
 
pISSN 1229-3008 eISSN 2287-6251 

Progress in Superconductivity and Cryogenics                                                                                                                                               
Vol.18, No.4, (2016), pp.9~14                                                                                                                              http://dx.doi.org/10.9714/psac.2016.18.4.009 

 

3``̀   

1. INTRODUCTION  
 

The MgB2 superconductor discovered by Nagamatsu 

and Akimitsu in 2001 has a high superconducting 

transition temperature (Tc) of 39 K [1]. In addition to a high 

Tc, the MgB2 superconductor has many advantages for the 

practical use of the materials. The coherence length of 

MgB2 is longer than that of high-Tc oxide superconductors 

[2] and the current anisotropy is smaller [3-4]. The two 

current properties make it easy to fabricate the MgB2 

superconductor as a bulk or wire form. Owing to the high 

Tc, and other excellent current properties of MgB2 and the 

easy fabrication process, it is possible to design 

superconducting magnets operating at 20 K without liquid 

helium. In spite of the advantages of MgB2, the Jc at the 

high magnetic fields is still sufficiently low to realize the 

commercial applications of MgB2 magnets. 

MgB2 superconductors can be fabricated either by an 

ex-situ process or an in-situ process [5-12]. In the ex-situ 

process, readily synthesized MgB2 powder is used as a raw 

material [5-8], whereas in the in-situ process a powder 

mixture of Mg and B is used [9-12]. The ex-situ processed 

MgB2 superconductors showed a higher density with a 

small number of pores and excellent mechanical properties 

[6-7]. In spite of the dense microstructure of the ex-situ 

processed MgB2, however, the Jc was lower than the in-situ 

processed MgB2 [5]. On the other hand, the in-situ 

processed MgB2 superconductors showed a low pellet 

density owing to the pore development during the reaction 

of Mg and B. The Jc of the in-situ processed MgB2 is 

higher than that of the ex-situ processed MgB2 [5]. The 

strongly coupled grain boundaries and the defects formed 

by the reaction are likely to be attributed to the high Jc of 

the in situ processed MgB2 [13]. 

The apparent density reported in the in situ processed 

MgB2 was approximately one half of the theoretical 

density [14] owing to the presence of many pores. This 

means that the Jc of the in situ processed MgB2 can be 

improved if the pellet density is increased through pore 

elimination. The pores are believed to form owing to the 

difference of the diffusivity between Mg and B. During the 

in situ process for the formation of MgB2, the Mg powder 

with a melting temperature (m. p.) of 650℃ [15] melts and 

MgB2 nucleates at the boron powders with an m. p. of 

2200℃ [16]. As a result of the Mg melting and the fast 

diffusion of Mg toward the boron powder to form MgB2, 

the location of the Mg powders was converted into pores 

[17-18]. Consequently, the pore shape is similar to that of 

the Mg powder used. Because the shape and size of the Mg 

powder used determine the porosity of MgB2, it is believed 

that the Jc of MgB2 can be controlled by the characteristics 

of the Mg powders [19-20]. 

In this study, MgB2 bulk superconductors were 

fabricated by the reaction of MgB4 and Mg. In the reaction 

process using MgB4 and Mg powders, the amount of Mg 

used to form MgB2 is smaller than the conventional in situ 

process [21-23]. Therefore, the number of pores can be 

reduced. The effect of the size and the shape of Mg powder 
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Abstract    

 

The effect of the size and shape of magnesium(Mg) powder on the formation of MgB2 and the critical current density(Jc,) of 

MgB2 bulk was studied. As a precursor for the formation of MgB2, Mg and MgB4 powder, which was synthesized through the 
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transition temperature (Tc) of MgB2 was not sensitive to the characteristics of the Mg powders used. All of the prepared MgB2 

samples showed a high Tc of 38.3 K and a small superconducting transition width of 0.2 K-0.5 K. Jc (5 K and 1 T) of MgB2 was the 

highest as 3.93×104A/cm2 when spherical Mg powder with a size of 25.7 µm was used, whereas Jc was the lowest as 2.18×104 

A/cm2 when plate-like Mg powder with a size of 34.1 µm was used. The relationship between the Jc of MgB2 and the characteristics 

of the Mg powders used was explained in terms of the volume fraction of MgB2 and the apparent density of the MgB2 pellets. 
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on the formation of MgB2, the development of pore during 

the reaction and the superconducting properties of MgB2 

are reported. 

 

 

2. EXPERIMENTAL PROCEDURE 

 

To synthesize MgB4, Mg (99.9% purity, average size of 

27.5 µm, spherical in shape) and B (98.5% purity, average 

size of 100 nm) was mixed at a ratio of Mg:B=1:4. The 

powder mixture was uniaxial pressed in a steel mold into 

pellets with a diameter of 20 mm. The pellets were put in a 

titanium (Ti) tube so as to suppress the oxidation of Mg 

during heat treatment. The encapsulated pellet with a Ti 

tube was heat treated at 1000℃ with a heating rate of 5℃
/min and maintained at this temperature for 5 h in flowing 

Ar gas. During heat treatment, MgB4 forms by the reaction 

of (Mg + 4B = MgB4). After the heat treatment the pellets 

were crushed into powders. The crushed powders were 

stirred in a 1 M HNO3 solution for 1 hour to remove the 

unreacted impurity phases.  

After the HNO3 leaching process the synthesized MgB4 

precursor powder was mixed with Mg powders with 

various sizes at a ratio of MgB4:Mg = 1:1.3. The Mg excess 

composition was to compensate the evaporation loss of Mg 

that occurred during heat treatment [24]. The 

specifications (the average size and shape) of the Mg 

powders used are summarized in Table 1. The size of Mg 

powders used in this study was analyzed by particle size 

analyzer(Mastersizer v.5.22). The size of the used Mg 

powder was 9.5 µm -36.9 µm and the shapes were 

spherical or plate-like forms. 

Figs. 1(A)-1(F) show scanning electron micrographs 

(SEM) of the Mg powders used as the raw material of this 

study. All Mg powders except E are spherical in shape 

because they were produced through a centrifugal or gas 

pressure atomizing process. Powder E is plate-like in 

shape. 

The Mg powders were mixed with MgB4 powder for 30 

min by hand mixing using a mortar jar and a pestle. After 

powder mixing, 0.3 g of a power mixture of (MgB4+Mg) 

was put in a steel mold and uniaxial pressed into a pellet 

with a diameter of 10 mm. The pellets were encapsulated 

with a Ti tube, placed in a tubular furnace and heat treated 

to 700℃, at a rate of 5℃/min and maintained at this 

temperature for 1 h in flowing Ar gas.  

Before and after the heat treatment the apparent density 

of the pellets was measured to understand the effects of the 

pore formation on the pellet density. The phase formation 

during the heat treatment was analyzed using powder 

X-ray diffraction (XRD). From the XRD peaks, the 

volume fractions of the formed phases and the residual 

phases were calculated using equation (1). 
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TABLE 1   
SPECIFICATION OF THE Mg POWDERS USED FOR THE FORMATION OF 

MgB2. 

Powder 

name 

Average 

size (µm) 
Shape 

Manufacturing 

Company 

A 9.5 Spherical Tang-shan Weihao 

(China) 

B 9.9 Spherical Hana AMT (Korea) 

C 20.0 Spherical Tang-shan Weihao 

(China) 

D 25.7 Spherical Hana AMT (Korea) 

E 34.1 Plate-like Alfa Aesar (USA) 

F 36.9 Spherical Hana AMT (Korea) 

 
 

Fig. 1. SEM micrographs of the Mg powders used in this study(A, B, C, D, E and F denote the powders of table 1). 

All Mg powders except powder E (Alfa aesar) are spherical in shape. 
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where F(MgB2) is the volume fraction of MgB2 and IMgB2 and 

IMgB4, are the XRD intensities of MgB2 and MgB4, 

respectively.  

The superconducting transition temperature (Tc) and 

the critical current density (Jc) of MgB2 were estimated 

using rectangular samples cut from the MgB2 pellets using 

a magnetic property measurement system (MPMS, 

Quantum design) with a maximum magnetic field of 5 

Tesla. The Jc was calculated from the magnetization curves 

using Bean’s critical model [25] of equation (2). 

 

b)3a/ΔM/a(120Jc                          (2) 

 

where ∆ M is the magnetization loop size (Mdec - Minc), and 

a and b are the parameters regarding sample’s dimension. 

 

 

3. RESULTS AND DISCUSSION 

 

Fig. 2 shows a histogram of the apparent density of the 

MgB2 samples before and after heat treatment. The MgB2 

samples were prepared using MgB4 and Mg powders of 

various sizes (A-F). The apparent densities of the pressed 

pellets using powder B and C (the spherical Mg powders 

with moderate sizes) are higher than the others; whereas 

the apparent density of the pressed pellet using powder E 

(large plate-like Mg powder) is the lowest. This result 

indicates that the size and shape of the Mg powder 

influenced the compact density of the (MgB4+Mg) pellets.  

After the heat treatment the apparent density of all 

MgB2 pellets decreases. The apparent density of the heat 

treated pellets is less than 50% of the theoretical 

density(2.57 g/cm
3
 [14]) of the MgB2. A density decrease 

after heat treatment was reported in an in-situ processed 

MgB2 bulk superconductor, which used Mg and B powders 

as the starting materials [17, 26]. The origin of the density 

decrease was confirmed as the pore formation by Mg 

melting and the fast Mg diffusion during the MgB2 

formation reaction. One of the used precursor powders in 

this study was also Mg and the heat treatment for the 

pellets was carried out above the m. p. of Mg. It can 

therefore be, said that the Mg melting leads to the density 

decrease of this study. 

The change of apparent density after heat treatment of 

the pellet prepared using Mg powders with various sizes is 

shown in Fig. 3. When powders C and D (a powder size of 

approximately 20 µm) were used, the density change after 

heat treatment was high. The % of density change of 

powder D is 2.94%, whereas that of powder F is 1.64%.  

Fig. 4 shows SEM micrographs of the polished surface 

of the MgB2 bulk pellets prepared using Mg powders (A-F) 

with various sizes. Pores are observed in all of the polished 

surfaces. Except powder E, the pores observed in all 

samples are spherical in shape. The pores of sample E are 

plate-like in shape. It is common for the pore shape is to be 

similar to the shape of the Mg powders used. In addition to 

the pore-Mg shape similarity, the pore size is also similar 

to that of the Mg powders used. As already reported in a 

previous work [26], the shape and size similarities between 

the pores and the Mg powders used were ascribed to the 

pore formation by the melting of the Mg powders. Because 

the location of the Mg powders is converted into pores, 

plate like Mg powders make plate-like pores and spherical 

Mg powders make the spherical pores.  

Fig. 5 shows the XRD patterns of MgB2 samples 

prepared using Mg powders (A-F) of various sizes. The 

major peaks in all XRD patterns are MgB2 and other minor 

peaks are MgB4 and MgO. The formation of a small 

amount of MgO appearing during heat treatment is due to 

the high reactivity of Mg.  
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Fig. 2. Histogram of the variation of an apparent density of 

MgB2 samples after the heat treatment. 
 

 

 

 

Fig. 4. SEM micrographs of the polished surfaces of 

MgB2 prepared using the Mg powders (A-F) using 

various sizes and shapes. 
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Fig. 3. % of density change after heat treatment of MgB2 

prepared using Mg powders of various sizes. 
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The volume fraction of MgB2 and residual MgB4 in 

each sample were calculated and are shown in Fig. 6. The 

residual MgB4 volume fraction of powder E is 15.53%, 

whereas the MgB4 volume fraction of powder D is 4.45%. 

This result indicates that the MgB2 formation was 

accelerated when using small spherical Mg powder. In 

addition, the result is consistent with the change of the 

apparent density in Figs. 2 and 3. The formation of MgB2 

leads to the pore formation owing to the melting of the Mg 

powders (the heat treatment temperature (700
o
C) of this 

study is higher than the melting temperature (650
o
C) of 

Mg). As the volume fraction of MgB2 increases, the 

number of pores consequently increases, and the apparent 

density decreases. 

Fig. 7 shows the magnetic susceptibility-temperature 

curves of MgB2 samples prepared using Mg powders of 

various sizes (A-F). The Tc, onset, Tc, mid  and transition width 

(ΔTc) is summarized in Table 2. Regardless of the size of 

the Mg powder, Tc, onset is 38.3 K and the superconducting 

transition is sharp. The value of ΔTc ranges from 0.2 K to 

0.5 K.  

Fig. 8 shows Jc-B curves at 5 K and 20 K of MgB2 

samples prepared using Mg powders (A-F) with various 

sizes. The value of Jc at 5 K and 20 K for powder D is the 

highest, whereas Jc of powder E is the lowest. The value of 

Jc at 5 K and 1 T of powder D is 3.93×10
4
 A/ cm

2
 and Jc of 

powder E is 2.18×10
4
 A/cm

2
. The value of Jc at 20 K and 1 

T of powder D is 2.43×10
4
 A/cm

2
 and Jc at 20 K and 1 T of 

powder E is 1.43×10
4
 A/cm

2
. These results agree with the 

MgB2 volume fraction for each powder confirmed by the 

XRD of Fig. 6; the volume fraction of MgB2 of sample D 

was the highest and that of powder E was the lowest. The 
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Fig. 5. XRD diffraction patterns of MgB2 samples 

prepared using Mg powders with various sizes (A-F). 

 
 

Fig. 4. SEM micrographs of the polished surfaces of MgB2 prepared using Mg powders (A-F) of various sizes. 
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Fig. 6. Volume fraction of MgB2 and MgB4 in the heat 

treated samples. 
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result is, also, consistent with the results of the density and 

pore formation of Figs. 2 and 3; small spherical pores were 

developed for powder D, whereas large plate-like pores 

were developed for powder E. The higher MgB2 volume 

fraction and the smaller pore size are likely attributable to 

the high Jc of powder D. Among spherical Mg powders, 

the smaller Mg powder was more effective in forming 

MgB2. This is because the smaller spherical Mg powder 

has a larger surface are per unit volume, which activated 

the diffusion of Mg. 

 

 

4. CONCLUSIONS 

 

The superconducting properties (Tc and Jc) of the MgB2 

superconductor are dependent on the material parameters 

such as a density, grain boundary area, defect density and 

lattice distortion, and so on [27-31]. In particular, the value 

of Jc can be changed by controlling of the characteristics of 

the raw materials. In this study we investigated the effects 

of the size of Mg powder (9.5 µm-36.9 µm) on the 

formation of MgB2 and the superconducting properties. 

MgB2 bulk superconductors were prepared through a solid 

state reaction using MgB4 and Mg. The size of the Mg 

powder did not affect the Tc of MgB2 significantly. 

Regardless of the size of the Mg powder, Tc, onset was the 

same as 38.3 K and ΔTc was 0.2-0.5 K. The MgB2 prepared 

using spherical Mg powder with an average size of 25.7 

µm showed the highest Jcs at 5 K and 20 K, whereas the 

MgB2 prepared using a large plate-like Mg powder with a 

size of 34.1 µm showed the lowest Jcs. The higher Jc is 

likely to be due to the higher volume fraction of MgB2 and 

the presence of small spherical pores in the MgB2 matrix. 

In conclusion, there exists an optimum size and shape of 

Mg powder for the formation of MgB2 and a uniform pore 

distribution in the MgB2 matrix. 
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