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We have fabricated superconducting 6 and 7 �laments MgB2/Fe/Cu tapes by ex situ powder-in-tube method
using Cu-sheath without any intermediate annealing. Properties of two di�erent multicore MgB2/Fe/Cu tapes
annealed at 900 ◦C for 2 h in high purity argon gas atmosphere were compared. The samples were characterized
using scanning electron microscope, X-ray di�raction, electron dispersive spectroscopy, optical microscopy, critical
transition temperature, transport critical current density, and magnetic measurements. Transport critical current
densities of the 6 and 7 �laments tapes were found to be 450 A/cm2 and 190 A/cm2 at 20 K, respectively. From
X-ray di�raction measurements, lattice parameters a and c were determined. From dc resistivity measurements,
the connectivity between grains was investigated by using Rowell's connectivity analysis.

PACS: 74.70.Ad, 84.71.Mn, 74.62.−c, 74.25.Sv, 74.25.F−

1. Introduction

The discovery of superconductivity at 39 K in MgB2

compound by Akimitsu's group [1] has created great in-
terests worldwide in both theoretical studies and poten-
tial applications. Compared with high temperature su-
perconductors (HTS), MgB2 compound has simple struc-
ture, light weight, high abundance of Mg and B, low
anisotropy, large coherence lengths and absence of weak-
-link. Due to its properties, MgB2 material is interest-
ing for potential applications such as magnetic resonance
imaging (MRI) and transformers at operating tempera-
ture of 20�30 K [2�6].
Powder in tube (PIT) method is most preferred for the

preparation of MgB2 superconducting wires and tapes.
There are two processes for fabricating MgB2 wires and
tapes using the PIT method which is known as ex situ
and in situ methods. Many research groups have already
made a lot of studies concerning the fabrication of super-
conducting MgB2 wires and tapes by both in situ and
ex situ PIT method [3�14]. In the ex situ method, fabri-
cation of MgB2 wires and tapes is made by using MgB2

reacted powder [7�10] while, in the in-situ method, fab-
rication of MgB2 wires and tapes is made by using a
mixture of Mg and B powder with stoichiometric com-
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position [11�14]. In PIT method, the packing density of
MgB2 powder is very important to obtain a high criti-
cal current density (Jc) [15]. Several metals and alloys
have been found to be suitable as sheath materials such
as Fe [16], Cu [17], Ag [18], Fe/stainless steel [19], Cu�Ni
[20, 21] and CuSn [22] in the PIT method. Sheath ma-
terials should be ductile for mechanic deformation and
should not react with Mg and hence degrade the super-
conducting properties [16]. For technical applications of
the MgB2 wires and tapes, good thermal and mechan-
ical stability of the conductor is necessary. In order to
increase the thermal stability, conductive metals Cu or
pure Al can be added to the sheath composite acting as
parallel shunt [22, 23]. Cu is an ideal stabilizing metal
for low Tc superconducting wires and tapes. Copper is
advantageous for its low resistance and weak paramag-
netic properties but Cu reduces Jc values of the MgB2

composite wire since it reacts with MgB2 core [24]. The
Fe is generally used as a reaction barrier between Cu sta-
bilization material and MgB2 core [25]. Moreover, iron
is the most suitable sheath material due to its chemical
compatibility with the MgB2 core and good mechanical
stability [4, 26�29].
In this paper, we report on the fabrication and super-

conducting properties of multi�lamentary tapes prepared
with and without copper core by ex situ PIT method us-
ing Cu sheath without any intermediate annealing.
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2. Experimental

MgB2 superconducting samples were fabricated by
ex situ PIT method using commercially available MgB2

powder (Alfa Aesar, −325 mesh, < 44 µm) without any
intermediate annealing. The MgB2 powder was �lled into
a 17 cm long pure Fe tube whose one end is sealed with an
outside diameter of 4.95 mm and wall thickness of 0.3 mm
and tightly packed. This packing process was carried
out in high purity argon gas atmosphere inside the glove
box. Then, the other end of the tube was sealed by silver
plug. After sealing both ends of tube, it was cold drawn
in a number of steps with about 5% of cross-section re-
duction to an outer diameter of 1.52 mm without any
intermediate annealing. After that, six pieces of the Fe
clad wire, each about 15 cm in length, were stacked in-
side into the copper tube in a multi�lamentary geometry,
which also included an inner copper core in a high purity
argon gas atmosphere inside the glove box. After sealing
both ends of copper tube, it was cold drawn in a number
of steps with about 5% of cross-section reduction to an
outer diameter of 2.46 mm without any intermediate an-
nealing. In order to prevent contamination of the MgB2

�laments by copper, an iron di�usion barrier was used.
The multi�lament wires were fabricated with and with-
out copper core by ex situ PIT method. The seven �la-
ments MgB2 wire was fabricated by similar process. Fi-
nally, six and seven �laments MgB2 tapes were fabricated
by cold rolling. The samples of MgB2 multi�lamentary
tapes will be hereafter denoted as M6A (MgB2/Fe/Cu 6
�lament tape non-annealed), M6B (MgB2/Fe/Cu 6 �l-
ament tape annealed at 900 ◦C for 2 h), M7A (MgB2/
Fe/Cu 7 �lament tape non-annealed), and M7B (MgB2/
Fe/Cu 7 �lament tape annealed at 900 ◦C for 2 h). All
heat treatments were carried out in high purity Ar gas
atmosphere.
Resistivity measurements were carried out by standard

four-probe method using Keithley nanovoltmeter (Model
2182A), current source (Model 238) and a constant DC
bias current of 100 mA between 4 and 50 K temperatures
in a cryostat. The active cross-sectional area fraction
(AF) values can be estimated from resistivity measure-
ments by using Rowell's connectivity analysis [30],

AF = ρideal/[ρ300K − ρ40K], (1)

where ρideal = 7.3 µΩ cm [31, 32]. In addition, the resid-
ual resistivity ratio (RRR) is given by [33]:

RRR = ρ300K/ρ40K. (2)

This value was estimated for each sample. The connec-
tivity analysis measurements of the multi�lament tapes
were carried out with and without MgB2 cores in the
tapes thus the in�uence of Cu and Fe conductivities on
the total conductivity of the tape were determined. Stan-
dard Pb�Sn (40/60) solder was used for forming the cur-
rent and voltage contacts. Both of voltage contacts were
directly soldered with standard Pb�Sn (40/60) solder to
the sheath materials of the samples. Both ends of the
samples were painted with silver and then both painted

ends of the samples were soldered with standard Pb�Sn
(40/60) solder for current contacts as shown in Fig. 1.
The current�voltage (I�V ) characteristics of the sam-
ples were measured at 20 K with the standard four-probe
method under self-�eld. A Philip Harris current source,
Lake Shore 331 temperature controller, Hewlett Packard
34401A multimeter and Leybold cryostat system were
used for I�V measurements. The critical currents (Ic)
were evaluated from I�V curves taking the electric �eld
criterion of 1 µV/cm. The Jc was de�ned as Ic divided
by the cross-section area of the MgB2 core which was
measured with a help of a scanning electron microscope.

Fig. 1. Current and voltage contacts of MgB2/Fe/Cu
multi�lamentary tape.

The surface morphologies of the multi�lamentary
MgB2 samples were studied by using a JEOL JSM-
-6390 LV scanning electron microscope (SEM). SEM in
a combination with an energy dispersive X-ray spectro-
meter (EDS) analysis was used for studying the chemical
composition of the samples. The surface structures of
the multi�lamentary MgB2 samples were investigated by
OLYMPLUS GX41 optical microscope.
The phase composition and crystal structure investi-

gation of the multi�lamentary MgB2 samples were char-
acterized by XRD method using a Rigaku MultiFlex
2 kW X-ray di�ractometer with Cu Kα radiation (λ =
1.5418 Å) in the range 2θ = 3◦−80◦ with a scan speed of
3◦/min and a step increment of 0.02◦ at room tempera-
ture. Phase purity, lattice parameters and crystallite size
were determined from these XRD patterns. The values
of grain sizes can be estimated from XRD measurements
by using the Scherrer�Warren formula [34]:

D = (0.94λ/B cos θ), (3)

where D is the crystallite size in nm, λ (15.418 nm) is
the wavelength of X-ray in nm, θ is the angle of intensity
peak and B is the full width at half maximum (FWHM)
of the same intensity peak.
Magnetic moment versus temperature properties were

measured at 0.1 T between 10 K and 50 K by using
a quantum design physical property measurement sys-
tem (PPMS) under the zero �eld-cooling regimes (ZFC).
The measurements were carried out by the sweep rate of
5 mT s−1.
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3. Results and discussion

Figure 2 shows SEM pictures of polished transverse
cross-sections of six and seven �laments MgB2/Fe/Cu
wires and tapes without heat treatment. After cold draw-
ing, the multi�lamentary wires have uniform transversal
sections and regular round shapes, as can be seen from
the �gure. The matrix metal of the multi�lamentary
wires is copper. A copper stabilizer is located in the six
�laments MgB2/Fe/Cu wire. Between MgB2 and copper,
an iron barrier is placed in order to prevent di�usion of
copper to MgB2 during heat treatment. However, after
cold rolling, the six �laments tape has uniform deforma-
tion, as shown in Fig. 2c but the seven �laments tape does
not exhibit well-distributed MgB2 �laments, as shown in
Fig. 2d. Cu stabilizer in the centre is helpful for obtaining
evenly distributed �laments in tape making via rolling.
Iron sheathing as barrier is also bene�cial for the same
purpose. Table I summarizes the main characteristics of
the six and seven �laments wires.

Fig. 2. SEM pictures of polished transverse cross-
-sections: (a) six �laments MgB2/Fe/Cu wire, (b) seven
�laments MgB2/Fe/Cu wire, (c) six �laments MgB2/
Fe/Cu tape, (d) seven �laments MgB2/Fe/Cu tape.

TABLE I
Six and seven �laments wire characteristics.

Number of MgB2 �laments 6 7

preparation technique ex situ PIT ex situ PIT

sheath material copper copper

di�usion barrier material iron iron

composite (MgB2/Fe/Cu) 9.18167 16.6106

cross-section [mm2]

MgB2 cross-section [mm2] 2.30790 5.49500

iron cross-section [mm2] 0.70650 3.22886

copper cross-section [mm2] 6.16727 7.88674

We have performed EDS measurements for elemental
analysis as presented in Fig. 3. The �gure shows Mg,
B, Fe, Cu and O element composition mappings taken
on the cross-section of the M6A, M6B, M7A and M7B

Fig. 3. EDS results of the samples: (a) M6A, (b) M6B,
(c) M7A, and (d) M7B.

samples. As can be seen from the �gure, we observed that
the percentages of Mg in the M6B and M7B samples are
higher than the M6A and M7A samples, respectively. On
the other hand, we observed that the percentages of B in
the M6B and M7B samples are lower than those of M6A
and M7A samples, respectively. We think that the Mg in
the M6B and M7B samples may have been collected in
the cross-section area which was taken as EDS data after
heat treatment.

Fig. 4. X-ray di�raction patterns of the M6A, M6B,
M7A, and M7B samples.

The phase compositions and microstructure properties
of the samples were investigated by XRD measurements.
Figure 4 shows intensities as a function of 2θ for the M6A,
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M6B, M7A, and M7B samples. The Miller indices are
indicated in the �gure. The lattice parameters a and c
determined from the (h00) and (00 l) peaks of the XRD
data are given in Table II.

TABLE II

The lattice parameters a and c of the M6A,
M6B, M7A and M7B samples.

Samples a [Å] c [Å]

M6A 3.0891 3.5271

M6B 3.0986 3.5392

M7A 3.0890 3.5265

M7B 3.0863 3.5247

The XRD pattern analysis of M6A, M6B, M7A, and
M7B shows MgB2 as a main phase and CuO, MgO, and
MgB4 as impurity phases. The XRD analysis shows that
there are almost no reactions between MgB2 and barrier
materials. The crystallographic symmetry of the material
was found to be hexagonal. An appreciable change in
the lattice parameters of the samples was found within
the experimental limit. Both lattice parameters a and
c for the M6A and M6B samples increase slightly from
3.0891 to 3.0986 Å and from 3.5271 to 3.5392 Å with the
heat treatment, respectively. On the other hand, both
lattice parameters a and c for the M7A and M7B samples
decrease from 3.0890 to 3.0863 Å and from 3.5265 to
3.5247 Å with the heat treatment, respectively.
Comparing the non-annealed and annealed samples,

the peak (101) shifts to low angle for the sample M6B
(annealed sample) while the peak (101) shifts to high
angle for the sample M7B (annealed sample). Therefore,
lattice parameters a and c increase with annealing for the
sample M6B but these parameters decrease with anneal-
ing for the sample M7B. The grain sizes estimated from
XRD measurements by the Scherrer�Warren formula are
approximately 50�60 nm for all samples.

Fig. 5. Resistivity versus temperature graphs of the
M6B and M7B samples.

The temperature dependence of the resistivity of the
samples M6B and M7B is shown in Fig. 5. T onset

c , T offset
c ,

and ∆Tc values were tabulated in Table III.
The T offset

c (K) values of the M6B and M7B samples
were obtained as 36.7 K and 36.3 K, respectively. No dif-
ference between the M6B and M7B samples in transition
width was observed.

TABLE III

The superconducting transition temperature
values of the M6B and M7B samples.

Tapes T onset
c [K] T offset

c [K] ∆Tc [K]

M6B 37.6 36.7 0.9

M7B 37.2 36.3 0.9

The active cross-sectional area fraction values were es-
timated from resistivity measurements by using Rowell's
connectivity analysis. In order to explain the connectiv-
ity between grains, AF values are estimated for the M6B
and M7B samples and tabulated in Table IV. The esti-
mated AF values were 4.62 and 1.86 for the M6B and
M7B samples, respectively. According to Rowell's con-
nectivity analysis, the higher AF value is related to the
better connectivity between grains. The estimated AF

value of the M6B sample was obtained higher than M7B
sample. This result indicates the better intergranular
connection in MgB2 grains for the M6B sample. In addi-
tion, the RRR de�ned by ρ300K/ρ40K was also estimated.
Table IV illustrates ρ40K, ρ300K, ∆ρ (ρ300K − ρ40K),
and RRR values for M6B and M7B samples. The room
temperature resistivity value of the M6B sample was ob-
tained lower than M7B sample. This is related to the
better crystallinity of MgB2 phase due to grain growth
for the M6B sample.

Fig. 6. Electric �eld versus current density graphs of
the samples M6B and M7B (20 K).

TABLE IV

Values of the resistivity at 40 and 300 K (ρ40K, ρ300K),
the resistivity di�erence (∆ρ), the RRR and the active
cross-section area fraction (AF) for the M6B and M7B
samples.

Samples
ρ40K

[µΩ cm]

ρ300K

[µΩ cm]

∆ρ(ρ300K − ρ40K)

[µΩ cm]
RRR

AF

[%]

M6B 0.81 2.39 1.58 2.95 4.62

M7B 1.97 5.98 4.01 3.03 1.86

The current�voltage (I�V ) characteristic of the sam-
ples M6B and M7B were measured at 20 K with the
standard four-probe method under self-�eld. Figure 6
shows the electric �eld as a function of transport critical
current density for the samples M6B and M7B measured
at 20 K. The transport critical current density values of
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the samples M6B and M7B calculated from I�V mea-
surements were found to be 450 A/cm2 and 190 A/cm2,
respectively.

Fig. 7. Magnetic moment versus temperature graphs
of the samples M6B and M7B.

Figure 7 shows the temperature dependence of mag-
netic moment for the samples M6B and M7B measured
at 20 K. The o�set superconducting transition tempera-
ture values of the MgB2/Fe/Cu 6 and 7 �laments tapes
were determined as 36.8 K and 36.6 K, respectively.
These inductive superconducting transition temperature
values are consistent with transport measurements of the
MgB2/Fe/Cu 6 and 7 �laments tapes.

4. Conclusions

The multi�lamentary (6 and 7) MgB2/Fe/Cu tapes
were fabricated by ex situ PIT method using commer-
cially available MgB2 powder (Alfa Aesar, −325 mesh,
< 44 µm) without any intermediate annealing. These
samples were characterized using XRD, SEM, EDS, op-
tical microscope, magnetic and transport measurements.
In order to explain the connectivity between grains, AF

values are estimated for the M6B and M7B samples. The
estimated AF value of the sample M6B is higher than
that of sample M7B. This result indicates the better in-
tergranular connection in MgB2 grains for the samples
M6B. The room temperature resistivity value of the sam-
ples M6B was obtained lower than that of sample M7B.
This is related to the better crystallinity of MgB2 phase
due to grain growth for the samples M6B. The transport
Jc values of the samples M6B and M7B were obtained as
450 A/cm2 and 190 A/cm2 at 20 K, respectively. The o�-
set superconducting transition temperature values of the
MgB2/Fe/Cu 6 and 7 �laments tapes were determined as
36.8 K and 36.6 K from the M−T graphs.
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