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Abstract 

The paper presents fabrication and characterization of spark plasma sintered textured (001) MgB 2 with a record degree of orientation of 
about 40% and 16% by high-energy ultra-sonication and slip casting in high magnetic field (12 T) and 0 T magnetic field, respectively. 
Structural characterization was performed by X-ray diffraction, and electron microscopy. The analysis revealed unexpected preferred orientation 
also in the MgO secondary phase due to the epitaxial growth of (111) MgO on (001) MgB 2 . The influence of oriented microstructure on 
the superconducting characteristics expressed by critical current density ( J c ), irreversibility field ( H irr ), and on the pinning properties were 
assessed. High anisotropy versus sample orientation in applied magnetic field, H , was observed for J c , H irr , pinning activation energy ( U 

∗) 
extracted from relaxation measurements. The zero-field critical current, J c0 and F p,max are weakly or not dependent on the direction of H , 
while the other indicated parameters are significantly influenced. Results enable control of superconducting parameters by further optimization 
of microstructure through MgB 2 texturing as a novel and viable strategy for development of bulk MgB 2 with enhanced properties when 
taking advantage of its anisotropy. 
© 2021 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

MgB 2 occupies a special niche among practical supercon-
uctors. It has a convenient critical temperature T c of 39 K,
bout two times higher than for the low temperature metallic
uperconductors (e.g. 18 K for Nb 3 Sn). Therefore, this en-
bles the use of MgB 2 in the temperature range of 15–30 K.
iquid hydrogen (20 K) can be used as a cooling agent and

echnologies based on it are recognized to show enormous po-
ential for development of the future green economy. MgB 2 

s a lightweight material. Its bulk density of 2.63 g/cm 

3 is
 few times lower than for other practical superconductors
ncluding high temperature superconductors (e.g. 6.3 g/cm 

3 

or YBa 2 Cu 3 O 7 ). Hence, MgB 2 is a valuable superconductor
specially for portable applications, in space, transportation,
∗ Corresponding author. 
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e  

n  

m  

ttps://doi.org/10.1016/j.jma.2021.10.013 
213-9567/© 2021 Chongqing University. Publishing services provided by Elsevie
rticle under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-n
edicine, energy and others. However, to take advantage of
he presented features, the improvement of the critical current
ensity, J c , and of the irreversibility field, H irr , is required.
ince the coherence length is relatively large in MgB 2 , about
0–40 nm [1] , introduction of size-comparable defects can
romote vortex pinning and enhancement of J c and H irr . Lit-
rature indicates a few routes such as use of additives and
f different processing technologies. In the first case, precip-
tates of secondary phases and defects associated with them
interfaces, strain at interfaces, local non-stoichiometry, mod-
fication of the grain boundaries) or direct substitution of a
omponent element into the crystal lattice of MgB 2 (e.g., car-
on for boron [2–4] ) can generate effective pinning centers.
odification of the microstructure (e.g. nano-structuring for

 high density of grain boundaries as pinning centers) and
nhancement of the bulk density are induced by specific tech-
ological procedures [5–23] , popular being high-energy ball
illing and pressure-assisted techniques. Heat treatments in
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eactive atmospheres are also effective for pinning centers in-
ertion. Spark plasma sintering in N 2 atmosphere generated
ano-precipitates of the MgB 9 N phase enhancing the critical
urrent density at high magnetic fields [24] . 

A novel strategy is to obtain (001) textured MgB 2 bulks
ith enhanced transport properties for a preferential direc-

ion [ 19 , 25 ]. Samples were fabricated by magnetic field slip
asting (MFSP) followed by spark plasma sintering (SPS).
extured powder-in-tube tapes obtained by mechanical defor-
ation and annealing were also reported [ 26 , 27 ]. The MgB 2 

as a hexagonal, anisotropic crystal structure with ( ab )-planes
f boron and Mg stacked in the c -axis direction. Despite the
eeble magnetic properties at room temperature of MgB 2 , its
nisotropy promotes orientation in MFSP [ 28 , 29 ] which can
e further enhanced by spark plasma sintering. In the partially
riented samples with an orientation degree of 21%, J c and
 irr were pushed to higher values in the favorable direction,
hile in the disadvantageous one, J c and H irr had a small

uppression when compared to a randomly oriented sample
19] . These samples have also shown a complex behavior of
he volume pinning force, F p . 

This work reports fabrication and properties of (001) MgB 2 

extured bulk samples with a higher degree of orientation than
n the previous attempts [ 19 , 25 ]. Orientation enhancement is
nduced by high-energy ultra-sonication for de-agglomeration
nd homogenization [30] of the colloidal solution of MgB 2 

n ethyl alcohol during slip casting processing. A record ori-
ntation degree of about 40% is obtained after spark plasma
intering (SPS) in vacuum or nitrogen if a high magnetic field
s applied during slip casting, compared to 16% obtained in
ero-field slip casting. The influence of oriented microstruc-
ure on superconducting characteristics J c and H irr and on
inning properties is assessed. 

. Material and methods 

Sample processing is presented in Fig. 1 . A colloidal so-
ution of powder MgB 2 (99.5% purity, metal basis, LTS Re-
earch Laboratories Inc. US) in ethanol was prepared under
igh energy ultrasound sonication (600 W) ( Fig. 1 a, b). The
s-prepared solution was slip casted (SC) and the resulting
ompact was spark plasma sintered (SPS) (sample M1, Ta-
le 1 ). Slip casting experiments were also performed under a
agnetic field, H 0 , of 12 T ( Fig. 1 c). The as-resulting casted

ompacts were spark plasma sintered in vacuum (30 Pa) (sam-
le M2, Table 1 ) or in a N 2 atmosphere (91 kPa) (sample M3,
able 1 , Fig. 1 d, e). Spark plasma sintering was performed
t 1150 °C for 30 min, using a FCT Systeme GmbH—HP
 5 (Germany) sintering furnace, with graphite die systems.
he heating rate was 150 °C/min and the maximum uniaxial
ressure applied on the disk-shaped samples (20 mm diameter
nd 3 mm thickness) was 95 MPa. Noteworthy is that differ-
nt from our previous works [ 19 , 25 ], no dispersing agent was
ntroduced in the colloidal solution. Instead, as already men-
ioned, the colloidal solution was sonicated at high energy. 

XRD patterns were obtained with a Bruker-AXS D8
DVANCE diffractometer (Cu K α radiation). From Rietveld
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Fig. 1. Processing steps: (a) Colloidal solution preparation; (b) high-energy 
ultrasonication; (c) slip casting under 12 T; (d) dried casted compact; (e) 
spark plasma sintering. 
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nalysis (software MAUD 2.31 [31] ) the weight fractions and
he crystallite size of the detected phases, a and c lattice pa-
ameters of MgB 2 , and the microstrain for MgB 2 and MgO
ere determined. In order to obtain a good fit by Rietveld

efinement, the preferred orientation of MgB 2 and MgO had
o be taken into account, and the March–Dollase orientation
arameter r [32] , was extracted. We further used this param-
ter for the calculation of the degree of preferred orientation
arameter η, and the characteristic angle ϕ [33] : 

η = 

[ 

( 1 − r ) 3 (
1 − r 3 

)
] 1 / 2 

· 100 ( % ) (1)

os ϕ = 

[
1 − r 

1 − r 3 

]1 / 2 

(2) 

The degree of preferred orientation η means the excess
olume fraction of crystallites having the preferred orientation
xis (which is [001] for MgB 2 and [111] for MgO, as shown
elow) within the surface normal and the angle ϕ, compared
ith a random sample. ϕ is the angle from the surface nor-
al for which the orientation probability in a textured sample

quals the orientation probability in a random sample. (For a
andom sample: r = 1, η = 0, ϕ is undefined). We expressed
he orientation degree of MgB 2 also in terms of the Lotgering
actor, LF [34] , which is commonly used in the literature. 

The apparent densities ρSPS 
a of the SPSed pellets were mea-

ured by Archimedes method (in toluene media). The relative
ensities R 

SPS (%) were calculated as R 

SPS = ρSPS 
a /ρSPS 

t ×
00. The theoretical densities ρSPS 

t of the composites were de-
ermined by the procedure described in Ref. [35] . The phases
sed in calculation of the theoretical density were MgB 2 

2.63 g/cm 

2 ), MgO (3.58 g/cm 

2 ), and MgB 4 (2.49 g/cm 

3 ). 
SEM Lyra3XMU and TEM JEM 2100 microscopes were

mployed to observe the microstructure of the samples. For
EM, bulk MgB 2 samples were polished and etched for 70 s
n Royal water (aqua regia). 

Magnetization measurements as a function of the applied
eld m ( H ) at different temperatures T and as a function of

emperature m ( T ) at 0.01 T, as well as the relaxation of the
agnetization m ( t ) were performed with a MPMS-SQUID 7T

Quantum Design, US) magnetometer. The samples for mag-
etic measurements were cut from the center of the sintered
isks and have approximately a cuboidal shape ( ∼ L × l ×
 = 1.1 × 1.05 × 1 mm 

3 ). To determine the critical cur-
ent density J c , the Bean formula for a plate-like geometry
36] was used: 

 c = 20 · | m ↑ −m ↓ | / { V · l · [ 1 − (l/ (3 · L) ] } (3)

here m ↓ and m ↑ are the magnetic moments in emu for as-
ending and descending magnetic field, respectively, in the
 ( H ) loops, V is the sample volume in cm 

3 , and L, l , are in
m. Flux jumps were observed in the m ( H ) loops on the as-
ending branch (one jump at ∼ 1.45 T) at temperatures below
0 K, 5 K and 15 K for samples M1, M2 and M3, respec-
ively. They were not taken in consideration in our analysis.
he pinning force is F p = μ0 HJ c . To avoid the complica-

ions with macro flux jumps and with estimation of | m ↑ - m ↓ |
n the classic Bean model, the self-field, J c0 (in A/cm 

2 ), was
stimated from a modified Bean relation, considering the de-
cending branch of the hysteresis loop [37] : 

 c = 60 · | m ↓ 

| · / (V l ) (4)

The irreversibility field, H irr , is the field for which
 c = 100 A/cm 

2 . The pinning activation energy was deter-
ined from relaxation measurements. Samples were zero field

ooled to different temperatures, a magnetic field was ap-
lied, and the decay of the magnetic moment in time m ( t )
as recorded for a time window t w 

of 50 min. In the range
here ln(| m |) versus ln( t ) is linear, the normalized vortex-

reep activation energy is: 

 

∗ = −T · ln ( t ) / · ln ( | m 

| ) (5)

veraged over t w 

. [ 38 , 39 ]. For U 

∗( T ) an external field of 3 T
as applied and U 

∗( H ) was measured at 10, 15 and 20 K. 

. Results and discussion 

.1. Structure and microstructure of the investigated samples 

Two X-ray diffraction patterns were obtained for each bulk
ample, one on the surface S top in which case the scattering
ector is parallel with the SPS uniaxial pressing force F SPS 

nd the processing magnetic field during slip casting H 0 and
he other on S side , with the scattering vector perpendicular to
 SPS and H 0 ( Fig. 2 a). The patterns measured on S top are pre-
ented in Fig. 2 b. The qualitative analysis shows the presence
f the major phase MgB 2 , and of MgO and MgB 4 as the
econdary phases. To highlight the [001] texturing of MgB 2 ,
he intensities were represented being divided by the intensity
f the (101) line, which is the most intense for a randomly
riented sample. Slip casting and SPS decreases the amount
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Fig. 2. (a) Notations of the sample surfaces on which the XRD measurements were performed. (b) XRD patterns of the samples obtained on S top . 
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Substitution of C for B leads to the creation of strain and 
f MgB 2 ( Table 1 ) from 97 wt.% in the raw powder (sample
0) to 80.1–82.5 wt.% in the sintered bulks (M1, M2, and
3), while the amounts of MgB 4 and MgO increase from 1.8

nd 1.2 wt.% to 8.8–10.2 and 8.4–9.7 wt.%, respectively. 
Although the amount of the secondary phases is limiting

he connectivity within the samples, if properly engineered,
hese phases can be effective pinning centers [ 40 , 41 ]. Sintered
amples show (001) MgB 2 preferred orientation with the ( ab )
lane parallel to S top . A texture with a degree of orientation
of 16.1% ( LF = 12.6%) occurs in the sintered sample M1

 Table 1 ) even in the absence of the magnetic field during
lip casting. 

We explain this result by the effect of the high energy ul-
rasonication which breaks the agglomerates of MgB 2 [42] . It
s recognized that agglomeration is one of the main limiting
actors for mouldability and sintering and cannot be improved
n dry powders [43] . The plate-like MgB 2 grains will orga-
ize during slip casting in a partially textured green compact
nd will enhance their texture during subsequent SPS. En-
ancement of texture during SPS of a green compact with a
ow orientation was addressed in an earlier work [19] . For the
amples processed by slip casting under a magnetic field of
2 T and SPSed in vacuum or in N 2 atmosphere, a relatively
igh orientation is achieved with η of 40.5 ( LF = 61.6%) and
9.6% ( LF = 60.4%), and ϕ of 39.9 and 40.2 °, respectively.
herefore, the preferred orientation of MgB 2 is considerably

ncreased in the samples obtained in a magnetic field. 
Another interesting aspect is that for a good Rietveld fit-

ing of the measured XRD patterns of the highly oriented
amples M2 and M3, it was necessary to consider a preferred
rientation also for MgO, with the (111) plane parallel to
 top . In both samples M2 and M3, an excess of about 28% of

he MgO crystallites is oriented with the < 111 > axes within
bout 45 ° from the surface normal (direction of H 0 ). Consid-
ring the texturing mode of MgB 2 and MgO, it results that
he (111) crystal planes of MgO are oriented preferentially
arallel to the (001) plane of MgB 2 . The orientation degree
f MgO is a bit worse than that of MgB 2 ( η = 28% compared
o about 40%). A closer look at the atomic structures of the
111) MgO and (001) MgB 2 planes shows excellent theoret-
cal lattice matching that favors the epitaxial growth of MgO
n MgB 2 crystallites ( Fig. 3 d) during SPS. The epitaxial mis-
atch is (3.0860–2.9797) ∗100/3.086 = 3.4%. It is expected

hat the epitaxial stress causes a compression strain in the
 ab )-plane of MgB 2 at the interface with MgO, and a slight
ncrease of the average MgO lattice parameter. The epitaxial
rowth of (001) MgB 2 thin films on (111) Si single crystal
ubstrates with a MgO seed layer was reported in Ref. [44] .
ig. 3 a and Fig. 3 b show an average decrease of the MgB 2 

attice parameters parallel to the SPS pressing force ( F SPS ,
ig. 2 a), which generates an expansion of the unit cell in the
erpendicular direction (macrostrain). This behavior is valid
or both a and c constants of MgB 2 because, the samples are
nly partially textured, and the crystallites could have differ-
nt orientations to the pressing force. The effect of compres-
ion and expansion is more directly transferred to the a and c
attice constants when the unit cells (crystallites) are oriented
n the two extreme positions depicted in the inset of Fig. 3 b.
s the orientation degree increases, the probability that the
nit cell is orientated with c parallel to the compression force
ncreases, hence, the effect upon the values of a and c is
igher. In the same key, one can comment on the decrease of
he microstrain with the enhancement of texturing ( Fig. 3 c).

icrostrain measures the dispersion of the interplanar spac-
ngs, which may originate from many sources, e.g., local lat-
ice strain (caused, for instance, by point defects or disloca-
ions), or structure changes near the crystallite or grain bound-
ry, or different lattice strain in different crystallites. This last
ause is probably preponderant for our partially textured and
ni-axially-stressed bulk samples. The dispersion of the inter-
lanar spacing decreases with orientation enhancement, and
his is the case when measured both for S top or S side arrange-
ents. In isotropic and macrostrain-free MgB 2 samples, the

hange in the a -lattice parameter of MgB 2 is considered an
ndicator of the degree of substitution of B by C [45–49] .
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Fig. 3. Structural parameters for samples M1, M2, and M3 extracted from XRD data measured on S top (//) and S side ( ⊥ ), respectively: (a) lattice parameter 
a of MgB 2 ; (b) lattice parameter c of MgB 2 . The inset in (b) explains intuitively the different values of the lattice constants obtained by XRD on the two 
perpendicular faces of the sample: the lattice shrinks in the SPS direction (//) and expands in the perpendicular directions ( ⊥ ). (c) Microstrain ε (%) of MgB 2 ; 
(d) Lattice matching relationship between (001) MgB 2 and (111) MgO. The distance between two neighboring Mg or B atoms in the (001) MgB 2 plane is 
3.086 Å, while the distance between two oxygen or Mg atoms in the (111) MgO plane is 2.9797 Å The two crystal planes also have compatible rotational 
symmetry, namely of 6th order for (001) MgB 2 and 3rd order for (111) MgO; (e) comparison of MgB 2 and MgO crystallite sizes (in nanometers) of the 
textured samples. 
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istortion in the matrix because C–B bond is shorter than the
–B one. The dependence reported in the above-mentioned

eports [45–49] works well for randomly oriented samples. In
he case of highly c -axis oriented samples, the uniaxial pres-
ure generated an enhancement of the anisotropic distribu-
ion of the strains and makes the model questionable. There-
ore, additional investigations are required for a correct eval-
ation of the relationship between the doping level and lattice
hanges in highly textured MgB 2 samples. For our samples,
t is reasonable to consider that some small amount of car-
on intake, e.g., from the graphite die system occurs during
PS processing in the textured samples as in the randomly
riented ones [46] . 

Fig. 3 e summarizes the average crystallite (coherence do-
ain) sizes in vertical and lateral directions. One can no-

ice that the MgO lateral size is always smaller than that of
gB 2 , which could be an argument in favor of MgO epi-

axy on MgB 2 . The column-shaped MgB 2 crystallites are the
onstituents of the micron-size plate-shaped grains revealed
n the SEM images presented below ( Fig. 4 ). 

When measured on S top and S side , the crystallite size of
gB 4 (83–98 nm, Table 1 ) shows differences and the ten-

encies for a certain measurement arrangement with the ori-
ntation degree are similar to those for MgB 2 although for
his phase texturing was not found. Lack of correlations and
xplanations for the crystallite size dependencies have the ori-
in in the complexity of the processes during processing, in-
olving chemical reactions, solid, liquid, and gas phases, and
lso in the limitations in evaluation by Rietveld method of
he crystallite size for the anisotropic crystals with a model
hat is suitable for spherical ones. A careful assessment and
urther studies are required. 

The relative density of the samples is high, close to the the-
retical value ( Table 1 ). This is confirmed by the SEM images
btained on the highly oriented samples M2 and M3 ( Fig. 4 b
nd c2) showing few pores. Few closed pores are visible also
n sample M1 ( Fig. 4 a) with a lower degree of orientation,
ut they can be the result of chemical etching. The plate-
ike hexagonal grains, which were ascribed to MgB 2 phase,
re visible in the SEM images of highly oriented samples
2 and M3 ( Fig. 4 b, c1 and c2). The in-plane size of the

latelets is about 1 μm. These micrographs confirm the c -axis
exturing of MgB 2 . We also note that samples with a higher
evel of orientation (e.g. M2, Fig. 4 b) are more corrosion re-
istant than sample M1 ( Fig. 4 a). The anisotropic corrosion
esistance is easy to understand from the crystal chemistry of

gB 2 . The weak chemical bonding of Van der Waals type
etween the alternating Mg and B ( ab )-planes favors a lower



2178 M.A. Grigoroscuta, G.V. Aldica, M. Burdusel et al. / Journal of Magnesium and Alloys 10 (2022) 2173–2184 

Fig. 4. SEM images taken on etched samples: (a) S top of 0T-SC + SPS vacuum; (b) S top of 12T-SC + SPS vacuum; (c) S side of 12T-SC + SPS nitrogen (1 –
fractured surface and 2 – polished surface). 
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orrosion resistance than in the plane where the bonds are
trong. 

The general TEM image on sample M3 shows grains with
at hexagonal surfaces ( Fig. 5 a). These grains ( Fig. 5 b) have

he crystal structure of MgB 2 with the c axis perpendicular to
he surface, as determined by selected area electron diffrac-
ion (SAED) (inset to Fig. 5 b). Other grains with a bulky
ppearance are ascribed to MgO ( Fig. 5 c). Oxygen was also
ound at the grain boundaries, between MgB 2 grains ( Fig. 5 d).
istribution of MgO and MgB 2 grains can be also observed
y using SAED mapping ( Fig. 5 g). By neglecting the MgO
rains, the orientation map for MgB 2 is presented in Fig. 5 h.
he color and intensity code map from ( Fig. 5 f), which are
ased on the orientation map from Fig. 5 h, indicates that most
rains are (00l) textured (red color is dominant) but there are
ngular deviations from a perfect orientation. Indeed, the pole
ig. 5 e for (00l) MgB 2 confirms that most grains of MgB 2 

re c -axis oriented since the highest intensity is for the cen-
er of the pole figure. Horizontal c -axis orientation is also
resent (blue color, in Fig. 5 f). Apparently, in the pole Fig. 5 e
here are present extra peaks with orientation at about 25–40 °
from the vertical) that corresponds quite well to ϕ of about
9 ° determined by XRD. Nevertheless, this result might be
ust a statistical artefact since the number of measured grains
s limited. The MgB 2 domain sizes of about 200 nm, high-
ighted in Fig. 5 g, are close to the average lateral extent of
he coherence domains of the MgB 2 resulted from XRD. 

The EDS maps from Fig. 5 i, and Fig. 5 j show the dis-
ribution of elements. In some cases, nitrogen seems to ac-
ompany Mg and O from relatively large regions ( Fig. 5 j).
here is also nitrogen in smaller nano areas not following

he O distribution. As reported in Ref. [24] , in randomly
riented samples fabricated by SPS in nitrogen, these nano
rains were ascribed to phase MgB 9 N. The amount and size
f this phase are small and due to this it cannot be clearly ob-
erved in XRD patterns ( Fig. 2 b). In Ref. [24] the nano size of
gB 9 N was determined to be comparable with the coherence

ength of MgB 2 (10–20 nm), and, thus, the precipitates of this
hase can play the role of effective pinning centers. Confir-
ation of the presence of the MgB 9 N phase in the samples

rom this work requires additional observations by electron
icroscopy. 

.2. Superconductivity aspects from magnetic measurements 
f the investigated samples 

Fig. 6 a shows magnetization curves with temperature. The
ritical temperatures T c are T c = 37.5 K, 38.4 K, and 38.3 K
or the samples M1, M2, and M3, respectively. The slightly
igher critical temperature of the samples M2 and M3 with
 better texture is probably due to the slightly lower level of
he microstrain [50] noticed in these samples ( Fig. 3 c). 

The J c ( H ) curves at 5–35 K (see, e.g., curves for 5 and
0 K in Fig. 6 b and Fig. 6 c) of all samples are pushed to
igher applied fields H when the measurement is performed
n parallel geometry, i.e., H || H 0 , than when H ⊥ H 0 but con-
erge to the same value at zero field. Nevertheless, a small
nisotropy of zero-field critical current density J c0 ( J c0, || >

 c0, ⊥ 

) at any investigated temperature can be visualized in
ig. 6 d. Samples M2 and M3 with a higher level of orienta-

ion ( η = 40.5 and 39.6%) have a higher difference between
 c|| and J c ⊥ 

when compared with sample M1 ( η = 16.1%). At
ow temperatures (e.g., at 5 K, Fig. 6 c), this difference is per-
aps further expanded by the presence of nitrogen in sample
3. The influence of orientation can be understood based on

he following observation. In a parallel field, the Lorentz force
ould try to move the vortices across the grain boundaries
hich provide a strong pinning. Hence, a high J c|| occurs. In

he direction perpendicular to the surface, the MgB 2 platelets
re defined as a high/dominant number of stacked interfaces
arallel to the S top surface. When the measuring field is ap-
lied in a perpendicular geometry, i.e. parallel to the (001)
lanes, the Lorentz force drives the vortices along the grain
oundaries to positions that make the field gradient smaller
nd, consequently, the J c ⊥ 

is smaller than in the previous case.
owever, this scenario should take into account also other
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Fig. 5. TEM/EDS images on bulk sample ‘M3’: (a) general TEM image; (b) detail showing the hexagonal surface of a MgB 2 grain as identified by SAED 

(inset); (c) TEM image and line scan showing that white grains are MgO; (d) TEM image and EDS line scan showing grain boundaries containing oxygen; 
(g) SAED map that identifies the crystal structures of 1 – MgB 2 (red) and 2 – MgO (green); (h) = SAED map showing the degree of orientation of MgB 2 

that corresponds to pole figure for (00l) from (e) and orientation color code from (f); (i) and (j) TEM images at two different magnifications and EDS maps 
for Mg, B, O, and N. 
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actors such as the inhomogeneity of the lattice parameters
ue to doping or stoichiometry variations, inhomogeneity and
nisotropy of the microstrain due to orientation and to the
resence of precipitates and defects. For example, in sample
3 introduction of nitrogen modifies the grain boundaries due

o the occurrence of MgB 9 N nano precipitates. 
The indicated factors influence the coherence length size

nd pinning, thus, impacting superconducting parameters. 
The temperature dependence of the irreversibility field

 Fig. 6 e) follows the law: 

 irr = H irr ( 0 ) 

[ 

1 −
(

T 

T c 

)2 
] β

, (6)

Both H irr (0) and β are strongly dependent on the orien-
ation ( Table 2 ). The values of β are grouped around two
ifferent values within the error of measurement: when H ||
 0 , the exponent is rather high β || ≥ 1.7 , whereas for H ⊥ H 0 ,
⊥ 

has an average value β̄⊥ 

≈ 1 . 5 , which is close to the clas-
ical value of 1.5 [ 51 , 52 ]. For an increasing orientation degree
, H irr, || (0) increases and H irr, ⊥ 

(0) decreases ( Table 2 , inset
o Fig. 6 e). It is noteworthy that the increase of H irr (0) with
rientation η for H || H 0 (‘M1 || ’, ‘M2 || ’, ‘M3 || ’) is more pro-
ounced than decrease for H ⊥ H 0 (‘M1 ⊥ 

’, ‘M2 ⊥ 

’, ‘M3 ⊥ 

’)
see inset to Fig. 6 e). This result is important for practical
pplications and motivates the use of textured MgB 2 bulks.
 linear fit of the η-dependence of the zero-temperature ir-

eversibility H irr (0) for H || H 0 and H ⊥ H 0 provides close
alues for a random orientation ( η = 0): H irr ,|| | η = 0 = 7.50

0.02 and H irr , ⊥ 

| η = 0 = 7.02 ± 1.90. A consequence of the
xistence of different irreversibility fields is the divergence
f the current anisotropy, γ J = J c ,|| / J c , ⊥ 

at H irr, ⊥ 

. The depen-
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Fig. 6. (a) Reduced magnetization curves vs. temperature; (b) and (c) curves of critical current density J c ( μ0 H ) at 5 K and 20 K, respectively; (d) zero-field 
critical current density J c0 with temperature; (e) temperature dependence of the irreversibility field H irr of MgB 2 samples in the parallel and perpendicular 
geometries of measurements. Lines are fits with Eq. (6) . Inset shows the dependence of the irreversibility fields on the degree of (001) orientation η. The lines 
are linear fits. All the fit parameters are shown in the Table 2 ; (f) volume maximum pinning force with temperature. 

Table 2. 
Fit parameters with Eq. (6) of the irreversibility curves vs. temperature ( Fig. 6 e). 

Sample μ0 H irr, ⊥ (0) (T) μ0 H irr, || (0) (T) β⊥ β || δ

M1 6.67 ± 0.07 8.87 ± 0.12 1.54 ± 0.04 1.71 ± 0.08 0.13 ± 0.01 
M2 6.10 ± 0.02 10.99 ± 0.05 1.45 ± 0.01 1.82 ± 0.02 0.31 ± 0.02 
M3 5.54 ± 0.03 10.85 ± 0.11 1.48 ± 0.02 1.70 ± 0.05 0.23 ± 0.02 
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Fig. 7. (a) Current anisotropy γ J as a function of the applied field relative to the irreversibility field for parallel direction h || = H/H irr,|| at 20 K; (b) temperature 
dependence of the anisotropy of the irreversibility field γ H in samples M1 || , M2 || and M3 || . Continuous lines are fits with Eq. (7) . 
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ence at 20 K of γ J on the reduced field h || = H/H irr,|| for
ur samples is presented in Fig. 7 a. A second consequence
s that there is a temperature dependence of the anisotropy of
he H irr , γH 

= H 

|| 
irr /H 

⊥ 

irr described by: 

H 

= γH 

( 0 ) 
[
1 − ( T / T c ) 

2 
]δ

, (7)

ith δ = β || − β⊥ 

. The temperature dependence of γ H 

s shown in Fig. 7 b and the values of β are gathered in
able 2 . 

One observes that also the maximum pinning force F p, max 

s slightly larger in samples with a higher level of orientation
 Fig. 6 f). 

Next, we present the results of the angular ( α) dependence
f superconducting parameters determined from magnetiza-
ion loops m ( H ) measured at 10 and 20 K. The weak angular
ependence of J c0 ( Fig. 8 a) confirms the low field conver-
ence of J c|| and J c ⊥ 

mentioned above. However, for sam-
le M2, close to α = 90 ° the curve J c0 ( α) is approximately
onstant, while for sample M3 there is a slow increase. The
eason for this effect is missing. As expected, H irr displays a
igh angular variation ( Fig. 8 b). The normalized pinning force
 p 

max / F p 
max (90 °) displays a split of the main peak into two

eaks positioned at αpeak = ± 25–38 ° ( Fig. 8 c). The values
f | αpeak | ≤ ϕ ( Table 1 ). They likely correspond also with re-
ults of the pole figure from TEM measurements ( Fig. 5 e, see
lso text in Section 3.1 ): in pole figures there is a main central
eak accompanied by satellite peaks. The intensity of the two
etter resolved satellite peaks in the pole figure is not equal
nd this might be the reason for different intensities of the
 p 

max / F p 
max (90 °) when α is positive or negative, but more re-

earch is needed. Overall, the peak of F p 
max / F p 

max (90 °) with-
ut considering its split is broad and this might be convenient
or applications. Following this idea, the result may suggest
hat from a practical viewpoint, a partially textured but op-
imized (00l) MgB 2 material might be more valuable than a
erfectly textured one. More research is needed to demon-
trate this idea. Finally, we observe that the reduced field of
he pinning force h 0 = H(F p, max )/ H irr as a function of α has
 minimum at α = 0 ° ( H || H 0 ). The minimum values of h 0 

 Fig. 8 d) are in the range 0.12–0.16 ( α ∼ 0 °). These values
re smaller than the lowest theoretical value h 0 = 0.2 corre-
ponding to the pinning on the grain boundaries [53] which
emain the dominant pinning mechanism in MgB 2 [54] ). As
lready introduced before, the favorable direction for super-
onductivity in (001) oriented MgB 2 is when H || H 0 ( H ||
 -axis) and one can take advantage of a better connectivity
nd of an effective use of grain boundaries for pinning. To
urther observe this effect in terms of the pinning behavior
or different T and H , we assessed as an example the pinning
ctivation energy U 

∗ from relaxation measurements for sam-
le M3 and we compare the curves with those for a reference
andomly oriented sample prepared by SPS without the slip
asting step ( Fig. 9 ). 

The activation energy U 

∗ increases with temperature in
he collective (elastic) vortex-creep regime where the vortex
hase is ordered [55] and decreases for plastic (dislocation
ediated) creep where the vortex phase is disordered [56] .
urves for studied samples show this trend as one can observe

n Fig. 9 a. The crossover at about 9 K can be understood
n terms of an energy balance relation, where the thermal
nergy can be neglected for strongly pinned samples when T
s much lower than T c . Therefore, at low T , the relaxation is
maller leading to a J closer to J c , the effective pinning is
eak and the inter-vortex interactions play an important role,
iving rise to collective pinning. At high T the energy balance
hanges, because J relaxes faster and U 

∗ increases. In these
onditions, in the vortex system, dislocations occur due to
ortex pinning and the creep becomes plastic. Roughly, this
ynamic crossover appears when the effective depth of the
inning potential well equals the vortex deformation energy
57] . No crossover was observed in U 

∗( H) and U 

∗ decreases
ith increasing field, which is characteristic for plastic creep

 Fig. 9 b). 
Curves U 

∗( H) and U 

∗( T) measured on the oriented sample
3 for the applied magnetic field in the parallel and per-

endicular directions indicate on the anisotropy of U 

∗. The
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Fig. 8. Curves of: (a) zero-field critical current density J c0 ; (b) irreversibility field μ0 H irr ; (c) normalized pinning force F p 
max / F p 

max (90 °); (d) h 0 as a function 
of applied field orientation angle α (0 ° denotes the H || H 0 position) at 10 and 20 K for highly textured sample M2 in red and sample M3 in green. 

Fig. 9. The pinning activation energy as a function of temperature (for an applied magnetic field of 3 T) (a) and applied magnetic field (b). Sample denoted 
reference is a randomly oriented sample made from the same raw material and by SPS, but without slip casting. 
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inning activation energy U 

∗ of the sample M3 measured in
arallel geometry ( H || H 0 ) is higher than for the reference
ample, whereas the measurement in perpendicular geometry
rovides a lower U 

∗. Similar to the irreversibility field, this
ehavior is related to different density of barriers, namely to
rain boundaries that a vortex encounters when its orienta-
ion is parallel to the plate or perpendicular on it. The values
nd curves shape of U 

∗ are comparable with data reported in
iterature for pristine, added or proton irradiated MgB 2 bulks
58–61] . 
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. Conclusion 

The approach from this work demonstrates new possibil-
ties for further improvements of the MgB 2 superconductor
nd its processing technology. 

We have shown that de-agglomeration and homogenization
f the colloidal solution by high energy ultra-sonication dur-
ng slip casting promotes (00l) orientation of the MgB 2 grains
n the spark-plasma-sintered bulks. When during slip casting
 magnetic field is not applied, the degree of orientation in
he sintered sample attains ∼16%. The degree of orientation
s further enhanced towards high values ( ∼40%), if during
lip casting a high magnetic field of 12 T is applied. Some
rientation was detected also for the grains of the secondary
gO phase. 
Anisotropy of structural, microstructural and superconduct-

ng parameters of MgB 2 is analyzed and corroborated. The
fficiency of grain boundaries on vortex pinning depends on
rientation. The peak of F p 

max / F p 
max (90 °) was found to be

road in the highly oriented samples from this work sug-
esting that for practical applications a partially textured, but
ptimized (00l) MgB 2 bulk might be more suitable than a
aterial with perfect 100% (00l) texture. This result and the

inning activation energy behavior provide the first elements
ecessary for design, fabrication and control of textured MgB 2 

ulks (Eqs. (1) –(5) ). 
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