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Abstract—Bi-2212 round wire is made by the powder-in-tube
technique. An unavoidable property of powder-in-tube conductors
is that there is about 30% void space in the as-drawn wire. We
have recently shown that the gas present in the as-drawn Bi-2212
wire agglomerates into large bubbles and that they are presently
the most deleterious current-limiting mechanism. By densifying
short 2212 wires before reaction through cold isostatic pressing,
the void space was almost removed and the gas bubble density was
reduced significantly, resulting in a doubled engineering critical
current density (JE) of 810 A/mm2 at 5 T, 4.2 K. Here we
report on densifying Bi-2212 wire by swaging, which increased JE

(4.2 K, 5 T) from 486 A/mm2 for as-drawn wire to 808 A/mm2

for swaged wire. This result further confirms that enhancing the
filament packing density is of great importance for making major
JE improvements in this round-wire magnet conductor.

Index Terms—Bi-2212, critical current density, high tempera-
ture superconductor, superconducting magnets.

I. INTRODUCTION

Bi2Sr2CaCu2Ox (Bi-2212) round wire is a very promising
conductor for very high field applications [1]–[7]. It is well
known that long lengths have several times lower Jc than
short samples and this has meant that so far no Bi-2212 user
magnets have been made. The earlier studies of Shen et al. [8],
Malagoli et al. [9], Kametani et al. [10], and Scheuerlein
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et al. [11] provide firm evidence that the large gas bubbles
formed during the excursion into the melt state provide the
major present current-limiting mechanism in round-wire Bi-
2212 conductors. A recent study by Malagoli et al. [12] on the
length-dependent expansion of a Bi-2212 wire after full heat
treatment showed that gas pressure provokes a wire diameter
expansion which increases with distance from the ends, longer
samples (up to 2.4 m) often showing evident damage and leaks
caused by the internal pressure. The decay of critical current
density (Jc) away from the ends observed by Kuroda et al. [13]
and Malagoli et al. [9], [12] is associated with this increase
in wire diameter. The essential problem is that the final Bi-
2212 powder density is only about 70% in as-drawn wire
[14]. The 30% void space is normally filled with air, which is
distributed uniformly on a scale much smaller than the filament
diameter, but when Bi-2212 melts this well distributed porosity
agglomerates into filament-sized, gas-filled bubbles, which may
be filled with residual N2 from the pore space, as well as
additional CO2 and H2O from gasification of condensed C or
H impurities.

Low powder packing density is a common problem for all
powder-in-tube conductors such as Bi-2223 and MgB2. Densi-
fication methods such as flat rolling, two axis rolling [15], [16],
eccentric rolling [17], grooved rolling [18], periodic pressing
[19] and cold high pressure deformation [20] have all been used
for densifying Bi-2223, Bi-2212 and MgB2 conductors. All
these methods densify the wires, but a defect is that they do not
keep the round wire shape desired by magnet designers, a shape
which is also more favorable for insulation. In contrast, cold
isostatic pressing (CIPping), swaging, and hot isostatic pressing
(HIPping) are densification techniques that keep the round
conductor shape. Overpressure processing (OP) is a modified
HIPping with gas flowing for better oxygen partial pressure
control [21], [22]. It has been very successful for processing
Bi-2223 tapes [23]–[25], and is used by Sumitomo Electric for
manufacturing Bi-2223 conductor [25].

Jiang et al. [26] recently demonstrated that Jc was more than
doubled by replacing residual air in the Bi-2212 filaments with
pure oxygen and CIPping the wire with a pressure of 2 GPa
before melt-processing in order to greatly decrease the filament
void fraction. The fewer, smaller and perhaps pure O2 bubbles
formed in the melt allowed the critical current Ic (4.2 K, 5 T)
to be doubled. CIPping needs a pressure at least 65 MPa to
achieve higher packing density, since the yield strength of pure

1051-8223/$31.00 © 2013 IEEE



6400206 IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 23, NO. 3, JUNE 2013

Fig. 1. X-ray tomography images of transverse cross sections of (a) as-drawn wire and (b) as-swaged wire before reaction.

silver is about 65 MPa [27], [28]. Silver alloy sheath is normally
used for Bi-2212 conductors for better strength, so that pressure
much higher than 65 MPa is needed for CIPping.

As shown by Miao et al. [29], a pressure larger than
800 MPa is preferred to achieve the high Jc by CIPping. Most
of the current commercial CIPping systems have a maximum
pressure of 380 MPa which is not high enough for densifing
Bi-2212 wire. CIPping systems with the maximum pressure
higher than 800 MPa normally have a very small pressure
chamber which is not feasible for densifying hundred meter
long Bi-2212 wire or large size magnets wound with Bi-2212
wire. Compared to CIPping, swaging is an alternative method
for densifying the round wire, and it works for long length, but
it is not clear how effective it is densifying Bi-2212 wire by
swaging. Here we report on the effects of swaging on the gas
bubble formation and critical current density of Bi-2212 round
wires.

II. EXPERIMENTAL DETAIL

The Bi-2212 wire used in this experiment was
fabricated by Oxford Superconducting Technology (OST)
using Nexans standard powder with a composition of
Bi2.17Sr1.94Ca0.90Cu1.98Ox. The Bi-2212 powder was always
surrounded by pure silver but the outer sheath of the 85 × 7
stack was made with a Ag-Mg(0.2 wt.%) alloy sheath. One
3 m long piece of the wire with 1.0 mm diameter was swaged
to 0.81 mm diameter. For comparison, another 3 m long piece
of the wire was drawn to 0.80 mm diameter. The diameter of
10 mm long wire sections was measured with a step of 0.1 mm
along the wire axis using a Nikon VMA-2520 microscopy
with a resolution of 0.1 μm. The diameter was 0.7980 ±
0.0022 mm, and 0.8099 ± 0.0034 mm, respectively, for as-
drawn and swaged wires. The relative wire diameter variation
was 0.28%, and 0.42%, respectively, for as-drawn and swaged
wires. Thus, the surface smoothness of the swaged wire is
comparable to that of as-drawn wire.

Straight 8 cm long pieces and 1.6 m long pieces wound on an
ITER barrel were heat treated with open ends in 1 bar oxygen
with a standard heat treatment (HT) schedule [26]. Samples
were also quenched into brine after being heated to 887 ◦C
(the maximum temperature of the HT) for 12 min to freeze-
in the high-temperature microstructure and especially to make
the bubbles formed on melting visible.

Transverse cross-sections of as-drawn, as-swaged, quenched,
and fully-processed wires were dry polished using a series
of SiC papers with decreasing grit sizes with final polishing
conducted in a suspension of 50 nm alumina mixed with ethanol
using an automatic vibratory polisher (Buehler Vibromet). Mi-
crostructures were examined with a Zeiss 1540EsB scanning
electron microscope (SEM). The cross section area was mea-
sured with an Olympus BX41M-LED microscope. The wire
filling factor is defined as filament cross section area divided
by total wire cross section area. The filament mass density was
calculated by assuming the density of silver and silver alloy
to be 10.49 g/cm3. X-ray tomographic measurements were
performed at the ID15A beam line of the European Synchrotron
Radiation Facility (ESRF) using a monochromatic 70 keV x-
ray beam with a bandwidth of 0.7 keV. The image pixel size is
1.194× 1.194 μm2. More details about the tomography set-up
can be found in [11].

Critical currents of fully-processed wires were measured
using the four-probe transport method with a 1 μV/cm criterion
at 4.2 K in a magnetic field of 5 T applied perpendicular to the
wire axis. The spiral sample was cut into two parts (turns 1–8,
and turns 9–16) and then remounted on an Ic measurement test
barrel. Each 10 cm turn was measured. The overall wire critical
current density JE was calculated using the whole wire cross
section.

III. RESULTS

Fig. 1 shows the x-ray tomographic images of transverse
cross sections of un-reacted, as-drawn and as-swaged wires.
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TABLE I
FILLING FACTOR AND DENSITY OF UNREACTED WIRES, Ic (4.2 K, 5 T), N VALUE (4.2 K, 5 T),

JE (4.2 K,5 T), AND Jc (4.2 K, 5 T) OF FULLY-PROCESSED WIRES

Fig. 2. Scanning electron images of transverse cross-sections of wires quenched from 887 ◦C: (a) and (c) drawn wire; (b) and (d) swaged wire. The round black
spots are the bubbles, the angular dark grey particles are alkaline earth cuprate (Sr,Ca)14Cu24Ox (14:24 AEC), while the light gray regions in the filaments are
liquid, and particles with white edges are the Cu-free phase (Bi9(Sr,Ca)16Ox, (9:16 CF). The liquid and Ag matrix are almost the same shade of gray. The gas
bubbles in the quenched, as-drawn wire are generally as large as the filaments. The quenched, swaged wire had fewer gas bubbles, which were generally smaller
than those found in the drawn wire.

The outer filament bundles of the swaged wire were partially
twisted due to the manual feed into a regular two-die swaging
machine. The main difference between these two images is that
the filaments in the as-drawn wire are darker than those of
the as-swaged wire. The darker shade of grey signifies a lower
filament density of the as-drawn wire. The smaller filament size
of the as-swaged wire is due to the densification by swaging, a
result also confirmed by optical image analysis of wire cross
sections and density calculations. As listed in Table I, swaging
reduced the filament region filling factor from 0.32 to 0.28, and

increased the calculated Bi-2212 filament density of the wires
prior to reaction from 3.66 to 5.33 g/cm3. The density of the
swaged wire is similar to that of CIPped wire.

Fig. 2 shows secondary electron images of transverse
cross sections of the wires quenched from the melt stage
(887 ◦C/12 min). There were many filament-size gas bubbles
in the drawn wire, and the central bundle had some very large
merged bubbles, indicating very low filament density in the
central bundle. In contrast, swaged wire had much fewer gas
bubbles, and its central bundle was nearly bubble free. This
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Fig. 3. X-ray tomographic images of transverse cross-sections of fully-processed 8-cm-long wires: (a) as-drawn with Ic(4.2 K, 5 T) = 244.5 A, and (b) swaged
with Ic(4.2 K, 5 T) = 416.4 A.

Fig. 4. Scanning electron images of cross-sections of fully-processed 8-cm-
long wires: (a) drawn wire with Ic(4.2 K, 5 T) = 244.5 A, and (b) swaged
wire with Ic(4.2 K, 5 T) = 416.4 A.

quench study further confirmed the increased mass density and
reduced bubble density in the swaged wire.

Fig. 3 shows the x-ray tomography images of fully-processed
wires. The fully-processed samples showed more merged gas
bubbles than the quenched samples (Fig. 2) and they are several
times larger than the original filament size. This means that
the gas bubbles were merging together during the melt stage

Fig. 5. Ic (4.2 K, 5 T) of 1.6-m-long spiral of swaged wire with an average Ic
(4.2 K, 5 T) of 337.5 ± 32.4 A. The inset is the image of the spiral on an ITER
barrel after full heat treatment.

of the HT throughout the time Bi-2212 solidifies. Even though
swaging increased Ic (4.2 K, 5 T) from 244.5 A to 416.4 A,
the fully-processed, swaged wire still had some remnant gas
bubbles. Thus, further Ic improvement is possible. The SEM
images of the fully-processed wires shown in Fig. 4 are quite
typical. It is very clear that the swaged wire had many less
porous filaments.

Fig. 5 shows Ic (4.2 K, 5 T) as a function of position for
the 1.6 m long spiral sample. The average Ic (4.2 K, 5 T) is
337.5 A, which is a 38% improvement from that of the 8 cm
long as-drawn sample. The Ic for turns 10–15 is more uniform
than that for turns 2–8. This could be an end effect of the
swaged wire. The 1.6 m long sample was cut from the 3 meter
long swaged wire. Turns 2–8 could be the end of the original
3 meter long wire, and turns 10–15 the middle of the wire.
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IV. DISCUSSION

Previous studies by Shen et al. [8], Kametani et al. [10]
and Scheuerlein et al. [11] showed clearly that the gas in
the wire agglomerates into filament size bubbles when Bi-
2212 melts. When Bi-2212 reforms on cooling, the bubbles
can be partially filled by new plate-like Bi-2212 grains, but
the original bubble structure remains, even in fully-processed
wires, leaving unsupported bridges of Bi-2212 shown earlier by
Kametani et al. [10]. As shown in Figs. 2 and 3, the gas bubbles
in the as-drawn wire can grow very large, with one big bubble
occupying nearly one third of the central bundle in both cross
sectional views of the as-drawn wire. These extremely large gas
bubbles that form by merging across the silver webbing during
the HT are definitely a severe current limiting mechanism. We
believe that the larger the bubble, the smaller the critical current
across the bubble because the current is confined to Bi-2212
grains along the Ag/bubble interface, to Bi-2212 grains that
grow across such bubbles, and to filament-to-filament intercon-
nections that may enable current flow around the bubbles [8].

Images of Bi-2212 are normally taken on a polished cross
section, where damage from grinding and polishing (either
pullout or fill in) can result in what looks like extra (or reduced)
bubble area in the SEM images. By contrast, x-ray tomography
is performed on the whole wire, so we have no doubt that the
giant gas bubbles shown in Fig. 3 are real. The big bubble
in the fully-processed, as-drawn wire also indicates that the
mass density of the central bundle is quite low and carries little
current compared to the outer bundles. Comparing quenched
samples in Fig. 2 with fully-processed samples in Fig. 3, we
can see that there are more large bubbles that formed by fila-
ment merging across the silver webbing in the fully-processed
wire, indicating that extensive gas bubble merging across the
web occurred when the Bi-2212 was in the melt state before
the Bi-2212 reformed on cooling. This observation may also
explain the strong negative correlation between critical current
density and time-in-the-melt recently observed by Shen et al.
[30]. Increasing the time-in-the-melt may result in more gas-
bubble-driven filament merging with its consequent reduction
of connectivity.

Quantitative analysis of the images in Fig. 2(a) and (b) shows
that the area of the gas bubbles changed from 0.045 mm2 in
quenched, as-drawn wire to 0.011 mm2 in quenched, swaged
wire, i.e. a 75% bubble area reduction by swaging. The filament
density values listed in Table I are 3.66 and 5.33 g/cm3 for
un-reacted as-drawn and as-swaged wires, respectively, corre-
sponding to an increase in the relative Bi-2212 density from
55% to 82%. Swaging achieved a similar filamnet density to
CIPping (Table I) and they attain almost identical JE (4.2 K, 5
T). However, Figs. 3 and 4 show that there are still some large
gas bubbles in the fully-processed, swaged wire, so further Jc
improvement is highly possible.

Previous work by Malagoli et al. [9] on a 1 m long 37 × 18
wire with open ends showed that Ic dropped 25% from end to
middle, which was correlated to the wire diameter expansion
caused by internal gas pressure [12]. Compared to the result of
previous work [9], Fig. 5 shows that swaging not only increased
the wire Ic, but also increased Ic uniformity along the length.

The fact that the ends of the fully-reacted 1.6 m long spiral
are clean and that the Ic is relatively uniform along the length,
indicate lower internal gas pressure during the HT in the 1.6 m
long swaged wire compared to the 1 m long as-drawn wire [9],
[12]. One reason might be that swaging can “push” residual gas,
presumably air, out of the back end of the wire. The internal
gas pressure produced during HT comes from the gas in the
pore space and also from the gasification of condensed phases
such as carbon and hydrogen impurities in the filaments. Since
swaging reduced the pore space and also depressed the internal
gas pressure effect in the 1.6 m long spiral, it seems that the
residual gas in the pore space is the main source of the internal
gas pressure. Otherwise, if the carbon and hydrogen impurities
are the main gas source, we would expect that the extra gas in
the reduced pore space, from the gasification, could expand the
swaged wire seriously during the HT, resulting in lower critical
current.

Supposing that the gas inside the wire is air (80% N2 and
20% O2), and that the total gas pressure inside the wire at
room temperature (about 300 K) is 1 bar, according to the
ideal gas law the total pressure inside the wire will become
about 4 bar when the wire is heated to the maximum HT
temperature 890 ◦C (1163 K). Since oxygen can diffuse through
the silver sheath, the main internal pressure comes from the
N2, which is about 3.2 bar at 890 ◦C. Our recent overpressure
experiments indeed show that a pressure of 5 bar can limit the
wire expansion during the HT [31], indicating that the internal
pressure may be about 5 bar, which is comparable to the 3
bar partial pressure of N2. Thus, we believe that the internal
gas pressure contributed from the gasification of the condensed
phases such as carbon and hydrogen impurities is limited.

Even though swaging did not achieve full densification, it
improved the wire Ic significantly. In principle, one could make
long-length, high-packing-density wire with a better precision
swaging machine.

V. CONCLUSION

We found a significant improvement of Jc in a Bi-2212
round wire with 85 × 7 filaments by swaging before melt-
processing. Like CIPping [26], swaging densified the Bi-2212
filaments, resulting in much fewer gas bubbles in the melt and
nearly doubling Ic (4.2 K, 5 T). JE (4.2 K, 5 T) increased to
808 A/mm2, and Jc (4.2 K, 5 T) to 2886 A/mm2. This result
further confirms that gas bubbles are the major current limiting
mechanism in present Bi-2212 round wires and that enhancing
the filament packing density is of great importance for making
major Jc improvements.

ACKNOWLEDGMENT

The authors thank discussions with F. Kametani,
M. Dalban-Canassy, and P. J. Lee at FSU, with T. Shen
at FNAL, and with members of the Very High Field Super-
conducting Magnet Collaboration. Technical support from
M. Hannion, W. L. Starch, V. S. Griffin and J. Craft is also
gratefully acknowledged. The authors acknowledge the ESRF
for beam time on ID15A.



6400206 IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 23, NO. 3, JUNE 2013

REFERENCES

[1] H. Miao, K. R. Marken, M. Meinesz, B. Czabaj, and S. Hong, “Devel-
opment of round multifilament Bi-2212/Ag wires for high field magnet
applications,” IEEE Trans. Appl. Supercond., vol. 15, pp. 2554–2557,
2005.

[2] T. Hasegawa, N. Ohtani, T. Koizumi, Y. Aoki, S. Nagaya, N. Hirano,
L. Motowidlo, R. S. Sokolowski, R. M. Scanlan, D. R. Dietderich, and
S. Hanai, “Improvement of superconducting properties of Bi-2212 round
wire and primary test results of large capacity Rutherford cable,” IEEE
Trans. Appl. Supercond., vol. 11, pp. 3034–3037, 2001.

[3] H. W. Weijers, U. P. Trociewitz, K. Marken, M. Meinesz, H. Miao, and
J. Schwartz, “The generation of 25.05 T using a 5.11 T Bi2Sr2CaCu2Ox

superconducting insert magnet,” Supercond. Sci. Technol., vol. 17,
pp. 636–644, 2004.

[4] J. Schwartz, T. Effio, X. T. Liu, Q. V. Le, A. L. Mbaruku,
H. J. Schneider-Muntau, T. M. Shen, H. H. Song, U. P. Trociewitz,
X. R. Wang, and H. W. Weijers, “High field superconducting solenoids
via high temperature superconductors,” IEEE Trans. Appl. Supercond.,
vol. 18, pp. 70–81, 2008.

[5] A. Godeke, P. Acosta, D. Cheng, D. R. Dietderich, M. G. T. Mentink,
S. O. Prestemon, G. L. Sabbi, M. Meinesz, S. Hong, Y. Huang,
H. Miao, and J. Parrell, “Wind-and-react Bi-2212 coil development for
accelerator magnets,” Supercond. Sci. Technol., vol. 23, p. 034022, 2010.

[6] H. Kumakura, H. Kitaguchi, K. Togano, and N. Sugiyama, “Effect of high
oxygen partial pressure heat treatment on the superconducting properties
of Bi2Sr2CaCu2Ox/Ag tapes,” J. Appl. Phys., vol. 80, pp. 5162–5167,
1996.

[7] M. Dalban-Canassy, D. A. Myers, U. P. Trociewitz, J. Jiang,
E. E. Hellstrom, Y. Viouchkov, and D. C. Larbalestier, “A study of
the local variation of the critical current in Ag-alloy clad, round wire
Bi2Sr2CaCu2O8+x multi-layer solenoids,” Supercond. Sci. Technol.,
vol. 25, p. 115015, 2012.

[8] T. Shen, J. Jiang, F. Kametani, U. P. Trociewitz, D. C. Larbalestier,
J. Schwartz, and E. E. Hellstrom, “Filament to filament bridging and
its influence on developing high critical current density in multifilamen-
tary Bi2Sr2CaCu2Ox round wires,” Supercond. Sci. Technol., vol. 23,
p. 025009, 2010.

[9] A. Malagoli, F. Kametani, J. Jiang, U. P. Trociewitz, E. E. Hellstrom,
and D. C. Larbalestier, “Evidence for long range movement of Bi-2212
within the filament bundle on melting and its significant effect on Jc,”
Supercond. Sci. Technol., vol. 24, p. 075016, 2011.

[10] F. Kametani, T. Shen, J. Jiang, C. Scheuerlein, A. Malagoli,
M. Di Michiel, Y. Huang, H. Miao, J. A. Parrell, E. E. Hellstrom, and
D. C. Larbalestier, “Bubble formation within filaments of melt-processed
Bi2212 wires and its strongly negative effect on the critical current den-
sity,” Supercond. Sci. Technol., vol. 24, p. 075009, 2011.

[11] C. Scheuerlein, M. Di Michiel, M. Scheel, J. Jiang, F. Kametani,
A. Malagoli, E. E. Hellstrom, and D. C. Larbalestier, “Void and phase evo-
lution during the processing of Bi-2212 superconducting wires monitored
by combined fast synchrotron micro-tomography and x-ray diffraction,”
Supercond. Sci. Technol., vol. 24, p. 115004, 2011.

[12] A. Malagoli, P. J. Lee, A. Ghosh, C. Scheuerlein, M. Di Michiel, J. Jiang,
U. P. Trociewitz, E. E. Hellstrom, D. C. Larbalestier, to be published.

[13] T. Kuroda, Y. Tanaka, K. Togano, Y. Suga, T. Sakamoto, Y. Abe,
K. Miura, T. Yanagiya, and M. Ishizuka, “Critical current densities of
AgCu-sheathed Bi-2212 multifilamentary round wires in long length,”
Phys. C, vol. 357–360, pt. 2, pp. 1098–1101, 2001.

[14] M. Karuna, J. A. Parrell, and D. C. Larbalestier, “Study of powder den-
sity, Ag: Superconductor ratio, and microhardness of BSCCO-2212 Ag-
sheathed wires and tapes during wire drawing and rolling,” IEEE Trans.
Appl. Supercond., vol. 5, pp. 1279–1282, 1995.

[15] P. Kovac, I. Husek, and L. Kopera, “Application of two-axial rolling for
multicore Bi(2223)/Ag tapes,” Supercond. Sci. Technol., vol. 10, no. 12,
pp. 982–986, Dec. 1997.

[16] G. Witz, E. Walker, M. Dhalle, R. Passerini, N. Musolino, C. Beneduce,
X. D. Su, F. Marti, and R. Flukiger, “Two axial rolling of Bi,Pb(2223)
tapes under longitudinal stress,” Phys. C, vol. 357, pp. 1119–1122,
Aug. 2001.

[17] P. Kovac, Y. B. Huang, I. Husek, D. M. Spiller, and P. Bukva, “The
effect of intermediate deformation by eccentric rolling on the J(c)(B)
performance of multicore Bi-2223/Ag tapes,” Phys. C, vol. 356, no. 1–2,
pp. 53–61, Jul. 2001.

[18] A. N. Iyer, S. Salib, C. Vipulanandan, K. Salama, and U. Balachandran,
“Phase development and critical current density of Bi-2223 tapes fabri-
cated by groove rolling,” Supercond. Sci. Technol., vol. 12, pp. 436–441,
1999.

[19] F. Marti, Y. B. Huang, G. Witz, R. Passerini, M. Dhalle, E. Giannini,
E. Bellingeri, E. Walker, R. Flukiger, and G. Grasso, “Improved Jc
of multifilamentary Bi,Pb(2223)/Ag tapes by periodic pressing,” IEEE
Trans. Appl. Supercond., vol. 9, no. 2, pp. 2521–2524, Jun. 1999.

[20] R. Flukiger, M. S. A. Hossain, C. Senatore, and M. Rindfleisch, “Im-
proved transport properties and connectivity of in situ MgB2 wires ob-
tained by cold high pressure densification (CHPD),” Phys. C, vol. 471,
no. 21–22, pp. 1119–1123, Nov. 2011.

[21] J. L. Reeves, M. Polak, W. Zhang, E. E. Hellstrom, S. E. Babcock,
D. C. Larbalestier, N. Inoue, and M. Okada, “Overpressure processing
of Ag-sheathed Bi-2212 tapes,” IEEE Trans. Appl. Supercond., vol. 7,
pp. 1541–1543, 1997.

[22] J. L. Reeves, E. E. Hellstrom, V. Irizarry, and B. Lehndorff, “Effects of
overpressure processing on porosity in Ag-sheathed Bi-2212 multifila-
mentary tapes with various geometries,” IEEE Trans. Appl. Supercond.,
vol. 9, pp. 1836–1839, 1999.

[23] Y. Yuan, J. Jiang, X. Y. Cai, D. C. Larbalestier, E. E. Hellstrom,
Y. Huang, and R. Parrella, “Significant enhanced critical current density in
Ag-sheathed (Bi, Pb)2Sr2Ca2Cu3Ox composite conductors prepared by
overpressure processing in final heat treatment,” Appl. Phys. Lett., vol. 84,
no. 12, pp. 2127–2129, 2004.

[24] E. E. Hellstrom, Y. Yuan, J. Jiang, X. Y. Cai, D. C. Larbalestier,
and Y. Huang, “Review of overpressure porcessing Ag-sheathed
(Bi, Pb)2Sr2Ca2Cu3O10−x wire,” Supercond. Sci. Technol., vol. 18,
pp. S325–S331, 2005.

[25] S. Kobayashi, T. Kato, K. Yamazaki, K. Ohkura, K. Fujino, J. Fujikami,
E. Ueno, N. Ayai, M. Kiklichi, K. Hayashi, K. Sato, and R. Hata, “Con-
trolled over pressure processing of Bi2223 long length wires,” IEEE
Trans. Appl. Supercond., vol. 15, pp. 2534–2537, 2005.

[26] J. Jiang, W. L. Starch, M. Hannion, F. Kametani, U. P. Trociewitz,
E. E. Hellstrom, and D. C. Larbalestier D C, “Doubled critical current
density in Bi-2212 round wires by reduction of the residual bubble den-
sity,” Supercond. Sci. Technol., vol. 24, p. 082001, 2011.

[27] K. C. Goretta, J. L. Routbort, R. L. Thayer, J. P. Carroll, J. Wolfenstine,
J. Kessler, and J. Schwartz, “Deformation of Ag/1.2 at% Mg,” Phys. C,
vol. 265, no. 3/4, pp. 201–206, Jul. 1996.

[28] Z. Han, P. Skov-Hansen, and T. Freltoft, “The mechanical deformation of
superconducting BiSrCaCuO/Ag composites,” Supercond. Sci. Technol.,
vol. 10, no. 6, pp. 371–387, Jun. 1997.

[29] H. Miao, Y. Huang, S. Hong, and J. A. Parrell, “Recent advances in Bi-
2212 round wire performance for high field applications,” IEEE Trans.
Appl. Supercond.

[30] T. Shen, J. Jiang, F. Kametani, U. P. Trociewitz, D. C. Larbalestier, and
E. E. Hellstrom, “Heat treatment control of Ag-Bi2Sr2CaCu2Ox multifil-
amentary round wire: Investigation of time in the melt,” Supercond. Sci.
Technol., vol. 24, p. 115009, 2011.

[31] J. Jiang, M. R. Matras, N. C. Craig, F. Kametani, P. J. Lee,
U. P. Trociewitz, E. E. Hellstrom, and D. C. Larbalestier, to be published.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


