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Fig. 1 Magnetic hysteresis loops.
The inset shows external field dependence of J..

[1] Y. Kamihara et al., J. Am. Chem. Soc. 130, 11 (2008). [2] M. Rotter et al., Phys. Rev. Lett. 101, 107006
(2008). [3] C. Tarantini et al., Phys. Rev. B 84, 184522 (2011). [4] S. Tokuta et al., iScience 25, 103992 (2022).
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Figure 1. (a) 28 w-scan and (b) (103) ¢-scan of the (Ba,K)Fe2As; epitaxial thin films on BaFe,As,-buffered
SrTiO3(001) single crystal substrate, [001]-tilt-type bicrystalline substrates with a misorientation angle of
24°,30°, and 36.8°.
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Fig. 1. X-ray diffraction pattern of LaNiO; and LaNiO, .
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Fig.1 XRD pattern of synthesized sample. Fig.2 R-T of the sample at each pressure.
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high-pressure synthesis, structural analysis, and physical property measurement
O &', LR T2 FIR @A, FE T AR BB EHF wh sF KRE?
(1.NIMS, 2. 5iRXK, 3. B2 X)

°Ryo Matsumoto?, Kazuki Yamane®?, Kensei Terashima?, Toru Shinmei®, Tetsuo Irifune?,
Hiroya Sakurai?, Yoshihiko Takano*? (1. NIMS, 2. Univ. of Tsukuba, 3. Ehime Univ.)
E-mail: MATSUMOTO.Ryo@nims.go.jp

mIEGBIEIT, REROELEEIRIZIBIT DM E AR EIT O 2 A THIRFIETHY . ¥
(BRI ER OB CITBE 2R E 2 T\ b, — T CREELEMHOBRERRICB VLTI,
BIEAR AT > 12D HREEIHT-OMVERIE 2 T DB TIT O MENH VY . EBREES AP LR 5
TENR IRy T Lo TS, FxIZINETIZ, BENHNEETHL XA YELS KTV
v/l (DAC) OFREIZERIC, X A FET 28 E MY A YE L NERENORL G —%
—SOURE R, MR E R EMm AL XY — = 7D 2 LT EIEARE XGRS
ExFE—EHZTIT O 2 &M TE DA ZFR L CTEZ[1], ZOFEEZHNT, FREHE
2R 0 BREOEMIE & TSI TV GO SnsSs 41D THM L, 10 K Z# 2 2 Hhlgiy
BT AR T 2 & &R L[2], BITERRARE IS T2 7 =4y - BFF %A FOE#IZ K
0| HBRWE CORGERR L EWEHEO R A B I 2 ED T D,

A TIE, SnsSs & [AAREIED Ing,SalZEFEH T 5, AME TSR A NOEERICHBER S
D, In231MiE 725 IngerSs (=HEHIE T IngSs) DRI CEMATEE 72D, BRI ED A LA
ERD L WIEREFOE S IS % @ik AT 5 Z L1280, RO IngerSs 3G Hi
TUWA[3], Fox 13 IngerSa DMIMERIE 2 1D TITV, Te=16 K Bif2 OB{RE 2 /R34 2 & ZHiE O
W) CHAE LT-[4], & Dk O

T, BBy FIC ko TIHE 01— 004 b b b
SHRFIAS 17 K BLEA S D7 1 [ 0.0353 - E
IS LR 5 = L ICHER L, 0.08 C 003 72/
BRGHOREEIICE D T.om & ] I ]

EEEELTOS, ZO/R, 008, S I
BHRED L & HIZT AR 8 [ 0.027

EL, K1IRT Lo ictre 8004 - 0.015 3

v b Te’ 20 KICEES D 2 & ] [ 0,014
ZHEFL LTz, ISR DR, ]
BERE 2175 Z LT In HEER ] [ ]
LASITAPS T 7D HALILE ° 0 100 200 300 0?; .I1|4| 16 18 20 '2;
InsSa~ & 234k L/Ti\ DI EAUR Temperature (K) Temperature (K)
ST, ARITE Te DR

fiftBH & FE B\ c k7 B & 57 Fig. 1 Temperature dependence of resistance at around 45 GPa in
LR A Bs, In3xS4. (a) 300-0 K, (b) 22-12 K under various magnetic fields.

ot

Q

v
1
T

©0.005 -

[1] R. Matsumoto et al., APL. 119, 053502 (2021). [2] R. Matsumoto et al., Inorg. Chem. 61, 4476 (2022).
[3] S. G. Parra et al., Phys. Chem. Chem. Phys. 23, 23625 (2021). [4] 1R fth, %5 71 [E1i54, 24a-12P-6.

© 2024%F [CRAYEER 10-018 11.1



17a-C31-7 ERSESANBE AUSLMHEES HEFBE (2024 KB AV EIEN22IB&FVS1Y)

Development of automatic synthesis system for superconducting alloys
Wei-Sheng Wang !2, Kensei Terashima !, Yoshihiko Takano '

NIMS!, Univ. of Tsukuba?®
Email: WANG.Wei-Sheng @nims.go.jp

The rise of materials informatics and its ability to predict material properties through computational
modeling has spurred a demand for robust experimental validation. Automation using robots has emerged
as a promising approach to expedite this validation process. Recent advancements in robotic systems for
material synthesis have been documented in diverse areas, including liquid-phase materials[1], thin-film[2],
and solid-state synthesis[3]. While robots excel at repeatable movement, achieving consistent final products
remains paramount for both process optimization and obtaining materials with desired properties through
Bayesian optimization techniques.

This work reports the development of an automated arc-melting system (Figure 1) for the synthesis of
alloys and demonstrates its successful application in the production of several superconducting samples. The
system is built upon the Robot Operating System (so-called ROS2), a flexible and scalable framework for
developing robust and reliable robotic applications. ROS2 provides a structured communication architecture
between various system components, including the robotic arm, vacuum chamber, arc-melting furnace, and
sensors. This modular design facilitates the integration of additional components and the adaptation of the
system for diverse experimental setups.

The system’s basic construction is nearing completion, with successful testing of key hardware compo-
nents (cooling water flow, air/Ar pressure, and electric arc control). The process begins by initiating the arc
on Zr stored as an oxygen trap (Figure 2), followed by its migration towards the raw material mixture. After
cooling, the material is flipped and re-melted for ensuring the reaction and the homogeneity of the product.

Despite the apparent simplicity of the process, numerous parameters can be optimized, including
discharge power and distance, approach speed, arc radius, and the number of melting cycles. Leveraging
the system, we have successfully synthesized several samples (Figure 3), demonstrating its potential for
high-throughput and reproducible production of superconducting alloys. The developed system can be quite
useful for seeking new superconducting materials with enhanced properties and broader applications.

|

—— ZFC
. FC

Magnetic susceptibility (emu cm=3 0e~1)

5 10 15 20 25
Temperature(K)

Figure 3: Magnetization data under

Figure 1: Automated arc-melting Figure 2: Arc-melting in 10 QOe, for Nb3Al sample synthe-
sized by the automated arc-melting

system.

system. automatic motion.
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1. Introduction

To achieve the high critical current density of
REBa,Cu3O, (RE123) superconductors (SCs) for
practical use, bi- or tri-axial grain alignment is
essential. Our group is focusing on the magnetic
alignment technique to improve critical current by
fabricating the thick RE123 film (> 10 pm). Biaxial
alignment of REI123 grains with twinned
microstructure has been achieved under the
modulated rotating magnetic field of solenoidal SC
magnet (SC-MRF) in an epoxy resin [1, 2]. Currently,
we developed the linear drive type MRF equipment
(LDT-MREF) [3]. One of the issues is development of
the biaxial aligned RE123 ceramics based on the
colloidal process. The time required for bi-axial
magnetic alignment, 7 [s], is expressed as follows
when the viscosity of the dispersed media is # [Pa*s],
Ay, 1s magnetic anisotropy, and B [T] is magnetic
field strength [4]: T = 6npy/4Ax.oB2. Previously, we
reported viscosity dependence of biaxial orientation
degrees in (Y:.Dy.)123 [5]. In principle, T needs to
be shorter than the curing time of epoxy resins or the
casting time of colloidal solution. In this study, we
clarified the degrees of orientation of (Y1
xDyx)Ba;CuzOy [(Y1xDyx)123] particles under the
SC-MRF and the LDT-MRF in epoxy resin with
different curing times.
2. Experimental

Y1xDyy)123 [x = 0, 0.02, 0.05, and 0.1, y ~ 7]

polycrystals were (synthesized by the standard solid-
state reaction and oxygen annealing; particle size ~ 10
um) prepared. Before the magnetic alignment, epoxy
resins were pre-cured to reach the target viscosity as
the initial viscosity state. (Y..Dy,)123 powders were
mixed with pre-cured epoxy resins at weight ratio of
1:10 and aligned under SC-MRF of 0.8 T and LDT-
MREF. We used three different types of epoxy resins.
Resin A shows a higher initial viscosity (specification,
init ~ 40 Pa-s) and 2.7 h for curing. Resins B and C
show lower initial viscosities (specification, #init ~ 0.5
Pa-s) and different curing times (17 h for B, 37 h for
C). The degrees of orientation of the magnetically
aligned powder samples of (Yi.Dy:)123 were
determined from (103) pole figure measurements.
3. Results and Discussion

Figs. 1(a) and 1(b) show (103) pole figures of the
(Yo0.938Dyo0.02)123 (x = 0.02) powder samples aligned
under LDT-MREF, in Resin A and the pre-cured Resin

B, respectively. The pre-curing time of the pre-cured
Resin B was 3 h, and its estimated viscosity is 40 Pa*
s. Note that the measurement plane for the (103) pole
figure is perpendicular to the direction of the static
magnetic field component. For magnetically aligned
(Yo0.98Dyo.02)123 in Resin A, ring shape pattern was
obtained, indicating that (Y.93Dyo.02)123 in Resin A
achieved high c-axis aligned and low in-plane
orientation degrees. Clearly, 4-fold symmetric spots
were  obtained for  magnetically  aligned
(Y0.98Dy0.02)123 in the pre-cured Resin B, indicating
that (Yo.08Dyo0.02)123 powders in the pre-cured Resin
B was biaxial aligned. FWHM values in the rotational
direction were determined using these spots. The
average of FWHM values, A¢, was used as an index
of the degrees of in-plane orientation. We could not
determine A¢ value in Fig. 1(a) because of peak
broadness, while the Ag value was approximately 20
deg in Fig. 1(b). These clear differences in
experimental results between Resin A and the pre-
cured Resin B were obtained, suggesting that in-plane
orientation degrees strongly depend on the time
dependence of viscosity. In this study, we will report
the change in the in-plane orientation degrees on the
magnetically aligned (Y..Dy.)123 powder samples
as functions of viscosity, curing time, and magnetic
anisotropy (or x).
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Fig. 1 (103) pole figures at a-plane of the magnetically aligned
powder samples of (Y0.9sDyo02)123 under LDT-MRF in (a)
Resin A (77iit~ 40 Pa-s) and (b) the pre-cured Resin B (s~ 40
Pa-s), respectively.
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1. Introduction

Layered functional materials, such as
thermoelectric, optical, and superconductivemateriak,
exhibit direction-dependent of physicaland mechanical
properties dueto their anisotropic crystalstructures. However,
achieving optimal performance in practical applications
requires precise control over the material's microstructure and
alignment. Especially in high-7:cuprate superconductors,
misorientation between grains significantly reduces intergrain
critical current density, necessitating tri-axial grain alignment
along the a, b, and c-axes to optimize the transport properties.

Our group has previously demonstrated a
magnetic grain-orientation technique usingamodulated
rotating magnetic field (MRF) withoutrelying on epitaxial
growth method [1]. This method s effective for materials
exhibiting tri-axial magnetic anisotropy. Advancingthe
magneto-scientific technique to a practical production process
for RE-based cuprate superconductors requires athorough
understanding of the factors determining their magnetization
axes and magnetic anisotropies. This study focused on the
relationship between tri-axial orientation degrees and
magnetic field strength of MRF on twin-free (Y;.
«Dyx)BaxCusOs [(Y1Dyx)124] with various tri-axial
magnetic anisotropies.

2. Experimental Details

Single crystals of (Y1.Dyx)124 with varying
nominal Dy concentration kevels, x=0, 0.1, 0.25, 0.50, 0.75,
and 1, were grown using the flux method [2] inambient
pressure, employing KOHas the flux medium. Y>O3, Dy»Os,
BaCOs3, and CuO were usedas starting materials inasolid-
state reaction at 900 °C in arr, folowed by an intermediate
grinding step. Theresultant powder was mixed with KOHin
a weight ratio of 5:6 (pow der: KOH) and subjected to heat
treatment at 700 °CinanAbO; crucible. The crystalgrowth
process was maintained at this temperature for 2 h, followed
by a gradual cooling process atarate of 1 °C/. Finally, the
grown crystals werethoroughly washed with distilled water
several times to remove any residual flux. Scanning electron
microscopeimages chrified the particle size and transmission
electron microscopy (TEM-EDX) was used to analyze the
chemical composition of synthesized samples. Pulverized
(Y1.Dyy)124 microcrystals were mixed with Araldite
Standard (Minic~40Pas) epoxyresin ina weight ratio of 1:10
and aligned under MRFs of 1-10 T. The magnetization axes,
degrees of orientation of the magnetically aligned (MA)
powder samples of (Y1.Dyx)124 were determined from

XRD and (017) pole figure measurements.

3. Results and discussion

The XRD patterns of the MA-(Y1-Dy:)124
showed the clear enhancement of (001), (%00), and (0k0)
peaks at the a, B, and y plnes respectively under the MRF of
1-10 T. For (Y1xDyx) 124 (x = 0), the relationship of the
magnetization axes was y.> y. >y, and remained unchanged
with change inx.

As shown in Fig. 1(a), aring-shaped diffraction
pattern was obtained for Y124 under MRF of 1 Tin(017)
pole figuremeasurements. Theresults indicate that only the c-
axis was aligned in above case, suggesting that the static
magnetic field componentalone was sufficient. In contrast,
the rotating field component was not adequate. This might be
due to either insufficient magnetic orientation energy or a
need for a longer magnetic alignment time. The two-fold
symmetric spots were observed at MRF of 10 T as shownin
Fig. 1(b). High degrees of n-plane orientation with FWHM<
4° were accomplished for MA-Y124. Furthermore, even at
MREF of 5 T, MA-Y124 shows high degrees of n-plne
orientation with FWHM<5°. This suggested the MRF of 5 T
applied field is sufficient to achievethedesired magnetic
orientation energy even at Y124. Then-plane orientation
degrees were gradually increased with theincreasing in.x.
Considering the influence of the grain size, changenthe
degrees of in-plane orientation on the MA-(Y1..Dyx) 124 wil
be discussed in the presentation.

Reference
[1] Horii, S. etal, SuST, 28, 105003 (2015).
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Figure 1. (017) pok figures of MA-(Y1.Dyx) 124 (x=0) with
(a) MRF of'1 T and (b) MRF of 10 T. W and ¢ indicate tilt and
rotation angles, respectively.
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Introduction

To achieve high critical current densities in
both self-field and in-field conditions for high-T.
cuprate  superconductors  like  REBa>CuzOy
(RE123), it is crucial to achieve densification and
orientation of a substantial number of grains. We
are currently investigating magnetic alignment
techniques to achieve biaxial orientation of RE123
grains, aiming to advance the practical utilization
of RE123 as a superconducting wire. The adventa-
ges of magnetic alignment is not requiring highly
oriented template materials and it is also a room
temperature process. These characteristics of mag-
netic alignment create new opportunities for
fabricating thicker films of RE123, a goal that is
challenging to achieve using epitaxial technology.

In the magnetic alignment method, the
expectation is that the easy and hard axes align
perpendicular to the static magnetic field and the
modulated rotating magnetic field, respectively.
When the grain shape is approximately spherical,
the following formula can be used to estimate the
required magnetic alignment time z [1]: 71 = y.B? /
6nuo, Where ya is the dimensionless difference
between the magnetic susceptibility along the easy
axis and that perpendicular to the easy axis, B is
the magnetic flux density, » is the medium
viscosity, and uo is the vacuum permeability.
Previously, achieving biaxial magnetic alignment
of several RE123s required the superconducting
magnet [2]. Recently, our group developed an
original device that can generate a linear drive type
of modulated rotating magnetic fields (LDT-MRF)
using the permanent magnet arrays [3]. This
magnetic alignment device is compact and has low
(capital investment and operational) costs. Also,
this LDT-MRF equipment had achieved a static
magnetic field of 0.9 T and a rotating magnetic
field of 0.8 T. Furthermore, recently, by expanding
the width of magnet arrays perpendicular to the
LDT direction, we have succeeded in suppressing
the tilt of the sample grains in the direction of the
hard magnetization axis, thereby achieving the
high degrees of orientation of each grain [4-5]. To
date, such research has been carried out using
batch processes, but the application of this
magnetic alignment technology requires a
continuous process. In this study, we added a
sample transport system to the LDT-MRF
equipment and tested a continuous magnetic
alignment process.
Experimental method

Polycrystalline DyBa,CusOy (Dy123, y ~ 7)
powders (ave. particle size ~ 2—4 pm) were used

as the test of magnetic alignments by using the
LDT-MRF system, showing its relatively large
magnetic anisotropy among the RE123 compounds
[2-5]. "Araldite Standard" was used as the
dispersion medium for Dy123 grains. The initial
viscosity (catalog spec) of this epoxy resin is #in~
40 Pa-s, and less than 5*zin even after 1 h of
mixing. The time when the sample entered/escaped
the magnetic field region of the LDT-MRF was
defined as tsaftend, respectively. The orientation
state of the Dy123 grains after magnetic alignment
was investigated by using the (1 0 3) pole figures.
Results and discussion

Figures 1a and 1b show the (1 0 3) pole figure
results for Sample A and Sample B, respectively.
The 4-fold rotationally symmetric spots indicate
the biaxial orientation of Dy123 grains with twin
microstructures. In both the results for samples A
and B, 4 spots and their centers of gravity were
shifted in parallel downward on this paper. Such a
parallel shift indicates that the grain orientation
state is tilted. Specifically, the ends of the Dy123
grains closest to the magnet side were lifted and
tilted as the sample escaped from the magnetic
field region. The inclination of Sample B (~10°)
was smaller than that of Sample A (~20°). Higher
viscosity of the sample when it’s escaped from the
magnetic field, the grain tilt may be suppressed.
By adjusting the magnetic anisotropy and medium
viscosity of the sample to the state of the magnetic
field lines created by the magnet arrays, it may be
possible to obtain a continuously magnetically
aligned samples. In this presentation, we will
report details of the methods and results.

(a)Sample A (b) Sample B

Ly = 1 min., fyg ~ 18 min.) (faa ~ 23 min., &4 ~ 40 min.)
@=0 ®=0 5
g 8
-3
. . o S o
90" 270° 90" 270° |5 £
5
a8

¢ = 180° ®=180°

Fig. 1. Results of (1 0 3) pole figure measurements
for (a) Sample A (tsa~ 1 min., teng~ 18 min.) and (b)
Sample B (tsta ~ 23 min., teng = 40 min).
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1. Introduction

REBa,CuzO;7 (RE123, RE: rare-earth elements)
shows critical temperature around 90 K and relatively
higher critical current densities under magnetic field
at 77 K. Due to the weak link at grain boundary in
RE123, biaxial/triaxial grain orientation is necessary
for practical use. Our group focuses on biaxial/triaxial
magnetic alignment by modulated rotating magnetic
field (MRF). In principle, the intermittent type
MRF[1], which is typically used in our group,
includes different processes of the static (SF) and
rotating (RF) fields. In the present study, our group
uses another type of MRF, an oscillation (OS) type
MRF][2]. Fig. 1 shows a schematic of the OS type
MRF and its advantages are that the OS process
includes both the SF and RF components and the two
components are determined by the oscillation angle
(6) systematically. We investigate the biaxial
orientation degrees of twinned Y123 and Erl23
powder samples aligned under the OS type MRF with
controlling & and magnetic field (B.) systematically.

2. Experimental

Oxygen-postannealed Y123 (y. >y.>y») and Er123
(x»> x> x-) polycrstals were pulverized in a agate
motar. The powders were mixed with epoxy resin
(Araldite Standard, 7i,7=40 Pas) in a weight ratio
with powder : resin =1:10, and were cured in the OS
type MRF. As shown in Fig. 1, fis the maximum OS
angle created by the normal direction to the o plane
and the horizontal B, direction of the
superconducting solinoidal electromagnet. In this
study, rotation speed (£2) is 5 rpm and € is 1.8°~
90°. (103) pole figure measurement is examined to
determine the biaxial orientation degree (F) of the
magnetically aligned powder samples of Y123 and

Er123.
Ba
<
‘z‘@* ™S
O

Fig. 1 Experimental configuration in oscillated rotation
magnetic fields.

47.

3. Results and discussion

In principle, within € <90°, the first easy, second
easy and hard axes are aligned normal to the o, 3 and
vy planes of Fig. 1, respectively. Fig. 2 shows
relationship between F and @ for the magnetically
aligned Y123 powder samples with B,= 1,5 and 10 T.
Incidentally, the y plane was used as the measurement
plane for the (103) pole figure measurement in the
Y123 powder samples.

The F values show ~10% for 1 T, suggesting that
the biaxial alignment is not achieved in a whole region
of 6. For 5 and 10 T, F ~10% emerges only in a lower
Bregion, while F increases with the increase in 6. The
increase in #means the increase in the RF component.
It is strongly suggested from Fig. 2 that sufficient RF
component for achieving magnetic separation of the
a-axis and b-axis is obtained by using wider
oscillation angles even in 5 and 10 T.

In this presentation, the results in Er123 are also
shown, and their relationships between F and 6 will
be discussed from the theoretical viewpoints.

80 T T T T T
Y123
60 B
10T =
o o
B o A
S\:40- o P, a4 4 1
5T
a 4 &
20 o 4
a A L] L] .1T
0 1 1 1 1

0 15 30 45 60 75 90
6 (deg.)

Fig. 2 Relationship between F and @ for the magnetically
aligned Y123 powder samples.
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