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Abstract—Maultifilamentary Bi;Sr, CaCu, O, (Bi-2212) wire
made by the powder-in-tube technique is the only high-
temperature superconductor made in the round shape preferred by
magnet builders. The critical current density (/¢ ) of Bi-2212 round
wire was improved significantly by the development of overpres-
sure heat treatment in the past few years. Bi-2212 wire is commer-
cially available in multiple architectures and kilometer-long pieces
and is a very promising conductor for very high-field NMR and
accelerator magnets. We studied the effects of precursor powder
and heat treatment conditions on the superconducting properties
and microstructure of recent Bi-2212 wires. Short samples of re-
cent wire with optimized overpressure processing showed J¢ (4.2
K, 15 T) = 6640 A/mm? and J (4.2 K, 30 T) = 4670 A/mm?, which
correspond to engineering critical current densities Jg (4.2 K, 15
T) = 1320 A/mm? and J (4.2 K, 30 T) = 930 A/mm?.

Index Terms—Superconductor, Bi-2212 wire, critical current
density, superconducting magnet.

I. INTRODUCTION

1-2212 round wire made by the powder-in-tube technique
B is a very promising conductor for very high field appli-
cations, such as general purpose research magnets, NMR mag-
nets, and accelerator magnets that can reach fields beyond those
achievable using Nbz Sn technology [1]-[9]. A key breakthrough
for Bi-2212 conductor development is the use of overpressure
heat treatment (OP-HT), which greatly increased the critical
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current density [1], [10]. Bruker OST is producing Bi-2212
wire in multiple architectures and kilometer piece lengths [7].
Bi-2212 solenoid magnets, racetrack and canted-cosine-theta
(CCT) coils are being developed [4]-[6], [11]-[14], Shen et al.
have recently demonstrated racetrack coils with critical current
over 8 kA made of Bi-2212 Rutherford cable that was OP-HTed
under 50 bar total pressure [14]. Conductor reinforcement and
conductor-in-conduit-conductor (CICC) are also being devel-
oped [15], [16].

One of the key components for manufacturing Bi-2212 wire
is the precursor powder, which affects the wire performance sig-
nificantly. Nexans in Germany was the only supplier of Bi-2212
powder for the past decade but they stopped Bi-2212 powder
production when they moved their operation from Cologne to
Hannover in early 2015. Since then, the US Department of
Energy has been supporting two US companies, nGimat and
MetaMateria to make Bi-2212 powder. As we know, no magnet
is ever better than its conductor and no Bi-2212 conductor will
be better than its powder. The powder quality depends on its
composition, phase assemblage, particle size and distribution,
tap density, and content of carbon, hydrogen, and impurity el-
ements. Both nGimat and MetaMateria have made significant
progress in manufacturing Bi-2212 powder in the past three
years. Bruker OST has produced many 2 kg and 10 kg Bi-2212
billets using the powders made by nGimat and MetaMateria.
Here we report on the much-improved performance of Bi-2212
wires made with recent powders.

II. EXPERIMENTAL DETAIL

Both nGimat and MetaMateria make Bi-2212 pow-
der with nearly the same overall composition as Nexans
(Big.17S11.94Cag g9Cuy Oy - called 521) [17], but each synthe-
sizes it differently. MetaMateria uses chemical co-precipitation
to form Bi-2212, and nGimat uses the nanospray combustion
chemical vapor condensation (nCCVC) process. As we can see
from Table I, the composition of nGimat LXB-52 and Meta-
Materia MM318 are very close to lot 87 powder from Nexans.
In order to examine the particle size and phases using SEM,
the powders were pressed into compacts that were subsequently
cut and polished. SEM images of the two powders are shown
in Fig. 1. A typical Bi-2212 grain size is about 1 to 2 pm for
both powders, but nGimat LXB-52 contains about 3 vol% of
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TABLE I
POWDER COMPOSITION AND AVERAGE FILAMENT SIZE OF DENSIFIED WIRES

. Powder File.lment
Wire Powder . size®
composition

(um)

pmm170123 nGimat Biy.10S11.90Cap 86Cu2,00x 11.2
LXB-52

pmml171024  MetaMateria ~ Biy17S1.95Ca9.90Cu2030x 12.8
MM318

pmmi51103°  Nexans lot Bib.17Sr1 94Cag 59Cu2,0Ox 9.3

87

“Filament diameters were calculated from optical images of cross sections of wires with
densified powder (830 °C/12 h, 50 bar) like those shown in Fig. 2.
b Wire pmm151103 was reported previously in reference 10.

Fig. 1. SEM images of (a) nGimat powder LXB-52 and (b) MetaMateria
powder MM318. The large black spots in image (a) are the alkaline earth
cuprate (Sr,Ca)j 4 Cuz4 Ox (AEC-14:24), whereas in (b) they are CuO.

alkaline earth cuprate (Sr, Ca);4Cuy4 Oy (AEC-14:24) with size
up to 5 um, whereas MetaMateria MM318 has a small amount
of CuO.

Bi-2212 wires pmm170123 and pmm171024 (billet numbers)
were fabricated by Bruker OST using nGimat powder LXB-52
and MetaMateria powder MM318, respectively. The tap den-
sities were 1.38 and 1.54 g/cm? for nGimat powder LXB-52
and MetaMateria MM318, respectively. The Bi-2212 powder
in the wire was always surrounded by pure silver but the outer
sheath of the 55x18 stack was made with a Ag-Mg (0.2wt% Mg)
alloy sheath. The wires were drawn into 400 m long 0.8 mm
diameter piece lengths. Wire pmm170123 was made into a 17
strand Rutherford cable and used by Lawrence Berkeley Na-
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Fig. 2. SEM images of the transverse cross sections of (a) wire pmm170123
(nGimat powder LXB-52) and (b) wire pmm171024 (MetaMateria powder
MM318) after densification at 830°C/12h and 50 bar.

tional Laboratory to wind two racetrack coils that had record
critical currents [14].

As shown previously [18], Bi-2212 wire is normally densi-
fied before the Bi-2212 powder melts in a standard OP-HT. To
analyze the filament size and wire cross section area of densified
wire, 9 cm long sections of wire, hermetically sealed on both
ends, were heated at 830 °C for 12 h under 50 bar total pressure
with an oxygen partial pressure (pO,) of 1 bar. The cross section
area of the wire and densified powder were measured with an
Olympus BX41M-LED microscope. Fig. 2 shows SEM images
of the two wires after densification. The filling factor, defined as
the ratio of the cross section area of Bi-2212 filaments to the total
wire cross section area, for wires pmm170123 and pmm171024
after densification are 0.199 and 0.264, respectively. The fila-
ment size of wire pmm170123 (Fig. 2a) looks more uniform
than that of pmm171024 (Fig. 2b).

The OP-HT schedule used in this study is shown in Fig. 3,
which is similar to the one reported previously [10], but Ty,
was varied in the range 884 to 894 °C to optimize the heat
treatment. Transverse cross-sections of fully-processed wires
were dry polished using a series of SiC papers with decreas-
ing grit sizes. Final polishing was conducted with a suspension
of 50 nm alumina in ethanol using an automatic vibratory pol-
isher (Buehler Vibromet). Microstructures were examined with
a Zeiss 1540EsB scanning electron microscope (SEM).

Critical currents of fully-processed wires were measured us-
ing the four-probe transport method with a 1 xV/cm criterion
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Fig. 4. Ic(4.2 K) and n values as a function of applied field for wires

pmm170123 (nGimat LXB-52) and pmm171024 (MetaMateria MM318).

at 4.2 K in a magnetic field of up to 31.2 T applied perpendic-
ular to the wire axis. The overall wire critical current density
Jg was calculated using the densified whole wire cross section.
Jo values reported here use the densified cross-section of the
filaments after the 830 °C/12h densification as the area.
Magnetization measurements were performed in an Oxford
vibrating sample magnetometer (VSM) at 20 K in a swept field
from —2 T to 14 T. Samples were cut to 5 mm in length and
oriented with their axes orthogonal to the field direction.

III. RESULTS

Fig. 4 shows I (4.2K) and n value as a function of applied
field for wire pmm170123 and pmm171024. I (4.2K, 5T)
is 888 A for wire pmm170123 (LXB-52) and 712 A for
pmm171024 (MM318). Both I, values of both wires are much
higher than that of previous wires with the same diameter of 0.8
mm made with Nexans powder (I (4.2 K, 5T) of about 500 A).
The n values are in the range of 25 to 30 for pmm170123 and
20 to 25 for pmm171024.

Fig. 5 shows Jg(4.2K) and Jo(4.2K) as a function of the
applied field for wires pmm170123 and pmm171024. For com-
parison Jg and J data are shown for wire pmm151103 with a
diameter of 1.0 mm and filling factor of 0.20 that was made with
Nexans lot 87, which was the best Nexans powder lot [10]. Jg
values of wires pmm170123 and pmm171024 are much higher
than that of wire pmm151103. Jz (4.2K, 5T) is 1810 A/mm?
for pmm170123 and 1456 A/mm? for pmm171024. Fig. 5
also shows Jo (4.2K, 15T) = 6640 A/mm?, Jc(4.2K, 30 T)
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Fig. 5. Comparison of wires pmm170123 (nGimat LXB-52), pmm171024
(MetaMateria MM318) and pmm151103 (Nexans lot 87). (a) Jg (4.2 K) and
(b) Jc (4.2 K) as a function of applied field. The data of wire pmm151103 is
taken from reference 10.

= 4670 A/mm?, Jp(42K, 15T) = 1320 A/mm?
Jp (42K, 30T) = 930 A/mm? for pmm170123.

Fig. 6 shows SEM images of the OP-HT high Jo pmm171023
and pmm171024 samples. The prominent features of the mi-
crostructure of the high Jo pmm170123 sample are that the
filament size looks uniform after the full OP-HT and the
connections between the filaments formed through Bi-2212
grains touching rather than merging in the melt. Samples of
pmm171024 (MM318) showed some filaments merged together.

and

IV. DISCUSSION

The wires made with recent nGimat and MetaMateria pow-
ders showed much improved performance than Nexans powder
even through the compositions of the new powders are very close
to Nexans’ standard composition 521. As shown in Fig. 2, a typ-
ical characteristic of nGimat powder LXB-52 is that it contains
about 3 vol% of AEC-14:24 and particle size of the AEC-14:24
up to 5 um. As shown in Table I, there is a slight composition
difference between nGimat LXB-52 and Nexans lot 87, i.e., the
Biratio (Bi: Bi +Sr +Ca +Cu) of nGimat LXB-52 is lower than
that of Nexans powder lot 87, 0.306 vs. 0.310. This reduced Bi
ratio could result in the existence of the extra AEC-14:24 parti-
cles. A recent powder (not reported here) made by nGimat with
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Fig. 6. SEM images of the transverse cross sections of fully heat treated
wires. (a) pmm170123 (nGimat LXB-52) with Ic (4.2 K, 5 T) = 914 A and
Jo(42 K, 5T) = 9530 A/mm?, and (b) pmm171024 (MetaMateria MM318)
with Ic (42K, 5T) =712 A and Jo (4.2 K, 5 T) = 5510 A/mm?.
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Fig. 7. Normalized J¢ (4.2 K)/Jc (4.2 K, 15 T) as a function of applied field

for wires pmm170123 (nGimat LXB-52), pmm171024 (MetaMateria MM318
and pmm151103 (Nexans lot 87).

intentionally increased Bi ratio indeed showed reduced amount
of AEC-14:24 particles, but lower J-. The reduced Bi ratio in
LXB-52 also means an extra amount of Sr-Ca-Cu in the powder,
resulting in the formation of AEC-14:24. So far, we believe this
extra amount of Sr-Ca-Cu is beneficial to the wire performance.
Further analysis and testing are in progress.

The size of the AEC-14:24 particles in nGimat powder LXB-
52 is about half of the Bi-2212 filament diameter (shown in
Table I), which could reduce the longitudinal uniformity of the
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Fig. 8. Kramer function Am">B"* measured at 20 K as a function of ap-

plied field for wires pmm170123 (nGimat LXB-52), pmm171024 (MetaMate-
ria MM318) and pmm151103 (Nexans lot 87). The dashed lines are drawn by
fitting the linear sections of the Kramer plots, and the irreversibility (Hk ) is
defined by the linear extrapolations to the field axis.

filament during the later stages of wire drawing. The large AEC
particles can also cause composition inhomogeneity along the
filaments. Thus, if the AEC particles were even smaller and
more uniformly distributed in the powder, we believe the Jo
performance could be further improved.

The transverse cross section microstructure of the record high
Jo pmm170123 sample showed more uniform filament size,
compared to the microstructure shown previously [1], [10],
[19]-[20] and its n values of 25 to 30 are much higher than
that of other 0.8 mm wires [19]-[20]. Both the microstructure
and n value show that the filaments of pmm170123 are quite
uniform longitudinally, a characteristic of better Jo [21]. Fig. 7
shows the normalized J(B) curves for the three wires and
they almost overlap each other, indicating that the improved
Jo resulted from improved connectivity. We also measured the
Kramer irreversibility field at 20 K. As shown in Fig. 8, all three
wires showed Hg (20 K) of about 9.0 T, further confirming the
improved performance is not a result of improved flux pinning.
A more detailed Jo (B) behavior analysis will be reported by
Brown et al. [22].

V. CONCLUSION

We studied two recent Bi-2212 wires made from nGi-
mat and MetaMateria powders. Both nGimat and MetaMate-
ria are producing good Bi-2212 powder. New record Jp and
Jo values have been achieved with nGimat powder LXB-
52, Jp(42K, 15T) = 1320A/mm? and Jc (42K, 15T) =
6640 A /mm?, values which show a 60% increase over Nexans
powder.
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