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Abstract

Microstructures of MgB,/Fe tapes fabricated by an in sifu powder-in-tube

method using MgH, as a precursor powder have been studied by means of
x-ray diffraction and analytical transmission electron microscopy combined
with a focused ion beam microsampling technique. The overall
microstructures in the tapes are characterized as densely crystallized MgB,
areas with 10-200 nm grain size, uncrystallized areas mainly containing
MgO and amorphous phases enriched with B, and a number of holes and
cracks. The crystallized MgB, areas increase upon doping with SiC
nanoparticles. Si and C atoms decomposed from SiC nanoparticles during
heat treatment exhibit different spatial distributions: the Si atoms are
inhomogeneously distributed, forming silicides such as Mg, Si with grain
size of 5-20 nm, while the C atoms tend to be uniformly distributed in the

MgB, matrix. A significant difference in distribution of O atoms between
the SiC-doped and non-doped specimens was observed. The processes of
formation of these microstructures and their relationships with the critical

current density under magnetic fields have been discussed.

1. Introduction

Extensive research efforts as regards superconducting tapes of
MgB,; [1] are being made worldwide, intending to increase
the critical current density (J;). The J. of in situ processed
MgB, tapes depends sensitively on fabrication parameters,
such as heat treatment conditions, starting materials and
additional dopants. Since these parameters strongly influence
the microstructures as well as the J. properties of the in
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situ processed MgB, tapes, microstructural analysis helps
one to understand the relationships between the fabrication
parameters and the J, properties.

This paper focuses on MgB,/Fe tapes fabricated by
an in situ powder-in-tube (PIT) method using MgH, as a
precursor powder [2-6]. It has been reported that use of
the MgH, powder in the in situ PIT process has a number
of advantages over use of conventional Mg powder. Firstly,
J. values of MgB, tapes prepared with the MgH, powder
are approximately double the values for those prepared with
the Mg powder. Secondly, heat treatment temperatures can
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Figure 1. J_ for SiC-0, SiC-5 and SiC-10 as a function of the
magnetic field.
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Figure 2. XRD patterns for SiC-0, SiC-5 and SiC-10.

be reduced without degrading the J. values. Doping with
impurities such as nanosized SiC [7-11] is also effective for
enhancing J. under magnetic fields [3-5]. Owing to these
advantages, knowledge of microstructures of the MgB,/Fe
tapes prepared with the MgH, powder will be a good guide for
developing MgB, tapes with excellent J. properties. However,
no detailed microstructural study of these tapes has been
reported.

In the present study, microstructures of the MgB,/Fe
tapes fabricated by an in situ PIT method using MgH, as a
precursor powder have been investigated in detail by means of
x-ray diffraction (XRD) and analytical transmission electron
microscopy (ATEM). Since microstructures in MgB, tapes and
wires are often spatially inhomogeneous [12—15], a focused ion
beam (FIB) microsampling technique [16] has been applied for
specimen preparation. This technique can be used to prepare
TEM specimens from desired areas in the MgB, tapes, which
is beneficial for correctly characterizing microstructures over
the entire area of the tapes. To the best of our knowledge, no
other research groups have used this technique effectively for
addressing MgB, tapes. Nanometre-scale elemental mapping
using characteristic x-rays has also been carried out to clarify
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Figure 3. Low- and medium-magnification BF TEM images of
SiC-0 ((a), (b)), SiC-5 ((c), (d)) and SiC-10 ((e), ().

the two-dimensional (2D) distribution of constituent elements
in the microstructures. On the basis of the results obtained,
the formation of microstructure in the in situ PIT process and
relationships between the microstructures and J. properties
will be discussed.

2. Experiment

The detailed procedure for preparation of MgB,/Fe tapes
using MgH, as a precursor powder has been reported
elsewhere [2-5]. MgH, powder (325 mesh, 90%) and
amorphous B powder (325 mesh, 99.9%) were mixed with the
nominal composition ratio, Mg:B = 1:2. 5 or 10 at.% of SiC
powders about 30 nm in size were doped into the mixed powder
of MgH, and amorphous B. In this paper, the specimens of
non-doped MgB, tape and SiC-doped MgB, tapes with 5
and 10 at.% SiC are designated as SiC-0, SiC-5 and SiC-10,
respectively. These mixed powders were packed into pure Fe
tubes 5 cm in length, and then cold-rolled into tapes. The final
size of the tapes was about 4.5 mm width and 0.5 mm thickness.
The tape specimens were heated under an Ar atmosphere up to
873 K for 0.5 h and kept at this temperature for 1 h, and then
cooled in a furnace.
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220(Mg,Si) @

Figure 4. TEM results for SiC-5. (a) Low-magnification BF image;
(b) enlarged image of area b in (a); (c) ED pattern taken from the
encircled areas ¢ and d in (b); (d) ED pattern taken from the
encircled area d in (b); (e) BF image and an ED pattern of
amorphous B-rich areas, (f) BF image of a large grain of Mg, Si
taken from area f in (a); (g) ED pattern of area g in (f); and (h) DF
image obtained using the 220yy,,s; reflection in (g).

The critical current (/) of the tape specimens was
measured by a four-probe resistive method in a magnetic field
at 4.2 K. J. was obtained by dividing the measured /. by
the cross-sectional area of the MgB, core. The criterion of
1 uV cm™! was used for I, determination. The magnetic field
was applied parallel to the tape surface.

Crystalline phases in all specimens were identified from
x-ray diffraction (XRD) results. Specimens for the XRD
experiment were prepared by mechanically peeling off the
MgB, core from the tape specimens. An FIB system
(HITACHI FB-2000K) equipped with a microsampling unit

Table 1. Lattice parameters of MgB, determined from the XRD
experiment in figure 2.

Specimen  agp, (NM)  Cygp, (NM)
SiC-0 0.3089 0.3533
SiC-5 0.3083 0.3532
SiC-10 0.3079 0.3533

was used for preparing TEM specimens. Microsamples
with the size of 15 um x 3 um x 15 um were picked
up from the middle and edge parts of the MgB, core. A
TEM (FEI TECNAI-F20) equipped with scanning TEM and
energy dispersive x-ray spectroscopy (STEM-EDXS) systems
was used for microstructural analysis. In the STEM-EDXS
experiments, an electron beam about 1 nm in diameter was
positioned on the specimen surface, and an EDX spectrum
was acquired for 4 s at each position. Elemental maps were
obtained by displaying integrated intensities of characteristic
x-rays (B K: 0.18 keV, C K: 0.28 keV, O K: 0.53 keV, Mg K:
1.25 keV, Si K: 1.74 keV) at each of the acquisition points
without background subtraction. All the specimens were
cleaned with a plasma cleaner (ULVAC PLASMA CUBE C50-
MK) before the STEM-EDXS experiments were carried out to
prevent hydrocarbon contamination.

3. Results

3.1. J. properties

Figure 1 shows J. for SiC-0, SiC-5 and SiC-10 as a function
of the magnetic field. In magnetic fields up to 12 T, the J.
values for SiC-5 and SiC-10 are an order of magnitude higher
than that for SiC-0. At the same magnitude of the magnetic
field, J, for SiC-10 is slightly higher than that for SiC-5. This
clearly shows that the addition of nanosized SiC in the MgB,
tapes has induced a marked enhancement of J., whereas an
SiC doping level higher than 5 at.% yielded less pronounced
effects on J..

3.2. XRD analysis

The XRD patterns of SiC-0, SiC-5 and SiC-10 in figure 2
show MgB, as a main phase and MgO, MgB, and Mg,Si
as impurity phases. The diffraction peaks from Fe seen in
all the diffraction patterns are due to mixing of the Fe sheath
material in the specimen preparation. No diffraction peak from
SiC was identified, which suggests that the nanosized SiC was
decomposed during the heat treatment. These XRD patterns
also indicate that the Bragg angles of the reflections from MgB,
slightly change with the SiC doping. The lattice parameters,
a and c, of the hexagonal MgB, crystal were calculated from
these Bragg angles, and these are shown in table 1. It is noted
that the lattice parameter, a, decreases with increasing SiC
content. This suggests that some of the B atoms in the MgB,
crystal have been replaced with C atoms decomposed from the
SiC nanoparticles [7, 9-11, 17, 18].

3.3. TEM analysis

Figures 3(a), (c) and (e) show bright-field (BF) TEM images
of microsamples of SiC-0, SiC-5 and SiC-10, respectively.
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Figure 5. STEM-EDXS elemental mapping for SiC-0. (a) BF STEM image; (b) Mg K map; (c) B K map; and (d) O K map.

These microsamples were prepared from the middle of the
MgB; core. All the specimens contain a number of holes and
cracks, as reported by other researchers [12, 13]. Scanning
electron microscopy observations confirmed that these holes
and cracks were originally formed in the in sifu PIT process.
A magnified image of SiC-0 in figure 3(b) shows two different
microstructures. One microstructure in the lower part of
the image exhibits dark contrast due to diffraction in the
crystals. Another microstructure in the upper part is composed
of equi-axed grains with grey contrast and small pores with
bright contrast, and similar microstructures have been observed
by Li et al [19]. As described in detail later, the former
microstructure corresponds to crystallized MgB, areas, and the
latter corresponds to uncrystallized areas that mainly contain
MgO and amorphous phases with B-rich compositions. The
dark diffraction contrast in the crystallized areas shows that
some of the MgB, crystals have needle-like shapes. This
morphology of the MgB, crystals is a feature of the MgB, tapes
prepared with the MgH, powder, as reported previously [3].
Figure 3(d) shows a magnified image of SiC-5. Dark
diffraction contrast that suggests the crystallization of MgB,
is observed in some of the uncrystallized areas. In the case of
SiC-10 in figure 3(f), the crystallized areas have significantly
increased, resulting in a homogeneous microstructure in the
MgB, core. The grain size of MgB, is about 10-200 nm and
not clearly dependent upon the SiC content.

Figure 4 shows the result of detailed TEM observation for
SiC-5, as a representative of the three specimens: SiC-0, SiC-
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5 and SiC-10. A low-magnification BF image in figure 4(a)
shows the inhomogeneous microstructure at the sub-um scale
as described above. A magnified image, figure 4(b), of the
area b in figure 4(a) shows a mixture of crystallized and
uncrystallized areas. An electron diffraction (ED) pattern,
figure 4(c), taken from the encircled area c in figure 4(b)
implies that the crystallized area contains MgB, as the main
phase and MgO, Mg, Si and MgBy as impurity phases. This
agrees with the XRD result shown in figure 2. Since diffraction
intensities from these crystalline phases appear very close to
each other in the ED pattern, dark-field (DF) imaging of each
of these phases is difficult. However, it is noted that some of
the diffraction spots from MgB,, for example, hk! = 100ye5,
indicated by the extra large arrow in figure 4(c), exhibit streaks.
This indicates that the needle-shaped grains observed in the
crystallized areas are of MgB,. An ED pattern, figure 4(d),
from the encircled area d in figure 4(b) shows the existence
of MgO and amorphous phases with a small amount of
MgB, in the uncrystallized area. EDXS experiments revealed
that these uncrystallized areas have higher B and lower Mg
concentrations than those in the crystallized areas. Therefore,
it turns out that the amorphous phase is enriched with B.
As a matter of fact, large grains of the amorphous B were
recognized in the uncrystallized areas, as shown in figure 4(e).
A magnified image, figure 4(f) of the area f in figure 4(a) shows
a large grain of Mg, Si about 500 nm in size, which was clearly
identified from the ED pattern and the DF image in figures 4(g)
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Figure 6. STEM-EDXS elemental mapping for SiC-5. (a) BF STEM image; (b) Mg K map; (c) B K map; (d) O K map; (e) Si K map; and

(f) C K map.

and (h), respectively. No diffraction intensities relating to
carbon (e.g. graphite) or carbide phases were recognized.

3.4. STEM-EDXS analysis

Figure 5 shows a result from the STEM-EDXS elemental
mapping for Si-0. The broken open square in the BF STEM
image, figure 5(a), indicates a mapping area 150 nm, square,
in size, which contains a boundary between crystallized and
uncrystallized areas. Since the uncrystallized area has very low
density, elemental mapping data do not give straightforward
information on the compositions in the two different areas.
For example, very low concentrations of Mg (figure 5(b)) and
B (figure 5(c)) atoms in the uncrystallized area are mainly due
to the very low density in this area. Nevertheless, it is clearly
seen that the 2D distribution of the constituent elements is well
correlated with the microstructures. The O map (figure 5(d))
clearly shows enrichment of O atoms along the boundary
between the crystallized and uncrystallized areas. It was found
from TEM observations that MgO was formed in this O-rich
area.

Figure 6 shows an elemental mapping result for SiC-5.
The mapping area contains a boundary between a crystallized
area with needle-shaped grains of MgB, and a partially
crystallized area without needle-shaped grains. The
enrichment of O atoms at the boundary between the crystallized
and uncrystallized areas is recognized, as indicated by

the arrow in figure 6(d). However, this enrichment of
O atoms is less remarkable than that in the non-doped
specimen. Si (figure 6(e)) and C (figure 6(f)) atoms show
different distributions. ~ This demonstrates that most of
the SiC nanoparticles decomposed during the in situ PIT
process [3—11]. The decomposed Si atoms are well localized
in small areas 5-50 nm in size. This local enrichment of Si
atoms is the most significant among those for all the impurity
atoms, O, Si and C. The distribution of C atoms (figure 6(f))
is similar to that of O atoms (figure 6(d)) and opposite to that
of B atoms (figure 6(c)). This is interpreted as indicating the
formation of oxides such as Mg(B, O) [20, 21] and BO, [22]
or substitution of O and C atoms for B atoms in the MgB,
matrix [7, 9-11, 17, 18, 23, 24].

Figure 7 shows an elemental mapping result for SiC-
10. The mapping area again contains a crystallized area with
needle-shaped grains and a partially crystallized area. The
local Si-rich areas with the size of 5-20 nm increase in number
with the SiC content, as depicted with white lines in figure 7(e).
These white lines showing the Si-rich areas are also drawn in
the other figures for the phase identification described below.
It should be noted that O atoms in figure 7(d) tend to be
enriched close to the Si-rich areas. On the other hand, C
atoms in figure 7(f) tend to disperse uniformly irrespective
of the distribution of the other elements. This may mean the
substitution of C atoms for B atoms in the MgB, crystals, as
expected from the XRD experiment. In this elemental mapping
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Figure 7. STEM-EDXS elemental mapping for SiC-10. (a) BF STEM image; (b) Mg K map; (c) B K map; (d) O K map; (e) Si K map; and

(f) C K map.

for SiC-10, one can identify locations of some impurity phases
by comparing the elemental maps with each other. For
example, most of the Si-rich areas show lower Mg and lower
O concentrations. These areas can be identified as Mg,Si
since the density of Mg atoms is lower in the Mg,Si crystal
(cubic CaF, type, a = 0.6351 nm) than in the MgB, crystal
(hexagonal AlB; type, a = 0.3086 nm, ¢ = 0.3524 nm). The
other Si-rich areas where the above interpretation for Mg, Si
is not suitable may be nanosized silicides such as SiO, and
Si,B,0; [10].

Figure 8 shows another elemental mapping result for SiC-
10. The mapping area contains part of a large grain of Mg, Si.
Mg (figure 8(a)) and O (figure 8(d)) atoms are enriched at the
peripheries of the Mg,Si grain, suggesting the formation of
MgO.

4. Discussion

4.1. Sample preparation by the FIB microsampling technique

It is emphasized that the FIB microsampling technique
is effective for preparing TEM specimens of the present
MgB,/Fe tapes with inhomogeneous microstructures. The
TEM observation combined with this technique revealed
the existence of holes and cracks and the distribution of
crystallized and uncrystallized areas at the sub-pum scale.

166

As a result, influences of the nanosized SiC doping on
these microstructures have been clearly observed. For a
conventional TEM specimen preparation method using Ar ion
milling, this kind of microstructure analysis is difficult since
the uncrystallized areas with low density are preferentially
milled and hardly any of the original inhomogeneous
microstructure will remain.

4.2. Microstructure formation in an in situ PIT process

All the MgB,/Fe tapes prepared with the MgH, powder show
characteristic microstructures composed of crystallized MgB,
areas and uncrystallized areas. The crystallized areas have
compact granular structures of the MgB, crystals, which may
be advantageous for increasing J. [2-6]. The uncrystallized
areas where the reaction for forming MgB, has not been
completed are porous and mainly contain MgO and amorphous
B-rich phases. In the case of the non-doped MgB,/Fe tape,
significant enrichment of oxygen due to the formation of MgO
was observed along the boundary between the crystallized
and uncrystallized areas. Since the present MgB,/Fe tape
specimens have been prepared using MgH, powder as a starting
material, MgO may be produced in the air after the in sifu PIT
process. In other words, Mg-rich regions that would prevent
crystallization of MgB, have been formed at the growth front
of the crystallized areas in the non-doped MgB,/Fe tape.
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map; (e) Si K map; and (f) C K map.

The crystallized area of MgB, in the tapes significantly
increases with nanosized SiC doping. The boundaries between
the crystallized and uncrystallized areas become ambiguous,
and the preferential formation of MgO along the boundaries
is suppressed. O atoms in the SiC-doped tapes tend to be
uniformly distributed or enriched near Si-rich areas that are
mainly of Mg,Si. That is, the doping of SiC nanoparticles
brings about changes in the distribution of O atoms in the
MgB, tapes as well as the formation of nanosized silicides.
A probable mechanism for the microstructure formation in the
SiC-doped tapes would be as follows: in the early stages of the
heat treatment that is described above, the SiC nanoparticles
decompose into Si and C atoms; the decomposed Si atoms
react with Mg atoms to form fine particles of Mg,Si before
starting the crystallization of MgB, [3, 5, 6]; the reaction
for forming Mg,Si consumes Mg atoms so the preferential
enrichment of Mg atoms at the growth front of MgB, crystals
can be suppressed. There is another possibility: that Mg-
rich areas are formed around the Mg,Si phase, as shown in
figures 7 and 8, since the density of Mg atoms in the Mg, Si
phase is lower than that in the MgB, phase. Since these Mg-
rich areas are small in size and dispersed with the nanosized
Mg, Si, their influences on the crystallization of MgB, will not
be serious. As a result, the crystallization of MgB, proceeds
well in the SiC-doped MgB, tapes. It is also expected that
the fine Mg-rich areas in the SiC-doped tapes may be oxidized

after the in situ PIT process and act as effective pinning centres.
The decomposed C atoms, on the other hand, partly substitute
for B atoms in the MgB, crystals, as supported by the XRD
and STEM-EDXS data. This substitution behaviour enhances
the upper critical field (B.,) and contributes to the J. increase
under high magnetic fields [4].

4.3. Relationships between microstructures and J. properties

As shown in figure 1, the present MgB,/Fe tapes exhibit
marked improvement of J. under magnetic fields caused by the
nanosized SiC doping. Itis apparent that the improvement of J.
characteristics is correlated with the following microstructural
changes with the SiC doping: (i) increase of the densely
crystallized area of MgB,; (ii) formation of nanosized silicides
such as Mg, Si; (iii) substantial dispersion of nanosized oxides
such as MgQO; and (iv) C substitution for B atoms in the MgB,
crystals. The microstructural change (i) improves the flow of
supercurrent, and (ii) and (iii) are well known to yield effective
pinning centres for MgB, materials. The effect of (iv), from
the SiC doping, has also been reported previously [4,7, 10, 11].
These microstructural changes are more pronounced for SiC-
10 than for SiC-5. However, the differences in J. value
between SiC-5 and SiC-10 are not so large, as shown in figure 1.
Therefore, the excess doping of SiC nanoparticles is not the
best way to effectively improve the J, properties. A better way
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to further improve J, may be reducing the grain sizes of MgB,
and impurity phases in order to increase the density of pinning
centres such as grain boundaries and nanosized impurities, as
shown in the microstructural study of MgB, films [25-30].

5. Summary

Microstructures of MgB,/Fe tapes fabricated by an in situ
PIT method using MgH, as a precursor powder have been
investigated in detail. The results obtained are summarized as
follows.

5 or 10 at.% doping of nanosized SiC in the MgB,/Fe
tape results in significant enhancement of J.: for example,
from 6 x 10> A cm~2 at 4.2 K and 12 T for the non-doped tape
to 5 x 10> A cm™2 for the 5 at.% SiC-doped one.

By using the FIB microsampling technique for TEM
specimen preparation, the microstructures of the MgB,/Fe
tapes are clearly characterized as densely crystallized MgB,
areas with 10-200 nm grain size, uncrystallized areas mainly
containing MgO and amorphous B-rich phases, and a number
of holes and cracks. The nanosized SiC doping increases the
crystallized areas and leads to the formation of homogeneous
granular structures of MgB,.

STEM-EDXS elemental mapping revealed the enrichment
of O atoms due to the formation of MgO at the boundaries
between the crystallized and uncrystallized areas. This
enrichment of O atoms at the boundary areas is suppressed
by SiC doping. O-rich areas in the SiC-doped MgB,/Fe tapes
are small in size and tend to be dispersed near Si-rich areas.

The increase of the densely crystallized area of MgB,
improves the flow of supercurrent, and the formation of
silicides, mainly Mg,Si, with grain sizes of about 5-20 nm
and the substantial dispersion of nanosized oxides such as
MgO will raise the density of effective pinning centres. C
substitution for B atoms in the MgB, crystals is supported by
XRD and STEM-EDXS data for the SiC-doped specimens.
These microstructural changes with SiC doping result in a
marked improvement of J, under magnetic fields.
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