallel and perpendicular to the predominant c–axis texture are shown in Fig. 4. For
comparison, the data of Willis et al.2 from Ag–sheathed Bi–2223 tapes are also shown. In
general, the IC values of the forged Bi–2223 decreased more with applied field than did
those of the sheathed tape.

Figure 2. SEM photomicrographsof sinter–forged BL2223 sample:
(a) fracture surface and (b) polished cross section; bars = 10 ~m.
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Figure3. X-mydifiction spec~mfiom topsuflace ofskter-forged Bi-2223smple;
as shown by the labeIed Bi–2223 peaks, the Bi-2223 c–axis texture is very

strong and there is little second phase.
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Figure 4. Measured Ic vs. initial lC(Ico) values for sinter-forged Bi–2223 sample (bold lines) and
representative Ag–sheathed Bi–2223 tape (fine lines);2 solid lines denote field within nominal

a–b plane and dashed lines indicate field in nominal c direction.
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The effect of angle in various applied magnetic fields was complex (Fig. 5). For Ag–
sheathed Bi-2223 tapes, Willis et al.z found that a simple COW relationship fit their data
rather poorly. They constructed a model based on the c–axis component of the applied
field and a statistical distribution of grains; it fit their data well.

The data in Fig. 5 exhibited a key difference between the sinter forgings and the
sheathed tapes. The forged samples were relatively insensitive to angle of applied field in
the range of O to =25°. The most likely explanation for this is that the textures of the
forged samples were not, on average, as strong as those of the sheathed tapes. Theoretical
fitting to the data could probably follow the approach of Willis et al.,z but effort would be
required to quantify the texture through orientation distribution functions or other
statistical descriptions:’37S

In general, it can be concluded that at 77 K, as expected, applied magnetic fields with
large components in the nominal c direction of sinter–forged Bi–2223 samples caused ICto
decrease significantly. Even fields as low as 100 G reduced ICby =30-35’Yo. The forged
bars were less sensitive to angle of applied field than were Ag–sheathed tapes, probably
because of weaker crystallographic texture.
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Figure 5. Measured lCvs. angle of applied field for sinter–forged Bi–2223 sample;
field magnitude values in gauss are shown and 0° corresponds to applied field

within the nominal a–b plane.

CONCLUS1ON

Sinter–forged (Bi,Pb)&2Ca2Cu30X bars exhibited high density, good phase purity,
and strong textures with the c axes parallel to the forging direction. The initial zero-field
critical current density of the forged bars was 103 A/cmz. Decreases Ic values with applied
magnetic field magnitude were greater in the forged bars than in Ag–sheathed tapes, but IC
of the forged bars was less sensitive than the sheathed tapes to the angle of applied field.
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