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Abstract: MgB2 is a hexagonal superconducting material, and its simple composition has led to the
development of low-cost practical wires. Its ability to be used at liquid hydrogen (LH:) temperatures has made
it a focus of attention as a wire for next generation fusion reactor’s coils. As is the case with superconducting
wire in general, there is a problem that when used in coils, the electromagnetic force generates tensile stress or
strain in the wire, which further reduces the critical current, the maximum value of current that can flow from
the generated magnetic field and strain. Techniques and methods for measuring the actual strain on filaments
are important, and while strain measurements have been carried out with synchrotron radiation and neutrons
for the other practical wires to date, there are no examples of measurements for MgBa. The reason for this is
presumably that it is a little too thick for synchrotron radiation measurements, and the large absorption cross
section of the included boron-10 makes it difficult to obtain elastic scattering for neutron measurements. We
prepared a wire substituted with boron-11, an isotope with small neutron absorption cross section, and
attempted to measure its strain under tensile loading using pulsed neutron. As a result, changes in the lattice
constant under tensile loading can be obtained using Rietveld analysis, and this is the first reported example
of strain measurement on a MgB: filament. A previously difficult method for evaluating the actual strain of
practical MgB2 wire’s filaments has been established.

Keywords: superconductor; strain measurement; neutron scattering; MgB2

1. Introduction

MgB: superconducting compound was discovered in 2001 [1]. The features of the MgB:
compound are a higher critical temperature (Tc) of 39 K, simple binary chemical composition, lower
specific gravity and relatively low-cost material. The advantage of MgB: is that it can be used in liquid
hydrogen (LH:) temperatures at 20 K. Cable applications, in particular, are ahead due to their low
strain and ease of application [2]. Most current coil applications [3-5] are in the low stress-strain range,
and if high current applications such as nuclear fusion are to be considered, improving the strain
properties of the wire is an essential issue. A major user of superconducting wire is the fusion reactor
project. ITER, which is currently under construction, is expected to operate in a 4 K environment
using large amounts of liquid helium, known as LTS (low-temperature superconductor). However,
the supply of liquid helium has been unstable for several years and the price of helium has
skyrocketed. This fact means that the next generation of fusion reactors must be helium-free based
for practicality. Most of the actual fusion plans are based on high temperature superconductor (HTS)
[6, 7]. MgB2 is a promising candidate for helium-free fusion because it can be used in liquid hydrogen.
However, when used in coils such as nuclear fusion, tensile stress or strain is generated in the wire
in response to the electromagnetic force generated. Superconducting wires generally have the
problem that the critical current, which is the limit of the current that can flow, decreases when the
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filament is subjected to tensile or compressive strain. These effects have been proposed by Ekin as a
Strain effect [8], the essence of which is due to crystal deformation, and it is known that in NbsSn, the
strain free state is most conducive to current flow. Ekin was able to obtain large single crystals, which
allowed this strain free experiment to be performed and clarified, but for practical wires, the only
method for measuring the actual strain in filaments is to use quantum beams. This means that in
composite superconducting wires, filament strain changes performance in tension or compression,
supporting the importance of non-destructive measurement of filament strain. Measurements of the
real strain of filaments have been revealed in practical superconducting wires such as REBCO[9, 10],
NbsSn[11] and BSCCO[12] in experiments using quantum beams, but this has not yet been reported
for MgB2 wires. In the coils of high-field magnets, predicting or measuring the actual filament strain
to estimate performance is a design element, and it is foreseen that filament strain measurement
technology will be essential for MgB: coil applications.

The natural boron has two kinds of isotopes which are existed 20 wt% boron-10 (*B) and 80 wt%
boron-11 ("'B). The stability of the material is important when considering its application to nuclear
fusion [12]. Among these materials, B-10 has been pointed out to have a problem of decomposition
into Li and He gases due to nuclear reaction with neutrons. To circumvent this problem, research is
underway to create superconductors substituted for "B [13-15]. B isotope has huge neutron
absorption cross-section [16], so it was said that boron contains materials are difficult to measure
using neutron scattering. So up to now, there was no measurement where the MgB: wire was
measured with neutron scattering. Although MgB: is originally a brittle, it has the property of
withstanding strain exceeding 0.2%. MgB: filaments have many defects, so the reason why this strain
region can be practically used is not known at all. Oxide-type high-temperature superconductors has
characteristics that current transport is impossible when crystal grain boundaries are destroyed.
Although it has been pointed out that MgB2 superconducting wire may not be affected by grain
boundaries, it is still unknown what fraction of force the filament is responsible. We believe that this
can be proved if the stress applied to the filament can be measured nondestructively. In order to this
problem, there is no other than experiments using quantum beams. We conducted experiments with
SPring-8 with high energy X-ray, but the MgB: wire’s diameter was too large, so it was making
measurement difficult. Experiments were impossible using high energy X-rays above 70 keV, and
there is no other thing than neutron scattering that makes this possible. Neutron scattering
experiment is impossible with original MgB2 wire because of huge neutron absorption cross-section
of 1°B. Therefore, we decided to prepare "B enriched MgB: wire to measure its filament mechanical
behavior. This "B enriched wire was developed for fusion reactors by Hishinuma et al. The purpose
was to prevent heat generation during neutron irradiation, dependent on its neutron absorption cross
section, due to the absence of 1°B, and also to prevent decomposition into lithium and helium by
nuclear reactions. We also performed neutron scattering experiments on commercially available
practical MgB2 wires to see if diffraction of MgB2 could be obtained. In this time, the measurement
was carried out by TAKUMI (MLF BL19) of ]-PARC[17], a neutron research facility at Japan Atomic
Energy Agency (JAEA). The measurement method of TAKUMI is the Time-of-Flight (ToF) method.

2. Materials and Methods

2.1. Preparation of MgB: wires

Figure 1 shows !B enriched multi filamentary MgB: wire. This wire’s diameter is about 1.07 mm.
The 1"B-enriched sample was developed by National Institute for Fusion Science(NIFS) in Japan and
is referred to as NIFS in this paper. The manufacturing method is outlined below.

Mg powder (purity: 99.9 %, -200 mesh) and B isotopic powders isotopically separated from
natural boron were prepared. The "B powder was sourced from Ceradyne and was 98% in purity.
Mg:Cu intermetallic compound was prepared as the Cu additive source [14]. In order to uniformly
disperse it in the precursor powder, microparticulation is effective, and in this study, Mg:Cu
microparticles were obtained by mechanical milling using a ball mill. The amount added was
equivalent to 3 at% Cu, which is considered optimal for the precursor powder. The powder in tube
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(PIT) method was used to fill a metallic tantalum tube with an outer diameter of 10 mm and an inner
diameter of 6 mm. In the next step, 19 hexagonal single-core wires were cut and assembled into
oxygen-free copper tubes (Outer D: 14 mm, Inner D: 10 mm). Finally, this composite billet was drawn
using a cassette roller die to a final diameter of 1.07 mm to obtain multi-core wire. As a final step, the
heat treatment temperature was set to 450 °C to 600 °C in an Ar atmosphere for low-temperature
diffusion and a heat treatment time of 200 hours. A cross-sectional view of the resulting wire by SEM
is shown in Figure 1(a). The color map of EPMA results for the main elements are also shown in
Figure 1(b). Some oxygen is observed in the EPMA results, but this is common in practical wires and
is probably due to residual oxides.

(a) (b)

Figure 1. Cross sention SEM image of NIFS "B enriched MgB2 wire: (a) secondary electron image ;
(b) the color map of EPMA results (chemical symbol: Mg, B, O and Ta).

Practical MgB: wire are commercialised by several manufacturers using ex-situ and in-situ
methods. The filaments are made of sintered MgB2 components and are surrounded by an inner
sheath to prevent chemical reactions with the matrix. The outer sheath is important to ensure uniform
superconducting and mechanical properties of long scale wires. In this case we have prepared wires
from Hypertech and Samdong in-situ methods. These boron isotopes are considered to be in natural
ratio. The practical structures of two types of MgB2 wire in practical use are shown in Table 1. Next,
Figure 2 and 3 show the respective SEM cross-sectional photographs. The outermost sheath is a Ni-
Cu-Fe alloy called Monel, the darker area is the MgB: filament, and each filament is surrounded by
an Nb sheath both around the filaments. The diameter of each wire was 0.83 mm for both Samdong
and Hypertech.



https://doi.org/10.20944/preprints202307.1651.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 July 2023 do0i:10.20944/preprints202307.1651.v1

Figure 2. Cross section SEM image of Samdong MgB2 wire.

Table 1. Components and their volume fraction of the commercial wires.

Manufacturer Filament Filament2 Inner-sheath Matrix Outer-sheath
Samdon MgB2 Nb Cu Ni-Cu-Fe alloy

& (0.132) (0.165) (0.320) (0.382)
MgB2 Cu Nb Ni-Cu-Fe alloy

Hypertech ) 009) (0.149) (0.369) (0.382)

Figure 3. Cross sention SEM image of Hypertech MgB> wire.

2.2. Strain Calculation using ToF Method

The strains were calculated from the measurement results of the ToF method of TAKUMI (BL19
of MLF) [17]. The pulsed neutron method, also called the ToF method, is a technique to measure
lattice spacing d of crystals as a histogram like a spectrometer by using a single pulse of neutron with
various speeds, with faster neutrons diffracting and being detected faster by the detector and slower
neutrons being detected more slowly. In the case of Takumi, it is easy to understand from the general
Bragg diffraction conditions to think of it as a diffractometer with 20 -fixed at 90 degrees and -90
degrees. In reality, the fixed 90-degree angle is not efficient for detection, so the angle is extended to
+15 degrees. The relationship between lattice spacing d and flight time t in the Time-of-Flight method
is explained by the following equation

d= A 1 h
"~ 2sinf  2sinf mL 1)

h is Planck’s constant and m is the mass of a neutron. L is a flight distance of neutrons from chopper
near by target. From above equation (1), it can be calculated lattice spacing d using flight times
conversion parameter.

g:d_do (2)
do

Finally, strain ¢ is given by equation (2). d and ToF have the same dimension and this strain
relationship holds even if d and ToF are replaced. Where there is no do. sample, the strain-free d
spacing, e.g. in tensile tests, the point of zero load is often calculated as do.

2.3. In situ strain measurement under tensile teset and equipment

BL19 takumi is a ToF neutron powder diffractometer for engineering science, which means that
it differs from other powder scattering systems in that it has the feature of being able to clearly define
the principal strain direction same as scattering vector. As shown in Figure 4, the detector has two
opposing banks, North and South, and the system can measure d in the direction of the sample axis
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on the North bank and d in the direction of the sample diameter on the South bank when the sample
is placed at an angle of 45° as shown in this figure. This is the theory when the diffraction angle 26
fixed at 90 degrees, but in practice 26 is measured from 75 to 105 degrees. This would also measure
the diffraction of crystals from orientations up to +7.5° different from the nominal principal strain
direction, but the effect is negligible given the nature of the sin function. The detector's detection field
of view is restricted by a radial collimator, which blocks all but scattering from a central 5 mm area.
A photograph of the actual diffractometer and sample mounted is shown in Figure 5. As shown in
Figure 4, diffraction appears to be detected entirely in the flat in same beam plane, but the actual
detector is three-dimensional and can measure diffraction at a solid angle of +15 degrees in the out-
of-plane of beam direction. The samples were mounted on a low-temperature tensile test frame, but
the measurements themselves were made only at room temperature. The size of the irradiation
neutron beam was limited by a slit and was 5 mm long and 10 mm wide. The beam power of the MLF
target was nominally 500 kW.

Neutron
North beam South
detector detector

MgB, wire
45 deg

+15 deg /:15 deg

Figure 4. Schematic of difftactometer takumi(MLF BL19).

. ' Sample center

Sample stage

-

Figure 5. Diffractometer of BL19 takumi and sample.

The lengths of the wires used for the tensile tests were all 100 mm. Figure 6 shows a photograph
of the actual sample installation. This tensile test frame was developed as a refrigerated tensile frame
and is capable of tensile testing at cryogenic temperatures of around 10 K[19], but the this
measurement were conducted at room temperature. The existing load cell was originally designed
for large loads of 50 KN and therefore has a large capacity and cannot be applied to the present
sample. Therefore, a smaller capacity of 2 kN load cell was manufactured and set close to the sample
side. Engineering strain measurements were carried out with a Niylas-type double extensometer [20].
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This extensometer is compact, lightweight and accurate and is often used for tensile measurements
on superconducting wires. It operates without problems at temperatures up to 4 K. The wire was
fixed with epoxy adhesive on a GFRP plate on Imm in thickness and the GFRP plate was fixed by
clamping it between copper chucks. To prevent problems such as wire breakage of extensometer,
strain measurements are also made using strain gauges. This is custom-made gauges, which are
attached to wires of about 1 mm in diameter and can measure axial strain. As can be seen from the
picture, even in neutron, single-wire measurements are possible. The ability to conduct experiments
with good S/N in single wire is largely due to the powerful pulsed neutrons at the ]-PARC MLF. We
have performed similar experiments with reactor-based steady-state neutron sources, but that was
multi-wire experiments [11]. In that case, this made experiments difficult because of variations in the
load sharing of multiple wires. Considering that composite wires with a diameter of about 1 mm are
used to measure the strain of the ceramics contained inside, it is assumed that experiments with a
single wire would be difficult with a steady-state neutron source.

k)
Ve -t

Double
extensometer
[S——
Strain gauge KF

-
m i BCQ " O x\-
e ™ W=

D - \

o

A

Figure 6. Sample with extensometer and load frame.

Preliminary tensile tests were carried out prior to the experiments in neutron facility. The stress-
strain curve result of NIFS wire is shown in Figure 7. The load is lowered once at 0.15% strain, in
order to improve the accuracy of the Young's modulus measurement in accordance with IEC
standards(IEC 61788-19:2013) for the measurement of superconducting wire. Three tensile tests were
carried out and the average Young's modulus and 0.2% proof stress obtained were 84 GPa and 213
MPa, respectively. The solid line in this figure is a straight line whose slope is the same as Young's
modulus, starting at 0.2% strain, and the intersection of this line and the s-s curve is the 0.2% proof
stress. Hypertech and Samdong have done the same, but are omitted here as there is no data to
compare as results.

In the neutron measurements, the experiments were carried out under load control. The load
steps were 0N,8 N, 16 N, 24 N, 32 N, 45 N, 60 N, 80 N, 100 N, 120 N and 168 N at 11 points.
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Figure 7. Stress-Strain curve of NIFS "B enriched MgB: wire.
3. Results

3.1. Diffraction histogram by ToF method

Figure 8 shows the load history of NIFS wire (ON,8 N, 16 N, 24 N, 32 N, 45N, 60 N, 80 N, 100 N,
120 N and 168 N), which was set to allow about 1 hour of irradiation time per step. As the load
increases, stress relaxation occurs due to plasticity. Careful manual load control was used to prevent
the load from decreasing too much. Some of the experiments are rather long because of the time when
the beam was stopped. Stress-strain diagrams were obtained from strains and loads from double
extensometer and load cell. As a horizontal type tensile frame we used, the data is slightly non-linear
compared to the data from the vertical dedicated tensile frame, but generally the same gradients as
in Figure 7 are obtained. The results are shown in Figure 9. In this stress-strain diagram, the data at
unloading were also obtained, and the residual strain at unloading from the maximum strain of
0.216% was about 0.05%. Histogramming of ToF events was performed using all North detector
events from 75° to 105°. When the load was 0, 120 minute test scan was conducted on any sample.
The results are shown in Figure 8 for NIFS (!B enriched sample), Figure 10 for Samdong and Figure
11 for Hypertech. As shown in Figure 4, these wires are placed at an angle of 45° to the incident beam,
so the North Bank data provides a histogram of the lattice spacing or ToF along the sample’s axis
direction. The NIFS wire’s results show peaks for the included MgB:, pure copper and tantalum
phases, with sufficient intensity for Rietveld analysis. For Rietveld analysis, we used Z-Rietveld[21]
software, which is capable of powder diffraction data analysis and Rietveld analysis, which was
developed in Japan and for which the instrument parameters of J-PARC are available. In Rietveld
analysis, lattice constants can be obtained for both refined a and c values, as MgB: is hexagonal. In
general, crystals have elastic anisotropy, with some orientations being more easily deformable and
others less easily deformable under the same stress, and different crystal planes have different elastic
constants. Although the lattice spacing of crystals in the axial direction is elongated in tensile tests
and the rate of change varies from lattice plane to lattice plane, an average lattice constant close to
the mechanical properties can be obtained by refining using all peaks. Although similar calculations
can be performed using single peaks, this method using Rietveld analysis is more common for ToF
instruments, as it improves accuracy.
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Figure 10. ToF histogram of NIFS 1B enriched MgB: wire.

A few MgB2 peaks were observed for the Samdong and Hypertech commercial wires in Figures
9 and 10. These wires are thought to contain a natural ratio of boron isotopes and about 20% '°B,
which has a large neutron absorption cross section. As this experiment was carried out with a single
wire, measures could be taken to increase the diffraction intensity by increasing the number of wires.
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However, assuming multi-twisted wires, such as superconducting wires, the diffraction intensity is
likely to eventually decrease because of its own absorption problems. Materials with very large
neutron absorption cross-sections, such as '°B, do not prevent per se diffraction , but absorb
diffraction themselves, resulting in a significant reduction in diffraction intensity.
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Figure 11. ToF histogram of Samdong MgB2 wire
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Figure 12. ToF histogram of Hypertech MgB2 wire.

3.2. Strain measurement under tensile loadings

Since the crystal system of MgB:2 is hexagonal, the lattice constant 2 and b is the same(a=c), but c,
the c-axis length of the hexagonal cross section, is also an independent constant. Measurements were
taken for each load and the data obtained were subjected to Rietveld analysis for each load to obtain
a and c for MgB: for each load(0 N,8 N, 16 N, 24 N, 32 N, 45 N, 60 N, 80 N, 100 N, 120 N and 168 N).
The sheath materials, Ta and Cu, are cubic systems, and lattice constant a was also obtained for each
load. The relationship between the axial lattice constant of the resulting hexagonal MgB: and the
loading load is shown in Figure 13. The vertical line for each marker in the diagram shows the error
bars in the Rietveld analysis. The c-axis error bars are large because of the relatively low number of
diffractions associated with [ in the large number of diffraction planes 4 k | obtained. From Figure 13
(a), with regard to the a-axis, the range from 80 N to 168 N appears to vary linearly. On the other
hand, from Figure 13(b), with regard to the c-axis, the change appears to be linear up to 32 N, after
which the change is smaller. This problem needs to be considered in conjunction with the other
phases of strain, after converting d to lattice strain, and will be discussed in the next section.
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The changes of the axial lattice constants of the sheath materials, tantalum(Ta) and copper(Cu),
is similarly shown in Figure 14. Figure 14(a) shows the results for Cu, where the curve is linear up to
the second point, 16N, and thereafter the curve shows typical plastic deformation. Cu is likely to
already have tensile residual stresses due to its low original strength and CTE mismatch, and yielding
from low stresses is likely to have occurred. On the other hand, Ta shown in Figure 14(b) has the
highest strength among the constituent compositions and remains linear from the beginning to the
end. This linear behaviour of the tantalum proves that the loads and strains are acting on the wire as
expected. Similar to previous figure, a summary of the changes in the lateral direction lattice spacing
obtained from a South detector is shown in Figure 15. About this direction, Poisson's ratio here causes
deformation of shrinkage, so the lattice spacing decreases as the load increases. This direction appears
to change linearly from 0 to about 80N.
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Figure 14. Relation between the results of the axial lattice constants changes of sheath and applied

load calculated by Rietveld analysis: (a)Cu phase a; (b)Ta phase a.
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Figure 15. Relation between the results of the lateral lattice constants changes of hexagonal MgB2 and
applied load calculated by Rietveld analysis: (a)lattice constants a; (b)lattice constants c.

A summary plot of the changes in axial and lateral lattice constants is summarised for hexagonal
a in Figure 16 and for ¢ in Figure 17. In such tensile tests, the Poisson's ratio is generally around 0.3,
which means that the lateral strain is about 1/3 of the axial strain. The slopes of the graphs in Figure
16, lattice constant a, and Figure 17, lattice constant ¢, showed no significant difference in slope,
although there were positive and negative differences. This indicates that the strain in the lateral
direction is transmitted because of compression, but the strain in the tensile direction may be relaxed
by cracking, etc., from the initial tensile phase.

Residual stresses should also be considered. This time we have not prepared a filament do sample,
which is the strain-free origin of the residual strain or stress. This wire has undergone heat treatment
in the last stage of the process and is likely to have residual strain or stress from the effects of CTE
mismatch. Although simplified, residual stresses can be estimated by comparing axial and lateral
lattice constants. Without residual strain, both start from the same lattice constant, with axials going
up and laterals going down and the difference between them increasing. In both diagrams, the lines
of least-squares approximation obtained from the eight initial loading points are shown. This time,
in both figures, the axial lattice plane spacing is larger and the lateral values are smaller when looking
at the O N points. This fact means that the MgB: filament is subjected to residual tensile strain or stress
at room temperature, albeit qualitatively. By extending the straight line shown earlier to the
compression side, the point where the lattice plane spacing coincides, i.e. the vicinity of no strain, can
be simply estimated. The loads obtained were around -85 N for the a-axis and -45 N for the c-axis.

T T T ‘
3.086 -
MgB, Lattice constant a +
»* $
E 3.084| .. |
= e
& k- g# 22 @ Axial
< m- Lateral
i & fit_wave1
§ 3082 — fit_ wave5 |
c ]
2 i
5]
o e, L
o .
E= - "
= .EE
3.080 - ii |
L ;
3.078|; i | ‘ , | | .

-150 -100 -50 0 50 100 150 200
Load, N


https://doi.org/10.20944/preprints202307.1651.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 July 2023 do0i:10.20944/preprints202307.1651.v1

12

Figure 16. Relation between the results of lattice constants changes of hexagonal MgB: a and applied
load(axial and lateral).
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Figure 17. Relation between the results of lattice constants changes of hexagonal MgB2 c and applied
load(axial and lateral).

4. Discussion

The resulting ToF was converted to d using conversion parameters and further converted to
lattice strain for each crystal using equation (2). The strain was determined by taking d as do when the
load was 0. Figure 18 show a relation between the results of lattice strain of each phase and applied
load using the ToF method of TAKUMI. The vertical line at each marker in the diagram is an error
bar, where the error in Rietveld analysis is converted into strain. Since Ta results had good linearity
in all regions, an approximate straight line was drawn by the least-squares method only for the Ta
results. For Ta in the diagram, there is a good linear relationship between strain and load from the
beginning and few error bars. The fact that such a good linear relationship is obtained for a metallic
element such as tantalum indicates that the wire is loaded correctly.

In strain measurements using diffraction, only elastic strain is determined, so plastic strain in
the case of yielding is not observed. Therefore, it can be observed that Cu starts to yield from around
16 N and the strain sharing increases with work hardening. The slope of Ta is to be contrasted with
the behavior of MgB2, assuming that the slope of Ta is equal to the slope of linear elastic engineering
strain. Considering that the other phases should also vary with the slope of Ta, up to 60 N, all phases
except Cu appear to change linearly. Although the g-axis of MgB: generally appeared to change
linearly in the data for lattice constant in Figure 13(a), it is reasonable to understand that by
converting to strain, the lattice strain has a decreasing gradient from 60 N. A load of 60 N corresponds
to 67 MPa in stress in the stress-strain diagram in Figure 7, where the strain is approximately 0.09%.
The difference between the lattice parameters in Figures 16 and 17 suggests that the filaments of this
wire are likely to have already been subjected to tensile residual stress or strain, and failure may occur
at relatively low stresses.

We have done similar experiments with NbsSn [11], BSCCO [12] and ReBCO [9, 10, 22] prior
superconducting wires to determine filament breakage strain, but experiments with MgB2 have been
difficult and this is the first measurement of such strain measurement experiment under loadings.
Since it was found that strain measurement at room temperature was possible, future experiments at
lower temperatures will be the subject of future work, since the low-temperature tensile testing frame
used in this study can be cooled down to about 10 K. If do samples can be obtained, it is possible to
measure axial residual strain at low temperatures, where actual results are not yet available. As a
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cryogenic tensile frame are already available, it is hoped that the findings of this study can be used
to elucidate the residual strain in MgB:2 wire, which is still unresolved.
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Figure 18. Relation between the results of lattice strain of each phase and applied load.

5. Conclusions

(I) Neutron scattering experiments on "B enriched MgB2 wire have shown sufficient diffraction peaks of
MgB:. Rietveld analysis of each phase allowed optimization of the lattice constants using approximately
all peaks.

(2) This allowed to obtain previously unreported changes in load and strain of MgB2 wires under tensile load
at room temperature. The difference in lattice constants between axial and lateral directions strongly
suggests that the residual stress or strain at room temperature is tensile.

(38) The ratio of the change in lattice constant to load in the axial and lateral directions was close, indicating
that the axial strain may be relaxing.

(4) About 2 types of commercially conventional practical MgB2 wire, scattering experiments were performed
for 7200 sec but no analyzable MgB: peaks were obtained. This suggests that it is almost impossible to
obtain diffraction of MgB2 in neutron scattering experiments for boron with natural ratio isotopes.

Acknowledgments: the neutron experiment at BL19 Takumi of the Materials and Life Science Experimental
Facility of the J-PARC was performed under a user program 2019A0178.
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