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Abstract. Bulk MgB2(+C) was prepared via in-situ or ex-situ reaction during conventional sinter-
ing or spark-plasma sintereing (SPS). The SPSed samples resulted in a much higher densifica-
tion than the sintered one. As a result, higher the critical current densiy values were reported for
the SPS samples. In-situ reacted SPS samples generally exhibited a higher critical density than
the ex-situ processed ones at low magnetic fields, but degradaded more quickly at higher fields
than 3T. The ex-situ reacted SPS samples with 5% excess C showed the critical current density
up to 18,000 A/cm2 at 5 T (5K).

1. INTRODUCTION

Recently discovered MgB2 has attracted much at-
tention for engineering interests due to its high su-
perconducting transition temperature (Tc=39K), in-
expensive raw materials, compositional tolerance
and light-weight. Furthermore, MgB2 has no seri-
ous problem of anisotropy and weak-link at the grain
boundaries which limit the superconducting proper-
ties of high-Tc superconductors. However, there are
two major problems to be overcome for wide appli-
cation of this materials to various fields. First, con-
ventionally synthesized MgB2, such as by sintering
or powder-in-tube process, exhibits an insufficient
value of upper critical magnetic field (Hc2). Recently,
however, this can be largely improved by the intro-
duction of lattice distortion via doping or imperfec-
tions by high-energy ball-milling [1-7]. The addition
of C or SiC, in particular, has been known as an
effective way to improve flux pinning property. An-
other difficult problem related to MgB2 is relatively
low critical current density (Jc), compared with low-
Tc metallic superconductors. This is mainly due to
low densification of MgB2 gains during sintering. It
has been known that highly dense MgB2 is very dif-

ficult to obtain both by in-situ reaction from elemen-
tal Mg and B powder mixture, or by ex-situ reaction
of alloyed powders. This is mainly due to a random
packing of sintered MgB2 grains, which are usually
hexagonal shaped nanocrystallites which stem from
its crystal structure. Furthermore, the fine size of
sintered MgB2 grains, typically below several hun-
dreds nanometers, makes the material difficult to
be highly densified. Several methods such as infil-
tration have been attempted to obtain high density
[8-10], but full densification is still a challenge for
this material.

In the present work, we employed spark-plasma
sintering (SPS) to obtain high density. Both in-situ
and ex-situ reactions during SHS have employed
togherther with the addition of C for the enhance-
ment of flux pinning.

2. EXPERIMENTAL PROCEDURES

Starting materials were highly pure Mg (>99.9%,
300 m), amorphous B (>99%, 2 m) and C (amor-
phous, submicron) powders. Four different MgB2

specimens were prepared using conventional sin-
tering or spark plasma sintering. MgB2 was formed
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Specimen Preparation method

No.1 In-situ reaction of powder mixture
(Mg-45 wt.% B), sinered at 950 °C, 2h

No.2 Ex-situ reaction of prepalloyed
MgB2, SPS at 1100 °C, 5 min.

No.3 In-situ reaction of powder mixture
(Mg-45 wt.% B), SPS at 950oC, 2h

No.4 In-situ reaction of powder mixture
(Mg-44 wt.% B-3% C),
SPS at 950 °C, 2h

Table 1. Specimens prepared in the present work.

Fig 1. Change of X-ray diffracted patterns for sin-
tered and SPSed MgB2 samples.

Fig 2. FE-SEM fractographs of (a) sintered and (b~d) SPSed MgB2 samples.

during sintering or SPS via both in-situ (from elemen-
tal powder mixture) or ex-situ (from prealloyed pow-
der) reactions. The list of specimens is summarized
in Table 1. The SPSed specimens (No.2~4) were
compared with the sintered one (No.1), followed.
For the specimen No.1, the elemental powder mix-
tures were cold-pressed into pellets under a pres-
sure of 200 MPa, and then put into a sealed Fe-
tube. Sintering was carried out at 950 °C for 2 hours.
Four the specimen No.2~4, elemental powder mix-
tures were spark-plasma sintered at 1100 °C for 5
minutes at a pressure of 50 MPa.

The phase analysis was performed by a X-ray
diffractometer (Rigaku D/MAX-2000) using Cu K

radiation. The microstructures were examined by a
field-emission scanning microscopy (Jeol JSM-
6700F). The critical temperature (Tc) and the critical
current density (Jc) were measured by a supercon-
ducting quantum interference device (SQUID) mag-
netometer at temperatures of 20 and 5K. The Tc

was determined as the onset of the diamagnetism.
The magnetic Jc values were derived from the height
]f the magnetizati]n l]]p M using the Bean’s criti-
cal state.

3. RESULTS AND DISCUSSIONS

Fig. 1 shows X-ray diffracted patterns of sintered
and SPSed MgB2 samples. The sintered specimen
which prepared by in-situ reaction of elemental pow-
der mixture, resulted in a formation of pure MgB2

without impurity or un-reacted residual phases.
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Fig 3. Magnetic susceptibility curves for MgB2, sin-
tered at 950 °C for 2 h.

Fig 4. Magnetic susceptibility curves for different
MgB2 samples, SPSed at 1100 °C for 5 min.

Fig 5. Jc as a function of applied magnetic field at
20K for different MgB2 samples.

Fig 6. Jc as a function of applied magnetic field at
5K for different MgB2 samples.

However, the SPSed specimens prepared both by
in-situ or ex-situ reaction contain a small amount of
un-reacted B. The cause of the minor residual B
phase was not clarified, but might be related to easy
oxidation and volatility of Mg, which are known to
hinder MgB2 from obtaining stoichiometric compo-
sition. Inside a tightly confined volume of SPS mold,
Mg vapors could be localized in a powder compact,
whereas in the case of sintering they might be bet-
ter distributed between interparticle spaces of B for
the completion of reaction to form MgB2.

In spite of a small amount of un-reacted B, high
theoretical density up to 95% was obtained for the
SPSed specimens, compared to ~85% for the sin-
tered MgB2. The fractured surface clearly showed
the difference in densification between convention-
ally sintered and SPSed specimens (Fig. 2). The
sintered MgB2 (Fig. 2a) contains a large number of
interparticle voids. The grains are usually several
hundred nanometers with hexagonal shape which
conform to its crystal structure. Due to such angu-
lar shape and fine size, the packing of MgB2 grains

was very poor, resulting in low densification. On the
other hand, the SPSed specimens (Fig.2 b~d)
showed highly dense morphology. For theses speci-
mens, the ex-situ reacted MgB2 has slightly denser
microstructure than the in-situ reacted one. The
grains of MgB2+5% C were more or less round, in-
dicating that chemical doping modifies the morphol-
ogy. In spite of marked improvement of densifica-
tion by SPS, however, intergranular void and pores
could not be totally eliminated.

Tc values which determined by the onset of the
diamagnetism is presented in Figs. 3 and 4. The
normalized e.m.u. values of the SPSed specimens
(Fig. 4) were one order lower than those of the con-
ventionally sintered one (Fig. 3). This indicates that
SPS resulted in more clean material than sintering,
mainly due to minimized oxidation of Mg inside a
tightly confined volume of SPS mold. Among the
SPSed specimens, the in-situ reacted one has lower
normalized e.m.u. values than the ex-situ reacted
or doped ones. In spite different values of e.m.u.,
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superconducting transition occurred at 39K for all
specimens.

The results of critical current density (Jc) at 20K
and 5K are presented in Figs. 5 and 6. In general,
the values of Jc were much higher for the SPSed
specimens than the conventionally sintered MgB2.
This is attributed to the improved densification by
SPS. At 20K, the Jc of sintered MgB2 degraded more
quickly than those of SPSed ones (Fig. 5). At 5K,
the sintered MgB2 has the Jc value up to 100,000
A/cm2, but degraded quickly as magnetic filed in-
creases (Fig. 6). On the other hand, the SPSed
MgB2 specimens retained well the Jc values until
~5 T, indicating markedly enhanced flux pinning
property. For the SPSed specimens, the ex-situ
reacted MgB2 exhibited slightly lower Jc values at
low magnetic fields, but retained better the values
at high fields than the in-situ reacted MgB2. The
best flux pinning property was reported in the ex-
situ reacted SPS specimen of MgB2+5%C (No.4),
and its Jc value reached as high as18,000 A/cm2 at
5 T (25K).

4. CONCLUSIONS

In the present work, we employed spark-plasma
sintering to obtain highly dense MgB2 using both in-
situ and ex-situ reactions. The resulting materials
exhibited high density and enhanced superconduct-
ing properties. The ex-situ reacted SPS samples
with 5% excess C showed the critical current den-
sity up to 18,000 A/cm2 at 5 T (25K). Further im-
provement of Jc and flux pinning might be possible.
Future work is required for the complete elimination
of residual B by a proper control starting composi-
tions, and to optimize the working conditions of SPS
such as optimum temperature and duration for near-
full densification.
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