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Abstract

It is well known that a substantial increase in critical current density can be achieved by the heat-treatment of ex situ magnesium diboride powder-
in-tube wires. However, it is not clear whether this is due to a true sintering process involving the significant transport of material and densification,
or due for instance to the removal of volatile impurities from particle interfaces, limited chemical reactions at particle boundaries, or simply contact
formation between particles by thermally activated direct adhesion. We believe that the term sintering in the magnesium diboride literature may
often be used loosely when neither neck formation nor densification occurs during heat-treatment, and have designed experiments to understand
what is happening during this processing step. We have studied the effect of a range of heat-treatments on the microstructure of pellets produced
from commercial MgB, powder using X-ray diffraction, scanning electron microscopy, Vickers hardness tests and by density measurements using
Archimedes’ principle. The results are compared to those from a dense sample produced from the same powder by resistive sintering. No significant
densification is observed in pellets produced by conventional pressure-less heat-treatment up to 1100 °C. However, a clear correlation between
density and hardness is established by comparison with results for bulk MgB, produced by resistive sintering, which confirms that a classical

sintering process has been induced in the latter samples.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Magnesium diboride (MgB») powder-in-tube (PIT) wires
fabricated by the ex situ processing route (i.e. using pre-reacted
MgB, powder) have been studied extensively since the discov-
ery of superconductivity in MgB; in 2001." In contrast to the
more often studied in situ processing route, where the MgB,
phase forms during processing, ex situ processing does not result
in a large density change since there is little reaction during
heat-treatment.> Because the superconducting phase is present
from the start, it is also possible to reduce impurity formation
by limiting the temperature and duration of the heat-treatment
stage. Ex situ MgB, PIT tapes with critical current density
(Jo) of 10° A/cm? (at 4.2K, 0T) have even been produced
with no heat-treatment.> However, MgB, PIT wires show sub-
stantially improved superconducting characteristics following
heat-treatment at moderate temperatures.* It has not been estab-
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lished whether this heat-treatment is effective due to increasing
the density of the MgB, via conventional sintering processes, or
whether some other mechanism such as removal of impurities
or recrystallisation is occurring.’

Moderate heat-treatment temperatures of 900-1000 °C are
typically used during ex sifu processing of PIT wires because at
higher temperatures a thick reaction layer is formed between the
sheath metal and the core.*® A wide range of grain sizes is gener-
ally evident in the cross-section of the wires.” The main impurity
phase formed is MgO,? although other phases such as MgB,’
and the non-stoichiometric phases MgB4,s and MgB7.5 10 have
been identified in ex situ samples following heat-treatment.

The effect of porosity in bulk ex sitru MgB, samples has
been studied by Grinenko et al. by systematically varying the
density of bulk samples (with the same composition) between
16 and 70% of the maximum density (as calculated from the
lattice parameters).!! As the sample density was decreased,
the measured onset critical temperature (7o) decreased, and
the width of the superconducting transition increased signifi-
cantly, indicating decreased connectivity between particles and
decreasing the temperature range in which MgB; can be used
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as a useful superconductor. In addition, denser material can be
expected to reach higher transport critical currents than porous
material processed by the same method, as the cross-sectional
area of superconducting material is higher for a given sample
diameter.'”> We can thus conclude that it is important to under-
stand how to control the density of the MgB5 in ex situ wires
and tapes in order to achieve the optimum performance.

MgB, powder can be heat-treated under pressure in vac-
uum or inert gaseous atmosphere to produce dense bulk MgB,,
and heat-treatment at high gas pressure,'3 hot isostatic pressing
(HIPing),'* and spark plasma sintering (SPS)!> have all been
shown to be effective at improving bulk densities. Wires pro-
duced by HIPing have improved J. values in high magnetic fields
compared with wires processed identically but heat-treated con-
ventionally at atmospheric pressure.'® Zhu et al. studied TEM
samples of bulk ex situ MgB, heat-treated in high Mg vapour
pressures, and their micrographs reveal a dense structure with
some regions of fine-scale porosity, nano-sized MgB, grains,
and MgO impurities surrounding inclusions of large single-
crystal MgB, grains.'? There is clearly a significant difference
in both microstructure and performance between MgB, which
has undergone high-pressure processing and that produced con-
ventionally at atmospheric pressure. One of the aims of this work
is to establish reliable metrics to measure these differences in
microstructure.

The approach we have taken is to use the techniques devel-
oped for conventional structural ceramics and to apply them
to bulk samples of MgB,. We designed experiments using
bulk MgB, to model what is happening in PIT wires during
heat-treatment, and as a result the maximum temperature was
limited to 1100 °C. These samples were compared to those pro-
duced using a non-conventional heat-treatment process which
is known to produce dense samples, resistive sintering.!” The
starting powder was also comprehensively characterized to
examine the impurities and the shape and size distributions of the
particles.

2. Experimental details

Commercial MgB, powder (Alfa Aesar, 98% purity, —325
mesh) was used to produce all the bulk materials studied in this
work. Scanning electron microscopy (SEM) in a JEOL 840F
was performed at 5kV on powders dispersed on a carbon tab
and coated with 2 nm of platinum to minimize charging. Trans-
mission electron microscopy (TEM) using a JEOL 2000FX was
carried out on MgB, powder dispersed in isopropanol onto holey
carbon films on a Cu grid. The particle size distribution was mea-
sured using a Malvern Mastersizer S Laser Diffraction system,
using isopropanol as the dispersion medium. Laser diffraction
was used in preference to microscopy to assess particle size
because it can study a very wide range of particle sizes in one
fast measurement. '8

Bulk pellets (9 mm diameter, ~4 mm height) were prepared
from this powder by uniaxial pressing at 100 bar in a stainless
steel die and heat-treatment for 1h in flowing Ar gas, with
peak temperatures ranging from 200 to 1100°C. The green
pellets were placed in an MgB, powder bed inside a closed
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Fig. 1. MgO content XRD calibration curve.

alumina crucible to reduce Mg loss during heat-treatment. Den-
sity measurements were carried out on pellets before and after
heat-treatment using the Archimedes method with isopropanol
as the immersion liquid. Hardness values on the sample surfaces
were measured by Vickers indentation. Pellets were fractured,
and the resulting fracture surfaces were imaged by SEM again
using the JEOL 840F at 5 kV. To alleviate charging during imag-
ing, samples were attached to aluminium stubs with silver paint
and coated with 2 nm of platinum.

The increase in content of crystalline MgO following heat-
treatment was calculated from area of XRD peaks by comparison
to known mixtures of MgO and MgB, content prepared from
MgO powder (BDH Ltd.) mixed with Alfa Aesar MgB, pow-
der. XRD scans were carried out on these calibration powder
mixtures using a Philips 6-26 diffractometer and Cu Ko radi-
ation at 35kV and 50mA. The areas of the MgB; (110) (at
26 =59.8°) and MgO (22 0) (at 26 = 62.3°) peaks were measured
using the ProFit analysis program and their ratio calculated. The
calibration curve (Fig. 1) generated was then used to measure
any increase in MgO following heat-treatment in all subse-
quent samples. The detection limit below which the (22 0)mg0
peak becomes indistinguishable from the background noise was
established as ~5 wt%.

A denser MgB, sample was also produced from the same
powder at the University of Birmingham using a resistive sinter-
ing apparatus (Fig. 2) which has previously been used to produce
dense MgB, bulk samples.!” MgB> powder was placed in the
centre of a graphite die and pressed from both sides with tung-
sten plungers. Direct current was passed through the plungers,
and is thought to lead to extreme local heating at the point con-
tacts between particles. Typical pressure and temperature ranges
measured of the graphite die are 42-55 MPa and 900-980 °C,
but only represent average values across the whole sample. The
optimum heat-treatment temperature was assessed by monitor-
ing the thickness of the specimen during heat-treatment. The
temperature was held at the level at which a rapid decrease in
the height of the specimen occurred; i.e. at the temperature at
which effective densification began. Once the height of the spec-
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