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Abstract: Magnesium diboride (MgB2) ceramics, due to their impressive transition temperature of
39 K for superconductivity, have been widely investigated. The possibility to obtain highly dense
MgB2 ceramics with fine microstructure and grain boundaries acting as pinning sites by novel
high-pressure-assisted spark plasma sintering (HP-SPS) is reported in this article. HP-SPS was
employed to reach 100% density in MgB: ceramics, and high pressure was utilized in the
consolidation of MgB2. An increase in pressure helped in stabilizing the MgB2 phase above thermal
decomposition, thus avoiding the formation of non-superconducting phases such as MgO and
MgBa. Pressure allowed strengthening of the covalent bond (condensation effect) to increase the
thermal stability of MgB2. HP-SPS yielded high mechanical hardness in MgB2 (1488 HV). For better
electrical connectivity, which leads to large magnetic moments in high density samples were
obtained with the beneficial effect of high applied pressure (1.7-5 GPa) at high temperature (>1000
°C). The combination of the SPS process and high pressure ensured retention of the homogeneous
fine microstructure required to obtain high current density and high hardness.
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1. Introduction

Superconductors are materials whose conductivity tends to infinite as resistivity tends to zero
at a critical temperature. Critical current density refers to a current density that is strong enough to
quench the superconducting state. MgB:2 is one of the potential light materials with a medium critical
temperature (Tc = 39 K) for diverse applications requiring improvement of the superconducting
properties. It has a high charge carrier density, 1.7-2.8 x 102 A/cm?, a high critical current density Je
of about 107 A/cm? (4.2 K, 0 T), as well as high coherency lengths £av(0) = 37,120 A and £4(0) = 16-36
A. MgB: can be used as an alternative to other low-temperature superconductors such as NbTi and
NbsSn. MgB2 has a hexagonal crystal structure and is an intermetallic with simple stoichiometry
[1,2]. The advantages of MgB: include its low cost, light weight, and high hardness. Progress in
manufacturing technologies has led to obtaining MgB: as tapes, bulk, and in wire form, either
through ex situ or in situ methods [3-7]. The ex situ method involves compaction of starting
precursors of the MgB2 phase (density = 2.62 g-cm™) at high temperature and high pressure, yielding
a highly dense MgB: phase (above 95% relative density). Thus, the obtained MgB2 phase is denser
than in its in situ counterpart (80% relative density). Various research teams reported on employing
recent techniques such as field-assisted sintering or high-pressure-assisted sintering techniques
[8-12] to obtain MgB: dense compact samples with relative densities greater than 95%, in
comparison with other conventional pressureless sintering techniques. The influence of the sintering
parameters in field-assisted sintering, such as pressure, dwell time, temperature, and
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heating/cooling rate, on the structural, microstructural, and superconducting properties of MgB2
have been studied [8-12]. An increase in the relative density of MgB2 up to 99% was achieved when
the sintering temperatures were in the range of 900-1050 °C [5]. Appearance of MgO and MgBs
phases in MgB2 ceramics was observed by Habler et al. [11] when the sintering temperatures were
increased above 950 °C. High pressure had a significant influence to increase relative density [3]. No
significant effects on the sintering rate and dwell time in yielding dense MgB2 compacts were
reported. However, the role of the internal microstructure of the sintered compact influenced the
trapped field performance through a combination of extrinsic (reduced volume fraction of the MgB2
phase and presence of parasitic phases between the grains and particles) and intrinsic (local micro
defects within the grains or between the particles) properties, which reduced the current density
values of the superconductor.

The influence of pressure on the mechanical properties of hard and super-hard materials is well
known. The combination of high-pressure and field-assisted sintering yields nanostructured
ceramics, stabilizes thermosensitive phases, and facilitates early chemical reaction. Recently, there
have been few reports on the possibility to combine a pulsed power source with a high-pressure
toroidal-type apparatus reaching pressures up to 7.8 GPa and temperature of 1950 °C [13-16]. The
objective of this work was to sinter MgB: fully dense ceramics by maintaining the microstructured
grains and stabilize the initial MgB: phase by inhibiting the parasitic phases, such as MgO and MgBs,
that appear due to thermal decomposition. We hypothesized that by employing the beneficial effects
of a field-assisted sintering direct current (DC) pulse current with high pressure, we would obtain
dense MgB2 ceramics at high pressure and at a temperature above the thermal decomposition of
MgBz. In our earlier work, we demonstrated the possibility to obtain materials such as SiC in
comparison with conventional spark plasma sintering (SPS) with the help of high pressure [13]. The
application of pressure (as a “driving force”) manifests itself in different ways such as reduced
sintering temperature leading to conservation of grain size and sintering the high-pressure
structural phase of alumina [15]. Krinistina et al. [12] reported on obtaining dense MgB2 samples by
employing high-pressure deformation and annealing, which also resulted in obtaining
nanostructured ceramics with increased critical current density in spite of the presence of MgO
formed in the grain boundaries. Application of high pressure leads to increased critical current
density, necessary for the superconducting properties of MgB2 ceramics.

In the present work, we used our in-house built high-pressure SPS equipment [8-12], which
enables a maximum pressure of 6 GPa and temperatures up to 1800 °C to be reached, given its
versatility, for the synthesis and sintering of highly dense MgB2 ceramics at low temperature. Our
HP-SPS equipment, capable of reaching 3000 A for 10 V with a pulse of 3.3 ms, was employed by
using the Belt system to generate a high pressure up to 6 GPa, but other possibilities such as the
Bridgman system could also be employed [13]. High-pressure spark plasma sintering was used for
sintering dense MgB2 without additional parasitic oxide and magnesium boride phases for
prospective applications as cryomagnets at 20 K. Conventional SPS was also used, as a reference at
low pressure, to compare the influence of various sintering parameters on the MgB2 ceramics. In the
present work, the application of high pressure in HP-SPS does not permit voids; hence, vacuum nor
air can enter the system, which can thus be considered as a closed system. In the case of conventional
SPS, a static primary vacuum is used to avoid the destruction of the graphite mold. Further sintering
in the presence of graphite causes a reducing atmosphere during sintering by conventional SPS and
HP-SPS. In both conventional SPS and HP-SPS, the sample was in direct contact with the pulse
current. The characterization and results of the experiments are discussed in the following sections.

2. Materials and Methods

High-pressure sintering experiments (using the HP-SPS-Belt equipment) and conventional SPS
experiments were conducted in ICMCB (Bordeaux, France) to study the influences of pressure and
pulse electric direct current on sintered compacts. The detailed experiment set up, temperature, and
pressure calibration were described in our previous work [14]. For all experiments, the pressure was
first increased up to the desired value; then, the heating cycle was executed. The maximum



Ceramics 2020, 3 FOR PEER REVIEW 3

temperature was maintained at a dwell time of 5 min. Decompression was done after cooling. The
heating and cooling rates were maintained constant in all the sintering experiments. The
high-pressure cells were contained in a graphite furnace with 17 mm internal diameter
corresponding to the maximum sample diameter in our HP-SPS cell. The starting commercial MgB:
powder was from PAVEZYUM, Advanced Chemicals (Istanbul, Turkey). Regarding the quality of
the starting powder, the purity was 97%, with the traces of MgO (2%) and MgBs (0.1%), and powder
particle size was 150 microns. Starting powder (2.5 g) was used in the high-pressure experiments.
Since the sintered sample had a 17 mm diameter, it was in contact with the graphite furnace tube.
However, in the HP-SPS Belt apparatus it was also possible to obtain a 10 mm diameter, with a
pre-compacted pellet of the hexagonal boron nitride (h-BN) ring to obtain comparable sample sizes
with conventional SPS for the 10 mm diameter die. The external diameter of the h-BN ring was 17
mm to match the graphite furnace. The sample was compressed with two graphite studs similar to
the conventional SPS die assembly. The temperature was adjusted by modifying the percentage of
the filling of the set pulses with elementary 3.3 ms pulses. At room temperature, cold isostatic
pressure (CIP) experiments (200 MPa for 5 min) and HP-SPS Belt experiments (3 and 5 GPa for 5
min) were performed to compare the influence of pressure, independently of temperature, on raw
powders of MgB2 and on the appearance of any parasitic phases. High-pressure experiments were
performed for 5 min in the temperature range from 850 to 1300 °C and pressures of 1.7, 3 and 5 GPa.
For experiments by conventional SPS, 1 g of starting powder was filled into a graphite die having an
inner diameter of 10 mm. The graphite die was covered with a thermal insulator carbon fiber. An
optical pyrometer was used to measure the temperature of the graphite die surface. The graphite
mold was placed in an SPS operating chamber (DR. SINTER LAB, Model SPS-515S), capable of
reaching 1500 A for 10 V, and heating was provided by Thyristor, under vacuum at 10 Pa. The
pulse (3.3 ms) sequence generated from the DC electric current for the SPS applied voltage on all the
samples was 12:2 (i.e., 12 ON/2 OFF). These same parameters were also used for the HP-SPS Belt
equipment, which allows the parameters studied to be comparable. A pressure of 100 MPa was
applied for sintering. Densities of sintered samples were measured by the Archimedes method with
distilled water as the reference liquid. The microstructure and compositional variation (by contrast)
of the sintered samples was observed on the fractured surfaces by electron diffraction scattering
(EDS) using a JEOL JSM 6700F operating at 15 kV. SEM and EDS images were used to estimate the
grain size, grain morphology, and analyze the elements. Sintered samples were milled and
characterized by powder X-ray diffraction (XRD). Powder X-ray diffraction (XRD) analysis was
performed with a PANalytical X'pert MDP diffractometer with an h-h Bragg-Brentano
configuration and a backscattering graphite monochromator for Ka Cu radiation working at 40 kV
and 40 mA. Temperature-dependent XRD was performed using a powder diffractometer
(PANalytical X'Pert Pro) equipped with a high-temperature chamber Anton Paar HTK16 (1600 °C)
measuring K« Cu radiation. The in situ XRD temperatures were analyzed from room temperature
until 1400 °C. Hardness measurements of the MgB2 ceramics were analyzed with a Shimadzu
DUH-211S Vickers hardness indenter at 500 g of the load. The resistivity of the sintered samples was
measured by the 4-point contact probe method.

3. Results and Discussion

From the literature review [1-12], it can be inferred that the thermal decomposition of MgB:
starts around 830 °C. We performed conventional SPS experiments at 100 MPa with a dwell time of 5
min and observed that thermal decomposition appeared at 1050 °C. The shift of this thermal
decomposition to a higher temperature can be attributed to the benefit of 100 MPa pressure under
pulse electric current. We further observed by conventional SPS that when the applied pressure was
increased, the crystallite size decreased at 950 °C, as shown below. HP-SPS experiments were
conducted in the range 950-1300 °C. We observed it was possible to obtain 100% density at 950 °C
and 5 GPa, but achieving full density at 3 GPa and at 1100 °C was not possible, even though no
thermal decomposition was observed at 1100 °C by XRD, as shown below.
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3.1. X-ray Diffraction and Density Analyses

In order to evaluate structural and phase transformations, MgB2 was subjected to different
analyses based on temperature and pressure. Figure 1a shows the temperature XRD in situ, where
the peak at 43° is attributed to the main peak (101) of MgB2. This in situ analysis shows a shoulder
peak arising from the main peak at 650 °C, indicating the appearance of MgO, and traces of MgO
likely appear at 600 °C. Though there are reports in the literature that thermal decomposition occurs
at 830 °C, this variation can be assumed to arise from the starting precursor powders of MgB: used
for study, mainly regarding the grain size, process for manufacturing this powder, and temperature
for this process. There were some inevitable traces of MgO already present in the starting powder.
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Figure 1. (a) Phase stability of MgB2with temperature at ambient pressure by in situ XRD. (b) Phase
stability of MgB2 with temperature at 100 MPa and decomposition of MgB2 at 1250 °C. (c) Phase
stability of MgB: with temperature at (c1) 3 GPa and (c2) 5 GPa. (d) Phase stability of MgB2 with
pressure at 950 °C (e) Evolution of peak (101) width by XRD on MgB: with (el) Pressure at 950 °C
and (e2) Temperature at 3 GPa.

From Figure 1b, it can be observed that the percentage of parasitic phases such as MgO (inside
the shoulder of the main peak) increased when the processing temperature increased. This can be
due to the decomposition reaction of 2MgB2 — MgB4 + Mg(g). The diffractogram at 1250 °C, 5 min at
ambient pressure, shows the total decomposition of MgB: (Figure 1b). The thermal decomposition
appears at 1050 °C under 100 MPa by conventional SPS, as shown in Figure 1b.

The behavior of MgB: under high pressure at 950 °C by conventional SPS was studied at 100
MPa (Figure 1c). To increase the density and Vickers hardness (HV) of the sintered compacts of
MgB:, a high temperature was employed. The evolution of MgB2 at high temperatures at 3 GPa and 5
GPa was studied. Figure 1c shows, at 950 °C, the diffractograms for various pressures by
conventional SPS and by HP-SPS; MgB: was thermally stable by the help of pressure, although
thermal decomposition occurred around 650 °C at ambient pressure. It can be observed from Figure
1d that the parasitic peaks of MgO started to appear at 1150 °C and 1300 °C at 3 GPa and 5 GPa,
respectively (shown with symbol *). These results clearly demonstrate that the increase in pressure
induces an increase in the thermal stability domain of MgB.

We could infer, based on Figure 1, that pressure was highly beneficial to preserve the starting
composition by increasing the thermal stability domain. Pressure allows the stabilization of covalent
bonds under high-pressure conditions, leading to an increase in thermal stability of MgB2 because
the phases possessing lower specific volume are more stable under high pressure. We could
hypothesize that the shrinkage of specific volume caused by high pressure was similar to the
behavior of strengthening by covalent bonds. This phenomenon is similar to the condensation effect
where shrinking, as opposed to expansion, is caused by an increase in temperature. The aforesaid
high-pressure behavior and increase in thermal stability is in good accordance with previous work
reported by Cannon, where he showed that the thermal stability of chemical elements increases with
pressure when no polymorphic transformation exists [17,18].

From Figure le, it can be inferred that the crystallite size decreased with the increase in pressure
at 950 °C (Table 1). This can be attributed to the fracturing of larger crystallites, from the starting
powder, induced by the high pressure. Experiments by Rietveld at room temperature for different
pressures, such as 200 MPa, 3, and 5 GPa, confirmed that the parasitic phases (MgO, MgBs)
appearing in the sintered samples was a result of the effect of temperature, but not high pressure,
because all diffractograms were similar to the starting powder. Interestingly, under the influence of
temperature, the crystallite size decreased at 3 GPa until 1100 °C, and then the crystallite size



Ceramics 2020, 3 FOR PEER REVIEW 7

increased with increases in temperature >1100 °C. Similar trends were reported in the literature with
field-assisted sintering processes. The effect of this too high temperature induces the growing of
crystallites usually observed in the materials. In such a temperature domain, pressure cannot hinder
the effect of temperature.

Table 1. Calculation of crystallite size by the Scherrer equation.

Pressure Temperature Crystallite Size (nm)
50 MPa 950 °C 70
100 MPa 950 °C 73
100 MPa 1050 °C 91
100 MPa 1100 °C 104
1.7 GPa 950 °C 59
3 GPa 800 °C 67
3 GPa 950 °C 46
3 GPa 1100 °C 55
3 GPa 1150 °C 116
3 GPa 1200 °C 126
3 GPa 1300 °C 141
5 GPa 950 °C 44
5 GPa 1150 °C 75
5 GPa 1200 °C 68
5 GPa 1300 °C 131

It can be observed that high pressure was necessary to obtain highly dense MgB: ceramics.
However, thermal decomposition was initiated at 1150 °C under 3 GPa, and thermal decomposition
occurred at 1300 °C under 5 GPa, as shown in the Figure 1. The characterization analyses of the MgB2
ceramics sintered at different sintering conditions are discussed below.

Figure 2a shows the density of the sintered MgB2 ceramics increased with the increase in
pressure at a constant temperature of 950 °C. Pressure plays a pivotal role in significantly increasing
the density of the sintered MgB2 samples in the temperature domain where no decomposition
occurs. The applied pressure of 5 GPa allows one to reach a fully dense MgB: ceramic, even at 950
°C, without thermal decomposition. This was impossible to reach by conventional SPS at 100 MPa,
which resulted in only 90% density. However, pressure and temperature are interdependent on each
other, as can be inferred from Figure 2b. It can be observed that temperature increased the density of
the sintered sample at 3 GPa. There was a threshold limit for the temperature in the presence of
pressure that led to an increase in relative density, and then the relative density decreased when
thermal decomposition occurred, even in the presence of pressure. We can observe that HP-SPS at 3
GPa, even at 800 °C, was better than that at 950 °C and 100 MPa by conventional SPS, showing the
real benefit of high pressure. We can observe that the presence of pressure during sintering at high
temperature shifted the thermal decomposition to a higher temperature at high pressure. The red
hollow symbols in Figure 2b correspond to the thermal decomposition as observed by XRD at 100
MPa, 3 GPa, and 5 GPa.
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Figure 2. Density of MgB2 with (a) Pressure at 950 °C and (b) Temperature at 3 GPa (red hollow
symbols stand for decomposed samples).

3.2. Microstructural Analyses of MgB: Sintered Compacts 3 GPa

Figure 3 shows microstructures of the MgB2 ceramics sintered by cuuvenuonal SPS and
high-pressure SPS. The density ¢ gggec ples increased with the increase in temperature and
pressure. It can be observed from . .gu.< vu,0 that the samples sintered at 950 °C at 50 MPa and 100
MPa showed poorly connected microstructures containing a significant volume fraction of pores. In
contrast, the sample processed at 800 °C at 3 GPa by HP-SPS in Figure 3c showed a homogenous
microstructure and was relatively denser than the samples sintered by conventional SPS. With the
increase in pressure, it can be observed that the sintered sample had a very dense microstructure and
had no porosity. A large reduction in porosity with increasing pressure, in Figure 3d, was in good
agreement with the density measurements presented in Figure 1.

Figure 3. Microstructural evolution of sintered ceramics by conventional SPS at 950 °C at (a) 50 MPa,
(b) 100 MPa, and by HP-SPS at (c) 800 °C, 3 GPa and (d) 950 °C, 5 GPa.
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MgB4 and MgO phases were observed at higher temperatures and lower pressures, indicating
their thermal decomposition. Under high pressure, thermal decomposition was shifted to higher
temperature, which was also ascertained with EDS studies indicating the percentage of MgO and
MgB:phases formed at different temperatures and pressure. The atomic percentages of B, Mg, and O
at 950 °C at 100 MPa and 3 GPa were as follows: B, 73.7; O, 2.9; Mg, 23.4; and B, 66.1; O, 9.3; Mg, 24.7,
respectively.

3.3. Vickers Microhardness Analyses

The hardness of the samples was measured using Vickers indentation, and the average
hardness for each sample is given in Table 2. The hardness was measured on 10 independent
samples to obtain an average value of hardness. The ceramics obtained by conventional SPS for 950
°C at 50 MPa and 100 MPa were too fragile; hence, it was difficult to measure their hardness values,
and no pellets were obtained by compression (by CIP at 200 MPa, by HP-SPS at 3 and 5 GPa) under
ambient temperature. It can be observed that with the increase in pressure, the hardness increased,
indicating a fine and homogenous microstructure as observed in SEM analyses.

Table 2. Measurement of Vickers microhardness for sintered MgB2 ceramics.

Pressure (GPa) Temperature (°C) Density (g/cm?®) Hardness (HV)

0.05 (SPS) 950 2.14+£0.01 Not measurable

0.1 (SPS) 950 2.37+0.01 Not measurable
1.7 (HP-SPS) 950 2.59 +0.01 1347 + 85
3 (HP-SPS) 950 2.57 +0.01 1404 + 37
3 (HP-SPS) 1100 2.60 +0.01 1058 + 88
3 (HP-SPS) 1150 2.61+0.01 1039 + 62
5 (HP-SPS) 950 2.62 +0.01 1465 + 38
5 (HP-SPS) 1150 2.62 +0.01 1418 £ 51
5 (HP-SPS) 1200 2.62 +0.01 1460 + 80
5 (HP-SPS) 1300 2.59+0.01 1072 + 80

Influence of pressure at low temperature (below 950 °C): Mechanical hardness was higher at 3
GPa and 800 °C than at 1.7 GPa and 950 °C, indicating the beneficial effect of pressure even at lower
temperature (800 °C instead of 950 °C). Considering the error factor, the mechanical hardness
requires further detailed analyses. In the aforesaid samples, however, XRD showed no
decomposition of MgB2. A similar trend for the increase in mechanical hardness was observed when
the pressure increased from 1.7 to 5 GPa from 950 to 1200 °C. It can be inferred that the hardness
value remained more or less stable (considering the error value) until 1300 °C. Later, at 1300 °C with
decomposition of MgB2, the hardness values showed a significant decrease.

Influence of temperature at high pressure: For instance, at 5 GPa the mechanical hardness
increased up to 1200 °C and then decreased at 1300 °C. This correlates with the decomposition,
which occurred at 1300 °C, as shown in XRD, although the variation of density was not significant.
Mechanical hardness obtained at 3 GPa and 1100 °C was lower than expected because XRD did not
show the decomposition of MgBz, likely because the thermal stability of MgB2 was just around 1100
°C and was not detectable by XRD. At 3 GPa, mechanical hardness decreased continuously with the
increase in temperature from 1100 °C, probably as the decomposition increased.

Influence of pressure at high temperature (1150 °C): At this temperature, MgB2 decomposed
under ambient pressure (decomposition occurred around 650 °C), even at 100 MPa (decomposition
occurred around 1050 °C by conventional SPS). Whereas, when the pressure was at 3 GPa,
decomposition occurred at 1150 °C and was shifted to 1300 °C at 5 GPa, which was also clearly
evident from the decrease in mechanical hardness correlated with variation in density

By following a similar trend as in structural ceramics, the hardness increased with increase in
pressure and temperature. In the presence of high pressure and with the increase in temperature, the
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hardness increased in the thermal stability domain of MgBz. On the other hand, it was evident that
when the decomposition increased at high temperature in the presence of high pressure, this led to a
decrease in density, which was in coherence with the density and corresponding microstructure. In
the present work, we obtained high hardness values with the help of high pressure, which are higher
than the reported hardness of MgB:2 in the literature [3] obtained by other sintering techniques. Ma et
al. [19] reported to have obtained a high mechanical hardness (4109 HV) with high-pressure
experiments by cubic anvil cells enclosed in molybdenum capsules at 5.5 GPa, 800 °C for 8 h dwell
time. In the present work, we were able to achieve a high density and high hardness within 5 min of
dwell time. The high hardness in the case of Ma et al. [19] can be attributed to a longer dwell time in
comparison to the present work. In terms of industrial applications, the possibility of sample sizing
to large dimensions and the total time taken for production are also vital to take into consideration.
The influence of dwell time with our apparatus on yielding high mechanical hardness is currently
under investigation.

3.4. Resistance Analyses

Figure 4 shows the temperature and pressure dependence of MgB: resistivity. The
superconducting properties of MgB2 are highly dependent on the density of the ceramic processed
as well as on the grain boundaries acting as pinning sites [19,20] for large magnetic moments.
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Figure 4. Resistivity of MgB2 as a function of (a) temperature at 3 and 5 GPa and (b) pressure at 950
°C.

One would expect that, provided the materials were the same, dense samples would appear to
have lower resistivity than porous samples, as the resistivity was calculated from the resistance and
sample dimensions reported by those who made samples at lower pressures, and the effective
cross-sectional area was smaller than the measured one (because the material does not fill the whole
space). Figure 4a shows the benefit of identical temperature for 3 and 5 GPa where a threshold of
resistivity appeared from 950 °C. The benefit of pressure in Figure 4b at 1.7 GPa probably derived
from the high-density ceramics that were reached in this range of pressure. Resistivity values
decreased systematically with increasing processing temperature, suggesting the MgB: lattice
contains fewer defects and likely results in the superconductor having no parasitic phases [20,21].
Up to now, the majority of dense samples have been made by high-temperature and high-pressure
(HT-HP) processes. It can be observed that with increasing pressure, the resistivity decreased in
MgB:2 ceramics. The presence of Mg in the specimen has a significant role on influencing the
resistivity, though the resistivity of magnesium was lower than the resistivity of MgB:, and it
decreased the overall resistivity. At high temperatures as well, we can observe that high pressure
leads to a rapid decrease in resistivity. This was in accordance with the density and microstructural
studies reported in this work, in addition to the beneficial effect of pressure on restricting the
appearance of parasitic phases.
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4. Conclusions

Highly dense MgB2 polycrystalline samples were prepared by an in-house built ultrahigh
pressure HP-SPS, and the systematically varied pressure and temperature were studied in order to
analyze the effect of these variables on the final microstructure and superconducting properties.
MgB: fully dense ceramics were obtained by maintaining the microstructured grains and by
stabilizing the initial MgB2 phases. High pressure inhibited the appearance of parasitic phases such
as MgO and MgBs, which occur due to thermal decomposition, by employing the beneficial effects of
a field-assisted sintering DC pulse current associated with high pressure at temperatures above the
thermal decomposition of MgB2. These results indicate the importance of applied pressure in the
production of dense magnesium diboride ceramics. This study investigated the role of high pressure
in obtaining MgB2 dense ceramics at temperatures below the thermal instability that occurs at high
temperatures. The use of pressure strengthens covalent bonds [22] to increase the thermal stability
domain of MgB: and, hence, allows one to sinter at temperatures higher than the thermal
decomposition occurring at ambient pressure. This benefit of ultrahigh pressure applied by HP-SPS
could be used for manufacturing highly dense ceramics, which present low decomposition
temperatures or low melting temperatures. This work demonstrates that pressure acts like driving
force. The superconducting properties of these highly dense MgB: ceramics are still being
investigated and will be reported elsewhere in the near future.
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