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Effect on Deformation Process of Adding a Copper
Core to Multifilament MgB2 Superconducting Wire
M. H. Hancock and N. Bay

Abstract—Using the PIT method, multifilament wire with different packing strategies has been manufactured. In all, three types
of wire have been investigated, a 19-filament configuration using
ex-situ powder in an Fe-matrix and two 8-filament configurations
in an Fe-matrix applying a copper core, one using in-situ and another using ex-situ powder. The effect on the annealing requirements during mechanical processing of adding such a copper core
has been investigated. The results show that the number of required annealings drops by about a factor of one half with the
addition of a copper core. This finding is supported by numerical
simulations of the deformation process which indicate that tensile
stresses are concentrated around the middle of the wire during
the drawing process. As such, strategic packing of the multifilament configuration can reduce the need for annealing during the
mechanical deformation process. It is also found that the multifilament configuration using in-situ powder requires less annealing
than the ex-situ counterpart. This is most likely due to the fact that
in-situ powder is more readily compacted than ex-situ powder.
Index Terms—Magnesium diboride, superconducting composites, superconducting filaments and wires, superconducting materials mechanical factors.

I. INTRODUCTION

A

NUMBER of different research groups now successfully
wires using the PIT method [1]–[12].
manufacture
Two general approaches to using the PIT method exist: ex-situ
[1]–[4] and in-situ [6], [11], and [12]. These two methods each
have their advantages and disadvantages [13]. The effect on
thermal and electrical stabilization of adding a copper core to a
wire is well documented
superconducting multifilament
[14], whereas this paper examines the possible added befits on
mechanical properties, which may be obtained by adding such
a copper core.
wire, it is generally not desirable
When manufacturing
to perform annealing between steps in the deformation process.
There are two main reasons for this. Firstly, softening of the matrix material leads to less compaction of the powder and a less
homogenous boundary between powder and tube. Secondly, for
some matrix materials, as for example iron, the annealing temperature is close to or above the temperature where the powder
starts to react.
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For single-filament wire with an iron matrix, drawing can normally be performed without annealing as long as the overall
reduction is kept moderate. This would typically mean an initial tube diameter of 8 to 10 mm and a final wire of approximately 1 mm. However, drawing multifilament wire without
annealing becomes practically impossible if the multifilament
is comprised of already strain hardened single-filaments, due to
iron’s mechanical properties [15]. In such cases, it is important
to establish the minimum annealing required.
This paper examines which differences there are in annealing
requirements for multifilament wires with and without a copper
core. Investigations are made into the mechanisms involved with
fracture and an optimized annealing schedule is proposed for
both wire types.
II. EXPERIMENTAL DETAILS
Two different multifilament packing strategies were used, one
consisting of 19 filaments and the other consisting of 8 filaments
with a copper core.
Both in-situ and ex-situ powder was used in two different
8-filament wires, whereas only ex-situ powder was used for the
19-filament configuration. The ex-situ powder was delivered by
Alfa Aesar (325 mesh and 99.8% pure). The in-situ powder consisted of Mg powder delivered by Alfa Aesar (325 mesh and
99.8% pure) and amorphous boron (95–97% pure).
The single-filament used in all cases was manufactured using
the powder in tube method. An annealed iron tube (99.9% pure)
with an outer diameter of 10 mm and a wall thickness of 1.5 mm
was filled with powder which was pre-compacted manually with
a rod. Subsequently, the tube was reduced to wire by drawing
using a constant area reduction between drawing steps of 10%
and a semi-die angle of 7 . The final diameter of the singlefilament wire was 1.86 mm for use in the 8-filament wire and
1.62 mm for use in the 19-filament wire. For the center of the
8-filament wire, a copper filament (99.95% pure) was drawn to
a diameter of 3.00 mm and then subsequently annealed.
A schematic cross section of the initial configuration of the
8- and 19-filament wires can be seen in Fig. 1. In all cases the
outer tube consisted of an annealed iron tube (99.9% pure) with
an outer diameter of 10 mm and a wall thickness of 1.5 mm.
To seal the ends of the tubes a copper cylinder and a threaded
cap of mild steel was applied. After the first drawing operation,
the copper cylinder was sealed within the tube and the threaded
cap could be cut away. All multifilament wire was drawn using
a constant area reduction between drawing steps of 10% and a
semi-die angle of 7 to a final diameter of 1.36 mm.
Different annealing schedules between drawing steps were
examined for the two different packing configurations. For
the 8-filament configuration, 5 different strategies were tested
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Fig. 1. Schematic of initial multifilament packing configurations.

TABLE I
RESULTS OF DRAWING 8-FILAMENT EX-SITU WIRE

Fig. 2. Influence of temperature on annealing of iron [16].

TABLE II
RESULTS OF DRAWING 8-FILAMENT IN-SITU WIRE

Fig. 3. Specimen “c”, 8-filament wire with copper core using ex-situ powder,
annealed twice.

III. EXPERIMENTAL RESULTS
TABLE III
RESULTS OF DRAWING 19-FILAMENT EX-SITU WIRE

ranging from no annealing to annealing for every 50%–75%
reduction, see Tables I and II. For the 19-filament configuration,
6 different annealing strategies were tested ranging from no
annealing to annealing for every 56% reduction, see Table III.
All annealing steps were performed at 550 for the duration
of one hour. This temperature was chosen based on the data seen
in Fig. 2 with the purpose of not overly softening the matrix
material or reaching temperatures where a reaction occurs in the
powder.

Tables I, Tables II, Tables III show the result of drawing the
16 samples with varying annealing schedules and multifilament
configuration. It is clear that the 19-filament wire is most
susceptible to fracture, requiring intermediate annealing at least
4 times. The 8-filament ex-situ wire required annealing twice,
whereas the 8-filament in-situ wire required annealing only
once.
Images of specimens “c”, “i”, “l”, and “n” can be seen in
Figs. 3 to 6. It is seen that the interface between the powder
and matrix material has a more regular geometry for the in-situ
powder, than for the ex-situ powder. This is expected to be
caused by the fact that in-situ powder is much more readily compacted than ex-situ powder.
IV. FINITE ELEMENT ANALYSIS
As a means to understand the mechanisms involved in the
drawing process, finite element models of the process were
made. The models were made in the commercially available code “ELFEN” using an explicit solver and the capped
Drucker-Prager material model for the powder. All simulations
were for ex-situ powder using data obtained using the “Powder
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Fig. 4. Specimen “i”, 8-filament wire with copper core using in-situ powder,
annealed once.

Fig. 7. Approximation of powder distribution for 2D FEM simulation.

Fig. 5. Specimen “l”, 19-filament wire using ex-situ powder, annealed four
times.

Fig. 6. Specimen “n”, 19-filament wire using ex-situ powder, annealed twice,
showing internal filament fracture.

in Flexible Die Test”, or PFD-test [17]. The following values
were used for the Drucker-Prager model:
Friction slope, : 0.779
Dilatancy slope, : 0,866
Tensile strength, : 25.3 MPa
Hydrostatic yield stress:
, where
is the volumetric plastic strain.
Material data for the plastic behavior at large strains in
copper and iron were obtained through experiments involving
pre-straining of samples by drawing to different reductions and
subsequent tensile testing. The following stress-strain curves
were obtained:

To save simulation time the models were made in 2D; to
achieve this, an approximation had to be made regarding the
models geometry. As seen in Fig. 7, axis-symmetrical models
are adopted for the two packing strategies, where matrix and
powder material is distributed in concentric rings. The material
is distributed such that the volumes of the matrix material and
powder in the model correspond to the true volumes in the multifilament. Due to the approximation in geometry a small error is
expected to be present in the region where the powder is located.
However, it is assumed that this error has a negligible influence
on the evaluation of the axial stresses, which are of interest in
the present work.

Fig. 8. Longitudinal section of axial stress (MPa) in multifilament wire during
drawing: ((a) 8-filament wire with copper core; (b) 19-filament wire).

The data from the finite element models of the 19-filament
wire and the 8-filament wire have been compared. All simulations were carried out using pre-straining level corresponding
to the final drawing step, without any intermediate annealing.
Fig. 8 shows the overall distribution of axial stress for the two
multifilament configurations. Since it is tensile stress in the axial
direction which induces fracture in the wire, this has been examined more closely for two critical components of the wire,
namely the powder and the matrix material of the single-filaments used. Since the powder can only carry a very negligible
amount of tensile stress [17] it is essential to keep this stress
level as low as possible. The matrix material in the single-filament tubes is critical since this metal is already strain hardened
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Fig. 9. Longitudinal section of axial stress (MPa) in powder during drawing:
(a) 8-filament wire with copper core; (b) 19-filament wire. The center, inner ring
and outer ring filaments corresponds to Fig. 7.

Fig. 10. Longitudinal section of axial stress (MPa) in matrix material of singlefilaments during drawing: (a) 8-filament wire with copper core; (b) 19-filament
wire.

from the drawing of the single-filament. As such this material is
vulnerable to fracture at high tensile stresses.
Fig. 9 shows the distribution of tensile stress in the axial direction for the powder filaments in the 8- and 19-filament wires for
the final reduction step. White areas indicate zero tensile stress
or compressive stresses in the axial direction. It is clearly seen
that the tensile stresses in the powder of the 19-filament wire
are larger than in the 8-filament wire by approximately a factor
of two. It is also seen that for the powder, the largest tensile
stresses for both wires are to be found nearest the center. This
observation compares well with literature [18], where it is well
established that for a solid metal wire, the largest tensile stresses
in drawing are to be found in the middle of the wire as it passes
through the drawing die. As such, since part of the powder is
located in the center of the 19-filament wire this powder is subjected to substantially larger tensile stresses than the powder in
the 8-filament wire, which is located closer to the perimeter of
the wire.
In Fig. 10 tensile stress in the axial direction for the matrix
material of the single-filaments is shown. Again, it is seen that
the stress level is the highest in the 19-filament wire closest to

the center. This stress is larger than the maximum found in the
8-filament wire by approximately 28%.
Over all, the results from the numerical simulation support
the experimental finding that the 8-filament wire is less sensitive
to fracture. It also illustrates that this is due to the fact, that the
critical components, namely the powder and the single-filament
matrix material, are placed further from the center of the wire,
where the largest tensile stresses are to be found.
V. CONCLUSION
It is clear from the present investigation that the addition
multifilament wire greatly
of a copper core to a
reduces the need for annealing the Fe-matrix material. For
ex-situ powder, annealing was required twice as often for the
19-filament wire without a copper core as compared to the
8-filament wire with a copper core. Numerical simulation of
the drawing process supports these findings, showing that axial
stresses during drawing are concentrated around the middle of
the wire. As such, careful planning of the packing strategy of
multifilament wire can allow for sensitive components such as
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powder and pre-strained matrix material to be placed such that
they experience a minimum of tensile stress during drawing.
It is also found that the multifilament wire containing in-situ
powder required less annealing of the matrix material than was
required for wire containing ex-situ powder, by approximately
a factor of one half. The reason for this may be found in the
fact that in-situ powder is more readily compacted than ex-situ
powder.
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