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1 Introduction

ABSTRACT

In this work, ex situ MgB, was mixed with 0.5 mol of Mg and sintered. The
sintering conditions were varied over a temperature range of 600-1000 °C for 1,
3, and 7 h, respectively. The addition of Mg during the sintering increased the
partial pressure of Mg and thus suppressed the decomposition of MgB,. Onset
of critical temperature, T, was retained at ~ 38 K even after the addition of Mg.
By increasing the sintering temperature, magnetic critical current density, J. at
self-field, and 20 K of the ex situ samples increased consistently. With the
addition of Mg for 1 h sintering, self-field J. (20 K) was enhanced more than 20
times to 10* A cm ™ as the sintering temperature was increased. Such significant
enhancement in the J. is mainly due to the improved grain coupling aided by
Mg during the short sintering.

transmission cables are among the potential usages of
MgB, [4-6]. Like the nano-scale secondary phases in

Magnesium diboride (MgB,) has a high critical tem-
perature, T. ~ 40 K among the non-cuprate based
superconductors [1]. Attractive properties of MgB,,
such as low anisotropy and transparency of grain
boundaries to current flow, make it a promising
material for industrial applications [1-3]. From the
perspective of conductor and coil development, high
field magnets, magnetic resonance imaging, and
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the cuprate superconductors [7, 8], grain boundaries
of MgB, can act as flux pinning centers which are
essential for the material to carry high critical current
density, J. [9].

There are two common routes to prepare MgB,
namely in situ [10-13] and ex situ [14-16] methods.
For the in situ method, elemental powders of mag-
nesium (Mg) and boron (B) in a molar ratio of 1:2 are
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mixed and then subject to heat treatment to form
MgB,. During the heat treatment process, the for-
mation of MgB, occurs through a liquid—solid reac-
tion in which Mg grains melt and diffuse into B
grains. For the ex situ approach, pre-reacted MgB,
powder is used as starting precursor for further
processing. It is known that the coupling of grains
across grain boundaries (grain coupling) for ex situ
samples is weaker than that of in situ ones, though
the former has a higher packing factor of ~ 75% [3].
Unlike the stronger grain coupling in in situ MgB,,
the pre-reacted ex situ MgB, grain aggregates are
poorly connected, leading to the reduced effective
cross-sectional area for current transport, thus lower
J [14, 17]. If the grain coupling of the ex situ samples
is improved, their J. should outperform that of the
in situ MgB..

One effective way to optimize J. is by varying the
heat treatment conditions. Optimum heat treatment
can strengthen grain connectivity and reduce oxida-
tion and volatility of Mg, leading to high J.. For
instance, the sintering temperature of the in situ
MgB, samples was varied from 775 to 805 °C for 3 h
[18]. It was found that the J. (0 T, 20 K) increased to
245 kA /cm? for the sample sintered at 805 °C [18].
The increment in J. was due to the reduction of grain
size (up to the nanometer regime), which enhanced
flux pinning at the grain boundaries [18].

For ex situ MgB, fabricated by powder-in-closed-
tube (PICT) method and sintered at 900 °C for 48 h,
the packing factor was improved, indicating the
presence of a larger intergrain contact area that
decreased the resistivity of the samples [3]. Such a
self-sintering method is promising for obtaining high
connectivity (K >20%) as a result of improved
intergranular coupling strength [14]. It is noteworthy
that the normalized flux pinning force plots of the ex
situ MgB, sintered at 900 °C for 48 h is very close to
that of the in situ one implying that they have the
same flux pinning mechanism [14]. This is so most
probably because the grain size of the ex situ samples
is quite similar to that of the in situ ones, as the sin-
tering condition did not promote grain growth of the
former [14].

Due to the high volatility of Mg at elevated tem-
peratures, excess Mg during the in situ MgB,
preparation is essential to compensate for the loss of
Mg [19, 20]. It was found that the use of excess Mg
led to reduced MgO phase and improved grain
connectivity [19, 20]. Consequently, the irreversibility
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field, Hyy, and J. were increased [19, 20]. The highest
Jo 8T, 10K) of 3 x 10* A/cm? was obtained for
10 at% Mg excess MgB,/Fe wires, which were heated
at 600 °C for 1 h. The transport J. at a field up to 14 T
for 10 at% Mg excess samples heated at 800 °C for
30 min increased by a factor of two as compared with
the similar samples without the addition of excess
Mg [19]. Zhang et al. varied the molar percentage of
excess Mg addition (0-30 mol%) into in situ MgB,
[20]. The highest ]. was obtained in the 5 mol% excess
Mg sample with the best grain connectivity. It was
also found that the sample density increased for
excess Mg content up to 5 mol%. However, T,
decreased slightly (~ 1.5 K) with the addition of
excess Mg [17].

For ex situ MgB,, it was found that the addition of
Mg (MgB,: Mg = 100:10) during the sintering process
at 700 °C for 1h reduced oxidation and thus
decreased the weight fraction of MgQO in the samples
[21]. Apart from this, the density of the samples
increased more significantly with the prolonged sin-
tering time. As shown in the scanning electron
microscopy images, the Mg added samples showed
better grain connectivity, as evidenced by the neck
formation among the grains, probably due to accel-
erated self-sintering. Therefore, the width of super-
conducting transition, AT, is smaller for the samples
with the addition of Mg, suggesting improved grain
coupling compared with the ones without the addi-
tion of Mg.

In view of the higher packing factor of ex situ MgB,
as a lightweight material for conductor development,
this work systematically investigates the combined
effects of heat treatment conditions and the addition
of Mg on T, and J. of ex situ MgB,. As demonstrated
previously [14, 21], appropriate heat treatment and
addition of Mg are expected to increase J. of ex situ
MgB, through enhancement of its grain coupling.
Unlike the work reported previously [14], whereby
the sintering of ex situ MgB, was varied in the range
of 700-1000 °C for 3-240 h, we focus on shorter sin-
tering time (1, 3, 7 h) and lower sintering temperature
(600 °C, 700 °C, 900 °C). For ex situ MgB, added with
Mg, samples were prepared according to the stoi-
chiometry of MgB, + 0.5 Mg [22]. For this set of
samples, we chose 700 °C and 1000 °C as the lower
and upper bound temperatures according to the
work reported in [14] with a shorter sintering time of
1,3, and 7 h. The sintering temperature and sintering
time were varied in order to find the optimum



] Mater Sci: Mater Electron (2022) 33:11257-11268

condition for improving the grain connectivity, hence
the J. of the samples.

2 Experimental details

Commercially available magnesium diboride, MgB,
powder (99.0% purity, Alfa Aesar) was used as a
starting material (hereafter denoted as ex situ MgB,).
For Mg added samples, 0.5 mol of Mg was added to
the ex situ MgB, according to the stoichiometry of
MgB, + 0.5 Mg. The mixture was ground for 1h
before being pressed into circular pellets (13 mm
diameter and ~ 1 mm thickness) using a hydraulic
press under a 5-ton pressure. The same pelletizing
procedure was applied to the ex situ MgB, powder
(without the addition of Mg). Then, the pellets were
loaded into stainless steel tubes, and both ends of the
tubes were clamped before undergoing heat treat-
ment in argon gas flow to minimize oxidation. The
powder handling process was carried out in the air.
Sintering of the ex situ MgB, was conducted at
600 °C, 700 °C, and 900 °C, respectively, for 1 h. For
sintering at 700 °C, sintering time was varied for 1, 3,
and 7 h, respectively. For the Mg added ex situ MgB,
samples, sintering was carried out at 700 °C and
1000 °C for 1, 3, and 7 h, respectively.

Phase formation and crystal structure of the sam-
ples were identified by X-ray diffraction (XRD)
technique using the PW 3040/60 MPD X’'pert Pro
Panalytical Philips DY 1861 X-ray diffractometer with
Cu-K,, radiation source (1 = 1.5406 A). The scanning
was carried out in 20 6 range of 20°-80° with an
increment step size of 0.03°. The microstructure of the
samples was imaged using a scanning electron
microscope (SEM-LEO 1455 VPSEM). The average
grain size of the samples was calculated from the
randomly selected 100 grains based on the SEM
images using the software Image-]. The critical tem-
perature, T. and critical current density, J. were
measured using a SQUID (superconducting quantum
interference  device) magnetometer (Quantum
Design: MPMS5). The samples were zero-field
cooled. Magnetization hysteresis (M-H) loops were
acquired by measuring the samples in magnetic fields
from 0 to + 5T at 20 K. The fields were applied
parallel to the longest dimension of the samples. The
J. of the samples with dimensions of approximately
1.0 x 1.0 x 0.5 mm® was calculated from the M-H
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loops based on the extended Bean's critical state
model equation [23]:

Je = 20Am/[a*d(b — (a/3))] (1)

where d is the sample thickness, a, b (a < b) are cross-
sectional dimensions of a rectangular sample and Am
(in emu units, 1 emu = 10~ Am?) is the width of the
M-H loop.

3 Results and discussion
3.1 X-ray diffraction (XRD) analysis

Figures 1 and 2 show the XRD patterns of the ex situ
MgB, samples and that with the addition of Mg
sintered with different heat treatment conditions,
respectively. Major peaks for all the samples were
indexed to MgB, with hexagonal crystal structure
and P6/mmm space group (ICSD: 98-010-6149). Peak
with the highest intensity was observed at 20 ~ 42.4°
that corresponds to the Miller indices (1 0 1) of the
MgB, phase. Some minor peaks were indexed to
MgO (ICSD: 98-009-4096). The presence of MgO is
unavoidable since the powder handling process was
carried out in the open air. Moreover, air trapped in
the stainless steel tubes before sealing the pellets for
heat treatment also contained oxygen. Mg is a good
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Fig. 1 X-ray diffraction patterns of ex situ MgB, samples sintered
at different conditions
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Fig. 2 X-ray diffraction patterns of 0.5 mol Mg added samples
sintered at different conditions

oxygen scrubber that reacts readily with oxygen
[10, 24]. Weak peaks indexable to MgB, (ICSD:
98-009-1660) started to appear in some of the ex situ
MgB, samples sintered at 700 °C and 900 °C (Fig. 1).
The formation of MgB, occurred due to the decom-
position of MgB, [25-27]. However, no MgB, peaks
were observed for the samples with the addition of
Mg (Fig. 2). With the addition of Mg, the increased
partial pressure of Mg either prevented or reduced
the decomposition rate of MgB,. Unreacted Mg was
also detected in the sample sintered at 700 °C for 3 h.

Tables 1 and 2 show the intensity fraction of the
phases formed and lattice parameters of the a- and c-
axis for the ex situ samples with and without Mg
addition. The lattice parameters of the a- and c-axis
were obtained by refining the XRD data of the sam-
ples via Rietveld analysis using the software HighS-
core Plus [28]. For the refinement, background fitting
was first carried out. Then, phase identification was
done by performing the functions “Search Peaks”
followed by “Search & Match” to identify all the
possible phases from the XRD patterns. Subse-
quently, the global parameters, scale factor, Caglioti
parameters (U, V, W), and peak shape were refined.
As the refinement was done progressively, the
smaller the goodness of fit (GOF) indicated the better
the results. It should be noted that the refinement was
undertaken using semi-automatic mode. As shown in
Table 1, no specific change trend in the a- lattice
parameter was observed as the sintering temperature
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and time varied. Relative to the ex situ MgB, powder
before sintering (Unsintered), the most considerable
change of the a-axis due to the sintering temperature
and sintering time is only 0.016% and 0.032%,
respectively. Conversely, the change in the c-axis
with the sintering temperature and sintering time is
more remarkable due to the variation of Mg content
(due to its high volatility). Such an observation may
agree with the previous finding that variation in Mg
content predominantly distorts the c-axis [29]. Look-
ing at Table 1, the values of the a- and c-axis are
comparable for the samples with a higher and lower
amount of MgO and MgB, suggesting the negligibly
small influence of these phases on the lattice param-
eters. Intensity fractions of the phases formed were
estimated using the formula [30-32]:

_ > Imgs,
> Ing, + 2 Imgo + D Toser

MgB,(% ) x 100%

(2)

where [ is the peak intensity of the phases. The
intensity fraction of the MgB, phase for the sintered
ex situ samples is lower than that of the unsintered
powder since the former has a larger MgO fraction
and the presence of MgB, (Table 1). The increased
intensity fraction for the MgB, phase with the
increasing sintering temperature is associated with
the decomposition of MgB, into MgB, [25, 27, 33].
The decomposition is shown in the chemical reaction
below [25]:

2MgB, (s) — MgB,(s) + Mg(g) 3)

The higher intensity fraction of MgB, is consistent
with the availability of more Mg vapor for oxidation,
forming a higher fraction of MgO in the sample sin-
tered at 900 °C for 1 h [25]. For the samples sintered
at 700 °C, prolonged sintering time to 7 h reduced the
intensity fraction of the MgB, phase to 63.0%
(Table 1). The formation of a significantly large frac-
tion of MgO (37.0%) is believed to be due to the
longer sintering time of 7 h, thus allowing more
sample oxidation to occur. Given the decomposition
of MgB, into MgB, and Mg for the samples sintered
at 700 °C for 1 h and 3 h, the same reaction should
have also occurred in the sample sintered at 700 °C
for 7 h. However, no peak indexable to MgB, was
observed from the XRD pattern suggesting that part
of the Mg vapor had converted MgB, to MgB,
[34, 35]. The source of Mg vapor could be from the
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Table 1 Intensity fraction of the phases formed, lattice parameters, and goodness of fit (GOF) for ex situ MgB, samples sintered at

different conditions

Sintering condition Intensity fraction (%)

Lattice parameters (A) Goodness of

Fit (GOF)

Temperature Time MgB, (ICSD: MgO (ICSD: MgB, (ICSD: a-axis c-axis

(°C) (h)  98-010-6149) 98-009-4096)  98-009-1660)

Unsintered — — 99.6 0.4 - 3.0853 £ 0.0001 3.5226 4 0.0002 7.43

600 1 97.4 2.6 - 3.0855 £ 0.0001 3.5231 4 0.0002 3.54

700 1 98.4 1.5 0.1 3.0848 £+ 0.0002 3.5231 + 0.0002 5.27
3 98.6 1.3 0.1 3.0863 £+ 0.0001 3.5250 + 0.0002 4.52
7 63.0 37.0 - 3.0851 £ 0.0002 3.5233 &+ 0.0003 2.94

900 1 92.9 3.2 3.9 3.0858 £ 0.0002 3.5251 &+ 0.0002 4.97

Related data for the unsintered ex situ MgB, powder (labeled as Unsintered) is included for comparison

Table 2 Intensity fraction of the phases formed, lattice parameters, and goodness of fit (GOF) for 0.5 mol Mg added ex situ MgB,

samples sintered at different conditions

Sintering condition Intensity fraction (%)

Lattice parameters (A) Goodness of Fit

Temperature Time MgB, (ICSD: MgO Mg (ICSD: a-axis c-axis (GOF)
(°C) (h)y  98-010-6149) (ICSD: 98-005-1521)
98-009-
4096)
700 1 95.9 4.1 - 3.0855 4 0.0002 3.5239 4+ 0.0002 3.11
3 92.9 5.6 1.5 3.0866 £ 0.0001 3.5231 + 0.0002 5.50
7 96.2 3.8 - 3.0852 + 0.0001 3.5231 £ 0.0002 3.78
1000 1 75.4 24.6 - 3.0832 + 0.0002 3.5230 £ 0.0003 5.29

residual unreacted Mg in the samples and decom-
position of MgB,, which were the reason for the
build-up of Mg vapor inside the sealed stainless steel
tubes.

For the ex situ MgB, samples with the addition of
Mg and sintered at 700 °C for 1-7 h, the a-axis values
are slightly smaller compared with the samples
without the addition of Mg (Tables 1 & 2). The
sample sintered at 1000 °C for 1 h has the smallest a-
axis. Nevertheless, the addition of Mg also resulted in
a smaller change in the c-axis compared to those
without Mg addition. Previously, it was reported that
the in situ MgB, prepared without excess Mg showed
a larger c-axis [36, 37]. As shown in Table 2, pro-
longed sintering time of 7 h at 700 °C reduced the
formation of the MgO phase compared to the sam-
ples without the addition of Mg [38], suggesting that
the addition of Mg suppressed the decomposition of
MgB, into MgB, and Mg. For the sample sintered at
the higher temperature of 1000 °C for 1 h, reaction

kinetics for oxidation of Mg was accelerated, leading
to the formation of a large fraction of MgO (24.6%).

The crystallite size of the samples was calculated
using the Scherrer equation [39]:

Ka
L= Byize OS 0 )
where L is the crystallite size, K is a dimensionless
shape factor (0.9), Bsie is the line broadening at half
of the maximum intensity (FWHM) in radian, A is the
X-ray wavelength for Cu-K,, radiation (1.5406 A), and
0 is the Bragg angle in degree. The calculation was
made based on the four XRD peaks of (1 00), (10 1),
(00 2), and (1 1 0). The average values of the crys-
tallite size are given in Table 3 and Table 4. The
increasing sintering temperature for the ex situ MgB,
samples from 600 °C to 900 °C for 1 h decreased the
average crystallite size of the unsintered sample from
52 to 48 nm (Table 3). The reduction in the average
crystallite size could be associated with Mg defi-
ciency due to the increased sintering temperature
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Table 3 Crystallite size of the samples based on the peaks (1 0 0), (10 1), (0 0 2), (1 1 0), average crystallite size, and average grain size

for ex situ MgB, samples sintered at different conditions

Sintering condition Crystallite size (nm)

Average grain size, D (um)

Temperature (°C) Time (h) (100) 101 002) 110 Average

Unsintered - 57.3 48.0 49.8 51.7 51.7 -

600 1 57.3 48.1 42.1 51.7 49.8 0.55 + 0.01

700 1 57.3 40.6 49.8 51.7 49.8 0.50 £ 0.02
3 57.3 40.6 36.5 51.7 46.5 0.51 + 0.02
7 73.8 48.1 49.8 51.7 55.8 0.53 + 0.02

900 1 57.3 40.6 42.1 51.7 47.9 0.50 + 0.02

Related data for the unsintered ex situ MgB, powder (labeled as Unsintered) is included for comparison

Table 4 Crystallite size of the samples based on the peaks (1 0 0), (1 0 1), (00 2), (1 1 0), average crystallite size, and average grain size
for 0.5 mol Mg added ex situ MgB, samples sintered at different conditions

Sintering condition Crystallite size (nm)

Average grain size, D (um)

Temperature (°C) Time (h) (100) 101 002 110 Average

700 1 73.8 48.1 36.5 63.3 55.4 0.26 + 0.01
3 57.3 40.6 42.1 51.7 47.9 0.19 £+ 0.01
7 57.3 40.6 36.5 51.7 46.5 0.29 £+ 0.01

1000 1 73.8 48.1 42.1 63.3 56.8 0.17 + 0.01

leading to evaporation of residual unreacted Mg in
the samples, as supported by the formation of MgB,
(Table 1). Except for the sample sintered for 7 h, the
prolonged sintering time at 700 °C was expected to
decrease the crystallite size compared to that of the
unsintered ex situ powder. It is unclear if the larger
crystallite size of the sample sintered at 700 °C for 7 h
is related to the formation of a high fraction of MgO
(37.0%). For the samples with the addition of Mg,
sintering at 700 °C and 1000 °C for 1 h increased the
average crystallite size relative to that of the unsin-
tered ex situ MgB, powder (Table 4) suggesting the
crystal growth could be aided by the added Mg. With
prolonged sintering time, the average crystallite size
of the samples (3 h and 7 h for 700 °C) decreased
probably due to the same reason as discussed before
(evaporation of a significant amount of Mg).

3.2 Microstructure analysis

Figure 3 shows SEM images of the fractured surfaces
of the ex situ MgB, bulks. All samples show ran-
domly oriented grains with irregular shapes. Table 3
shows that the average grain size of the ex situ MgB,

@ Springer

decreases slightly only from 0.55 pm to 0.50 um with
the increase of sintering temperature from 600 °C to
900 °C. The trend of change for the grain size is
almost similar to that of the crystallite size (Table 3).
The slight change in the grain size agrees with the
previous finding [14]. Decreasing grain size means
increasing the number of grain boundaries for flux
pinning to increase J. [40—42]. The average grain size
increased slightly (0.50-0.53 pm), and more voids
between grains could be observed clearly with the
prolonged sintering time from 1 h (Fig. 3b) to 7 h
(Fig. 3d). It is expected the voids will obstruct the
current flow between grains and consequently lower
the value of J. [43, 44].

SEM images of Fig. 4 show that the randomly ori-
ented and aggregated grains of the Mg added ex situ
samples are different from those without the addition
of Mg (Fig. 3). The aggregation of the grains may be
due to the melting of the added Mg (melting point of
Mg is around 650 °C). The melted Mg may play a
crucial role in healing the microcracks and enhancing
the grain connectivity of the samples [19-21]. By
comparing Tables 3 and 4, it is clear that the addition
of Mg decreased the average grain size of the samples
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Fig. 3 SEM images of fractured surfaces of ex situ MgB, bulks sintered at different conditions: a 600 °C, 1 h' b 700 °C, 1 h ¢ 700 °C, 3 h

d 700 °C, 7 h, and e 900 °C, 1 h

by about 50% or more. A previous study suggested
that excess Mg reduced the grain size of the in situ
MgB, attributable to the formation of more MgB,
nucleation seeds [19]. For the samples sintered at
700 °C, the average grain size varied between 0.19
and 0.29 um. The average grain size of the samples
sintered for 1 h decreased from 0.26 to 0.17 pm upon
increasing the sintering temperature from 700 to
1000 °C. The variation in the average grain size
(Table 4) is actually due to two reasons. First of all,
the added Mg powders may act as seeds for the
growth of more MgB, grains with smaller sizes in the
range of 0.05-0.15 um [19]. Secondly, significant grain
growth leading to bigger grains during the sintering
did not occur, consistent with previous findings [14].
Nevertheless, fewer grains with the size of 0.45-0.
65 um was observed from the SEM images. For the
Mg added samples sintered at 700 °C for 3 h and
1000 °C for 1h, their average grain size is
19 £ 0.01 um and 17 & 0.01 pm, respectively. In
these samples, SEM images showed the presence of

more grains with smaller sizes (0.05-0.15 um) than
the bigger ones (0.45-0. 65 pm). Consequently, the
average value of the grain size became smaller.

3.3 Superconducting properties

Figure 5 shows field dependence of J. at 20 K for all
the samples. As the sintering temperature increased
from 600 to 900 °C, the self-field J. at 20 K for the ex
situ MgB, increased from 1.8 to 42 kA cm™?
(Table 5). The value of self-field J. increased abruptly
with the addition of Mg into the ex situ MgB, samples
(Table 6). As the sintering temperature was increased
to 1000 °C, self-field J. at 20 K was increased to
39.8 kA cm ™2, a value more than 20 times larger than
that of the ex situ sample without the addition of Mg
sintered at 600 °C for 1 h (1.8 kA cm™?). The main
reason for the increased J. is the improved grain
coupling due to higher sintering temperature and the
addition of Mg [14, 21]. The highest ] for the ex situ
samples and that added with Mg sintered at 900 °C
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Fig. 4 SEM images of
fractured surfaces of

0.5 mol Mg added ex situ
MgB, bulks sintered at 700 °C
foralhb3hc7h,
respectively, and d 1000 °C
for 1 h

and 1000 °C, respectively, is consistent with the
occurrence of solid-state self-sintering [14]. Conse-
quently, grain coupling is further strengthened by
forming necks between the adjacent grains [14].

As a result of increasing the sintering time to 3 h at
700 °C, J. (0 T, 20 K) of the ex situ MgB, and that with
the addition of Mg increased to 3.2 kA cm 2 and
18.4 kA cm™2, respectively. However, these values
decreased to 0.5 kA cm 2 and 13.2 kA cm ™2, respec-
tively, as the sintering time was prolonged to 7 h. The
drastic decrease in J. of the former may be due to the
large fraction of MgO (37%) in the sample (Table 1).
As discussed in Sect. 3.2, the presence of more voids
may also be part of the reason for the lower J. in the
ex situ MgB, samples (Fig. 5a).

For the same heat treatment at 700 °C for 1 h with
the addition of Mg, self-field J. (20 K) of our ex situ
sample is 6.3 kA cm > (Table 6) as compared with
20 kA cm ™ for the ex situ MgB, reported by Wu [21].
The lower J. of our sample is attributed to the
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addition of excessive Mg (0.5 mol as compared with
0.1 mol in [21]), causing inhomogeneity in the sample
as shown by the double-step transition in Fig. 6b.
Nevertheless, self-field J. (20 K) of our Mg added
sample sintered at 700 °C for 3 h is close to that
obtained by Wu [21]. For homemade ex situ MgB,
sintered at 900 °C for a much longer 48 h [14], its self-
field J. at 20 K is 3.1 x 10° A cm 2. Taken all, sin-
tering with Mg addition provides a window of
opportunity for enhancing J. of ex situ MgB, at lower
temperature and shorter time. It is anticipated that |,
of our Mg added ex situ sample sintered at 1000 °C
for 1 h could be increased further by reducing its
MgO fraction and further optimizing heat treatment
conditions.

Figure 6 shows that all the samples have a very
similar onset of critical temperature, T onset, Which is
about 38.5 K. T_onset Of the sample with the addition
of Mg and sintered at 1000 °C for 1 h has a relatively
smaller T. of 38.1 K (Table 6). Such a slight variation
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Table 6 Onset of critical temperature, T onser, and critical current
density, J. at 0 T, 20 K for 0.5 mol Mg added ex situ MgB,
samples sintered at different conditions

N 4
€ $
2 Applied Field T)
<
s
3o
m (600°C,1h) "Vy 1% .
® (700°C, 1h) vy a o °
v A x
A (700 °C, 3h) VY v 1 . °
v (700 °C, 7h) Vo v e
& (900°C, 1h) *
10' T T T T T
0.0 05 1.0 15 2.0 2.5 3.0
Applied Field (T)
(a)
e
o
<
2
10°1 = 0.5Mg (700 °C, 1h) L] °
® 0.5Mg (700 °C, 3h) A,
A 0.5Mg (700 °C, 7h) .
v 0.5Mg (1000 °C, 1h) .
10’ T T T T T
0.0 0.5 1.0 15 2.0 2.5 3.0

Applied Field (T)
(b)

Fig. 5 Field dependence of critical current density, J. (20 K) in
logarithmic scale for a ex situ MgB, and b 0.5 mol Mg added ex
situ MgB, sintered at different conditions. Insets show the same
plots of field dependence of J. in linear scale

Table 5 Onset of critical temperature, T_onset, and critical current
density, J. at 0 T, 20 K for ex situ MgB, samples sintered at
different conditions

Sintering condition Te-onset (K) J. (A cmfz)
Temperature (°C) Time (h)
700 1 38.5 6.3 x 10°
3 38.5 18.4 x 10°
7 38.5 132 x 10°
1000 1 38.1 39.8 x 10°
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Sintering condition Te-onset (K) J. (A cmfz)

Temperature (°C) Time (h)

600 1 38.5 1.8 x 10°

700 1 38.5 3.0 x 10°
3 38.5 32 x 10°
7 38.5 0.5 x 103

900 1 38.5 42 x 10°

0.5 Mg (1000 °C, 1h
T T

10 20 30

Temperature (K)
(b)

Fig. 6 Temperature dependence of normalized DC susceptibility
for a ex situ MgB, and b 0.5 mol Mg added ex situ MgB,
sintered at different conditions. Insets show the same plots of

40 50

temperature dependence of normalized DC susceptibility fora
temperature range from 36 K to 39 K. T._onset Was determined by
taking the first deviation point from linearity that signifies the
transition from the normal to superconducting state
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in Teonset across the samples is consistent with pre-
vious findings [21], indicating Mg addition did not
change the electronic structure of MgB, [45]. Instead,
Mg addition promoted self-sintering by enhancing
the grain coupling [21] and suppressed decomposi-
tion of MgB, (as shown by the XRD data). With the
addition of Mg, a double-step transition for the
samples sintered at 700 °C was observed (Fig. 6b).
The superconductor transition width, AT, broadened
as the sintering time increased from 1 to 7 h. The
broadening of AT together with the double-step
transition indicates inhomogeneity within the sam-
ples [46]. For the sample sintered at 1000 °C for 1 h, a
single-step transition was observed consistent with
the higher J. in this sample due to better grain
connectivity.

For phase pure MgB, samples with well-connected
grains (phase coherence), intergranular T, and J. are
close to the intragranular ones [47]. Depending on the
degree of grain coupling and the nature of impurities,
grain boundaries may either reduce the effective area
for current transport (if they are entirely insulating)
or behave like Josephson junctions [48]. As a result,
intergranular J. is expected to be lower than intra-
granular one. This scenario is especially true for the
samples with a significant fraction of impurities and
insufficient sintering (Tables 1 and 2). As discussed
before, J. of the Mg added sample sintered at 1000 °C
is the highest because of enhanced grain coupling
due to solid-state self-sintering, which occurred at
higher temperature [14] despite its high fraction of
MgO. While the intragrain T. should remain
unchanged concerning the heat treatment [38], the
double-step transition (Fig. 6b) may be caused by the
presence of Josephson junctions due to the inhomo-
geneity in the samples.

4 Conclusion

We have demonstrated the effect of Mg addition for
sintering on the superconducting properties of ex situ
MgB,. The addition of Mg increased the partial
pressure of Mg and suppressed the decomposition of
MgB, into MgB, and Mg. As estimated from the SEM
images, the average grain size of the Mg added

@ Springer
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samples are smaller. While the T. of those samples
remained unchanged at ~ 38 K, their J. was
enhanced by more than 20 times as the sintering
temperature was increased. For the sintering carried
out for 1 h, J. increased to ~ 4 x 10* A cm™2 for the
sample added with Mg and sintered at 1000 °C. This
work shows that short sintering with the aid of Mg is
effective for grain coupling leading to enhanced J. of
ex situ MgB..
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