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Abstract The effects of Ar ambient pressure (vacuum and
0, 10, and 20 B) and annealing times (0.5 and 1 h) on
microstructural, superconducting, and mechanical proper-
ties of bulk superconducting MgB, are investigated. The
samples are produced using the solid-state reaction method.
X-ray diffraction (XRD) and scanning electron microscopy
(SEM) measurements are performed for determination of
the crystal structure and surface morphology of MgB, sam-
ples, respectively. The superconducting properties are stud-
ied by AC magnetic susceptibility measurements. Micro-
hardness analyses are made using the Vickers microhard-
ness test for determination of mechanical properties of all
samples. Increasing the Ar pressure decreases the lattice
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parameters and hence the average grain size. Increasing the
annealing time results in larger lattice parameters and larger
grain formation. The susceptibility measurements revealed
a two-step transition which is reminiscent of granular super-
conductors. The intra-grain transition temperature is deter-
mined to be 38.4 K for all samples. The inter-grain transition
temperature of 37.2 K is obtained for samples produced
under Ar ambient pressure. The samples produced under
Ar ambient pressure have better superconducting properties
than the ones produced in vacuum. Increasing the annealing
time under vacuum further decreases the superconducting
properties probably due to Mg loss.

Keywords MgB, superconductors - XRD - SEM - Vickers
microhardness - Susceptibility

1 Introduction

The attention of researchers has focused on MgB, after
the discovery of superconductivity in this compound by
Akimitsu in 2001 [1]. This compound is quite promising for
large-scale practical applications due to its simple crystal
structure, low electromagnetic anisotropy, long coherence
length, high critical current value (J.), and high upper crit-
ical field value (Hc) [2—4]. Obtaining high-quality grain
boundaries and high current density is important for appli-
cations such as magnet, cable, and energy technologies
[5, 71. Low-cost MgB, superconductors can be manufac-
tured in different forms like bulk, powder, wire, tape, and
thin film. The properties of produced material are closely
related with preparative techniques and production condi-
tions. In order to obtain MgB> superconductors with good
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mechanical properties, many studies in literature focused
on the optimization of the production conditions [8—-14].
Ambient pressure plays an important role in the production
of MgB, superconducting bulk samples [9]. AC magnetic
susceptibility has become a popular technique over the
recent years and its measurement allows determination of
some useful superconducting properties of superconduc-
tors [15, 16]. Although there is a vast amount of work in
the literature [17-20] on the magnetic response of high-
temperature superconductors (HTSCs), the interpretation of
AC susceptibility is model dependent and there are some
controversial issues concerning the occurrence of the peak
in the out-of-phase component of the susceptibility.

In the present study, the effects of argon pressure and
annealing durations on the microstructural, superconduct-
ing, and mechanical properties of bulk MgB, samples are
investigated. The ambient argon pressure is varied from vac-
uum to as high as 20 B. Annealing times of 0.5 and 1 h
are used during the sample production. The microstructural,
superconductivity, and mechanical properties of produced
MgB; superconductors are determined with X-ray diffrac-
tion (XRD), scanning electron microscopy (SEM), sus-
ceptibility measurements, and Vickers microhardness tests,
respectively. Other mechanical properties such as elastic
modulus (E) and yield strength (Y) are also determined.
Recently, when the all obtained results are analyzed, it
is found that annealing time and applied pressure play
an important role in the determination of the mechanical,
superconducting, and microstructural properties of MgB,
superconductor.

Fig.1 Fundamental AC
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2 Experimental Techniques

In this study, MgB> powder (Alfa Aesar, —325 mesh, <44
pm) is used. Powder of 6 g is pressed into tablets with
13-mm diameter and 1.5-mm thickness, under the constant
pressure of 7 tons. Bulk samples obtained by pressing are
wrapped in the thallium (Ta) foil tightly to prevent oxidation
and contamination during the heat treatment process. Mate-
rial wrapped in Ta foil is placed directly into the steel tube.
The air in steel pipe is evacuated using a vacuum apparatus,
and the furnace is heated to 850 °C from room temperature
gradually with 5 °C/min heating and cooling rates. Samples
are produced for 0.5 and 1 h of heat treatments. Similarly,
10 and 20 B Ar gas is introduced into the steel tube to pro-
duce samples under pressure. Hereafter, the produced sam-
ples will be denoted as MgB-05-V, MgB-05-0B, MgB-05-
10B, MgB-05-20B, MgB-1-V, MgB-1-0B, MgB-1-10B, and
MgB-1-20B.

The X-ray diffraction method is used to determine
the crystal structure, the phases, and possible impurities.
XRD measurements are performed using a Bruker D8
Advance model diffractometer with CuKa (A = 1.5405
A) radiation in the range 26 3° —90° at a scan
speed of 0.6° /min at room temperature. XRD evalua-
tion program is used for the determination of structure
parameters and indexing of the peaks from the result-
ing pattern. The grain size, grain connectivity, and surface
morphology of the sample are identified using a scan-
ning electron microscope (JEOL 6390-LV), operated at
20 kV.
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The susceptibility measurements are carried out by a
commercial Lake Shore 7130-model AC susceptometer
employing a mutual inductance coil system with a closed
cycle refrigerator. The phase angle is adjusted in order
to separate real and imaginary parts of the susceptibility.
All the measurements reported in this paper are performed
during warming, to make quantitative comparisons.

Fig. 2 The normalized AC
susceptibility curves of the
samples with different annealing
times as a function of
temperature. The ambient is are
a vacuum, b 0 B Ar, ¢ 10 B Ar,
andd 20 B Ar

Normalized AC susceptibility ( a.u.)

Normalized AC susceptibility ( a.u.)

Vickers microhardness measurements of MgB, samples

are performed by using digital microhardness tester (SHI-
MADZU HMV-2) at room temperature. Vickers diamond
indenter is applied on the surface of the samples using var-
ious loads of 0.245, 0.490, 0.980, 1.960, and 2.940 N, and
diagonal lengths of the traces formed on the surfaces of the
samples are measured. Ten measurements are taken for each
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Fig. 3 AC susceptibility curves of MgB-1-10B sample as a function
of temperature with varying AC fields
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Fig. 4 XRD patterns of the samples a for 0.5-h annealing time and b
for 1-h annealing time
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load value and Vickers hardness values are calculated by
taking their averages.

3 Results and Discussion
3.1 AC Susceptibility Measurements

AC susceptibility measurement is widely used as a non-
destructive method for determination and characterization
of the intra-grain and inter-grain features of the high-
temperature superconductors [21-23]. The in-phase compo-
nent of fundamental susceptibility, x’, shows two significant
drops as the temperature is decreased below T for gran-
ular superconductors. The first drop near 7. corresponds
to intrinsic properties of grains. Another drop at lower
temperatures indicates gradual changes associated with the
occurrence of bulk superconductivity, where superconduct-
ing currents flow from grain to grain. The out-of-phase
component, x”, generally exhibits a peak with decreasing
temperature below T, which is attributed to the absorp-
tion of magnetic energy of the superconductor from the AC
field. Therefore, x’ is proportional to the amount of flux
penetration into the body of the superconductor, while yx’
is associated with AC losses in the mixed state of super-
conductor. In Fig. 1, the measurements of normalized AC
susceptibility versus temperature for 0.5- and 1-h samples
are plotted for AC fields of 80 A/m with f = 125 Hz. As
expected for granular superconductors, for all samples, the
transition takes place in two steps in x' accompanied by
two peaks in x'*. When samples are cooled down under T¢,
the grains become superconducting first, and shielding of
the applied field is performed by intra-grain currents. On
further lowering the temperature, the inter-grain current is
developed. The intra-grain transition temperature is deter-
mined to be about 38.4 K for all samples. A similar behavior
is observed for the inter-grain transition for all samples. The

Table 1 Calculated values of lattice parameters a and ¢ and grain sizes
of the samples

Samples a(A) c(A) Grain size (nm)
MgB-05-V 3.098 3.52 36.86
MgB-05-0B 3.096 3.51 35.76
MgB-05-10B 3.096 3.50 34.27
MgB-05-20B 3.092 3.50 31.57
MgB-1-V 3.099 3.53 38.94
MgB-1-0B 3.098 3.53 36.05
MgB-1-10B 3.097 3.52 35.15
MgB-1-20B 3.093 3.50 32.14
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when compared the other samples. The effect of the loss in
Mg is more pronounced for MgB-1-V sample which is
annealed for 1 h. Another possibility of the decrease in
inter-grain temperature is due to the worsening of granular
connectivity in the samples. Since the samples are produced
under vacuum, the compactness and grain connectivity are
not as high as for the samples produced under Ar ambient
pressure. The pressure applied by Ar gas increases the com-
pactness of the grains. The other three samples in each set
have similar behavior in the AC susceptibility curves.

To clearly see the effects of annealing time and ambient
pressure on the superconducting properties of the samples,
the normalized AC susceptibility curves in Fig. 2 are plot-
ted. The effect of annealing time is significant only in
vacuum environment. The other samples do not show any
significant changes. When annealing time increased from
0.5 to 1 h, the magnetic transition is broadened due to the
reasons explained above.

Plot of real (x') and imaginary (x'') components of AC
susceptibility as a function of temperature for MgB-1-10B
sample at applied AC field amplitudes Hjc, ranging from
80 to 1280 A/m at a frequency f = 125 Hz are given in
Fig. 3. When H, is increased from 80 to 1280 A/m, the peak
height in x'' increased and moved to lower temperatures
slightly. This shows that AC losses increase with increasing
field as expected. A similar behavior is also observed for
other samples.

Fig.7 The optical trace photos under 2.940 N load for the samples: a
MgB-05-V, b MgB-05-0B, ¢ MgB-05-10B, and d MgB-05-20B

@ Springer

3.2 XRD Analyses

X-ray diffraction patterns of the samples are given in
Fig. 4. The XRD patterns of the samples belong to the MgB»
main phase. There are no impurity phases in the samples.
For both series, the peak intensities of samples produced in
the vacuum ambient pressure are higher and peak widths
are relatively narrower than others. The peak intensities
decrease and the peak widths increase with the introduc-
tion and increasing the applied Ar pressure. The reason of
this decrease in peak intensities may be a reduction of grain
sizes with applied pressure. The lattice parameters a and ¢
are calculated using XRD peaks and the results are shown
in Table 1.

As seen from Table 1, the lattice parameters a and c
decrease in transition from vacuum to Ar ambient pressure
and by increasing Ar pressure. In literature, it is confirmed
that the applied pressure decreases the values of a and ¢
lattice parameters by shortening the length of MgB, bond
[23-26].

The detailed XRD peak belonging to the (101) plane is
shown in Fig. 5. The peaks shift to smaller angles with tran-
sition to Ar atmosphere from the vacuum environment and
increasing the pressure in MgB-05 samples. This shift also
confirms the decrease in ¢ parameter [27]. Moreover, the
change in the c lattice parameter is more than that of the
a lattice parameter. This anisotropic behavior is due to the

d)

Fig. 8 The optical trace photos under 2.940 N load for the samples: a
MgB-1-V, b MgB-1-0B, ¢ MgB-1-10B, and d MgB-1-20B
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Fig. 9 The variations of microhardness with load for the samples a
for 0.5-h annealing time and b for 1-h annealing time

difference in the bond strengths along a and c¢ directions in
MgB>. The covalent B — B bonds along the a direction are
stronger than the Mg-B ionic bonds along the ¢ direction
[28].

When the lattice parameters of the 0.5- and 1-h annealed
samples are compared, it can be seen that the a and ¢
lattice parameters of the samples exposed to heat treat-
ment for 1 h are greater. This situation can be explained
by increased thermal expansion occurring in samples with
increasing heat treatment time. These results are confirmed
by SEM images. The particle sizes of samples are calcu-
lated using the Warren-Scherer formula and are given in
Table 1. As seen from the table, MgB-05-V and MgB-1-V

Table 2 Calculated values of Hy, E, and Y for the samples under

varying applied loads
Samples Load (N) H, (GPa) E (GPa) Y (GPa)
MgB-05-V 0.245 0.252 20.654 0.084
0.490 0.279 22.867 0.093
0.980 0.322 26.392 0.107
1.960 0.341 27.949 0.113
2.940 0.353 28.933 0.117
MgB-05-0B 0.245 0.316 25.900 0.105
0.490 0.366 29.998 0.122
0.980 0.404 33.113 0.134
1.960 0.425 34.834 0.141
2.940 0.434 35.572 0.144
MgB-05-10B 0.245 0.398 32.621 0.132
0.490 0.443 36.309 0.147
0.980 0.469 38.440 0.156
1.960 0.488 40.080 0.162
2.940 0.499 40.890 0.166
MgB-05-20B 0.245 1.090 84.340 0.343
0.490 0.833 68.275 0.277
0.980 0.729 59.751 0.243
1.960 0.588 48.194 0.196
2.940 0.543 44.506 0.181
MgB-1-V 0.245 0.227 18.605 0.075
0.490 0.240 19.671 0.080
0.980 0.255 20.900 0.085
1.960 0.269 22.048 0.089
2.940 0.279 22.860 0.093
MgB-1-0B 0.245 0.275 22.539 0.091
0.490 0.302 24.752 0.100
0.980 0.324 26.556 0.108
1.960 0.347 28.441 0.115
2.940 0.354 29.015 0.118
MgB-1-10B 0.245 0.302 24.752 0.100
0.490 0.322 26.392 0.107
0.980 0.345 28.277 0.115
1.960 0.367 30.080 0.122
2.940 0.384 31.473 0.128
MgB-1-20B 0.245 0.322 26.392 0.107
0.490 0.341 27.949 0.113
0.980 0.366 29.998 0.122
1.960 0.409 33.523 0.136
2.940 0.425 34.834 0.141

samples have the greatest particle sizes of 36.86 and 38.94
nm, respectively. The particle sizes decrease with increasing
the applied pressure. When the Ar pressure reaches to 20 B,
the particle sizes of MgB-05-20B and MgB-1-20B samples
decrease to 31.57 and 32.14 nm, respectively. In addition,
we can say from the Table 1 that, the particle size of MgB-
1 series is greater than the particle size of MgB-05 series.
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As a result, particle sizes of the samples exposed to more
heat treatment are greater. This condition is consistent with
previous studies [29].

3.3 SEM Analysis

The SEM images of MgB, samples at 3000 magnification
are shown in Fig. 6. Based on SEM photographs, it is deter-
mined that the samples exhibit a granular structure that is
characteristic morphology of MgB, samples. In this granu-
lar structure, the grain sizes are different from each other,
and partly, lumps are observed. Moreover, there is no spe-
cific orientation of particles. We see that the grain sizes
of samples produced at 1 h are greater prominently. As is
known, the particle size of material increases with increas-
ing the heat treatment time and heat treatment temperature
[27]. Besides, particle size decreases with increasing the
pressure applied for each series. It can be said that voids
between particles decrease with decreasing the particle size
(especially for MgB-05-20B and MgB-1-20B) and so a
stronger particle connection is obtained. The reduction of

particle size directly affects the mechanical properties of
samples due to the decrease of porosity.

3.4 Vickers Microhardness Measurements

The Vickers microhardness test is used for determination of
hardness values of MgB, samples produced in this study.
Vickers hardness test is developed to measure the hard-
ness of materials as an alternative to the Brinell method
by Robert L. Smith and George E. Sandland in 1921. The
Vickers test is easier than the other tests because required
calculations are independent of the size of indenter. The
Vickers microhardness value can be calculated by the fol-
lowing formula [30]:
F  1854.4F
B=3~—n
The optical trace photos of the indentations for each sample
under 2940 N load are shown in Figs. 7 and Fig. 8.
Figure 9 shows changes of the microhardness values as
a function of applied load. The hardness values calculated
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Fig. 10 The variations of a Hy, b E, and ¢ Y with Ar pressure of the sample annealed for 0.5 h
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using (1) are given in Table 2. We see that the microhardness
values of the samples depend on the applied load. Micro-
hardness values of all samples excluding the MgB-05-20B
increase with applied load and they saturate to a plateau
of constant hardness. At this plateau, the load-independent
hardness values are reached. This behavior is called reverse
indentation size effect (RISE) behavior in the literature.
The microhardness of MgB-05-20B sample decreases with
increasing the applied load. This sample exhibits the inden-
tation size effect (ISE) behavior. From the table, it can be
seen that the samples produced in 0.5 h have higher hard-
ness values than the samples produced in 1 h. Moreover,
the hardness values of the samples increase with ambi-
ent Ar pressure. Higher Ar pressure causes densification of
the grains and reduction of the voids in the samples. The
decrease of porosity and grain sizes together with higher
densification results in harder samples.

Parameters such as modulus of elasticity (E) and yield
strength (V) that are as important as hardness to mechanical
characterizations of materials [31-34] are also calculated,
and values of these parameters are given in Table 2.

As can be seen from the table, elastic modulus (E) and
yield stress (¥') values of the materials produced in Ar atmo-
sphere are higher than the materials produced in vacuum
ambient pressure in 0.5 h. The increase of hardness Hy, elas-
tic modulus E, and yield stress Y values with the onset and
increase of Ar pressure is plotted in Fig. 10. Moreover, E
and Y values in MgB-05-V, MgB-05-0B, and MgB-05-10B
samples increased with increasing applied load. However,
these values decreased with the increase of the applied load
in the MgB-05-20B sample. This result is related to the ISE
behavior.

One can see that E and Y values of the samples produced
in 1 h are lower than those of materials produced in 0.5 h.
Herein, E and Y values of the samples produced at vacuum
ambient pressure are less than those of samples produced
at Ar atmosphere without pressure. The E and Y values
increase with the applied pressure reaching to 10 and 20 B.

4 Conclusion

In this study, the microstructural, superconducting, and

mechanical properties of MgB, superconductors produced

at four different ambient conditions (vacuum and 0, 10, and

20 B) and annealing times of 0.5 and 1 h are analyzed. The

following results are obtained:

e The lattice parameters a and ¢ decrease when ambient
Ar pressure increases. Increasing the annealing duration
increases the lattice parameters. This result is consis-
tent with the results in the literature because it is known
that pressure has a shortening effect on the distances
between the bonds.

e Reduction in grain sizes is observed with increasing Ar
pressure. The decrease of grain sizes correlates with
the decrease in lattice parameters. When the 0.5- and
1-h annealed samples are compared, it is seen that
longer annealing causes larger grain formation along
with higher lattice parameters.

e The characteristic morphology of granular structure of
MgB, is observed by SEM images. The above results
are confirmed by SEM images.

e According to the AC susceptibility measurements, the
intra-grain transition temperature is determined to be
about 38.4 K for all samples. The inter-grain transition
temperature of 37.2 K is obtained for samples annealed
in Ar ambient pressure. The inter-grain transition tem-
perature drops for vacuum annealed samples, namely
to 35.6 K for 0.5-h annealing and to 34.4 K for 1-h
annealing. During the annealing process at high tem-
perature in vacuum environment, Mg can be lost due
to the low boiling temperature of Mg. Therefore, the
samples named MgB-05-V and MgB-1-V have broader
magnetic transition when compared the other samples.
The effect of the loss in Mg is more pronounced for
MgB-1-V sample which is annealed for 1 h.

e [In addition, when the annealing time is increased from
0.5 to 1 h, the magnetic transition is broadened. It is
considered to be due to Mg lost because of longer
annealing time.

e According to Vickers microhardness measurements, the
hardness of the samples is all load dependent. Apart
from MgB-05-20B sample, the hardness of all sam-
ples increased with increasing applied loads which is
known as RISE. The hardness of the MgB-05-20B sam-
ple decreased with increasing load showing ISE.The
hardness values of the samples increase with increasing
Ar pressure. Higher pressure causes better connection
and densification of the samples. The samples produced
in 0.5 h are found to be harder than the samples pro-
duced in 1 h. This result may be related with increasing
the voids in the samples due to increasing annealing
time.
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