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Abstract

This study was carried out to investigate the effect of milling of boron (B), which is one of raw materials of MgB2, on the critical
current density (Jc) of MgB2. B powder used in this study is semi-amorphous B (Pavezyum, Turkey, 97% purity, 1 micron). The size
of B powder was reduced by planetary milling using ZrO: balls (a diameter of 2 mm). The B powder and balls with a ratio of 1:20
were charged in a ceramic jar and then the jar was filled with toluene. The milling time was varied from 0 to 8 h. The milled B
powders were mixed with Mg powder in the composition of (Mg+2B), and the powder mixtures were uniaxially pressed at 3 tons.
The powder compacts were heat-treated at 700 C for 1 h in flowing argon gas. Powder X-ray diffraction and FWHM (Full width at
half maximum) were used to analyze the phase formation and crystallinity of MgB2. The superconducting transition temperature
(Tc) and Jc of MgB2 were measured using a magnetic property measurement system (MPMS). It was found that BOz was formed by
B milling and the subsequent drying process, and the volume fraction of B2Osz increased as milling time increased. The T. of MgB:2
decreased with increasing milling time, which was explained in terms of the decreased volume fraction of MgBz, the line
broadening of MgB:2 peaks and the formation of B20s. The Jc at 5 K increased with increasing milling time. The Jc increase is more
remarkable at the magnetic field higher than 3 T. The Jc at 5 K and 4 T was the highest as 4.37x10* A/cm? when milling time was
2 h. The Jc at 20 K also increased with increasing milling time. However, The Jc of the samples with the prolonged milling for 6 and
8 h were lower than that of the non-milled sample.
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1. INTRODUCTION

Superconductors that show zero resistivity at the critical
transition temperature (T.) can be used in medical,
transportation, communication and power applications
[1-2]. The MgB: has a high T of 39 K [3], so it can be
cooled by cooler without using expensive liquid helium if
the superconducting equipment is made using MgB,.

The MgB; has the coherence length of 5.2 nm [4], which
is longer than that of the high-temperature oxide
superconductor [2]. The current anisotropy of MgB: is
about 2-3, that is much lower than that of the oxide
superconductor [5].

It is necessary to lower the price and increase the critical
current density (Jc) to produce highly efficient and
practically available superconducting wires. The MgB: is
considered as a next-generation superconducting wire
which can replace the conventional NbTi wire because of
the high T, low cost and simple fabrication process.

The in-situ process is one of the most widely used
methods for the synthesis of MgB, superconductor [6-7].
The quality of precursor powder is an important variable
affecting the superconductivity. The particle size,
connectivity of grain and purity of the raw powders have a
significant effect on the J. of MgB; [8-10]. Therefore, the
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powder quality required for the process should be carefully
controlled.

The synthesizing process for MgB: is simple because it
can be manufactured by the powder reaction process [7,
11-12]. However, the J. of MgB. at high magnetic fields is
low [13], which make it difficult to use MgB; in high field
applications. The J. of MgB; is affected by grain size,
defects, chemical doping and lattice distortion [8, 14-18].
The grain boundaries of MgB; act as a flux pinning center,
which improves J¢ in the magnetic field. If the size of grains
is refined, the number of grain boundaries increases [19].

Mechanical milling of boron (B) has been applied to
reduce the grain size of MgB, [19-21]. The grain size of the
in-situ processed MgB, using Mg and B powders is
influenced by the size of B. This is because the diffusion of
B is relatively slow compared to Mg and thus MgB: is
nucleated at the B powder. The melting point (m. p.) of Mg
is low (650C) [22], so diffusion occurs rapidly at the heat
treatment temperature. When heat treatment is performed
at a temperature higher than the m. p. of Mg, the Mg melts.
It is necessary to reduce the particle size of the B powder to
obtain the fine grain size of MgBs.

The purpose of this study is to investigate the effect of B
particle size on the J. of MgB,. The size of B powder was
reduced by ball milling and milling time was varied. The
inexpensive, low purity and micro-sized B powder was
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used to establish the development of a cost-effective
process. The MgB; was synthesized by the powder reaction
process using the non-milled and milled B powders with
various milling times. The effect of the B size on the
apparent density, phase formation, T, and J. were
examined.

2. EXPERIMENTAL PROCEDURE

2.1. Ball milling

Spherical Mg (99.9% purity, average size 27.5 um, Hana
AMT, Korea) and plate-shaped B (95~97% purity, average
size 1 um, Pavezyum, Turkey) powders were used as raw
powders to synthesize MgB.. As can be seen Fig. 1(a),
small and large plate-like B powders are observed in the
form of agglomeration. The Mg powder is semi-spherical
in shape (Fig. 1(b)).

The planetary milling was used to reduce the particle
size of B powder. The B powder and ZrO; balls with a
diameter 2 mm were weighed to a ratio of 1:20 and putin a
ceramic jar for milling B powder. Toluene was used as a
solvent. The planetary milling machine rotated at a speed of
200 rpm for 0, 2, 4, 6 and 8 h. After milling, the balls were
separated from the (B+toluene) solution by using a sieve
and were washed with toluene. The milled B powder was
dried at 120°C for 20 h in a vacuum for removing toluene.

- 100nm KUT

X 30,000 5.0kV SEI SEM WD 8.0mm

5.0kV SEI SEM

WD 8.0mm

Fig. 1. FE-SEM image of (a) B and (b) Mg powders used as
raw materials.

2.2. Synthesis of MgB:

The milled B powders were mixed to a ratio of Mg:B =
1:2. The powders were mixed thoroughly using a mortar
and pestle by hand for 30 minutes. The mixed powders
were put in a steel mold with a diameter of 10 mm and
uniaxially pressed at a pressure of 3 tons into pellets. The
pellets were put in a Ti tube and the Ti tube was sealed to
prevent Mg oxidation during heat treatment. And then the
pellets were heated at 700 C at a rate of 5C/min in flowing
Ar gas and maintained at this temperature for 1 h. Since m.
p. of Mg is 650 C, MgB; is formed by the reaction of eq.
(1) when the pellet is heat-treated above the m. p.. Where |
and s denote a liquid and solid, respectively.

Mg (I) + 2B (5) — MgB2 () Q

2.3. Measurement of properties

The size of the non-milled and the milled powders were
investigated using a field emission scanning electron
microscope (FE-SEM).

The apparent density of pellets of before/after heat
treatment was measured using the data of a volume and
weight of the pellets.

The heat-treated MgB; bulk samples were crushed into
powders and the powder samples were used to analyze the
phase formation after the heat treatment, the volume
fraction of MgB; and its grain size. The formed phases
were identified from the X-ray diffraction patterns of the
heat-treated samples. The volume fractions of MgB,, MgO
and other residual phases were calculated using eq. (2).

2w, X100

F(MgB, ) =
’ Z 1 MghB, + z 1 Mg + Z 1 MgO (2)

The volume fraction, F of MgB, was calculated from the
intensities of diffraction peaks of MgB,, Mg and MgO.

The heat-treated samples were cut into a dimension of
3x2x1 mm?3 using a diamond saw and the cut samples were
used to estimate T. and J. at the magnetic field. The
magnetic moment-temperature (M-T) and magnetic
moment—-magnetic field (M-B) of the samples were
measured using a MPMS (Magnetic Property Measurement
System) with a maximum magnetic field of 5 Tesla. The J¢
at 5 K and 20 K were calculated using an extended Bean’s
critical model [23] of eq. (3).

J, =20AM /a(1—3a/b) 3)

Where AM is the magnetization difference

(M_decreasing field region - M_increasing field region) at

a constant magnetic field, and a and b are dimension
parameters regarding the sample dimensions.

3. RESULTS AND DISCUSSION

Figs. 2(a)-(d) show the FE-SEM images of milled B
powders. In the milled powders, small crushed B particles
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are observed with the large particles. The number of the
crushed powders increases as milling time increases,
resulting in the decrease in an average particle size of B. As
milling time exceeds 6 h, almost all particles appear to be
crushed into smaller ones, so the particle distribution
becomes uniform.

Fig. 3 shows X-ray diffraction patterns of the B powders
milled for 0 to 8 h. In the non-milled B powder, many
diffraction lines were observed from 26 = 10° to 80°, which
means that the B powder is crystalline. The peak intensity
of the diffraction lines decreased with increasing milling
time and the peak became broader (line broadening). The
line broadening is thought to be caused by the grain size
refinement [24] of the B powders by mechanical milling.
Moreover, the peaks of B2O3; were observed at 20 = 14.6°
and 28° (marked by * in Fig. 3) and their intensities were
strengthened as milling time increased. B,Os is seemed to
be formed by the oxidation of B of eq. (4) during the drying
process performed after milling. The increment of the
volume fraction of B,O3; with milling time is attributed to
the increased surface area of the B powders.

B (s)+ 02 (9) — B203(s) 4

Fig. 4 shows the variation of an apparent density as a
function of milling time. We calculated the density of the
pellets before and after heat treatment by measuring the
diameter, thickness and weight of pellets. Pores (open pore

&2

3

X 30,000 5.0kV SEI

100nm KUT
SEM WD 8.0mm

100nm KUT
SEM WD 8.O0mm

+ closed pore) are included in samples. The density of the
pellet pressed using the non-milled B powder is 1.49 g/cm?.
The density increases proportionally with milling time and
reaches 1.73 g/cm® when milling time is 8 h. Under the
applied pressures of this experiment, the smaller the size of
B powder is, the higher the density is. The density of the
compacted pellets influenced a density of the samples after
the heat treatment. The density of non-milled sample is
1.32 g/cm®, and it increases to 1.50 g/cm® when milling
time is 8 h.

Milling time
——20h
——2h
~——4h
——6h
8h

!

Intensity (a.u.)

i JMW%
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10 20 30 40 50 60 70 80
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Fig. 3. Variation of X-ray diffraction patterns of the B
powders as a function of milling time.

X 30,000 5.0kV SEI

Fig. 2. FE-SEM images of the B powders milled for (a) 2 h, (b) 4 h, (c) 6 h, and (d) 8 h.
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Fig. 4. Histogram of an apparent density before/after the
heat treatment as a function of milling time.
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Fig. 5. Variation of an apparent density of the heat-treated
sample as a function of milling time.

From the data of Fig. 4, the % density change (the
difference in density before/after heat treatment) of pellets
was calculated as a function of milling time and the result is
shown in Fig. 5. The density change increases linearly
when milling time increases to 6 h. However, the density
change of the sample using milled B powder for 8 h is
slightly less than 6 h.

The feature that should be noted in this study is the
decrease of the apparent density after heat treatment
regardless of milling time. As seen in Fig. 4 and 5, the
density of all samples decreased after the heat treatment. A
similar result has been published in several previous papers
[7, 25]. The causes of the density decrease are the increase
of a volume of samples after heat treatment and the
formation of pores in samples. During the heat treatment,
MgB; is formed following eq. (1). Many pores are formed
because Mg powder melted and the sites where Mg powder
existed were changed into pores. Therefore, the shape of

the pores is analogue to that of Mg powder used (see Fig. 6).

In addition to the formation of pores, the outgrowth of
MgB; plates, which results in the pellet expansion [26],
affected the decrease in the apparent density.

Fig. 7 shows the XRD patterns of MgB- prepared using
the non-milled and milled B powders for 2 to 8 h. The

g TRV
KOREATECH

Fig. 6. SEM micrograph of the MgB, sample after heat
treatment.
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Fig. 7. Powder X-ray diffraction patterns of the samples
heat-treated using the non-milled and milled B powders.

major formed phase in samples is MgB,. The peaks of the
non-reacted Mg and MgO that were formed by oxidation of
Mg were also observed in diffraction patterns. The
formation of MgO seems to be related to the B,O3 observed
in the milled B powder. A larger amount of B,Os existed in
the milled B powder compared to that of the non-milled B
powder. The m. p. of B0z is 450°C [27]. The B,O3z melts at
700°C, which is the heat treatment temperature, and oxygen
of B,03; might react with Mg to form MgO [27-28]. The
cause of the presence of the residual Mg in samples using
the milled B powders is unclear and further research is
needed to clarify it.

Another interesting feature of this result is the shift of the
MgB: (hkl) diffraction lines of the samples using the milled
B powders. As shown in the small box at the top of Fig. 7,
the (100) and (110) peaks of MgB; shift to the right from
their original positions as milling time increases. In Bragg’s
law, the shift of 20 means the change of the lattice
parameters. Other studies for MgB; prepared using the
milled B powders also has been showed a similar result to
this study. The use of milled B caused the lattice distortion
of MgB; (the line broadening) and changed the lattice
parameters (the 26 shift) of MgB.. The C from toluene [21]
or ZrO; balls [29], which were used as a solvent and milling



Effect of boron milling on phase formation and critical current density of MgB:2 bulk superconductors

100

= MgB,
e Mg
[ ] MgO
__T5¢ . g
S
c
2 u -
S 50}
g . .
b °
€
=)
S 25}
> ° °
0 1 1 1 1
0 2 4 6 8

Milling time (h)

Fig. 8. Volume fraction of MgB,, Mg and MgO as a
function of milling time.

medium, respectively, appear to be incorporated with
MgB:, lattices.

The volume fraction of the phases formed in the
heat-treated samples is shown in Fig. 8. The volume
fraction of MgB- of the sample using the non-milled B
powder is about 75%. The volume fraction of MgB; in the
sample using 2 h milled B powder is similar to that using
the non-milled B powder. However, it decreases as milling
time increases further, which was caused by the presence of
unreacted Mg and the formation of MgO. When B powder
is milled, the particle size of powder becomes smaller, so
that the surface area per unit volume and the reactivity
increases [30]. It induces the formation of B,O; that was
observed in Fig. 3. The formation of B2O3 seems not only to
promote the formation of MgO during heat treatment but
also to suppress the formation of MgB:..

The grain size and microstrain of MgB: were calculated
from FWHM (Full width at half maximum) of diffraction
lines of MgB- of Fig. 7 using eq. (5) [31].

G(t) = 0.94/Bcost 5)

Where G(t) is the grain size of MgBy, 4 is the wavelength
of X-ray target, B is the half width of peaks and 6 is the
angle of an incident beam. The FWHM, grain size and
microstrain of MgB, calculated were summarized in
TABLE I. The FWHM of (002) peak is 0.238 for the MgB:
prepared using the non-milled B powder. As milling time
increased to 2, 4, 6 and 8 h, FWHM also increased to 0.293,
0.372, 0.369 and 0.440. FWHM of the (110) peak shows a
similar tendency to that of the (002) peak. It indicates that
atoms arrangement in MgB, was displaced from the
original lattice positions when using the milled B powders.
The distortion of the B lattice seems to affect the
crystallinity of MgB; because MgB; grains is nucleated at
B particles.

As shown in TABLE 1, the grain sizes of MgB, were
90.6 nm, 73.3 nm, 49.7 nm and 49.7 nm, respectively for O,
2, 4 and 6 h. It because when milling time was increased,
the B particles became fine and a larger number of MgB;
were nucleated at the B particles. The grain size of MgB; is
proportionally decreased with increasing milling time but it

TABLEI
FWHM OF (002) AND (110) PEAK AND CALCULATED GRAIN SIZE
AND MICROSTRAIN AS A FUNCTION OF MILLING TIME.

FWHM

Milling Grain size Microstrain
time () (002) (110) (nm) (%)

0 0.238 0.285 90.6 0.15

2 0.293 0.342 73.3 0.17

4 0.372 0.417 49.7 0.17

6 0.369 0.482 49.7 0.19

8 0.440 0.440 64.2 0.32

increases to 64.2 nm as milling time increases further to 8 h.
At this moment, the cause for that is unclear. One possible
cause is the formation of an agglomeration of the fine B
powders or the contamination of the B powder with
impurity elements from the processing environment. The
prolonged milling might cause the B powder to become
very fine and have a large specific surface area, which
forms the agglomeration. Further study is needed to clarify
it and establish the optimum condition of milling.

Fig. 9 shows the normalized M-T curves of the MgB:
samples prepared using the non-milled and milled B
powders. The Tconset Of the sample prepared with
non-milled B powder is as high as 37.5 K. As milling time
increased to 2, 4, 6 and 8 h, T onset decreased to 37 K, 36.5
K, 35.5 K and 33.5 K. This result can be explained in term
of the decreased volume fraction of MgB;and the increased
values of FWHM with increasing milling time, which were
observed in the XRD analysis of Fig. 8 and Table I.
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Fig. 9. M-T curves of MgB, prepared using non-milled and
milled B powders.

TABLE Il
SUPERCONDUCTING TRANSITION TEMPERATURES AND
TRANSITION WIDTH OF THE SAMPLES PREPARED USING THE
NON-MILLED AND MILLED POWDER.

Milling time (h) 0 2 4 6 8
Teonset (K) 375 370 365 355 335
Temid (K) 366 363 353 341 320

AT (K) 0.9 0.7 12 1.4 15
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Fig. 10. Jc-B curves at 5 K and 20 K of MgB; prepared
using non-milled and milled B powders.

The superconducting transition width (AT¢) increases
linearly from 0.9 K to 1.5 K as milling time increases from
0 hto 8 h. When a large volume of a superconducting phase
of a good quality is formed in samples, the slope of the M-T
curve is steep and the width of AT; becomes narrow. This
can also be explained by the X-ray analysis for the volume
fraction and microstrain of the formed MgB; phases. The
effects of milling time on the superconducting transition
temperatures are summarized in TABLE II.

Fig. 10 shows the J.-B curves at 5 K and 20 K of the
samples prepared using non-milled and milled B powders.
For the 5 K curves, the J. decreased as the magnetic field
increased because the magnetic field interferes with the
flow of superconducting current. The sample prepared
using 2 h milled powder (marked by red closed circles)
shows the highest J; up to 2.5 T. As the magnetic field
increased further, the J. became slightly lower or similar to
those of other samples.

The sample prepared using non-milled B powder shows

the lowest J; at the high magnetic fields above 2.5 T. As can
be seen in the X-ray analysis when milled B was used, the
volume fraction and the grain of MgB, decreased and
microstrain increased. This indicates that in spite of the
reduced volume fraction of the superconducting phase, the
grain boundaries and the lattice distortion play a role in
increasing J; at the magnetic fields.
The J—B curves at 20 K show similar result to that at 5 K
(the highest J. for 2 h). J. of samples using the B powder
milled for 4 and 6 h is higher than that for 0 h. However, J.
decreased as milling time increased further to 8 h. This is
because the formation of B,Os; was enhanced, which
induced the oxidation of Mg and suppressed the MgB:
phase formation. This result indicates that there is an
optimum milling time to maximize the milling effect.

The Jcat5Kand 2 T for 2 his 1.38x10% A/cm? and the J.
at5 Kand 4T for 6 h is 4.86x10* Alcm?. The J; at 20 K is
also the highest for 2 h (4.30x10* A/cm? at 2 T and
1.17x10* Alcm? at 4 T).

3. CONCLUSIONS

The milling effect of B powder on the J. of MgB; was

studied. B,O3; was formed during the milling and drying
process, and its amount was proportional to milling time.
The presence of B,O3 induced the formation of MgO and
suppressed the formation of MgB-. The grain size of MgB:
was reduced by the B milling and the microstrain in MgB:
lattice was increased. The use of the milled B powder
decreased the T, of MgB: by reducing the volume fraction
of MgB; and increasing the lattice distortion. In spite of the
reduce volume fraction of MgB; by using of the milled B
powder, the J; was enhanced due to the presence of the
large number of grain boundaries and the lattice strain. In
this study, the optimum milling time to obtain the high Jc
was 2 h.
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