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Abstract—Multifilamentary MgB: strands (filament numbers 36
to 114) prepared by the in-situ power-in-tube (PIT) route with car-
bon doping contents of 0, 2, and 3.2% were wound on barrels for
transport J. and n-value measurement at 4.2 K in fields of up to 12
T. The strand and gauge lengths were 1 m and 0.5 m. Heat treat-
ments at 675 °C and 650 °C centered around the melting point of
Mg (650 °C) and both utilized the liquid-solid reaction. A pair of
strands, with and without 2% C doping exhibited the J. (B) crosso-
ver effect. Studied were the dependencies of J. on field strength, do-
pant concentration, and cabling and the dependence of n-value on
field strength.

Index Terms—Cabling, Carbon Doping, MgB,

I. INTRODUCTION

AGNESIUM DIBORIDE, with a T, of about 39 K can be clas-
Msiﬁed as a medium temperature superconductor [1]. As
such it can be cooled by a cryocooler which eliminates the need
for liquid helium. Commercial applications of MgB, include ca-
bles for superconducting magnetic energy storage (SMES),
magnetic resonance imaging (MRI), and low AC loss cables for
motors and generators [2-5].

Since its discovery of MgB; in 2001, numerous studies have
resulted in improvements to the overall performances of super-
conducting strands and cables. Basic wire fabrication tech-
niques investigated were in-situ powder-in-tube (PIT) [6,7], ex-
situ PIT [8,9] and advanced internal magnesium infiltration,
known as AIMI [10-14]. Under AIMI an axially positioned Mg
rod melts, diffuses into, and reacts with a surrounding B layer.
Under in-situ PIT, the technique used here, the starting tube is
filled with a suitable ratio of Mg, B, and dopant powders in
preparation for wire drawing and heat treatment [15].

Numerous small percentages of dopant have been mixed with
the starting Mg+B powders in attempts to improve the perfor-
mance of MgB, strands. A very successful dopant is C which
as shown here and elsewhere [16-18] increases the high field J..
The performance of MgB; also depends on the structure of the
strand: (i) Pure Cu with its high electrical conductivity at low
temperatures helps to stabilize the conductor. (ii) Intrafilamen-
tary CuNi with its high electrical resistivity contributes to low-
ering the AC loss. (iii) Wire drawing to fine multifilament

diameters lowers hysteretic loss but permits an applied AC field
to generate eddy currents. (iv) This problem can be diminished
by twisting the strand but this often leads to low n-values, giv-
ing an undesirable normal component to the superconductor as
J approaches J. [19]. (v) The smaller wire diameter lowers the
strand’s transport current which can be restored by cabling to-
gether a bundle of strands. (vi) The electrical contacts between
the strands of the cable permit the generation of coupling cur-
rents.

II. EXPERIMENTAL

A. Sample Preparation

Multifilamentary MgB; strands with carbon doping contents
of 0 at%, 2 at%, and 3.2 at% and filament numbers of 36 to 114
were manufactured by HyperTech Research (HTR) by the in-
situ power-in-tube (PIT) route. The B powder sources were
PVZ (Pavezyum Chemical Company) and SMI (Specialty Met-
als Inc). Various samples were reaction-heat-treated at the op-
timum heat-treatment for PIT strands for 1h at 650 °C and 1h at
675 °C. The same heat-treatment is applied to all the strands
despite the differences in filament sizes and matrix materials.
Conductor types suitable for SMES, MRI, and AC applications
in the form of individual strands, 3-strand cables (SMES), and
7-strand cables (AC), respectively were prepared for measure-
ment. The 3-strand and the 7-strand cables are constructed as a
triplet and a 6 around 1 respectively. Additional construction
parameters are shown in Figure 1.

B. Measurement Procedure

Strand and cable samples for transport J. (B) measurement
were wrapped helically around a modified ITER barrel made of
Ti-6-4 and soldered onto Cu end rings for current transfer to the
probe. The conductor and gauge lengths were 1 m and 0.5 m.
Measurements of J. and n-value took place in fields of up to 12
T at 4.2 K in pool-boiling liquid helium using electric field cri-
teria of 1.0 pV/cm and 0.1 pV/em.
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TABLE I: STRAND SPECIFICATIONS

Strand Internal # # Fil- Mono and Multi Dopants B % HT OD (mm) Twist Pitch
# Strands  ament  Central Sheath Sheath type MgB, °C/hr Strand/Cable (mm)
SMESI1 E4013 1 54 CulONi Cu30Ni 32at% C PVZ 11 675/1 1.01 100
SMES2 E4137 3 54 CulONi Cu30Ni 32at% C PVZ 11 650/1 0.52 10/25
MRI1 E3929 1 36 Cu Monel N/A PVZ 10 675/1 0.84 N/A
MRI2 E3476 1 54 Cu Monel 2 at% C SMI 10 650/1 0.84 100
LL1 E4067 1 54 Cu30Ni Cu30Ni N/A SMI 10 650/1 0.85 10
LL2 E3930 1 114 Cu30Ni Cu30Ni N/A SMI 9 650/1 0.85 10
LL3 E4116 7 54 Cu30Ni Cu30Ni N/A SMI 8 650/1 0.29 10/10
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Figure 1: J, versus B for SMES1 and SMES2 measured at 1 pV/cm and 0.1
uV/em

The instrumentation includes Oxford Instruments 12T mag-
net with Hewlett Packard multimeter for data acquisition.
Quench detection system is managed by a Keithley Sensitive
Digital Voltmeter to detect a quench and send a direct emer-
gency stop to the power supply to prevent damage to the wires.

III. RESULTS

A. The SMES Conductors SMES1 and SMES?2

Figure 1 displays J.(B) for SMES1 and SMES2 at electric
fields of 1.0 pV/cm and 0.1 pV/cm. Both strands have 54 fila-
ments in a CulONi matrix. The Mg to PVZ B ratio was 1.15:2
and the B powders were pre-doped with 3.2 % C by the manu-
facturer. The heat treatments were 675 °C/1 h (SMES1) and 650
°C/1 h (SMES2). Notable is a uniform decrease in J«(B) over
the whole field range. In particular at 5 T J. (1.0 pV/cm) de-
creased from 1.8x10° A/cm? (SMES], single strand) to 1.0x10°
A/cm? (SMES2, 3-strand cable). This reduction may stem from
several factors including smaller filament sizes and/or cabling
degradation. We note that similar strands have shown undimin-
ished performance with filaments counts up to 114 at strand di-
ameters down to 0.6 mm OD [3]. Further clarification is needed
here.

Magnetic Field (T)

Figure 2: J. versus B for MRI1 and MRI2 measured at 1 pV/cm and 0.1
uV/iem

B. The MRI Conductors MRII and MRI2

Figure 2 displays J.(B) for single strand samples MRI1 and
MRI2 at electric fields of 1.0uV/cm and 0.1uV/cm. To aid sta-
bility in MRI applications pure Cu is used for the sheath mate-
rials.

In actual practice Cu/SC ratio of up to 20:1 is used — much
larger than in the present strands. MRI1 has 36 filaments and
MRI2 has 54. They were formed with PVZ B and 2 % C-doped
SMI B respectively. MRI1 was designed with no C doping and
no twist pitch to test the upper-end performance for PVZ, while
MRI2 adapts common fabrication methods for MRI applica-
tion.

Figure 2 shows MRI1 intersecting MRI2 at 5 T and indicates
that of the two strands the undoped MRI1 would be preferable
for applications below 5 T and the 2 % C-doped MRI2 for ap-
plications above that field. The results also indicate that 3.2 %
C-doped SMESI and SMES2 would also be suitable for high
field applications. We note that the slopes of the doped and un-
doped J.(B) curves exhibit what is known as the “J.(B) crosso-
ver effect” [20]. In grain-boundary-pinned superconductors do-
pant additions such as C raise the high field J., but at fields
small compared to the upper critical field, B.., J.(B) decreases
as B.; increases. In general, this leads to a convergence, or in-
tersection, of a group of variously doped MgB, strands.
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Figure 3: J. versus B for LL1, LL2, and LL3 measured at 1 pV/cm and 0.1
uV/iem
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Figure 4: n-value versus B for the SMES, MRI, and LL series conductors

C. Low AC Loss Conductors

HTR has been developing low loss conductors for several
years paying particular attention to: (i) reducing the filament
size (reducing hysteretic loss), (ii) reducing the twist pitch, (iii)
increasing the matrix resistivity (to reduce both coupling cur-
rents and eddy currents).

In strands LL1, 2, and 3 matrix resistivity was increased by
the use of Cu30Ni. In strands LL1 and LL2 reductions in fila-
ment diameter, d, were achieved by including 54 and 114 fila-
ments in 0.85 mm OD strands. Then since hysteretic loss, O, is
proportional to J.d, the selection of J. for a particular applica-
tion should be carefully made. For low field applications (e.g.,
AC machines), doping or non-doping would provide “low” or
“high” J., respectively. The low low-field J. (doping) would
suppress Oy at the cost of lower current margin; conversely for
high low-field J. (non-doping), see Figure 2 for clarification.
Figure 3 displays J.(B) for LL1, LL2, and LL3. The curves for
the monocores LL1 and LL2 are clustered together while that
for the 7-strand cable is significantly lower, possibly as a result
of cabling induced degradation. The strands LL1 and LL2, with
54 and 114 filaments exhibit the highest 2 T J.. But LL3, a cable
wound from 7 strands of LL1 has the lowest performance. The
reasoning for reduction in LL3 cable is similar to the reduction
seen for SMES2. Smaller filament sizes and/or cabling degra-
dation are possible culprits for lowered Jc performance.

TABLE II: J. (10° A/cM?) VS FIELD (B)
AT 4.2 K AT 1 MICROVOLT/CM

Conductor Dl/()/lgl;? 2T T 10T
SMES1 3.2 at% 4.8 1.68 0.26
SMES2 3.2 at% 342 1.09 0.17
MRI-1 0 11.0 1.10 0.02
MRI-2 2 at% 3.51 0.95 0.11

LL-1 0 6.75 0.50 0.002
LL-2 0 6.0 0.44 0.002
LL-3 0 3.01 0.23 0.001

D. Critical Current Density and n-Value

Figure 4 displays n-value vs B for strands SMES-1,2, MRI-
1,2, and LL-1,2,3. The majority of n-values presented follows a
well-studied relationship between J. and n-value [21] that:

n=J" (1

For n-values at mid to high fields, the inverse relationship
between n-value and B, thus J., can be visualized by most of
the wires presented despite the different matrix materials and
different doping concentrations intended for various applica-
tions. The use of PVZ powders does not seem to impact the high
field n-value. The n-value at this range is dependent on the in-
trinsic effects of increasing flux-pinning forces [22] and all the
wires follow the expected inverse relationship with increasing
field.

However, at low fields, extrinsic effects [22], including such
items as the uniformity of the superconducting cross-sectional
area along the length of the wire, control the behavior of the n-
value. For SMESI, this effect dominates the lower field range
and it exhibits a n-value only in the 10’s throughout the full
magnetic field range tested. To reduce AC losses in MgB», it
required to have a high number of filaments, twisting, and small
diameter [23]. Despite the added fabrication demands, SMES1
maintains competitive J. relative to other set of wires presented.

IV. CONCLUDING SUMMARY

A. Dependence of J. on Field Strength

For all conductors Table II displays the fall of J. with increas-
ing applied fields from 2 T to 10 T. It can be seen that C-doping
reduces the field dependencies of the J.s. Those of the undoped
PIT strands decrease by roughly x1000 over this range while
those of the C-doped strands drop by only %35 (2% C) and %17
(3.2 % C). While doping increases the high field J. e.g., by 10
it decreases the low field J. e.g., by 1/20. The difference in
slopes of the undoped and doped J.(B) curves leads to their con-
vergence, or intersection. For example, Figure 2 shows undoped
MRII intersecting MRI-2 at 5 T and indicates that undoped
MRI1 would be preferable for applications below 5 T and the
2% C-doped MRI2 for applications above that field.
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Figure 5: J. versus C-doping concentration in applied fields of 2 T, 5 T,
and 10 T

Figure 5 displays how J. responds to applied field strength
and C-doping concentration. The C-doping contribution was
normalized to % C-doping in MgB: to avoid any mix-up be-
tween wt% and at% for PVZ and SMI classification. While ca-
ble construction varied with varying B sources, a general trend
can be observed. At low fields J. responds only weakly to C
concentration but at 10 T, J. benefits strongly from additions of
C.

To achieve high current carrying capacity, the combining of
individual conductors into a cable is necessary. The advantages
and disadvantages of cabling are exemplified by 3-strand
SMES?2 and 7-strand LL3. Table II shows that cabling SMES1
reduces J. (5 T and 10 T) by 65% and cabling LL1 reduces J.
(5 T and 10 T) on average by 48%. But in spite of this observed
cabling-induced degradation of J., the actual transport /.s were
increased by x2 and x3.4 respectively. While decreasing wire
diameter for cabling has its drawbacks on J,, it has a reciprocal
benefit in decreasing AC losses.

Wires designed for SMES low AC loss demonstrated that dif-
ferent wire matrix material for various AC applications was
able to keep up with high performance MRI wires in J, meas-
urements despite higher resistivity matrix of both CulONi and
Cu30Ni.

B. Dependence of n-Value on Field Strength

The n-value shows the quality factor of the wire for both in-
trinsic and extrinsic effects. While many followed the general
form of decreasing with B, SMES displayed lower than average
n-values. This is due to its extrinsic effect in the low to mid field
range. Its low n-value is not determined by the new B source,
PVZ, but contribution from both decreased filament size and
cabling degradation from preheat-treatment torsion strain cre-
ates nonuniform cross-sectional areas of MgB; thus impacting
the uniformity of the wires.
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