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1. INTRODUCTION  
 

Because of the high superconducting critical 

temperature (Tc) of 39 K of MgB2 [1], MgB2 is considered 

as a promising material that can replace the convention 

NbTi superconducting material. Compared to NbTi, which 

uses expensive liquid helium as a coolant, MgB2 can be 

cooled without using liquid helium. Superconducting 

magnets operating at 20 K can be made using MgB2. To 

use MgB2 in practical applications, MgB2 should be 

fabricated into a wire form. A powder-in-tube (PIT) 

method is widely used to manufacture MgB2 

superconducting wires with a high critical current density 

(Jc) [2-6]. In the PIT process magnesium (Mg) and boron 

(B) or MgB2 powders are put in a metal or alloy tube and 

the tube is mechanically drawn into a wire form. After the 

wire forming process, the metal/alloy sheathed MgB2 wire 

is heat-treated to form a MgB2 superconducting phase or to 

connect the MgB2 grains together [4, 5].  

 During the heat treatment MgB2 forms through a solid 

or a liquid state reaction of Mg and B powders [7, 8]. The 

melting point (m. p.) of B is as high as 2200℃ [9], whereas 

that of Mg is as low as 650℃ [10]. The diffusion of B is 

relatively very slow compared to that of Mg. Therefore, the 

fast diffusion of Mg controls the formation reaction of 

MgB2, whereas B serves as a nucleation site of MgB2. 

When a powder mixture of Mg and B is heat–treated at 

temperatures below the m. p. of Mg, MgB2 forms through 

the solid state reaction of Mg and B [8]. When the two raw 

powders are heat-treated at temperatures higher than 650℃, 

the formation reaction of MgB2 proceeds through the 

melt-solid (Mg-B) reaction process [8, 11].  

 Jc of MgB2 depends on the microstructure of the 

material, such as the lattice strains, carbon doping, 

microdefects and grain size of MgB2 [2, 5, 6]. The smaller 

the grain size, the higher the Jc in the magnetic fields [8]. 

This is because the grain boundaries of MgB2 effectively 

act as flux pinning centers that trap the external magnetic 

field. Therefore, the grain structure of MgB2 should be 

controlled by reducing the size of the raw powders [8].  

Mechanical milling has been used to reduce the size of 

raw powders of MgB2 [12-14]. The size of both Mg and B 

powders can be reduced through mechanical milling. 

Because Mg is highly oxidative, however, there is a risk of 

an explosion during the milling of Mg powder. For this 

reason, only B powder is milled, and the milled B powder 

is mixed with non-milled Mg powder by hand [12]. If the 

Mg and B powders can be crushed and mixed 

simultaneously, a fine powder mixture with an improve 

homogeneity can be made, in which further increases of Jc 

of MgB2 can be expected.  

A method suitable for reducing the size of B and Mg 

powders simultaneously and safely is cryogenic milling 

(hereafter, cryomilling). Cryogenic milling is a combined 

process of mechanical milling and low-temperature 

treatment [15]. In the cryomilling process liquid nitrogen 

(LN2) or liquid argon is used as a refrigerant to prevent 

oxidation of the targeting materials and to brittle the raw 

materials, thereby maximizing the milling effect.  

In this study, cryomilling was attempted to reduce the 

size of Mg and B powders and to mix the two powders 

uniformly. The effects of the milling time on the formation 
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Abstract 

 

Cryogenic milling which is a combined process of low-temperature treatment and mechanical milling was applied to fabricate 
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of MgB2 and the superconducting properties of the MgB2 

bulk superconductors were studied. 

 

 

2. EXPERIMENT PROCEDURE 

 
Fig. 1 (a) shows the milling machine used for the mixing 

and milling of Mg and B powders. A commercial attrition 

milling device was modified to use LN2 as a coolant. LN2 

supply lines from a liquid nitrogen chamber to a milling 

chamber were made, and thus LN2 can flow into the 

milling chamber. A thermocouple was attached at the outer 

wall of the chamber to monitor the temperature of the 

milling chamber. When the milling chamber was filled 

with LN2, the temperature of the outer wall measured using 

the thermocouple was about 150 K. 

Crushing or mixing objects (Mg and 2B powders) were 

put in a milling chamber together with ZrO2 balls (a 

milling media) with a diameter of 3 mm. The weight ratio 

of the ZrO2 balls and the (Mg+2B) powder was 5:1. Mg 

powder of 5-10 μm in size and B powder with a size of ~1 

μm were used as raw powders.  

Fig. 2 shows Mg and B powders used as the raw 

materials of this study. As can be seen in Fig. 2(a), many 

tiny Mg particles are attached on the surfaces of the large 

spherical Mg powders. The B powder is plate-like in shape 

and relatively smaller than the Mg powder. A mixture of 

Mg and B powders, and ZrO2 balls, were put together in a 

steel jar filled with liquid nitrogen. No organic solvent or 

 

 
 
Fig. 1. Photo of (a) cryomilling device and (b) schematic of 

a milling chamber using LN2 as a refrigerant. 

 

 
 

Fig. 2. Scanning electron micrographs of (a) Mg and (b) B 

powders used as raw materials. 

lubricant was used. To understand the optimum milling 

condition, Mg and B powders were milled separately with 

variations in rotating speed of 100-500 rpm and milling 

time (t). Based on the results obtained from the preliminary 

milling experiment, the rotating speed was determined as 

500 rpm. The powder mixtures of (Mg+2B) were milled 

for 0, 2, 4, and 6 h at 500 rpm, respectively. After milling, 

the milled powder was dried at 50℃ in a vacuum oven. 

Fig. 3 shows scanning electron micrographs (SEM) of 
the (Mg+2B) powders milled for (a) 0 h, (b) 2 h, (c) 4 h, 
and (d) 6 h. In this figure, the large spherical particles are 
Mg powders, whereas the small particles are B powders 
and fragments formed by milling. As t increases, the 
number of small irregular shaped powders increases. 
However, many large spherical Mg powders are still 
observed as unbroken. It is believed that when t is short, 
only the surfaces of the Mg powders are dominantly 
grounded. When t increased to 6 h, some of the Mg 
powders are found to be partly broken into smaller pieces 
(see Fig. 3(d)). As a result of the fracture of Mg powders, 
the shape of the Mg powder is no longer spherical. Not 
clearly observed here, B powders are thought to also be 
crushed into smaller powders by milling, depending on the 
milling time. 

The (Mg +2B) powders milled for 0-6 h were uniaxially 

pressed into pellets at a pressure of 3 tons in a steel mold 

with a diameter of 20 mm. The pellets were encapsulated 

with a Ti tube to prevent Mg oxidation during heat 

treatment. The Ti-encapsulated pellets were placed at the 

center of a tubular furnace, heated to 700℃ at a heating 

rate of 100℃/h, held at this temperature for 1 h and then 

furnace-cooled. During the heat treatment, argon gas was 

flowed into a tubular furnace. The heat treatment cycles 

applied to the pellets is the same as that carried out in the 

previous work [5]. 

After the heat treatment, the pellets were taken out of the 

Ti tube. The apparent density of the MgB2 pellets was 

calculated by measuring the diameter, weight and 

thickness of the pellets before and after the heat treatment. 

Some of the pellets were crushed into a powder form to 

analyze the phases formed in the pellets. An X-ray 

diffraction (XRD) analysis using a CuKα target was carried 

 

 
 

Fig. 3. SEM micrographs of a powder mixture of (Mg+2B) 

milled for (a) 0 h, (b) 2 h, (c) 4 h, and (d) 6 h. 
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out for scan angles of 2θ=20-80 degrees. The grain size of 

MgB2 was calculated from the formula T=0.9λ/BCOSθ 

[16] using the FWHM (Full width at half maximum) data 

of the MgB2 peaks, where T is the grain (crystallite) size of 

MgB2, λ is the wavelength of the target used, B is the half 

width of the peak, and θ is the Bragg angle of an incident 

beam. 

For the measurement of Tc and Jc of MgB2, rectangular 

specimens with approximate dimensions of 3×3×2 mm 

were cut from the heat-treated pellets using a diamond saw. 

The temperature dependence of magnetization (M-T) was 

measured using a magnetic property measurement system 

(MPMS) to understand the superconducting transition 

temperatures of MgB2. The magnetic field dependence of 

the magnetization (M-H) of MgB2 was measured with a 

maximum magnetic field of 5 Tesla (T). Jcs at 5 K and 20 

K were calculated using an extended version of Bean’s 

critical model [17] of eq. (1), 

 

Jc =20∆M/a(1-a/3b)                              (1) 

 

where ∆M is the magnetization difference 

(M(decreasing field region)-M(increasing field region)) at 

a constant magnetic field, and a and b are parameters 

regarding the sample dimensions. 

 

 

3. RESULTS AND DISCUSSION 

 

Fig. 4 shows a histogram of the apparent density before 

and after the heat treatment as a function of milling time (t). 

The apparent density of the MgB2 pellets before the heat 

treatment was 1.35-1.47 g/cm3.  After the heat treatment it 

was reduced to 1.23-1.27 g/cm3. The density reduction 

after the heat treatment was approximately 12-20 %. The 

density decrease is attributed to the increase in diameter 

and thickness, as well as the weight loss of the MgB2 

pellets. In other words, it is due to the vaporization of Mg 

and the volume increase (so-called pellet expansion 

[18,19]) from the out-growth of plate-like MgB2 grains 

during the powder reaction of (Mg+2B=MgB2), which has 

been reported in in situ reaction processing using Mg and 

B as raw materials [8,20], and in the reaction processed 

BiPbSrCaCuO oxides [18,19]. 
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Fig. 4. Histogram of apparent densities of MgB2 pellets 

before/after heat treatment as a function of milling time. 

TABLE I 

VARIATION IN APPARENT DENSITY OF  MgB2 PELLETS AS A FUNCTION 

OF MILLING TIME. 

Milling time (h) 
Density before 

HT(g/cm3) 

Density after 

HT(g/cm3) 

0 1.44 1.28 

2 1.41 1.23 

4 1.35 1.23 

6 1.47 1.27 
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Fig. 5. Powder X-ray diffraction patterns of the pellets 

heat-treated using non-milled and (Mg+2B) powders 

milled for 2-6 h. 

 

Owing to the pellet expansion the apparent density of 

MgB2 after heat treatment decreased down to 50 % of the 

theoretical density (2.57 g/cm3 [21]). The density decrease 

in the powder reaction processed MgB2 is an important 

issue to be solved for the enhancement of Jc of MgB2. The 

variations in apparent density of the MgB2 pellets 

before/after heat treatment are summarized in TABLE I. 

 

Fig. 5 shows the powder XRD patterns of the MgB2 

pellets prepared using non-milled powder and (Mg+ 2B) 

powders milled for 2-6 h. As can be seen in the figure, the 

main formed phase of all pellets is MgB2. In the case of a 

pellet prepared using the non-milled powder, the 

diffraction peak of Mg is clearly observed near 2θ=37 

degrees, which indicates the incomplete formation reaction 

of MgB2. Meanwhile, the Mg peak is not observed in the 

pellets prepared using powders milled for 2 and 4 h. Most 

of the peaks of the pellets belong to MgB2. This result 

indicates that the formation reaction of MgB2 was 

promoted when the milled powders were used as raw 

materials. However, as t increases to 6 h, the Mg peaks 

appears in the XRD pattern again. The prolonged milling 

can produce very fine Mg or B powders with a high 

specific surface area. When the surface area of the Mg and 

B powders is large, the powders has a strong adsorption 

capability, and thus the impurity species included in air 

may be easily incorporated with the powders and suppress 

the formation reaction of MgB2. Further systematic study 

is needed to understand the exact reason why the formation 

reaction of MgB2 was suppressed when using the 
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prolonged milled powder. 

In addition to the formation characteristics of MgB2, 

the formation of MgO should be mentioned. The 

formation of MgO has been consistently reported in 

powder reaction processed MgB2 [22, 23]. Although an 

inert argon gas was used to prevent the oxidation of Mg, 

MgO was formed through the magnesium-oxygen 

reaction [22]. The oxidation of Mg in the powder 

reaction process looks inevitable. The XRD patterns of 

the heat-treated MgB2 pellets of Fig. 5 already showed 

that the amount of MgO formed in the heat-treated 

pellets of this study was small. This is comparable to the 

results (the formation of a large amount of MgO) of 

MgB2 prepared with B powder milled using organic 

solvents [12, 13]. The use of LN2 as a solvent (or 

lubricant) instead of organic CxHyOz solvents containing 

oxygen (for example, the chemical formula of acetone 

and alcohol are CH3COCH3 and RCH2OH, respectively) 

seems to make it difficult for oxygen to be incorporated 

with the milled Mg powders.  

Fig. 6 shows the variation of grain size of MgB2 with t. 

The grain size of MgB2 prepared using the non-milled 

(Mg+2B) powder is 90.5 nm. The grain size decreases to 

77, 70 and 53 nm, respectively, as t increases to 2, 4 and 

6 h. The decrease in grain size of MgB2 with increasing t 

has been reported in MgB2 using glycerin treated boron 

and ball-milled B powder [14]. The optimum condition 

for the formation of high Jc MgB2 was 2 h of milling at 

200 rpm. The grain refinement of MgB2 by milling is 

thought to be a result of the increased number of 

nucleation sites (B powders) for MgB2 by milling. It can 

thus be said that the simultaneous milling of the two 

powders (Mg+2B) of this study not only facilitated the 

diffusion of Mg for the formation of MgB2 but also 

provided more nucleation sites for MgB2. 

Fig. 7 shows the normalized M-T curves of the 

heat-treated MgB2 pellets using the non-milled and 

(Mg+2B) milled powders for 2-6 h. The 

superconducting onset temperature (Tc,onset) of MgB2 

without milling is 37 K and. Tc,onsets of MgB2 with t=2 h, 

t=4 h and t=6 h are 37.5 K, 37.5 K and 37 K, respectively. 

There is no significant difference in Tc,onset among the 

MgB2 pellets. The superconducting transition width  

0 2 4 6

40

60

80

100

90.5

77

70

53

 

 

G
ra

in
 s

iz
e 

(n
m

)

Milling time (h)
 

 

Fig. 6. Variation in grain size of MgB2 as a function of 

milling time. 
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Fig. 7. Normalized M-T curves of MgB2 prepared using the 

non-milled and (Mg+2B) powders milled for 2-6 h. 
 

TABLE II 

SUPERCONDUCTING TEMPERATURES AS A FUNCTION OF MILLING TIME 

OF  MgB2 PREPARED USING THE MILLEDPOWDERS. 

Milling time (h) 0 2 4 6 

Tc,onset (K) 37 37.5 37.5 37 

Tc,mid (K) 36.2 36.8 36.9 36.6 

∆Tc (K) 1.5 2 2 2 

 
(ΔTc=Tc,onset –Tc,0) of MgB2 with t=0 h is 1.5 K and ΔTc 

of other MgB2 pellets is 2 K. The effect of cryomilling on 

the Tc,onset of MgB2 seems to be relatively small compared 

with the conventional milling process [14]. The Jc of 

MgB2 was reported to be dependent on the type of an 

organic solvent used [14]. When the organic liquid was 

used as a solvent, carbon was incorporated with the 

milled powder and formed Mg(B1-xCx)2 , or formed MgO, 

thereby reducing Tc of MgB2 [5, 12-14]. Compared to the 

milling using organic solvents, there was no possibility of 

the carbon incorporation in the cryomilling. The 

superconducting temperatures of MgB2 pellets prepared 

using cryomilled powders are summarized in TABLE II.  

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

prepared using the non-milled and (Mg+2B) powder 

milled for 2-6 h. As can be seen in the Jc–B curves, Jc of 

MgB2 prepared using the non-milled powder is the lowest 

in all measured magnetic fields. As t increases to 2 and 4 

h, Jc increases. The value of Jc at 5 K and 20 K, with 2 T 

of MgB2 prepared using milled powder for 4 h was 

4.49 104 A/cm2 and 7.91 103 A/cm2, respectively, 

which are much higher than 3.19 104 A/cm2 and 

2.58 103 A/cm2 of MgB2 prepared using the non-milled 

powder. As the milling time further increases to 6 h, 

however, Jc decreases. The decrease of Jc for MgB2 

prepared using powder milled for 6 h is attributed to the 

presence of unreacted Mg and another phase, which was 

observed in the XRD patterns of Fig. 5. This result 

indicates that there is an optimum milling condition 

(optimum powder size) for the formation of a high Jc 

MgB2. A similar Jc–B tendency with t was also observed 

at 20 K. The value of Jc at 5 K and 20 K, with a magnetic 

field of 2 T are presented in TABLE III. 
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Fig. 8. Jc–B curves at 5 K and 20 K of MgB2 prepared 

using the non-milled and (Mg+2B) powders milled for 2-6 

h. 
 

TABLE III 

JC OF MgB2 AT 2 T, 5 K AND 20 K AS  A FUNCTION OF MILLING TIME. 

Milling time 

(h) 

2 T, 5 K 

(A/㎠) 

2 T, 20 K 

(A/㎠) 

0 3.19 104 2.58 103 

2 4.34 104 5.77 103 

4 4.49 104 7.91 103 

6 2.87 104 2.57 103 

 

 

4. CONCLUSIONS 

 

This study presented the first experiment results for the 

cryomilling of Mg and B powders and the properties of 

MgB2 prepared using the milled powders. Mg and B 

powers were successfully milled together. MgB2 bulk 

superconductors were fabricated through the powder 

reaction process of (Mg+2B) milled for 0–6 h. It was found 

that the cryogenic milling process has the following 

advantages; (1) milling at low temperature suppressed the 

formation of MgO, which was often produced when using 

organic solvents or a Mg-O reaction, (2) Mg and B 

powders were simultaneously mixed uniformly and milled, 

(3) no carbon was incorporated with MgB2, (4) the 

formation of MgB2 was promoted and (5) the grains size of 

MgB2 was effectively reduced, when the milling time was 

controlled properly. In this experiment, the optimum 

milling conditions for the fabrication of the high Jc MgB2 

bulk superconductors were 4 h period at 500 rpm. The 

values of Jc at 5 K and 20 K, with 2 T of MgB2 prepared 

using 4 h milled powder were 4.49 104 A/cm2 and 

7.91 103 A/cm2, respectively. When the milling time was 

increased to 6 h, however, Jc was decreased because the 

formation reaction of MgB2 was suppressed. 
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