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Abstract

Superconducting MgB2 composite wires were prepared by packing blend of MgB2 inside of Cu tubes using powder

in tube (PIT) method. The produced samples of the wires were then characterised by using SEM, XRD and AC sus-

ceptibility measurements. The measured fundamental susceptibility is compared with Bean model. We have obtained an

empirical functions for the penetration field Hp = Ha(1�t)b, where t is the reduced temperature. In addition, ac losses

were calculated at the same fixed temperatures to compare theoretical solutions. There is a qualitative agreement

between the experimental results and theory.
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1. Introduction

The discovery of superconductivity in MgB2 [1]

has stimulated interest in determining its ac re-

sponse in the superconducting state as well as in
its novel properties in the normal state [2–6]. Re-
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cently, many researchers have spent much effort

on the characterization and optimization of super-

conducting properties [7–11]. MgB2, consists of a

comprised interleaved two-dimensional boron

and magnesium layer. The key element responsible
for the superconductivity is considered to be bor-

on. The compound has been attractive because

the external field-dependences of the Tc and Jc ap-

pears to be encouraging. The recent reports are re-

lated with the fabrication of MgB2 wires by PIT
ed.
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techniques [2] using either Ag or Cu sheath and

MgB2 strands [5] by directly filling Nb-lined, monel

tubes with commercially available MgB2 pow-

ders followed by drawing, rolling into tapes, and

sintering [12]. The powder-in-tube (PIT) method
appears to be the most practical and advantageous

technique, since MgB2 itself is mechanically hard

and brittle to form a wire without a suitable,

non-reactive sheath material. The cladding mate-

rial provides magnetic screening to the applied

magnetic fields on the superconducting core. In

this method, the packing density of MgB2 powder,

which depends on the sheath materials, is very
important to obtain a high critical current density

Jc. In PIT technique, some metals such as stainless

steel SS [13], Cu [2,14], Ag [2], Ag/SS [2], Fe [15],

have been used as cladding material. However,

among those, copper has been one of the most

suitable sheath material for the fabrication of

MgB2 composite wires due to its low cost and high

ductility.
For a superconductor, magnetic characteriza-

tion is essentially to determine its magnetic proper-

ties. AC harmonic susceptibility (vn ¼ v0
n þ iv00

n,

with n is an integer number) has become a com-

mon tool as a method to understand the magnetic

properties and to estimate the critical current den-

sity by use of suitable models. It is well known that

v00
1 is related to ac losses and v0

1 is associated with
flux expulsion of the sample. The original interpre-

tation of harmonic susceptibilities was first made

by use of Bean�s critical-state model [16]. In the
model, Jc, independent on the local magnetic field,

therefore a symmetric magnetization is assumed.

Thus, odd-order harmonic susceptibilities are only

generated. The out-of phase component v00
1 is re-

lated to ac losses as v00 ¼ AH=l0pH
2
ac, where AH

is the area embraced by the hysterics curve. Later,

the Kim–Anderson model was developed [17].

In the model, it is assumed that Jc is dependent

on the local magnetic field. This dependence leads

to a non-symmetric magnetization and cause gen-

eration of even-order harmonic susceptibilities. In

addition, a superimposed dc field gives rise to a

non-symmetric magnetization.
In this paper, MgB2 superconductor wires are

characterized using SEM, XRD and AC suscepti-

bility measurements. The temperature dependence
of the magnetic field Hp has been determined

to make comparison between the measured and

calculated fundamental susceptibility. Best fit

to experiments was found with the function

Hp = Ha(1�t)b, where t is the reduced tempera-
ture. AC losses were also calculated at some fixed

temperatures to compare with experimental

results.
2. Experimental

Blend of MgB2 powder (�325 mesh) was filled
into a Cu tube with a wall thickness of 1mm and

outer diameter of 5mm in air. Only hand pressing

was applied to density the MgB2 powder in Cu

tube. The filled tube was cold drawn in a number

of steps with about 5% of section reduction to a

round Cu-clad MgB2 wire with a core diameter

of 0.7–0.8mm and with an outer diameter of

1.5mm, while the superconducting fill factor corre-
sponds to about 25–30% for the whole conductor

volume. The samples were then annealed in a tube

furnace in a high purity Ar gas flow under ambient

pressure at 800 �C for 3min and quenched to air
for short annealing process. Then the samples have

been investigated in terms of SEM, XRD and AC

susceptibility measurements. The susceptibility

measurements were carried out by a commercial
Lake Share 7130-model ac susceptometer employ-

ing a mutual inductance coil system with a closed

cycle refrigerator.
3. Model calculations

The measurements show field-dependent behav-
iour, especially at temperatures close to Tc. The v00

1

exhibited single maximum shifted to lower temper-

ature on increasing applied field. These results

show that Bean model is quite applicable to the

qualitative description of the material. In this

model, the critical current density, Jc, is assumed

to be independent of local magnetic fields. The

model also depends on the geometry of sample.
Goldfarb et al. [18] derived the equations of

ascending and descending portions of the magnet-

isation using the Bean model for cylindrical-geo-
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metry. In our calculations, we use their set of equa-

tions (29)–(38) in Ref. [18] to compute harmonic

susceptibilities. Harmonic susceptibility (vn ¼ v0
n þ

iv00
n) is defined as

v0
n ¼

1

pH ac

Z
MðtÞ sinðnwtÞdðwtÞ ð1Þ

v00
n ¼

1

pH ac

Z
MðtÞ cosðnwtÞdðwtÞ ð2Þ

in-phase and out-of-phase components of har-
monic susceptibilities, respectively.
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Fig. 2. X-ray diffraction patterns of the MgB2 powders, (a)

before packing, (b) after removing the Cu sheath mechanically

after the cold drawing process to a wire with outer diameter of

1.5mm, (c) after annealing at 800�C for 3min.
4. Results and discussion

Fig. 1 shows SEM picture of transverse cross-

section of a 1.5mm in diameter of an annealed

Cu-sheathed MgB2. The diameter of the supercon-
ducting core was measured about 0.8mm from

SEM picture. The formation of MgCu2 interface

layer on the Cu sheath wall is not so visible from

the SEM picture taken using back-scattered elec-

tron imaging.

The effect of cold working and annealing tem-

perature and annealing time on the microstruc-

tural development of Cu-sheathed wire on the
MgB2 phase was analysed by X-ray diffraction

measurements as shown in Fig. 2. The comparison

of Fig. 2b and c shows Mg diffusion from pure

MgB2 superconducting core after annealing of
Fig. 1. SEM micrograph of cross-section of an annealed Cu-

sheathed MgB2 composite wire with 1.5mm in diameter.
Cu-clad MgB2 wire at 800 �C for 3min. As a result,
X-ray diffraction pattern in Fig. 2c looks blur due

to excess amorphous B in the core due to the loss

of Mg during the formation of intermetallic

MgCu2 in the Cu sheath wall.

Fig. 3 exhibits the effects of ac field amplitude

depence on the measured susceptibility of the

MgB2 composite wires. All the measurements re-

ported are normalized at 25K. When Hac is in-
creased from 20 (A/m) to 1600 (A/m), the peak

height in v00
1=v0 increased as the peak moved to

lower temperatures. Fundamental susceptibility

shows a typical single-step transition. This single-

step transition, reflecting the flux penetration into

the bulk ofMgB2, indicates the presence of a strong

coupling between the grains of MgB2. The peak

temperature, Tp is 37.56, 37.40, 37.30, 37.17,
37.00, 36.78 and 36.80K for ac fields of 20, 80,

160, 320, 640, 1280 and 1600 (A/m) respectively.

Fig. 4 displays Hp versus peak temperature, Tp.

At the peak values of v00
1=v0, ac field amplitudes are
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Fig. 3. Experimental measurements of fundamental harmonic susceptibilities are given for Hac = 20, 80, 160, 320, 640, 1280, 1600A/m

(rms) and Hdc = 0, f = 111Hz.
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equal to the full penetration field the Hp. A func-

tion of the form Hp = Ha(1 � t)b with parameters

Ha = 26772651A/m and b = 2.7 fits best to the
data observed. The lower temperature part of the

curve was drawn by extrapolation. The value of

2.7 is compared with 1.9 for the BSCCO [19] and

2 for YBCO [20]. The results appear to support

that Jc in the MgB2 becomes less sensitive to mag-

netic field when compared to high temperature

superconductors for example the BSCCO and the

YBCO.
Fig. 5 shows the calculated fundamental sus-

ceptibility. The theoretical calculation was car-
ried by using Bean model with the fitting

equation Hp = Ha(1�t)b for cylindrical-geometry.

The results obtained from model calculations ex-
hibit that, the peak temperature, Tp are 37.64,

37.52, 37.46, 37.36, 37.20, 37.05, 37.00K for ac

fields of 20, 80, 160, 320, 640, 1280, and 1600

(A/m) respectively. As Hac increases, the peak

moves to lower temperature, but, the height of

the peak of imaginary part is not affected. As

can be seen in Fig. 3 and Fig. 4, the experimental

values were mimicked with the model calcula-
tions. They are also consistent with the works

in Refs. [21,22].
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36.6 36.8 37.0 37.2 37.4 37.6

0

400

800

1200

1600

2000

H p (
A/

m
)

Tp (K)

Fig. 4. The full penetration field, Hp versus peak temperature,

Tp is shown.

Temperature (K)

35.0 35.5 36.0 36.5 37.0 37.5 38.0

1/
χ

χ 0

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

1
2

3
4

5
6

7

Hac (A/m)

1-------20
2-------80
3-------160
4-------320
5-------640
6-------1280
7-------1600

f=111 Hz

Fig. 5. Numerical solutions of fundamental harmonic suscep-

tibilities to Eqs. (1) and (2) versus temperature are shown for

Hac = 20, 80, 160, 320, 640, 1280, 1600A/m (rms) and Hdc = 0.
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We have also plotted the calculated and exper-

imentally measured ac losses versus ac field ampli-

tude in Fig. 6 for three temperature (T = 37.4, 37.2

and 37.0K). Open symbols and filled symbols

show the experimental and theoretical calcula-

tions, respectively. It can be found from Fig. 4 that

at low fields, the calculated and experimental val-

ues of the ac losses agree reasonably well, where
ac losses essentially consist of the hysteretic inter-

granular coupling.
5. Conclusion

MgB2 composite wires have been investigated

by means of SEM, XRD and AC susceptibility

measurements. The measured fundamental suscep-

tibility has been calculated from Bean model with

the fitting parameters. AC losses were also calcu-

lated at the same fixed temperatures. As a result,

the model calculations are in qualitative agreement

with the corresponding experimental measure-
ments. In addition, suitable temperature depend-

ence for the penetration field Hp(T) is given.
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