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Nanocrystalline MgB; bulk superconductors have been fabricated by ultra-high pressure-assisted sintering (~ 5
GPa) over a range of temperatures (700 °C-1100 °C). Phase evolution and morphology, grain size and lattice
defects were systematically investigated. The superconducting performance was measured using magnetization
methods and linked to the corresponding microstructural features. A sample processed at 900 °C and 5 GPa
achieved a J. value of 4.5 x 10’ A/m? at 4.2 K, 6 T, 30 times and more than 100 times higher than those prepared

at 800 and 1100 °C respectively, under similar pressures. Its superior superconducting properties arise from the
combination of limited grain growth, retained crystal defects and complete densification achieved in a rapid
process by the application of ultra-high pressure. This study reveals the importance of microstructure in con-
trolling the superconducting behavior in sintered MgB,, especially the sample homogeneity that can affect the
length scales over which the supercurrents flow.

1. Introduction

Bulk superconductors can trap higher magnetic fields than perma-
nent magnets, making them potentially interesting for applications such
as limb-scale magnetic resonance imaging (MRI), magnetic drug tar-
geting and magnetic separation [1]. Magnesium diboride (MgB,) has the
highest critical transition temperature (T. = 39 K) of conventional su-
perconductors at ambient pressure [2], and so is well suited for use with
a compact, liquid helium-free cryocooler to reduce both cryostat size
and operating cost [2,3]. Unlike REBCO superconductors, the grain
boundaries in MgB; are effective pinning sites and not weak links [4,5],
so high J. values can be achieved in polycrystalline bulks by cheap and
easy powder processing techniques.

There are two ways to improve the trapped field (By,p) in super-
conducting bulk magnets; (i) improving the macroscopic critical current
density (macro J.) circulating in the superconductors, and (ii) increasing
the radial (and to a lesser extent, axial) dimension over which it circu-
lates. By,p is predicted by numerical analysis to reach saturation with an
increase in sample diameter [6], so improving J.(B) values of bulk
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superconductors becomes the most effective way of enhancing Birap.

Obtaining high J. values over macroscopic length scales in bulk
samples requires strong pinning within the grains to obtain high intra-
granular J. (here termed micro J.), as well as good current flow between
grains. As shown in Fig. 1, in addition to the intrinsic superconducting
properties such as T, and By, the local J. values are sensitive to the
microstructural flux pinning landscape. Grain boundary pinning has
been demonstrated to be the main pinning mechanism in polycrystalline
MgB, [7], so achieving a fine grain size is an effective way to improve
performance. High energy ball milling is widely used to refine crystallite
size and to create lattice strain, leading to high critical current densities
and therefore outstanding Byap performance [8-10]. Some second phase
impurities resulting from chemical doping can also retard grain growth
at high processing temperatures leading to effective flux pinning land-
scapes created by a fine grain size [11].

However, to enable current flow around the whole of a bulk MgB,
sample, both high density and good grain connectivity are required
[12]. Connectivity is influenced in a complex way by the mechanisms by
which the microstructure is developed. For example, the presence of
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porosity or non-superconducting secondary phases will clearly reduce
the cross-section area for current transport. The distribution of these
secondary phases or pores is also of crucial importance; small, isolated
non-superconducting defects have much less impact than secondary
phases decorating grain boundaries that can if too numerous form
semi-continuous barriers to current flow. Less obvious is the contribu-
tion of the anisotropy in Hcp values in MgB, (HL‘;“’ /HL‘ZC) on current
percolation in polycrystalline MgB,. As discussed in detail by Eisterer
et al. [13], as the applied field increases, grains aligned unfavorably
with respect to the field become normal, leading to a decrease in the
current carrying cross-section. As a result, the texture (preferred crys-
tallographic alignment) of MgB, grains is also an important parameter.

By changing processing methods or sintering conditions, one can
control the microstructure and thus optimize the superconducting per-
formance of bulk samples. In-situ processing of MgBs bulks (using Mg
and B powders to make the green compact, followed by a reaction at
temperatures usually <900 °C to form the MgB, phase) tends to result in
good quality interfaces between grains, but the bulk samples suffer from
inherent porosity as a result of the volume contraction associated with
the reaction to form MgB, [14]. In contrast, sintering pre-reacted MgB,
powder at temperatures typically >900 °C enables high densities to be
achieved in ex-situ techniques, especially with the assistance of pres-
sures by spark plasma sintering (50-100 MPa) [15-19]. Ultra-high
pressure-assisted sintering (>2 GPa) is widely used in producing nano-
structured ferroelectric ceramics and dense engineering ceramics, with
the aim of achieving high bulk densities at lower sintering temperatures
[20-24]. By investigating the role of extreme pressure (5 GPa) on pro-
cessing other bulk samples such as alumina, it is also found that plastic
deformation can aid the elimination of pores and enhance local atomic
diffusion at grain boundaries, which helps achieve bulk densification in
short process times [25]. High pressure synthesis of MgB, bulk samples
by both in-situ and ex-situ methods has been carried out in various
studies [26-29], but the superconducting behaviour of the ex-situ
samples in particular is not very consistent, nor has a systematic
explanation of the link between processing temperatures, microstruc-
tures and superconducting properties been reported. Here we have
examined the effect of temperature on the microstructural evolution of
ex-situ MgB, bulk samples processed by ultra-high pressure-assisted
sintering. This study linking microstructural evolution to the corre-
sponding changes in superconducting performance may also have im-
plications for optimising the properties of polycrystalline
superconductors processed by other methods.
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industrial scale cubic press was used to apply pressures of 5-5.5 GPa at
temperatures ranging from 700 °C to 1100 °C. Detailed processing
conditions for all the samples are shown in Table 1. In addition, samples
processed under 5.5 GPa and at 800 °C but with the sintering time
varying from 5 to 20 min were prepared to provide Supplementary in-
formation on the stages of microstructural evolution.

Phase identification and quantitative analysis were carried out with
X-ray diffraction (XRD) using Cu-K, radiation of 0.154 nm at 40 kV and
40 mA (PANalytical Empyrean diffractometer). Phase fraction, lattice
parameters, crystallite size and micro strain were obtained by Rietveld
refinement (PANalytical HighScore Plus software). Microstructural
evolution and composition were characterized using a Zeiss Merlin field-
emission scanning electron microscope (FE-SEM) equipped with an
Oxford Instruments 150 mm? Xmax EDX detector. The micro-texture
was examined using a Zeiss Merlin FEG-SEM with Bruker electron
back-scattered diffraction (EBSD) camera, and the data acquisition was
performed using Esprit software. An accelerating voltage and beam
current of 20 kV and 15 nA respectively were used in the data collection.
The same SEM instrument equipped with a Bruker e-flash high-
resolution EBSD detector and an OPTIMUS™ TKD head was used for
Transmission Kikuchi Diffraction (TKD) analysis. ESPRIT 2.0 software
was used for diffraction pattern collection, and post-processing was
conducted by HKL Channel 5 software. A misorientation angle of 15°
was chosen to define high angle grain boundaries. Transmission electron
microscopy bright field (BF-TEM) observations, high resolution TEM
(HRTEM) and scanning transmission electron microscopy (STEM) was
performed in a JEOL JEM-3000 F operating at 300 kV.

Magnetic properties were measured using a 16 T Quantum Design
Physical properties measurement system (PPMS) with a vibrating sam-
ple magnetometer (VSM). The sample size for PPMS was about
2 x 2 x 3 mm. The critical temperature (T.) was determined as the
onset of superconductivity by moment-temperature sweeps at 5 mT. DC
susceptibility was calculated by considering the size and shape of the

%nx’ where y is the local material property and . is the

sample, ¥ =
effective susceptibility taking into account demagnetization effects. The
demagnetisation factor, n, is related to the geometry of the samples, and

n=~ ﬁ for the cuboid samples in this study, where a, b are the

(a-+b)
dimensions of the cross section (b > a) and c is the dimension parallel to

the applied field [31]. Moment-field (M-H) sweeps were taken at 4.2 K

Table 1
Processing conditions of MgB, bulk samples.

Initial powder properties

llc (particle size/purity/dopants/...)

C2

2. Experimental details Sample Time (min) Temperature (°C) Pressure (GPa)
. T700 15 700 5.5
All our samples were prepared from commercial MgB, powders T800 15 800 5.5
(purity: 99%, Alfa Aesar) using processing facilities at Element Six T900 15 900 5
designed for the production of artificial diamond components [30]. An T1100 15 1100 5
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Fig. 1. Schematic of methods to improve the trapped field performance of MgB, bulk superconductors.
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and 20 K, and critical current density values calculated by Bean’s critical
— 2AM
state model, J. = a3

3. Results and discussion
3.1. Analysis of X-ray diffraction patterns

X-ray diffraction (XRD) patterns for bulk samples processed between
900 °Cand 1100 °C are presented in Fig. 2. All samples show evidence of
the normal MgB, decomposition products, MgB4 and MgO by the reac-
tion 2MgBs(s) MgB,(s) +Mg(l, g) [32]. As the processing tempera-
ture increases, one can observe the increasing intensity and decreasing
full-width at half-maximum (FWHM) of MgB, peaks, indicating an
improvement in crystal quality. The enlarged figure highlights the (002)
and (110) peaks, the angular positions of which are related to ¢ and a
axis of the MgB, unit cell respectively. A clear shift of both peaks to
lower angles with increasing sintering temperature from 700 °C to
900 °C corresponds to an increase in both c and a lattice parameters. The
reference values of a and ¢ parameters of pure MgB, are 3.086 A and
3.524 A, respectively [33]. It can be seen that our ¢ parameters approach
the reference value at higher processing temperatures (Table 2). This
increase in lattice parameters suggests the reduction in the inhomoge-
neous strains introduced by plastic deformation, which is also reflected
in the reduction in peak broadening, as shown in Fig. 2. The peak
splitting observed in T1100 is consistent with the expected Cu K,; and
Ky2 X-ray contributions that are hidden by peak broadening in the
samples processed at lower temperatures.

Table 2 summarises the results of quantitative analysis of the phase
content by the Rietveld method. The software/procedure used for the
Rietveld fitting methodology is the same as the analysis in [17], so the
XRD results from MgBs bulk samples processed by the field-assisted
sintering technique (FAST) at 900 °C and 1100 °C are also listed in
Table 2 for comparison. The MgO content is found to increase by around
5 wt. %, reaching 12 wt. % at the highest processing temperature of
1100 °C. An increase is also seen in MgB4 content, from 6 wt% in T700
to 13 wt% in T1100, although this is not as severe as the increase seen in
the FAST samples processed at much lower pressure.

There is general agreement in the binary Mg-B system that, at con-
ventional processing pressures up to 100 MPa, MgB, will decompose to
boride-rich phases such as MgB4 and MgB; at higher temperatures,
though the accurate decomposition temperatures are difficult to deter-
mine because of the high volatility of Mg [34]. Kim et al. recalculated

—
-
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Table 2

The phase content, lattice parameters, crystallite size and strain obtained by
Rietveld refinement. Refinement results from FAST samples are presented as a
comparison, and the precision (defined as half the difference between the
maximum and minimum values from 5 samples prepared under the same con-
ditions) estimated as described in [17].

Sample MgO MgB4 MgB, MgB, Crystallite Micro
(wt (Wt%) a axis ¢ axis size (nm) strain
%) & & (%)
T700 7 6 3.086 3.519 29 0.40
T800 8 6 3.086 3.519 30 0.37
T900 11 6 3.087 3.521 38 0.23
T1100 12 13 3.086 3.521 113 0.03
FAST900 7 11 3.085 3.525 120 0.12
FAST1100 8 16 3.084 3.527 140 0.13
Estimated +0.4 +1.1 +0.0002 +0.0003 +12 +0.005

error

the Mg-B phase diagram under external pressures varying from 1 atm to
100 MPa using the thermodynamic properties of magnesium borides
[35]. A significant change in their theoretical Mg-B diagram under
100 MPa is the disappearance of the Mg gaseous phase below 3000 °C.
They pointed out that an increase in external pressure can lead to a
higher decomposition temperature for MgB2/MgB, since the boiling
point of Mg increases. Therefore, Mg loss can be avoided and MgB,
decomposition can be suppressed at high ambient pressures, which may
be important in the design of practical processing strategies. However,
Bohnenstiehl et al. [34] experimentally determined that the temperature
at which the reaction MgB;—L + MgB4 occurred at 10 MPa was
around 300 °C lower than the theoretical prediction (1740 °C) [35],
which may indicate that MgB, decomposition is much more likely to
occur at low external pressures than calculations suggest. Our results
show, as expected, that MgB, becomes more unstable with increasing
processing temperatures, but also that the thermodynamic stability of
the superconducting phase has been improved by the application of very
high pressures (~ 5 GPa) compared with the lower pressure FAST
samples.

Dramatic crystallite growth only occurs when the temperature rises
to 1100 °C, below which there is only a modest increase in MgB; crys-
tallite size (29 nm in T700 compared to 38 nm in T900). Even so, these
values of crystallite size are still much smaller than those in samples
prepared at the same nominal temperatures by FAST, a process in which
only 50 MPa of pressure was applied for 5min (Table 2). This
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Fig. 2. X-ray diffraction (XRD) patterns of MgB, samples processed at 700 °C, 800 °C, 900 °C and 1100 °C. The right figure shows an expanded region around the

(002) and (110) peaks of MgB..
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demonstrates the advantage of ultra-high pressure in retarding crystal-
lite growth during sintering. The microstrain shows a steady drop from
0.4% in T700 to nearly zero in T1100, suggesting that inhomogeneous
strains have been gradually eliminated at the higher processing
temperatures.

3.2. Microstructural characterization

Backscattered scanning electron (BSE) images of two typical micro-
structures are shown in Fig. 3. MgO grains appear brighter than the
MgB; matrix, and MgBy grains are darkest as a result of atomic number
contrast. The T1100 sample in Fig. 3a shows dense polycrystalline MgBy
regions ranging in size from a few microns to tens of microns, sur-
rounded by MgB4 and MgO grains. The relatively uniform grain struc-
ture inside these regions can be seen because of channeling effects in the
backscattered electron images. Fig. 3b shows a lower temperature
sample, T800, in which both dense and porous MgB, regions are
distinguishable, as well as large MgBy4 grains. Fig. 3c is a high magnifi-
cation image of a dense region in the T800 sample, highlighting bright
MgO impurities at grain boundaries. The porous matrix in Fig. 3d con-
tains a large number of partially-connected pores at the interfaces be-
tween MgB, particles, indicating incomplete densification.

Fig. 4 presents the microstructural evolution of samples processed
under 5.5 GPa and at 800 °C but with the sintering time varying from 5
to 20 min. The most obvious microstructural change is the growth of the
MgBy particles with time. At the beginning of processing (<5 min), there
are a large number of pores in the samples, and dense regions can hardly
be distinguished (Fig. 4a). As the time is extended to 10 min, a duplex
microstructure forms, with dense MgBs regions surrounded by a porous
matrix (Fig. 4c). Even after 20 min at this relatively low temperature,
porous regions still exist (Fig. 4e). Close inspection shows there are

r
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fewer pores in the dense MgBs regions than in the matrix, with a size of
around 0.5 pm in t5 (Fig. 4b). These pores shrink and are almost
completely eliminated in t10 and t20 samples, accompanied by the
formation of a larger amount of fine MgO at the MgB, grain triple
junctions (Fig. 4d and f). However, elongating the dwell time will
aggravate MgB, decomposition and lead to the formation of larger MgB4
grains rather than consolidation of the superconducting matrix.

SEM images of polished T700, T800, T900 and T1100 samples at
different magnifications (500x and 3000x) are presented in Fig. 5.
T700 has a high fraction of interconnected, non-uniform pores (Fig. 5a
and b). As the temperature increases to 800 °C, dense MgB, regions up to
50 ym can be distinguished from a MgB, matrix that is porous and
contains large MgB, impurity particles (Fig. 5c). The porous matrix is
fully eliminated in T900 and T1100 samples, as shown in Fig. 5e and g,
suggesting that complete densification can be achieved if the high-
pressure sintering temperature is above 900 °C. The higher magnifica-
tion images in Fig. 5f and h show that two different morphologies are
present after processing at higher temperatures. i.e., well-connected
regions with coarse grains separated by transition zones characterised
by finer grains. These transition zones seem to be the final, and most
difficult, regions to densify. However, some significant differences in
microstructure distinguish the T1100 and T900 samples. First, the
higher temperature leads to the formation of MgBg particles around
4 uym in size (Fig. 5g and Supplementary Fig. S1), as well as smaller,
isolated MgB4 grains. As Fig. 3a shows, these MgB4 grains surrounding
dense MgB, regions in T1100 form a partial barrier separating dense
MgB; colonies from each other and thus decreasing connectivity, which
we expect to be detrimental to the transport of macroscopic currents.
The MgO-rich area in T1100 is a result of the severe decomposition of
MgB,, and also indicates 1100 °C is above the optimal processing
temperature.

Fig. 3. Backscattered scanning electron (BSE) micrographs showing (a) the different contrast allowing identification of MgB,, MgO and MgB,4 (confirmed by the EDX
maps for the distribution of Mg, B and O) in the sample processed at 1100 °C and 5 GPa for 15 min, and (b) the existence of dense MgB, regions, porous MgB, matrix
and large MgB, phases in a sample processed at 800 °C and 5.5 GPa for 15 min (c) and (d) present high magnification images of dense and porous matrix in T800,

respectively.
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Fig. 4. SEM images of (a) t5, (b) t10 and (c) t20 prepared under 5.5 GPa and at 800 °C. (d-f) are corresponding micrographs in dense MgB, regions at high

magnification.

3.3. Analysis of grain size and defects

Electron backscatter diffraction (EBSD) results (Fig. 6) show that
there is no apparent texture in any of these bulk samples because the
ultra-high pressure is applied by a cubic press rather than a uniaxial
press. The grain sizes are smaller in T700, indicating limited grain
growth at such a low temperature. The black regions represent unsolved
pixels from pores. With increasing temperature, the decreasing areal
fraction of black pixels shows the elimination of this porosity (Fig. 6b-d).
However, inhomogeneous areas with different grain sizes are presented
in Fig. 6e, labelled as A and B, where fine-grained matrix includes a
higher amount of MgO impurities. The phase map obtained by TKD, as
shown in Fig. 6f, demonstrates that the much smaller regions of un-
solved pixels in Area B, that are beyond the resolution of traditional
EBSD, come from the presence of nanograins of MgO and MgBy, or pores.
A consistent picture of the microstructure emerges from imaging at the
different length scales shown in Figs. 3 and 5, with dense aggregates of
well-connected MgB, grains separated by regions containing a large
number of small insulating phases. The average grain size distribution,
as shown in Fig. 6g, displays, as expected, a steady increase with sin-
tering temperature. The broader grain size distribution in both T900 and
T1100 is a consequence of the mixture of small grains in the transition
zones and larger grains in the well-connected regions.

It is well known that the grain size (density of grain boundaries) is
critical to the performance of MgB, superconductors [36], but lattice
defects such as dislocations can also introduce efficient flux pinning

7485

centres [37]. The dislocation density was investigated by transmission
electron microscopy (TEM), as shown in Fig. 7. Dense dislocation net-
works can easily be detected in both the Scanning TEM and
High-resolution TEM images in T900, while the MgB, grains in T1100
are almost free of these defects. This observation is consistent with the
XRD results in Table 2, demonstrating that micro-strain is almost fully
released in the samples processed at higher temperatures.

3.4. Superconducting properties

Fig. 8a shows the DC susceptibility of these MgB, bulk samples as a
function of temperature. The onset T, fluctuates in a narrow range be-
tween 38 K and 39 K, with the highest value being 38.7 K in T1100
compared with 38.2 K in T700. AT becomes generally narrower with
increasing processing temperature, with values around 2 K in T800 and
over 15K in T700. According to percolation theory, if the sample is
homogeneous and free of microstructural defects like pores and impu-
rities, AT, values due to anisotropy should change linearly with mag-
netic field as [13]:

Y -1)p +1-1
—0B, /0T

AT, =

where y represents the anisotropy. The percolation threshold p. depends
on the number of connections to neighboring grains [13], so samples
with higher y and p. will have broader AT values, and material
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Fig. 5. Scanning electron microscopy (SEM) micrographs of samples processed at (a-b) 700 °C, (c-d) 800 °C, (e-f) 900 °C and (g-h) 1100 °C captured at 500x and

3000x magnifications, respectively.

inhomogeneities (lattice distortion, grain defects, or porosity) and
thermal fluctuations can also lead to additional broadening [38]. The
residual plastic deformation and porosity at low processing tempera-
tures may be responsible for the two-step transition (grey arrows) in the
susceptibility curve of T700. The loss of this feature in T800 indicates
the lattice disorder is partially removed as the processing temperature
increases to 800 °C.

J values calculated by Bean’s critical state model as a function of
Bapp obtained from magnetisation loops at 4.2 K and 20 K are shown in
Fig. 8b and c. At both measurement temperatures, T900 performs best at
both low and high magnetic fields. The J. performance of T1100 in low
field is comparable with that of T900, but J. deteriorates much faster
with increasing magnetic field. This deterioration is so severe in T1100
that the J¢(Bapp) curve of T800 crosses that of T1100 at around 4.5 T.

7486

T700 has the lowest J. values over the entire field range. For compari-
son, results from MgBs, samples processed under ultra-high pressures
(>2 GPa) in other studies are included in Fig. 8d. Jin et al. pointed out
that high pressure can prevent Mg evaporation at elevated temperatures
and accelerates the reaction so the dwell time was reduced [26]. The
study of Takano et al. has no corresponding microstructural character-
ization [27], but the shape of the J.(B) curve of their ex-situ samples is
similar to that of Jin et al. These samples have comparable low field J.
values to our T900 material, but decrease more rapidly as the field in-
creases. Prikhna et al. have prepared both in-situ and ex-situ MgB,
samples with a wide range of J. behaviours. The low-field J. values in
their in-situ samples can reach the very high value of 2 x 10'° A/m? at
0 T, which we assume indicates that the excellent inter-grain connec-
tivity widely discussed for in-situ processed material is further improved
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Fig. 6. EBSD IPF maps from samples produced at (a) 700 °C, (b) 800 °C, (c) 900 °C and (d) 1100 °C. The black grain boundaries represent misorientations larger
than 15°. (e) and (f) are phase maps of T1100 taken by traditional EBSD and by TKD, respectively. (g) shows the average size distribution of MgB, grains in

these samples.

by the high density achieved by high pressure synthesis. In contrast,
most of their ex-situ samples without any flux pinning additions perform
poorly over both low and high field ranges [29], apart from one ex-situ
sample prepared at 1050 °C under 2 GPa that is reported in [39] to have
an extremely high value of 7 x 10° A/m? at 0 T and excellent high field
performance as well. The authors attribute these surprisingly good
properties to grain boundary pinning, but without direct evidence for
the exceptionally fine grain size (<100 nm) that would be required to
explain these remarkable results. The same authors performed system-
atic microstructural characterization on other samples, and concluded
that nanostructural inhomogeneities such as Mg-B-O impurities and
MgBy (x > 4) inclusions served as effective pinning centres in in-situ
samples, but these are not obviously present in the outstanding ex-situ
sample [28]. They suggest that MgB;, particles may be particularly
effective flux pinning sites in samples [29,40], but high resolution
analysis of the kind reported in Fig. 6f indicates that in our materials this
phase is not present as a fine distribution of small particles necessary to
have a strong influence on the high field properties.

Here we discuss how the microstructures presented above may
control the magnetisation performance of our samples. Fig. 9 illustrates
schematically how different sample microstructures can influence the
length scale of circulating currents induced in magnetisation measure-
ments, and hence the resultant magnetic moment measured. Firstly,
processing at 900 °C results in almost complete densification, enabling
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the superconducting current to circulate throughout the whole sample
(Fig. 5f). The much better performance of T1100 compared with T800 in
the low-field range is a result of its higher density. Secondly, the tran-
sition regions consisting of fine MgB, grains and MgO impurities, and
shown in Fig. 5f and h, are important because they connect dense MgB,
regions, thus controlling the macroscopic current flowing through the
sample. As the processing temperature is increased, MgB, decomposi-
tion to produce insulating phases becomes more of a problem. The for-
mation of MgB,4 grains (orange grains in Fig. 9) surrounding well-
connected regions in T1100 severely inhibits macroscopic current
flow. Once the bulk sample contains too many poorly connected layers
(transition regions), the anisotropy of MgB, becomes an important fac-
tor [13]. Since the upper critical field of MgB5 is much lower parallel to
the c-axis than perpendicular, the current-carrying capacity of individ-
ual superconducting grains varies with the angle between the ¢ axis and
the direction of B,pp. Unfavourably aligned grains will lose their su-
perconductivity in low magnetic fields, so the supercurrent has to divert
around them. If the remaining MgB, grains in the passages are
“switched-off” (black grains), currents will only circulate within the
dense regions, contributing much less to the total AM, according to
Bean’s critical state model, and thus leading to the much faster decrease
in J. values in T1100 than in T900.

The intrinsic properties of MgB; are improved by the reduction of the
grain size and the introduction of lattice defects, for instance by plastic
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Fig. 7. Typical Scanning TEM, TEM and HRTEM images of MgB, grains in (a) T900 and (b) T1100 samples.
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Fig. 8. (a) DC susceptibility curves of
bulk samples in the temperature series
measured under 5 mT. (b) and (c) pre-
sent J(Bapp) curves of T700, T800, T900
and T1100 at 4.2 K and 20 K. (d) The
performance of T900 is compared to
other undoped MgB, samples in the
literature synthesised at high pressures:
in-situ MgB, samples prepared at
900 °C under 3 GPa for 10 min (Jin
et al. [26]), ex-situ MgB, samples pre-
pared at 1000 °C under 3.5 GPa for 2 h
(Takano et al. [27]), in-situ MgB, sam-
ples prepared at 800 °C and 900 °C
under 2 GPa for 1h (Prikhna et al.
[29]), and ex-situ MgB, samples pre-
pared at 1000 °C and 1050 °C under
2 GPa for 1 h (Prikhna et al. [28,39,40])
are included. The star is used to distin-
guish in-situ samples prepared from
different boron starting powder.
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Fig. 9. Schematics of circulating currents in three different microstructures representing the T800, T900 and T1100 samples in low and high magnetic fields. Green
regions represent dense, well-connected MgB, regions and grey regions are porous. Black grains represent MgB, grains oriented such that they can be “switched-off”

by the applied magnetic field, and orange represents MgB, grains.

deformation. Since processing at 900 °C does not fully anneal out defects
like dislocations that are able to act as pinning centres nor leads to rapid
grain growth (Fig. 7a), the T900 sample has the best high-field super-
conducting performance. However, the higher temperature processing
of T1100 leads to the annealing out of lattice defects and encourages
significant grain growth, so it is understandable that the pinning
strength is substantially reduced, leading to poorer performance, The
worst J. behaviour of T700 is attributed to both high porosity and poor
grain connectivity, which means that there are no large supercurrent
loops [17].

4. Conclusions

High-density nanostructured MgB; samples have been fabricated by
ultra-high pressure-assisted sintering. The effect of temperature has
been systematically examined, and the following conclusions can be
drawn:

i. For processing nanostructured, dense MgB, bulk samples, ultra-
high pressure is beneficial for shortening the sintering time to
15 min (compared to several hours in methods such as the
powder-in-closed-tube method [41]). Complete densification can
be achieved at a relatively low processing temperature of 900 °C.

. Ultra-high pressure can inhibit the decomposition of MgB,

compared with the field-assisted sintering technology (Table 2),

and also introduces lattice defects such as dislocations. However,

the number of impurity phases still increases with higher pro-
cessing temperatures due to more severe MgB, decomposition.

The MgB, grains grow rapidly and lattice defects are fully

annealed out when the processing temperature is over 1100 °C.

T, and AT values are both degraded at the lower processing

temperatures because of the lattice distortion from plastic

deformation (dislocations). The sample density also influences
the low-field performance, so T1100 has comparable J. perfor-
mance with T900 at low fields.

Smaller grain sizes and the presence of grain defects can increase

the pinning density, which influences the high-field performance

in samples processed at low temperatures. However, MgB, grains
are formed at higher temperatures, and affect the interconnection
between dense MgB, regions which influences the availability of

the paths for macroscopic currents in high magnetic fields. As a

iii.

iv.
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consequence, both T800 and T900 outperform T1100 in high
magnetic fields, and an intermediate temperature gives the best
combination of properties at both high and low fields.

. In our samples, the best superconducting properties are achieved
using a processing temperature of 900 °C. The J. value in 5 T is
the highest of those reported for ex-situ samples prepared by
ultra-high pressure-assisted sintering (except for one sample in
[40]), and is superior to most in-situ samples prepared by other
methods as well. Therefore, we propose that an effective set of
conditions to prepare high performance MgB; bulks from
pre-reacted powder are 5 GPa for the applied pressure, 900 °C for
the processing temperature and 15 min for the processing time.
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