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The structure and composition of MgB2-based materials (bulk, wires and thin films)
prepared at different pressures (0.1 MPa–2 GPa) and temperatures (600–1050 oC), and
melt-textured YBa2Cu3O7–δ (MT-YBCO) oxidized in oxygen flow at 440 oC and under
hydrostatic pressure of 16 MPa at 800 oC, which demonstrated high critical current
densities jc, were analysed by X-rays, SEM–EDX and TEM. Correlations between the
character of material inhomogeneities, which can be pinning centres and influence
superconducting characteristics, are discussed. The effect of defects such as twins,
dislocations, macrocracks and microcracks on critical current density and mechanical
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characteristics of MT-YBCO is considered. Regularly distributed nanostructural
inhomogeneities responsible for pinning and connected with Mg, B and O content
variation in the nanoscale were observed in all types of the MgB2-based materials. The
effect of homogeneity of the matrix phase of MgB2 wires, with and without additions
of carbon and dysprosium oxide, as well as the ratio of Mg to B on the critical current
densities in the wires, were established.
Keywords: electron microscopy, mechanical characteristics, MgB2, superconducting
materials, YBa2Cu3O7–δ

1.  Introduction

Superconducting (SC) materials based on MgB2 and YBa2Cu3O7–δ (YBCO) are promising for
many different applications, such as fault current limiters, magnetic resonance imaging, SC
magnetic energy storage devices, transformers, electrical motors and generators, cryogenic
pumps, adiabatic demagnetization refrigerators, magnetic separators, magnetic levitation
transport and bearings, and magnets for high-energy physics.1–9 SC MgB2 wires are used for
aviation and space applications and for powerful offshore wind generators, etc.

The SC characteristics of MgB2- and YBa2Cu3O7–δ-based materials, such as critical current
density, irreversibility field and trapped magnetic field, depend on the pinning of vortices by
nanostructural defects commensurable with the coherence length (0.6–3.1 nm for Y12310 and
1.6–12 nm for MgB2

11). Because of its comparatively high coherence length, high critical
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currents can be realized in nanostructured MgB2; grain boundaries and nanosized inclusions of
secondary phases are considered as pinning centres.12,13 The boundaries between YBa2Cu3O7–δ
(or Y123) grains that are misoriented by more than 4–5° are essential obstacles for SC current
flow. Thus, for attaining high current densities and trapped magnetic fields, single-domain
textured blocks or epitaxial films with no lattice mismatches have to be prepared. In melt-
textured materials based on YBa2Cu3O7–δ (MT-YBCO), pinning centres can be dislocations,
stacking faults and twins, which are considered to play an important role on attaining high
critical superconducting currents.14–21 Regularly distributed nanostructural inhomogeneities
connected with Mg, B and O content variation on the nanolevel were observed in all types of the
MgB2-based materials and are considered to be responsible for pinning in these materials.
Application of pressure during the manufacturing process (gaseous oxygen pressure in the case
of YBa2Cu3O7–δ-based materials or mechanically created pressure in the case of MgB2-based)
is of great help in attaining high functional SC characteristics of the materials. High pressure
(2 GPa) processing, hot pressing (30 MPa), spark plasma (50 MPa) sintering or synthesis,
explosive compaction and extrusion using the powder-in-tube method of MgB2 as well as high
pressure (10–16 MPa) and high temperature (700–800 oC) oxygenation of MT-YBCO can be
successfully used for manufacturing stable materials with record superconductive and
mechanical characteristics.22–27
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(2007) R47–R73.
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The working temperature of magnesium diboride can be chosen to be near that of liquid
hydrogen or neon (20–30 K). It is easily produced and comparatively cheap, but prone to
quenching during pulsed magnetization. This problem has to be solved in order not to restrict
the material’s widespread application. The working temperature of YBCO-based materials can
be higher (e.g., around the temperature of liquid nitrogen, 77 K, or somewhat lower), but their
production is much more expensive and complicated and the problems with a.c. losses and
appropriate optimal twisting of coated conductor taps are not solved yet. A big risk of
quenching and damaging powerful magnets exists for coated conductors as well.

Nowadays, investigations aimed at improving the characteristics of MgB2-based materials
and MT-YBCO look at the positive effect of oxygen in their structures on superconducting
characteristics.28–32 Correlations between the character of the material inhomogeneities (which
can be pinning centres) and the attained SC characteristics are considered in this paper.

2.  Experimental

The preparation of MT-YBCO ceramics comprises two main stages: (1) formation (using an
Sm123 seed crystal) of a pseudo-single domain YBa2Cu3O7–δ (δ ≈ 0.7) block with finely
dispersed inclusions of Y2BaCuO5 (Y211); (2) oxygenation of the YBa2Cu3O7–δ matrix up to
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δ~0.1–0.0, during which dislocations, stacking faults and twins (which, it is considered, can
improve the SC properties, being pinning centres) and microcracks and macrocracks (harmful
for SC current flow) can be formed. Three types of starting MT-YBCO have been used: Type 1
is a traditional bulk MT-YBCO produced from a mixture of commercial YBa2Cu3O7–δ powder
(Solvay) with Y2O3 and CeO2 powders taken in the ratio of Y1.5Ba2Cu3O7–δ+1% CeO2, the
texturing process using seed crystals being carried out in the air.33 Type 2 is thin-walled MT-
YBCO with a set of parallel holes (Fig. 1a) (to reduce the depth of oxygen penetration during
oxygenation), which has been obtained34 from a mixture of 70 wt% of YBa2Cu3O7–δ and
30 wt% of Y2BaCuO5, to which 0.15 wt% of PtO2 has been added. The cooling of Type 2 MT-
YBCO from 980 oC after formation of the Y123 took place in a low-oxygen atmosphere (below
0.5 kPa) with 0.1 MPa nitrogen in order to prevent cracking. The starting MT-YBCO samples of
Types 1 and 2 had a tetragonal textured structure of the YBa2Cu3O7–δ matrix with δ ≈ 0.7.
Oxygenation was carried out under flowing oxygen at atmospheric pressure and under elevated
oxygen pressure of up to 16 MPa. MT-YBCO after melt texturing was oxygenated at 440 oC in
O2 flow for 14 days and at 800 oC, 16 MPa O2 for 3 days. The heating process in the case of
oxygenation at 16 MPa was started in nitrogen at 0.1 MPa; it was gradually replaced by oxygen
upon raising the temperature (to prevent oxygenation at low temperature and crack formation).
After reaching the highest temperature the oxygen pressure was gradually increased up to 16 MPa.21

Type 3 MT-YBCO was obtained by high (mechanical quasihydrostatic) pressure–high temperature
treatment20,35 of previously fully oxygenated (at 0.1 MPa flowing oxygen and 440 oC) MT-YBCO
of Type 1. The high-pressure treatment was undertaken in contact with precompacted hexagonal
ZrO2 powder at 2 GPa, 800 oC for 0.5 h. Heating in contact with ZrO2 at this pressure allows us
to preserve oxygen content in the Y123 matrix.

Different forms of MgB2-based materials were studied: thin films obtained by magnetron
sputtering (a); bulk specimens synthesized from Mg:2B mixtures: at ambient pressure in Ar
flow; (b) under high quasihydrostatic 2 GPa pressure (using amorphous boron without and with
specially added carbon) (c); by spark plasma sintering under 50 MPa pressure (d); by hot
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(2005) S206.
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pressing at 30 MPa (e); and wires prepared by HyperTech (by the authors of this paper) from
Mg and B without and with C addition and without and with Dy2O3 additions (f).27,29,30

Monofilamentary MgB2 strands (wires) of round (0.83 mm in diameter) and quadratic
(0.73 × 0.73 mm) cross-sections were sintered at 650 oC for 1 h. The strand architecture consists
of a Monel outer sheath and a Nb barrier surrounding the powder mixture. The starting powders
were undoped and C-doped boron from Specialty Materials Inc. (SMI). The boron powders
from SMI were mostly amorphous with a particle size of 10–100 nm. The C-doped powders
contained 2 mol% C. The round wire with the addition of 4 wt% of Dy2O3 nanopowders to the
Mg:2B mixture was prepared using C-doped boron.

The MgB2 bulk samples were prepared in MgB2 stoiechiometry without and with carbon
addition. The high pressure (2 GPa)–high temperature (600–1050 oC) synthesis of bulk MgB2
was carried out in contact with precompacted hexagonal boron nitride powder in a recessed-
anvil high-pressure apparatus.35 They were prepared by spark plasma sintering as well: under
50 MPa pressure, at 600 oC for 0.3 h and at 1050 oC for 0.5 h from a mixture of Mg and B

Figure 1. a) general view of thin-walled MT-YBCO of Type 2; b) and c) structure of MT-YBCO
materials before oxygenation of Types 1 and 2, respectively, obtained via polarized light microscopy;

d) dislocations in Type 3 detwinned MT-YBCO after high pressure treatment (image obtained by
TEM); e) twins in Type 2 MT-YBCO in which dislocations were practically absent (image obtained by

TEM); f) trapped magnetic fields (surface induction at 77 K after field cooling under 2 T) of thin-
walled MT-YBCO of Type 2 oxygenated at 16 MPa (blocks 16 mm in diameter, 10 mm in height, with

0.8 mm holes).
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powders with MgB2 stoiechiometry. Thin films of MgB2 (about 140±10 nm thick) were
deposited on 8×8×0.2 mm sapphire substrates with (001) orientation. The deposition was made
by magnetron sputtering in an Ar atmosphere at a pressure of about 1 Pa using a MgB2 hot-
pressed target. In situ annealing of the deposited films was carried out subsequently.30

Structure was examined using polarized optical microscopy and a TEM (200 kV) as well as
X-ray diffraction (with Rietveld refinement) and SEM with microprobe X-ray and Auger
(JAMP”9500F) options.

The critical current densities (jc) of bulk and films were obtained from magnetization
measurements in an Oxford Instruments 3001 vibrating sample magnetometer (VSM) using the
Bean model. The critical current density of wires was defined by the commonly used electric
field criterion, Ec = 1 μV cm–1, when the electric field during ramping the current (and the
current density J) exceeds this value, i.e. Jc = J(Ec). The constant offset voltage caused by
induction was subtracted before data processing.

For investigation of the oxygenation process of MT-YBCO after texturing (before
oxygenation), small rectangular bars with dimensions of about 2×2×5–7 mm were cut from the
MT-YBCO blocks (Types 1 and 2) oriented such that the longer sides of the bars were parallel to
the c-axis of the Y123 matrix and perpendicular to its ab-planes. It was possible because
the position and orientation of the seed crystal used for the manufacture of the melt-
textured quasi-single domain block was known. Small samples (rectangular bars) of Types 1
and 2 and melt-textured large blocks were simultaneously oxygenated under the same
conditions. The number of cracks was calculated for the entire small samples using polarizing
microscopy. Linear densities of cracks were calculated using dozens of separate images
collected together, which revealed the numbers of cracks on the entire surfaces of the
rectangular bars. After polishing, macrocracks became visible and after etching by acid the
microcracks became visible as well. Cracks are usually parallel to the ab-planes because they
appear during oxygenation due to the decreasing c-parameter. The density of twins was
estimated by polarized light microscopy and TEM. The trapped fields were studied by scanning
with a Hall probe surfaces of the big whole blocks oxygenated together with small rectangular
bars after their field cooling. Hardness was measured with a Matsuzawa MXT-70
microhardness tester for HV (using a Vickers indenter). Fracture toughness was estimated from
the length of the radial cracks emanating from the corners of an indentation.

3. Results and discussion

3.1 MT-YBCO

Analysing the data given in Table 1 one can see that the density of twins correlates with distance
between Y211 inclusions (Fig. 1, b & c) and critical current densities. TEM showed that shorter
distances between Y211 grains resulted in a higher density of twins.32 According to X-ray
structural analysis, the YBa2Cu3O7–δ matrices of all the materials investigated in this paper were
fully oxygenated with 7–δ ≈ 6.9–7.0. Despite the density of dislocations (Fig. 1d)—after high
pressure–high temperature treatment it was increased by about 4 orders of magnitude, reaching
1012 cm–2—and the many stacking faults present, the parallel detwinning leads to low critical
currents (Table 1). Thus, MT-YBCO material with a high concentration of dislocations in the
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YBa2Cu3O7 phase but with very low twin density manifests a critical current density essentially
lower than that without dislocations and stacking faults, but with a high concentration of twins
(Fig. 1e). The more homogeneously distributed Y211 grains in Y123 matrices with short
distances between them in Type 2 MT-YBCO lead to a higher twin density after oxygenation
at high pressure (16 MPa), which allowed us to obtain an extremely high irreversibility field
of 9.7 T at 77 K in the ab-plane (H||c). The oxygenation at elevated isostatic pressure and
temperature higher than 750 oC leads not only to high twin density in the Y123 structure but
practically to the absence of dislocation and stacking faults in it (Fig. 1e).

 

 

Type 1 Type 2 Type 3 

0.1 MPa, 
440 oC 

16 MPa, 
800 oC 

0.1 MPa, 
440 oC 

16 MPa, 
800 oC 

0.1 MPa, 
440 oC and 

2 GPa, 
800 oC 

Density of microcracks/mm–1  
890 200 1500 270 - 

Density of twins/μm–1 
0.5–15 7–20 12–16 20–35 0–1 

Density of macrocracks/mm–1 
1.5 0.4 1.3 absent - 

Critical current density at 0 T field/kA сm–2 
H||c 

58.0 83.0 60.0 81.0 9.2 
Н||ab 

16.5 30.0 17.5 34.0 4.2 
Irreversibility field/Т (Н||c) 

6.3 5.8 8.7 9.7 5.7 
Vickers microhardness (Hv)/GPа, estimated at Р=4.9 N 

on ab 
4.3±1.1 6.3±0.5 6.8±0.9 7.3±0.2 - 

⊥ab 
6.6±0.5 7.5±0.6 7.6±0.1 7.6±0.3 - 

Fracture toughness (K1c)/МPа m0.5, estimated at Р=4.9 N 
on ab 

0.7±0.2 3.31±1.05 1.9±1.4 4.37±0.77 - 
⊥ab 

- 1.95 1.73±0.13 2.8±0.24 - 

Table 1. Characteristics of MT-YBaCuO of Types 1–3 oxygenated under different
conditions (in all the cases the YBa2Cu3O7–δ matrices were fully oxygenated (7–δ ≈ 7).

The high pressure (16 MPa)–high temperature (800 oC) oxygenation allowed the number
of microcracks to be decreased and practically excludes macrocracks parallel to the ab-plane,
which in turn leads to an increase of critical current density in the c-direction and to a reduction
of critical current density anisotropy. The observed increase of the Vickers hardness for the
ab-plane can be connected with twin density increase and with reduction of the number of
microcracks, which are usually parallel to the ab-planes (Table 1). The observed increase of the
fracture toughness may have a similar explanation. The formation of twins is connected with
the transformation of tetragonal YBa2Cu3O7–δ into orthorhombic structures and thus with
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increasing oxygen concentration in the basal planes from 6.3 to 7 atoms per unit cell (during
which the c-parameter diminishes). Elevated pressure (10–16 MPa) is necessary to keep
oxygen in the Y123 structure at high temperature (800 oC). Since the diffusion rate increases at
high temperature and the oscillations of atoms around their positions in the crystal lattice
increase, oxygen under enhanced pressure can enter the YBa2Cu3O7–δ tetragonal structure with
lower resistance. This can explain the diminution of cracking during oxygenation at high
temperature and isostatic elevated oxygen pressure.

The trapped field of the thin-walled MT-YBCO sample estimated using the block 16 mm in
diameter and 10 mm in height with 0.8 mm diameter holes is shown in Fig. 1f. The maximal
trapped field value of 0.54 T was observed after short-time oxygenation at 800 oC at 16 MPa
oxygen pressure.

3.2 MgB2-based materials

Despite magnesium diboride being nominally an oxygen-free compound it is practically impossible
to synthesize or sinter materials based on it without oxygen impurities, because of the high affinity of
Mg for oxygen. Recently we have shown that superconducting matrices of bulk magnesium diboride
with AlB2 structures contain some oxygen in their unit cells (MgB1.68–1.8O0.32–0.2).29 This was shown
experimentally by X-ray and Auger studies and supported by ab initio simulation. Materials with
such matrices demonstrated extremely high superconductivity.27,29

The typical microstructures of MgB2-based bulk material, thin films and wires that
demonstrated good SC characteristics are shown in Fig. 2. The dependences of critical current
densities v. magnetic fields are presented in Figs 3 and 4. The structures of all the investigated
materials were not homogeneous; periodically repeated nano- or micro-sized zones of different
compositions can be the reason for strong pinning36 and high critical currents. Admixed oxygen
seems to play an important role in attaining strong pinning because it preferentially segregates,
forming separate Mg–B–O oxygen-enriched inclusions (in Fig. 2f, Mg-B-O inclusions appear
white or bright) or nanolayers (Fig. 2e, marked by “A”, and appear the brightest). MgB2-based
bulk materials obtained at lower temperatures (600–800 oC) usually yield less segregated
admixed oxygen (it forms Mg-B-O nanolayers), while materials prepared at higher
temperatures contain separate Mg-B-O inclusions.29 Some additives (Ti, Ta, Zr, SiC) also
promote an increase of admixed oxygen aggregation and lead to the formation of separate
inclusions even at comparatively low synthesis temperatures (800 oC).37 The results of ab initio
calculations of the electronic structure and stability of magnesium diboride compounds with
partial oxygen or carbon substitution for boron show that it is energetically favourable in the
MgB2 structure for oxygen to replace boron pairwise in neighbouring positions or to form
zigzag chains, and for carbon atoms to be distributed homogeneously38 (i.e., it is favourable for

36 M. Eisterer, Calculation of the volume pinning force in MgB2 superconductors. Phys. Rev. B. 77
(2008) 144524.

37 T. Prikhna, Structure and properties of bulk MgB2. In: MgB2 Superconducting Wires (ed. R. Flükiger)
(World Scientific Series in Applications of Superconductivity and Related Phenomena Vol. 2), ch. 3a
(pp. 131–157). Singapore: World Scientific (2016).

38 T.A. Prikhna, A.P. Shapovalov, G.E. Grechnev, V.G. Boutko, A.A. Gusev, A.V. Kozyrev, M.A. Belogolovskiy,
V.E. Moshchil, V.B. Sverdun, Formation of nanostructure in magnesium diboride-based materials
with high superconducting characteristics. Low Temperature Phys. 42 (2016) 380–394.
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oxygen atoms to aggregate). It is considered that the boundaries between areas with any
deviation in concentration or such zones (inclusions) themselves are potentially places for
pinning Abrikosov vortexes. Zones with essentially a higher concentration of boron than in
MgB2 (so-called higher magnesium borides, MgBy, y > 6) appeared the blackest (see, e.g.,
Fig. 2f), can also affect pinning and their augmented presence in the structure usually leads to an
increase of critical current density in high magnetic fields.

Figure 2. Microstructures of MgB2-based materials, obtained by SEM, of: a) thin film secondary
electron image (SEI), its jc dependences are shown in Fig. 4, curves 5 and 6; b) and c) wire (same place
under the same magnification in SEI and BEI, respectively), its jc at 4.2 and 20 K are shown in Fig. 5,

curve 4); d), e) and f) bulk materials backscattered electron image (BEI), synthesized, respectively, from:
Mg:2B using C-doped amorphous B at 600 oC, 2 GPa, 1 h, its jc shown in Fig. 4, curve 2; Mg:2B using
boron without carbon at 800 oC, 2 GPa, 1 h; and Mg:2B using B without carbon at 1050 oC, 2 GPa, 1 h.

Fig. 3 demonstrates the critical current density dependences v. applied magnetic fields at
20 K estimated magnetically (using a vibrating sample magnetometer and the Bean model) for
bulk MgB2-based materials prepared under different pressures (created using different methods
of synthesis, curves 1–4) and in two directions (parallel and perpendicular to the film surface,
curves 6 and 5) for thin films obtained by magnetron sputtering. The finer nanostructural
inhomogeneities in the thin film (Fig. 2a) lead to higher critical currents (Fig. 3, curve 6) in
comparison with wires (Fig. 4) and bulk samples (Figs 2b–f; Fig. 3, curves 1–4).

The data represented by curves 1, 3 and 4 in Fig. 3 evidence the positive effect of pressure
applied during synthesis. This is not only due to the possibility to attain a denser structure but
also because of suppression of Mg’s volatility. The combination of high pressure and addition
of carbon to boron allowed us to essentially increase the critical current density in high
magnetic fields, while due to a decrease of the superconducting transition temperature (from
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Figure 3. Dependences of critical current density, jc, v. magnetic field, moH, estimated at 20 K for
MgB2-based materials. Key:1 HP high-pressure, synthesized at 2 GPa, 1050 oC, 1 h from Mg and B
with MgB2 stoiechiometry; 2 HP high-pressure, synthesized at 2 GPa, 600 oC, 1 h from Mg and B

(with C addition) with MgB2 stoiechiometry; 3 SPS spark-plasma synthesized at 50 MPa, 600 oC for
0.3 h and at 1050 oC for 0.5 h from Mg and B with MgB2 stoiechiometry; 4 PL pressureless sintering

at 0.1 MPa (1 atm in flowing Ar), 800 oC, 2 h from a precompacted mixture of Mg and B with MgB2
stoiechiometry; 5 Film H||c and 6 Film H||ab are thin films deposited by magnetron sputtering, with

the magnetic field parallel and perpendicular to the film surface, respectively.

Figure 4. Critical current densities of wires at a) 4.2 K and b) 20 K. The solid lines are merely a visual
guide.
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38.2 down to 35 K because of carbon incorporation into the MgB2 lattice) the critical current
decreased in low magnetic fields (Fig. 3, curve 2).

Figs 5 and 6 present the results of the structural study by SEM and EDX of single
filamentary strands or wires manufactured from Mg and B without additions (Fig. 5) and with
the addition of 2 mol% of C (Fig. 6). Figure 6c shows the structure of a wire prepared from a
mixture of Mg and B with 2 mol% of C taken in Mg:2B’s stoiechiometry, to which 4 wt% of
Dy2O3 nanopowder was added as well. The results of critical current density estimation v.
magnetic field at 4.2 and 20 K of wires prepared from boron with carbon addition are presented
in Fig. 4. The highest critical current flowed in round wire prepared using boron with carbon
addition (curves 2, Figs 4a and b); wire with added Dy2O3 nanopowder (curves 4, Figs 4a and b)
were somewhat lower. The lowest critical currents were in wire of square cross-section
prepared from boron with carbon addition (curves 3, Figs 4a and b), while all technological
aspects except shaping were absolutely the same as in the case of the round wire (curves 2).

The structural study (Figs 5 and 6) after deep Ar ion etching of the surfaces of the wire (to
remove the surface oxidized layer) in the chamber of a microscope allowed us to conclude that
all wires contained a rather high amount of oxygen. Hence, admixed or specially added (in the
case of Dy2O3) oxygen is not the obstacle for attaining high critical currents in MgB2 wires.
Table 2 summarizes the results of the SEM EDX study of deviation from stoiechiometry and
presents average compositions of the main matrix phases of wires. In the wire with added
Dy2O3, dysprosium or a dysprosium-containing phase was only found in several localized spots
(see, e.g., Fig. 6c, point S4), hence distributed quite inhomogeneously, enacting pinning in the
MgB2-based wire. The average amount of oxygen and the carbon concentration were
practically the same in the matrices of square-shaped wire without (# 3) and round-shaped wire
with (# 4) additions of Dy2O3, while the amount of boron in the last wire was essentially higher
than needed according to the MgB2 stoiechiometry (Table 2). The microstructure of the square-
shaped wire (Fig. 6b and # 4 in Table 2) was very inhomogeneous, while the microstructure of
round wire prepared from the same initial powdered mixture turned out to be very
homogeneous (Fig. 6a and # 2 in Table 2) and contained the lowest amount of admixed oxygen
than all the other wires examined. The average Mg:B ratio of the round wire (# 2) was close to
that of MgB2 stoiechiometry (MgB2.1) and, in contrast to the square-shaped wire (# 3), deviated
from point to point in a very narrow range. Thus, the most reasonable explanation why their
dependencies of critical current densities are so different (Fig. 5) can be the fact that the
different styles of their drawing led to the difference in the homogeneity of their structures after
sintering, especially, to the deviation of the Mg:B ratio. In the wire with Dy2O3 addition it was
essentially shifted towards higher concentrations of boron (MgB3.6–5.2) and the Dy-contained
phase was not homogeneously distributed in the wire matrix (Table 2, # 4, Fig. 6c). It is well
known from our previous studies of bulk magnesium diboride-based materials that even if the
ratio between magnesium and boron in their matrices differs to high extent from MgB2
stoiechiometry (for example, if the material mainly contains MgBy (12 > y > 6) phases), the
absolute level of critical current density (estimated magnetically) can be comparatively high,25

but still essentially lower than that of the material with near-MgB2 stoiechiometry of the matrix
phase. Possibly, higher boron concentration (wire # 4) leads to some decrease in critical current
density in comparison with the wire to which just carbon was specially added (wire # 2).
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Figure 5. Microstructure of wire (strand) prepared from magnesium and boron without carbon
addition (curves 1 in Fig. 4): (a) image of microstructure with points of analysis (SEI) and

approximate stoiechiometry in these points estimated using EDX analysis and image of cross-section
of wire (BEI); (b) image of microstructure (SEI) and maps of B, C, O, Mg and Cu distributions on the

area of image (obtained by SEM).
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Figure 6. Images of cross-sections of wires (BEI) and microstructures (SEI and BEI) with points of
analysis and approximate stoiechiometry in these points estimated using EDX analysis: (a) round-

shaped wire prepared using Mg and B (with 2 mol% C) and EDX results in points, after EDX results
the wire microstructure (BEI) is given at higher magnification; (b) square-shaped wire prepared using
Mg and B (with 2 mol% C); (c) round-shaped wire prepared using Mg and B (with 2 mol% C) and

4 wt% Dy2O3 additions to Mg:2B mixture.

Type of wire Range of composition Average composition 
1. Mg:2B(without C), round shape MgB1.5–2.7C0.01–0.09O0.65–1.9 MgB2.3C0.08O1.3 
2. Mg:2B(with 2mol% C), round shape MgB1.8–2.4C0.12–0.15 O0.04–0.7 MgB2.1C0.13O0.25 
3. Mg:2B(with 2mol% C), square shape MgB0.8–2.7C0.1–0.9O0.5–1.4 MgB1.7C0.2O0.8 
4. Mg:2B(with 2mol% C) + 4wt% Dy2O3, round shape MgB3.6–5.2C0.15–0.2O0.5–0.8 MgB4.4C0.18O0.7 

 

Table 2. Deviation in stoiechiometry and average composition of the main phase of different types
of MgB2-based wires.
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The wire prepared from boron without expressly added carbon (Fig. 6 and # 1 in Table 2)
contained a small amount of admixed carbon after synthesis, which can originate from the
initial amorphous boron (in which some impurity carbon can be present). Its microstructure was
less homogeneous (Fig. 6) than that of wire prepared using boron with expressly added carbon
(Fig. 6a) and contained a higher amount of admixed oxygen (compare nos 1 and 2 in Table 2). The
lower concentration of carbon can be the reason of comparatively low critical current densities
in high magnetic fields. The effect is well known and widely discussed in the literature.

Comparing structures and characteristics of different wires it is possible to conclude that
for attaining high superconducting performance in high magnetic fields it is rather important to
create a homogeneous structure with composition of the matrix near to MgB2. The presence of
oxygen is not an obstacle to attaining high SC characteristics. The distribution of oxygen may
affect the critical current density. A more homogeneous structure is preferable. The Dy2O3
nanopowder was not homogeneously distributed in the round wire, so it is not easy to establish
the reason for its somewhat lower SC characteristics than that of round wire prepared using the
same carbon-doped boron but without the addition of Dy2O3. The comparison of SC
characteristics of round wire with Dy2O3 addition (# 4) and square wire (# 3), which
contained practically the same amounts of carbon and oxygen, evinced that for higher critical
currents the somewhat higher (cf. MgB2 stoiechiometry) concentration of boron (MgB4.4) in the
matrix is less deleterious than somewhat lower (MgB1.7).

4.  Conclusions

The observed correlations between structures and SC characteristics of YBa2Cu3O7–δ (MT-
YBCO)- and MgB2-based materials (wires, bulk material and thin films) promising for practical
applications brought us to the conclusion that the amount and distribution of oxygen in their
structures play an important role for pinning and superconducting properties. During
oxygenation of the YBa2Cu3O7–δ phase of MT-YBCO twins are forming due to variation of
YBa2Cu3O7–δ lattice parameters. The high density of twins together with a high density of fine
Y2BaCuO5 inclusions and their homogeneous distribution in YBa2Cu3O7–δ is extremely
important for attaining high critical currents, because the places of twin intersection and places
where twins intersect with Y2BaCuO5 inclusions can be pinning centres for superconducting
vortexes. The energetic advantages of oxygen aggregation in the MgB2 structure lead to the
formation of periodically repeated nanoscale areas with different oxygen concentrations, which
can positively influence pinning. Besides, the boundaries between oxygen-enriched microsized
areas can be responsible for the pinning increase as well. The MgB2-based wires contain
impurity oxygen and the homogeneity of their structures is of great importance for attaining
high critical currents. Having the Mg:B ratio close to MgB2 allows obtaining the highest
critical currents; deviation towards higher boron concentrations seems less deleterious for
superconducting performance than towards lower concentrations.
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