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ARTICLE INFO ABSTRACT

Keywords:

High-density MgB, bulks with superior mechanical and superconducting properties were fabricated using spark

MgB2 plasma sintering (SPS). The sharp superconducting transition at 37.5K proved high quality of the supercon-

Spark plasma sintering
Pulse field magnetization
Critical current density
Mechanical properties

ductors. Critical current density significantly exceeded that of conventionally sintered bulks. Flux pinning dia-
grams indicated dominance of grain boundary pinning, with peak position at 0.2. SPS bulks showed improved
mechanical properties with 8-times higher bending strength compared to dense hot isostatic pressed bulks.

Trapped field was measured at 14 K and 20 K, 1 mm above the bulk’s surface, with applied pulse field up to 2 T. A
local overheating together with a complex trapped field formation in the MgB, bulks during pulse-field
magnetization were studied to elucidate limitations of Pulse Field Magnetization.

1. Introduction

Superconductivity in MgB, was discovered in 2001 [1]. It soon
gained a huge attention because it brought a superconducting state
different both from conventional metallic superconductors and the high-
T. ones, cuprates. It presented new challenges for superconductivity
theory. Interesting was also its simple and cheap chemical structure.
Although the intermediate critical temperature (around 37 K) is not
competitive with high-T, compounds, it is still much better than in
metallic superconductors. For potential applications, one can work with
cheaper alternative coolants to liquid He such as liquid Hy (~20K),
liquid Ne (~27K) or recently developed advanced cryocoolers. The
conventional superconductors like NbsSn (T.~18K) and Nb-Ti
(Tc ~10K) used in most applications till now somewhat lose their ap-
peal due to need to be operated at or below 4.2 K, boing point of liquid
helium. Hence, superconducting materials such as MgBs and REBay.
Cu3Oy “REBCO” (RE: Y, Nd, Sm, Gd, Eu) have become a new point of
interest. Apart from the magnet applications such as NMR, MRI, water
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cleaning etc., MgB, superconductor has potential uses in super-
conducting transformers, rotors, magnetic drug delivery, space appli-
cations, transmission cables etc. [2-6]. The competing REBCO has a
huge advantage over MgBs in T,, however it has severe issues like weak-
links at grain boundaries, a long processing time, expensive precursors,
and inability to be used as powder-in-tube technology (PIT). In order to
tackle these issues, research suggested solutions such as single-grain
growth using melt growth (MG) and/or infiltration growth (IG), post-
oxygenation etc., which all consume huge amount of time. On the
other hand, the absence of weak links at grain boundaries of bulk MgB,
superconductors ensures that they do not need to be single-grain and can
be fabricated by just sintering [7]. Due to the low T, the operating
temperatures of NbsSn and Nb-Ti superconductors are extremely low
and flux jumps have been observed several times [8]. While the critical
current densities, J., at respective operating temperatures of these su-
perconductors are comparable, MgB,, due to the low weight, possesses a
clear advantage e.g. in space applications as well as in various motors for
all-electric cars or planes [2]. Another class of superconductors are the
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Fig. 2. Normalized X-ray diffraction pattern of SPS processed MgB, bulk.

iron based superconductors, pnictides, that are very intriguing due to
their non-BCS superconductivity as well as tunable T, with chemical
substitution. Their T, ranges from 25 to 55K, it is thus comparable to
MgB,, also J. is decent. However, majority of these superconducting
compounds involves Arsenic, which is volatile and highly toxic and
makes them hard to deal with [9]. There have been studies of arsenic-
free iron-based superconductors, their properties were, however,
rather bad [10]. On the other hand, MgB, doesn’t pose such problems
and is easy to handle and fabricate.

Sintering of bulk MgB, is commonly carried out at ambient pressure.
The bulks exhibit a good trapped magnetic field with a simple peak. In
previous trials, excellent trapped field (TF) values of 1.5-3 T were re-
ported in sintered bulk MgB, superconductors (diameter 20-30 mm)
[11-13]. Recent research showed that the MgB, bulk magnet due to its
uniform TF as well as low decay is a promising candidate for the mag-
netic pole in NMR [13]. The authors demonstrated the use of MgBy
magnet to detect the 'H nuclear magnetic resonance. Moreover, it is well
known that trapped magnetic field is directly proportional to bulk
diameter. While fabrication of large single-grain REBCO bulks is difficult
to due to the tedious multi-nucleation, this task is not difficult for
polycrystalline MgBy bulks as the sintering process is simple and
tunable. Due to this advantage, MgB, is commercially very attractive
and intricate shapes and sizes can be easily fabricated, for example as
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Fig. 3. DC susceptibility vs temperature of SPS processed MgB, bulk.

magnetic shielding cups for circular proton colliders etc. [14]. Only, the
mechanical properties of bulk MgB, superconductors fabricated by
sintering under the ambient pressure are not as good as in bulk REBCO
superconductors [13,14]. In addition, there are some other issues such
as high porosity (low packing ratio), low H¢y and weak flux pinning.
Moreover, it is known from prior research that bulk superconductors
experience thermal stresses when subjected to electromagnetic force
[15,16]. Improved mechanical properties of the bulk can thus enhance
trapped magnetic field. Fabrication techniques such as hot isostatic
pressing (HIP) and spark plasma sintering (SPS) result in high packing
ratio in bulk MgB, and thus they are good technology candidates for
improving trapped field properties [15-19]. SPS is robust and fast
technique capable of producing high-density (high packing ratio) MgB,
bulks, just what required in this system. With SPS, it is possible to obtain
very high densities, up to 99 %. This technique enables control over
pressure and temperature in various time frames. Complicated heating
patterns can be executed. In the case of MgBy, Mg reacts with boron
leaving pores behind,; it requires high pressure to close these pores as the
reaction proceeds. Such technique needs optimization for obtaining best
performance bulk MgB,. In the present work we display the enhanced
properties of SPS prepared bulk MgB, specimens compared to other
techniques, especially hot-isostatic pressing (HIP) by pressures of 98 and
196 MPa at 900 °C for 3 h resulting in packing fractions of 63 and 92 %
[15].
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Fig. 4. Critical current densities of SPS MgB, bulk at various temperatures (5-35K) and fields (0-5T).

Fig. 5. Flux pinning diagrams of SPS MgB, bulk at various temperatures. At all
temperatures, the peak position is 0.2.

2. Experimental

1) Bulk fabrication:

The commercial MgB, powder from ABCR GmbH (Karlsruhe, Ger-
many) was used as a precursor. SPS was applied at 1150 °C under
pressure of 50 MPa for 20 min and alternatively in vacuum of 1072 Pa.
The pulsed electric current of 2 kA was used to heat the sample. A
graphite die of 40 mm diameter was used to prepare bulk samples about
10.5 mm thick. Soon after sintering, the bulk samples were polished to
remove the graphite coating (see Fig. 1, left). Details of the SPS process
and superconducting properties of a spark plasma sintered bulk MgB,
piece were reported elsewhere [19]. The bulks were later characterized
using X-ray diffraction (XRD- Smart lab/Rigaku) to confirm the single-
phase state and atomic force microscopy (AFM) to see the microstruc-
tural modifications upon employing SPS technique.
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Fig. 6. Stress — strain curves of the current SPS MgB, specimen in comparison
with previous highly dense bulks.

2) Mechanical properties:

Mechanical properties of bulk MgB, superconductors processed by
SPS were evaluated via bending tests. Three cuboidal specimens
(2.8x21x21 mm3) were cut from various locations of the bulk MgB,
samples by a wire electric-discharge cutting machine. These specimens
were subjected to 3-point bending test at room temperature. The force
was applied along thickness in 0.2 mm/min speed by a crosshead using
the SHIMADZU AG-50KNE testing machine. To record the strain, a strain
gauge (0.2mm in length) was attached to the surface experiencing
tensile force. The 3-point bending stress ¢ was calculated using relation

o = (M/I) x (1/2) = 3PL/(2wr%) (€]

where M is bending moment, I is moment of inertia, P is applied load, L is
outer supporting span (21 mm), w and t are width (2.8 mm) and thick-
ness (2.1 mm) of the specimen, respectively.

3) Superconducting properties:
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Fig. 7. Bending strength plotted against packing ratio of current SPS MgB,
specimens in comparison with previous highly dense bulks.

Fig. 8. Microstructure of SPS MgB, bulk studied by AFM. Almost zero porosity
can be seen.

To reduce temperature rise and to reinforce mechanically the bulk,
SUS304 ring was fixed on the 40 mm in diameter bulk MgB, before the
trapped field experiment (see Fig. 1, right). The bulks were magnetized
using pulse field magnetization (PFM) technique. The bulk was placed
on a soft iron yoke with dimensions of 40 mm diameter and 20 mm
thickness, which was tightly attached to the cold stage of a Gif-
ford-McMahon (GM) cycle helium refrigerator. The sample space was
later evacuated using an oil diffusion pump. Totally, three Hall probes
were attached on the sample surface for a careful measurement, one at
the center, one close to the edge, and one outside the surface. During the
PFM, the time dependence of the local magnetic field at the center of the
bulk surface was measured by Hall sensor connected to an oscilloscope.
The total trapped magnetic flux was measured using an axial Hall sensor,
which scanned stepwise on the vacuum chamber 5 mm above the bulk
surface with a pitch of 1.2 mm. Temperature on the bulk surface was
measured using a fine thermocouple.

3. Results and discussion

Fig. 2 depicts the diffraction pattern of the bulk using XRD, all the
peaks belong to the MgB; phase, with only a few low peaks belonging to
MgO phase. This confirms the formation of MgB, single phase along with
scarce MgO impurities that are unavoidable and generally observed in
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this system. The superconducting critical transition temperature (T.)
was measured using SQUID magnetometer in magnetic field of 10 Oe.
Fig. 3 depicts the normalized susceptibility vs. temperature. T¢ onsec Was
around 37.5K, while T ,ero Was close to 36.5K. The critical transition
width was around 1 K, a sharp transition telling us that the bulk was of
high quality. In general, this value might be affected by a scarce MgO
formation and by contaminations of commercial Mg and B powders.
These values are similar to conventionally sintered MgB,, indicating that
SPS does not deteriorate sample quality [20]. The critical current den-
sity (J.) was calculated from M—H curves obtained by SQIUD mea-
surements using the extended Bean critical state model [21], which
reads

Je= 20Am/[a’c (b —a/3)] (2)

where a, b are cross sectional dimensions, b > a, and c is thickness of the
specimen (a, b, c usually around 1, 1, 0.7 mm, respectively) and Am (in
emu units, 1 emu = 1073 Am?) is the difference of magnetic moments
during decreasing and increasing field in the M-H loop. Superconducting
performance was tested at a series of temperatures covering the entire
superconducting range of the material, 5, 10, 15, 20, 25, 30, and 35K
(see Fig. 4 left). In addition, J. as a function of magnetic field is dis-
cussed, in particular to analyze the high field performance. Self-field J.
values of 320, 300, and 260 kA/cm? were observed at 5, 10, and 15K
respectively. These values are slightly higher compared to conventional
regularly sintered MgB,. Fig. 4 right, displays J.. of the SPS bulk sample
at various temperatures and fields. It shows that the bulks can be used in
applications at 5, 10, 15, and 20 Kup to 2, 1.5, 1, and 0.5 T, respectively.

Flux pinning diagrams in general are used to indicate the prevailing
pinning mechanism. The results were evaluated in terms of Dew-Hughes
general expression [22]

fr= AR (1—h)" 3

where A is a constant, f, is normalized flux pinning force, f, = Fp/ Fp max,
and h is reduced magnetic field, h = H/Hj;, where the irreversibility
field, Hj;y, was determined as the field, where J. in the J.(H) dependence
fell down to 100 A/crnz, a standard practice in our works. The f,(h)
dependence was analysed at 20 K. Dew-Hughes model correlates the
peak position of the normalized pinning force density vs. magnetic field
normalized to By (or Bj,) with different types of pinning regimes in the
material. For example, peak position at 0.2 implies grain boundary
pinning, at 0.33 implies 8T, pinning and 0.5 indicates point pinning. The
peak shifts to the right if the J. at high magnetic fields is improved, i.e. if
there are effective high-field pinning centers. MgBs superconductor
studied here is a bulk granular system. Microstructure studies show a
typical grain size of a few hundred nm to a few micrometers. In cuprate
bulks grain boundaries are weak links preventing flow of large critical
currents over the sample. Thus, cuprate bulks have to be single-crystals
to exhibit high critical currents. Grain boundaries in MgB; are strong
links allowing for a free flow of currents over the entire bulk. Taking the
low anisotropy of the MgB5 into consideration, the polycrystalline. From
electromagnetic point of view, the polycrystalline MgB, bulk behaves
like a single-crystal, which is unique. From structural point of view,
grains in the MgB, bulk still exist and play role of effective large defects
[23]. It is consistent with the pinning diagram indicating peak position
around 0.2 in all MgB, samples. Additives of various kinds trying to
induce some sort of nm-sized point-like defects in MgB, samples [24]
change the pinning diagram only a little, proving that the principal
pinning mechanism in MgB; is boundary pinning as in Fig. 5.

Fig. 5 shows that in our case hpax ~ 0.2, consistently for various
temperatures, 5, 10, 15, 20, 25, 30, 35 K. This indicates that the domi-
nant pinning mechanism is associated with grain boundaries, as in our
prior bulk MgB, systems [25-27]. A slight shift of hpax towards higher
fields can be seen with increasing temperature, which is due to tem-
perature dependence of inherent effective mass anisotropy, y (which
decreases) [28]. In addition, a shoulder on the right part of the curve
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Fig. 9. Time evolution of the applied field (Bey) and local field (B.9) at the center of bulk surface at 14K. a, b, ¢, d, e, f, and g correspond to Bex =1, 1.2, 1.4, 1.6, 1.8,

2, and 2.2 T, respectively.

appears, indicating an improved J. at high fields. This shape implies that
grain boundaries are the principal pinning mechanism but there is also a
weak effect of point-like pins, effective at higher magnetic fields. This
point requires a further study.

In the present work, we used the sintering temperature of 1150 °C for
SPS bulk MgB,, significantly higher than 800 °C found as optimum re-
action temperature for conventional sintering. It is well know that a
higher reaction temperature favors grain growth and agglomeration that
result in growth of large grains associated with a lower grain boundary
density [29]. We believe that the heat cycle of SPS process can be
optimized to obtain highly dense bulks with small grains and a higher
grain boundary density.

As we deal with a brittle granular system, we need in addition to
good superconducting properties also decent mechanical properties.
Especially, when targeting high TF superconducting magnets, we need
sufficient mechanical strength to sustain the considerable Lorentz forces
during magnetization up to certain fields. For trapping magnetic fields
higher than 7-8 T, a special stainless-steel ring reinforcement is needed
[30]. Fig. 6 depicts the stress-strain curves of various specimens cut
from the SPS bulk. The curves show a linear stress-strain dependence
until the fracture point in bulks with both high and low packing fraction
(99, 92 and 63 %). However, sometimes a non-linear behavior could be
observed in low packing fraction bulks, which could occur due to the
slow propagation speed of cracks while loading [15]. The fracture stress
of the present SPS bulks with 99% packing fraction is around
330-480 MPa, while those of the dense bulks prepared by A. Murakami
etal [15], with 92% and 63% packing fraction (via hot isostatic pressing
“HIP”), were around 220 and 50 MPa on average, respectively. This
points out to the brittleness and ceramic nature of the high-density MgB,
bulk specimens. In addition, the slopes of the slope of stress-strain curves
i.e.Young’s modulus, is high for high density/packing fraction bulks. As
seen in Fig. 7, the less dense samples with a lower packing fraction have
low bending strengths. The average bending strength of the present SPS
bulks is around 410 MPa, while that of prior HIP high dense bulk with
92% packing fraction was around 200 MPa. On the other hand, the
bending strengths of HIP low dense sample with 63% packing fraction
and reference bulk with 50% packing fraction were around 50 and

10 MPa, respectively. The bending strengths of current bulk is almost 8
times that of HIP processed bulk. The bending strength increases with
increasing packing ratio, which rises with the SPS temperature. This
bending strength improvement is due to the increase of the net cross-
sectional area and material density of the bulk caused by the increase
of the packing ratio compared to regular sintering where the net cross-
sectional area is very low due to 50% porosity. In addition, reduction
of stress concentration centers (especially defects, voids etc.) in the
matrix together with the increase of packing ratio also contributes to the
improvement of the bending strength. The bending strength results did
not vary with the loading direction of the specimen (parallel or
perpendicular to thickness), which points out that matrix of the SPS
specimens is isotropic and uniform. The isotopic bending strength re-
lates to Young’s modulus, which also does not change with the loading
direction [31]. As regards the isotropic behavior of the anisotropic
material, we have to bear in mind that the tested bulk is polycrystalline.
In such a sample, we can expect that mechanically weakest is the
intergranular space. If the used technology enables preparation of a
denser material (with respect to the reference, which possesses huge
porosity and only 50% of the theoretical density), then the increased
density appears naturally in the inter-grain space, which is isotropic on
macroscopic scale. No wonder that bending strength is isotropic, too.
The mechanical strength testing is not about individual MgB, grains,
however about a macroscopic system of arbitrarily oriented MgB,
grains. While MgB, compound is slightly anisotropic, its polycrystalline
bulk system as a whole is isotropic. One important point to note is that
high SPS sintering temperature enables high density. However, if we
want to reduce the sintering or fabricating temperature (to maintain fine
grain structure by avoiding grain coalescence), we have to increase
pressure. It demands use of expensive dies capable of withstanding the
high pressure, which reduces commercial viability. Therefore, one needs
to compromise the parameters to get an optimized final product. To find
the optimum, we studied the microstructure of the SPS bulk specimens
using AFM. Fig. 8, left shows AFM images taken after polishing. One can
see a highly dense MgB, material without pores. In higher magnification
(Fig. 8, right), we tried to see the grain size distribution playing a crucial
role in improving the critical current density. Note that the size of the
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MgB, grains is around 50-100 nm. In bulk MgB, material the grain size
plays a crucial role in improving critical current density since the grain
boundary pinning is dominant and the grain boundary density increases
with grain size reduction. The smaller the grain size, the higher is critical
current density and trapped field [32]. The suppression of porosity

resulted in increase in J,, as the superconducting volume per unit vol-
ume was now higher than before.

As high critical current density enhances trapped field (TF), we
studied TF performance of the SPS bulks. Pulse field magnetization
(PFM) was used to magnetize the bulk. The bulk’s dimensions were
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and 2T, respectively.

around 40 mm diameter and 9.5 mm thickness. The packing fraction
measured by Archimedes method was around 99.8%. The TF measure-
ment was done after a sequence of increasing external magnetic fields
(Bex) from 1 Tto 2.2 T in steps of 0.2 T at 14 K and later 1 T to 2 T in steps
of 0.2 T at 20 K. All the TF data presented were measured at 5 mm above
the sample surface.

The pulsed external field Bex(T) was applied as shown in the Fig. 9
(a-g), while the local trapped field BLC(T) was measured at 14 K and the
results are following.

i) With Bex =1 and 1.2 T, there was no significant local trapped field
(Fig. 9 (a, b)) compared to the applied field. However, trapped field
linearly increased up to the peak B, and then remained constant at
around 0.2 T.

ii) When Bex = 1.4 T (Fig. 9 (c)), local TF raised up to 0.5 T and stood
constant there. In fact, there was a slight drop in trapped field,
commonly observed in MgB, bulk system. The reason is not yet clear,
but it has been observed in many other works [33].

iii) When B¢y > 1.6 T, the bulk started to exhibit flux jumps, and

hence we plotted estimated TF (Bestimated), calculated as Begtimated = 8/
t+ b, where t - time; a,b — constants. At Bex = 1.6 T, local TF was initially
around 0.7 T, until a sudden flux drop occurring after a minute (Fig. 9
(d)). The local TF then stabilized at 0.5 T. Since there is sudden drop in
the TF, we added the estimated curves to simulate the TF behavior
without flux drop, via extrapolation. In this case, the extrapolation
resulted in the relation Begtimated =5/t+ 0.55 and can be used as a
reference.

iv) With Bex = 1.8 and 2T, the initial local TF was around 0.9 and
1.3 T, respectively. In Fig. 9 (e) we can see flux drops as well as irregular
fluctuations and in Fig. 9 (f) there are two flux drops (initially small one,
then a larger one). In both cases, the trapped field finally reached a
constant value 0.5T. The estimated TF curves were Bestimated = 7-5/
t+ 0.59 and Begtimated = 7-5/t + 0.94 for By = 1.8 and 2 T, respectively.

v) When Bex = 2.2 T (Fig. 9 (g)), there was an interference of the flux
flow due to the large temperature rise with the dynamic motion of the
magnetic flux (flux jump) at t =25 ms. In the end, the TF value reached
0.7 T with a slow decrease resembling characteristic TF decay in MgB,
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Fig. 12. Trapped field profiles of the SPS MgB, bulk mapped 1 mm above the surface at 20 K for various applied fields. a, b, ¢, d, e, f, and g correspond to Bex =1, 1.2,

1.4, 1.6, 1.8, and 2.2 T, respectively.

(t=30 to 60 sec).

To conclude this part, the maximum local TF in the bulk magnetized
at 14K saturated at 0.7 T. TF profiles mapped 1 mm above the bulk
surface (Fig. 10 (a-g)) give more consistent results. At low applied fields
(Bex =1, 1.2, and 1.4 T) the profiles showed a M—shaped TF distribution
due to a partially magnetized state of the bulk [34-36]. In the applied
fields 1.6 and 1.8 T, the TF profiles showed perfect uniform cone with TF
increasing with applied field increment. In Bex=2T, TF dropped
maintaining still a uniform cone shape. It resembled an over-magnetized
state of bulk. In Bey = 2.2 T, the bulk showed a high TF with a uniform
cone shape resembling the fully magnetized state of bulk.

The same experiments as at 14 K was repeated at 20 K (the common
operating temperature for MgB;, superconductors).

i) With Bex=1 and 1.2T, there was a small local trapped field,
increasing with Bey up to pulse peak, and TF reached 0.1 and 0.3 T,
respectively, and remained constant as shown in Fig. 11 (a,b).

ii) With Bex =1.4 T (Fig. 11 (c)), local TF first grew up to 0.6 T and
then dropped slowly from ¢t = 20 ms up to t = 70 ms, resembling thus the
characteristic TF decay observed in most MgB;. The latter consisted of a
slight sudden flux loss at t =70 ms followed by stabilization on 0.5 T.

iii) With Bex = 1.6 and 1.8 T, the bulk showed a characteristic decay
(Fig. 11 (d, e)) followed by flux drops at t =70 ms and t =100 ms. The

local TF of the bulk increased upto around 0.7 and 1.2 T followed by
drop and reached saturation on 0.3 T for both Bex =1.6 and 1.8 T. The
extrapolated reference curves for By = 1.6 and 1.8 T are Begtimated = 4/
t+ 0.46 and Bestimated = 3/(t-23) + 0.7 respectively. Figures show that
the flux flow out or flux losses are very high, probably due to a large
temperature increase caused by a rapid movement of the magnetic flux.
On the other hand, at 14 K such large local TF drops were absent because
at low operating temperature flux pinning was high and did not allow for
a fast flux movement.

iv) With Bex =2 T (Fig. 11 (f)), a similar behavior as with Bexy =1.6
and 1.8 T but much more violent and resulted in the very low final TF
value saturated at 0.2T as compared to the extrapolation, Beg.
mated = 20/t + 0.5. However, a peak TF of 1.4 T was observed until the
flux flow.

The TF profiles were then also mapped 1 mm above the bulk surface
at 20K (Fig. 12 (a-f)). Similarly as in 14 K, at low applied fields (Bex = 1
and 1.2 T) the TF profiles showed a uniform M—shaped TF distribution
corresponding to a partially magnetized state. In moderate applied fields
(Bex =1.4 and 1.6 T), the TF profiles showed a perfect cone shape. Only,
the TF value for Bexy = 1.6 T was lower than for Bex = 1.4 T. This showed
that the sample was in over-magnetized and in fully magnetized state,
respectively. In Bex = 1.8 and 2 T, the TF profile showed distorted single
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cones, probably due to flux jumps. When applying a large external
magnetic field, moreover too fast, the material sometime cannot
accommodate the critical state, the critical current density locally ex-
ceeds its maximum, and the material at that point loses superconducting
nature locally, nonzero local resistivity causes a local overheating and
critical current reduction appears in the form of so-called flux jumps.
Fig. 13 shows plot of the experimental and model local trapped field
at the center of bulk surface as a function of B¢y for 14 K and 20 K. The
highest local trapped field at 14 K was By =0.64 T (for Bex ~ 2.2 T), at
20K By =0.42T (for Bex ~ 1.4 T). The highest model trapped field was
Bestimated = 0.97 T (for Bex ~2T) at 14K and Bestimated = 0.71 T (for
Bex ~ 1.8T) at 20 K. The lower operation temperature showed better
performance and a shift of the By peak to higher applied fields. This was
a consequence of increase in J, in pinning force, and in magnetic flux
shielding. The TF values lowered or dropped before than estimated at
Bex > 1.2T. In case of 14 K, the TF reached dip at Bexy = 2 T, mainly due
to flux flow out and over magnetization. While in case of 20 K, the bulk
reached saturation magnetic TF value of 0.5T approximately at
Bex = 1.4 T. This decrease can also be supported with the TF analysis
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done on Gd-Ba-Cu-O bulks, where they have observed that the trapped
flux distribution may vary with increasing may vary with applied field.
The trapped field had a tendency to reach a multi-peak profile due to
partial flux motion when multiple pulses were used to increase the
applied field. This led to TF saturation or decrease with increasing the
applied peak field [36,37]. The same can be expected with the MgB,
bulks when subjected to pulsed-field magnetization (PFM). Fig. 14
shows the total trapped flux (¢7) dependence on By, 1 mm above bulk
surface. In both temperatures, 14 and 20 K, high total trapped flux was
observed when Bey = 0.8 T. In both temperatures, the trapped flux was
not proportional to applied field, instead, there were dips and rises.
Evidently, magnetic flux does not enter the bulk at every extra pulse
uniformly. The magnetization history in an incompletely magnetized
sample and the local overheating in the sample volume and the related
flux loss play an important role. This behavior is not unique and has
been observed also elsewhere[36]. The curves of Bt vs Bex and @1 vs Bex
for 14 and 20 K differed in the trapped field distortion in high external
magnetic fields. We measured the temperature of the bulk during field
application by means of a Cernox thermometer on the side of the SUS
ring. The rise in temperature (AT) was calibrated. Fig. 15 shows the
temperature during pulse field application for both 14 and 20 K. Tem-
perature rises due to a local pinning failure, flux motion, the associated
rise in electrical resistivity, local overheating and so on. The rise in
electrical resistivity is a consequence of flux motion that leads to a local
loss of superconductivity. The rise in resistivity is microscopic and local.
The local temperature keeps rising with increase in applied pulse field.
Tatsuya et al. [33] showed an increase of temperature with increasing
applied field similar to the present work. It implies that thermal con-
ductivity is an important issue when considering production of high
trapped field MgB, magnets. MgB; does not have good thermal con-
ductivity and it would be desirable to reinforce it by a compound high
thermally conductive.

4. Conclusion

We have successfully demonstrated good trapped field properties of a
SPS fabricated MgBy bulk. XRD measurements showed single phase
MgB, formation with a fractional amount of MgO impurities. The M-T
loops showed a sharp superconducting transition at 37.5 K. The J.. values
are also high compared to regular sintered bulks. Flux pinning diagrams
confirmed dominance of grain boundary pinning, with peak position at
0.2. Bending tests showed that SPS MgB, bulks can exhibit high bending
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strengths but are highly brittle. These mechanical properties correlate
with high packing ratio of SPS MgB; bulk, close to 99.8%. Magnetization
process was studied at 14 and 20 K, the stray field originating from the
trapped field was measured 1 mm above the bulk’s surface. At 14 K, M-
shaped trapped field distribution (partial magnetized state) was
observed at low applied pulse fields, while at higher applied fields
(>1.6T) a cone shaped trapped field distribution was observed (fully
and over magnetized states). At 20K, moderate applied fields
(1.4-1.6 T) led to a cone shaped TF distribution and higher applied fields
(>1.6T) resulted in distorted TF profiles. At the higher applied fields,
flux jumps were observed, which caused a sudden drop in local TF
values. In addition, characteristic MgBy TF decay with time was also
observed. Local trapped field Bt and model trapped field Bestimated Of SPS
MgB; bulk were compared for two temperatures, 14 and 20 K. The rise in
temperature during flux jump was proportional to the applied pulse
field. To reduce unwanted flux jumps, the MgBy blocks need a good
thermal conductive reinforcement around or soaked into. All in all, PFM
is an efficient and relatively cheap method of the bulk magnetization but
due to flux jumps trapped field is not simply proportional to the applied
pulse and the optimum pulse value is specific for each sample size,
material, and operating temperature.
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