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ABSTRACT

In this review, we present a new set of machine learning-based materials research methodol-
ogies for polycrystalline materials developed through the Core Research for Evolutionary
Science and Technology project of the Japan Science and Technology Agency. We focus on
the constituents of polycrystalline materials (i.e. grains, grain boundaries [GBs], and micro-
structures) and summarize their various aspects (experimental synthesis, artificial single GBs,
multiscale experimental data acquisition via electron microscopy, formation process modeling,
property description modeling, 3D reconstruction, and data-driven design methods).
Specifically, we discuss a mechanochemical process involving high-energy milling, in situ
observation of microstructural formation using 3D scanning transmission electron microscopy,
phase-field modeling coupled with Bayesian data assimilation, nano-orientation analysis via
scanning precession electron diffraction, semantic segmentation using neural network models,
and the Bayesian-optimization-based process design using BOXVIA software. As a proof of
concept, a researcher- and data-driven process design methodology is applied to
a polycrystalline iron-based superconductor to evaluate its bulk magnet properties. Finally,
future challenges and prospects for data-driven material development and iron-based super-
conductors are discussed.
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We present a new set of machine learning-based materials research methodologies for poly-
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observation of microstructural formation using 3D scanning transmission electron microscopy,
phase-field modeling coupled with Bayesian data assimilation, nano-orientation analysis via
scanning precession electron diffraction, semantic segmentation using neural network models,
and the Bayesian-optimization-based process design using the BOXVIA software.

1. Introduction

In recent years, efforts have been made to improve the
efficiency of material research, including by accelerat-
ing the search for optimal conditions for materials
fabrication using machine learning methods [1-5]
and high-throughput microstructure characterization
using automated large-scale data acquisition systems
[6-8]. The evolution of materials characterization
techniques is related to the improved efficiency of
material research. For example, the spatial resolution
ranges covered by electron microscopy and X-ray
microscopy have increased and overlapped, allowing
researchers to choose an appropriate imaging method
for their specific materials research problems [9-11].
In addition, the development of novel instruments
that integrate different material characterization
methods (e.g. a fully functional atom probe integrated
in an aberration-corrected transmission electron
microscope [12]) and the common formatting of
microscopy and microanalysis data from various
instruments are recent trends that will enhance mate-
rials research efficiency [6,13].

This study focuses on polycrystalline iron-based
superconductors (IBSs) [14] as target materials and
aims to establish an efficient research method to improve
the superconducting properties and optimize the fabrica-
tion of IBSs. This efficient research method is called p-Ex-
datarial design, where p stands for microstructural char-
acterization and Ex means experimental material fabrica-
tion and property measurement. The term ‘datarial
design’ refers to data-driven material design in which
material fabrication is guided by computational analyses
and simulations of material microstructures and proper-
ties using experimental data obtained through material
fabrication and characterization (p-Ex).

The experimental and computational components of
the proposed method, p-Ex-datarial design, should be
optimized for target materials. We examined the selection
of experimental and computational methods and their
effective interconnection for polycrystalline IBSs. For
microstructural characterization (i), electron microscopy
and laboratory-scale X-ray diffraction (XRD) were
selected to characterize both local and average micro-
structures. Here, three-dimensional (3D) image data
and in situ time-dependent imaging data were acquired
via electron microscopy observation [15-17]. These
microscopy image data can be directly incorporated
into the modeling and simulation of microstructural

evolutions and superconducting current flows (data
assimilation), which can be as effective as virtual experi-
ments [18]. The other featured experimental method (Ex)
involves fabricating bicrystal thin films to examine their
superconducting properties and microstructures [19].
This method is effective for observing microstructural
components comprising polycrystalline microstructures,
such as grain boundaries (GBs), and evaluating their
effects on superconducting properties. Through the
close interplay of microstructural characterization,
experimentation, and modeling, the p-Ex-datarial design
approach has been used to fabricate a world-class high-
performance polycrystalline IBS magnet [20]. The follow-
ing sections detail p-Ex-datarial design and its application
to IBSs.

The contents of this paper are briefly described as
follows. Section 2 reviews the fabrication methods of
various types of IBSs and the notable properties of the
fabricated materials with three types of sample forms,
i.e. single crystal thin films, bicrystal thin films, and
polycrystalline bulks. Section 3 describes the multi-
scale and multidimensional electron microscopy ima-
ging platform for the present study. Section 4
describes the computational methods for realizing
the modeling of microstructures and material proper-
ties of IBSs. Specifically, we describe the following: 3D
microstructures of Bal22 bulk analyzed using deep
learning and their linkage to superconducting proper-
ties; phase field (PF) modeling and data assimilation to
reproduce an experimentally observed sintering pro-
cess of metal nanoparticles; and another PF modeling
approach to a polycrystalline structure formation pro-
cess using first-principles calculations based on the
density functional theory (DFT). Section 5 introduces
BOXVIA, a Bayesian optimization software developed
for data-driven material processing design. Section 6
describes the properties of a Ba122 bulk superconduct-
ing magnet fabricated by utilizing all the knowledge
about the IBSs and their processing and the character-
ization methods presented in Sections 2 to 5. Section 7
summarizes the results of the present study and dis-
cusses the remaining challenges and prospects.

2. Advanced processing

2.1. Introduction to processing of iron-based
superconducting materials

Microstructures, such as grains, grain orientations, and
defects, strongly influence the transport properties of
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superconducting materials. In general, a microstructure
should be carefully optimized for the transport of
superconducting currents and flux pinning to exploit
the performance of superconducting materials. For
example, cuprate high-temperature superconductors,
such as REBa,Cu;0,.s (REBCO, where RE means
a rare earth metal), have the weak-link problem,
where the transport of superconducting currents is
suppressed at GBs, depending on the misorientation
angle between neighboring grains [21]. A coated con-
ductor with a biaxially aligned REBCO thin film on
a textured substrate has been developed for wire appli-
cations to overcome the weak-link problem [22-30].
For Bi,Sr,CaCu,0g, 5 and Bi,Sr,Ca,Cuz01y,, the pow-
der-in-tube (PIT) process has been combined with
high-pressure sintering to obtain c-axis-aligned wires
and tapes [31-48]. For bulk materials, a melt-growth
process has been developed to grow single-domain
bulks using a seed crystal as a nucleus [49-53]. For
quasi-single-crystal materials, nanoprecipitates and
artificial pinning centers have been introduced to
improve the pinning efficiency of quantized magnetic
fluxes. In Nb-Ti wires, the flux pinning strength has
been greatly enhanced by generating nanometer-scale
nonsuperconducting precipitates through cold work-
ing, taking advantage of the long coherence length
and workability of the alloy [54,55].

IBSs exhibit high-temperature superconductivity in
layered compounds with a square lattice of iron, showing
a superconducting transition temperature (T) of up to 56
K [56]. Representative parent compounds include the 1111
(REFeAsOQ) [56], 122 (AEFe,As,, where AE means an alka-
line earth metal) [57], 11 (FeSe) [58] and 1144 (AEAFe,As,,
where A means an alkaline metal) [59] phases. With the
recent discovery of topological superconductivity, the
potential applications of IBSs include Majorana platforms,
Josephson devices, and powerful magnets [14,60]. The high
upper critical field (H,) of more than 100 T [61] in 1111
systems and more than 50 T [62-65] in 122 systems with
small electromagnetic anisotropy is attracting attention in
terms of high-magnetic-field applications. This has
enhanced research on wires, tapes, and bulk conductors as
materials for high-field magnets [14,66,67]. The advantage
of IBSs in terms of conductors is that the weak-link problem
at GBs is less pronounced than that in cuprates [68,69].
Katase et al. reported that Co-doped Ba122 bicrystalline thin
films fabricated via pulsed laser deposition (PLD) showed
no transport intergrain critical-current-density decay up to
a misorientation angle of 5°-9°, which is larger than the
critical angle of 2°-3° for REBCO [69]. Thus, high critical
currents are anticipated in IBSs in the form of polycrystalline
materials without needing a high degree of texturing as in
cuprates. Two approaches have been considered for fabri-
cating IBSs.

o Toward perfect crystals: improving the degree of
crystalline orientation (as in cuprates) and
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including biaxially oriented 11-phase coated con-
ductors [70-72] and uniaxially oriented 122-
phase flat tapes [73-78]

e Toward random polycrystals: not intentionally
pursuing texturing, and including 122- and 1144-
phase randomly oriented bulk materials [79,80]
and PIT-processed 122-phase round wires [81-84]

Higher critical current density (J.) can be easily
obtained through the former, though coated conduc-
tors are technologically more complex and expensive
to realize, but the latter can more easily produce larger
bulks and longer wires. The latter approach differs
from that for cuprates and workable metallic super-
conductors and is similar to the synthesis method of
intermetallic, weak-link-free MgB, superconductors
[85,86].

Single-crystal and bicrystalline thin-film processing
are reviewed in Sections 2.2 and 2.3, respectively.
Subsequently, advanced processes for polycrystalline
materials, which fall under the latter approach, are
reviewed in Section 2.4.

2.2. Thin-film growth

We have focused on three main classes of IBSs,
namely, NdFeAs(O,F), NdFeAs(O,H), (Ba,K)Fe,As,,
and Fe(Se,Te), which are potential materials for con-
ductor applications. NdFeAs(O,F), NdFeAs(O,H), and
(Ba,K)Fe,As, were fabricated using molecular-beam
epitaxy (MBE), whereas Fe(Se,Te) was grown using
PLD. Each compound poses challenges in growing
epitaxial thin films with high crystalline quality.
Furthermore, selecting suitable substrates is difficult,
as commercially available bicrystal substrates are lim-
ited to SrTiOs, (LaAlO;3)05(Sr,TaAlOg)g 7, and MgO.
Nonetheless, epitaxial thin films have been grown on
these substrates, enabling bicrystal experiments. This
section concisely describes the deposition techniques
for each compound on standard substrates.

2.2.1. NdFeAs(O,F) and NdFeAs(O,H)

For both NdFeAs(O,F) and NdFeAs(O,H), one-step
fluorination and hydrogenation during film growth
are challenging. Therefore, a two-step process is
used: the parent compound, NdFeAsO, is prepared
on MgO(001) via MBE [87], and topotactic chemical
reactions are induced to substitute O partially with
F or H [88-90]. Despite a substantial in-plane lattice
mismatch of ~ 6% between NdFeAsO and MgO at
room temperature, the 003 rocking curve and the ¢
scan of the 200 reflection show a sharp full width at
half maximum of 0.6°-0.8°. These values remain
unchanged after fluorination or hydrogenation [90].
Misfit dislocations even compensate for the large mis-
match [91]. The epitaxial relationship is (001)[100]
NdFeAs(O, F or H)||(001)[100]MgO. Although the
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superconducting transition temperatures (T.) of both
compounds are nearly identical (~50 K), NdFeAs(O,
H) exhibits a lower electromagnetic anisotropy (~3.2)
and a high critical current density (J.) of ~17 MA/cm?
at 4 K in a zero magnetic field [90], compared to
NdFeAs(O,F), which has an anisotropy of ~5 and
a self-field J. of ~7.6 MA/cm? at 4.2 K [92]. Note that
NdFeAs(O,H) exhibits the highest values among IBS
thin films. This low anisotropy is mainly due to the
more 3D Fermi surface resulting from H doping [93],
and the high J. is from an increase in condensation
energy [90,91,94].

2.2.2. (Ba,K)Fe,As>

Unlike epitaxial thin films of Ba(Fe,Co),As, and BaFe,
(As,P),, those of (Ba,K)Fe,As, have not been success-
fully produced using PLD due to difficulties in con-
trolling the volatile potassium (K). This challenge is
similar to that encountered with CaFe,As,, where
calcium (Ca) exhibits high vapor pressures [95]. For
compounds containing volatile elements, MBE is
effective for realizing epitaxial thin films. In particular,
epitaxial (Ba,K)Fe,As, thin films [(001)[110](Ba,K)
Fe,As,||(001)[100]CaF,] with a high self-field critical
current density (J.) of ~14 MA/cm?” at 4 K have been
achieved at low-growth temperatures using fluoride
substrates [96,97]. Microstructural analyses conducted
via transmission electron microscopy (TEM) revealed
that columnar grains, which grow nearly perpendicu-
lar to the substrate, formed a slightly misoriented,
anisotropic thin-film microstructure. The small
inclined GBs created in this manner act as strong
pinning centers, leading to a higher flux pinning
force density (~200 GN/m” at 4 K and 6 T) compared
with that in heavy ion-irradiated (Ba,K)Fe,As, single
crystals below 5 T [98].

Although epitaxial (Ba,K)Fe,As, thin films with
good superconducting properties have been achieved,
they require fluoride substrates, which are not com-
mercially available as bicrystal substrates. Thin films
must be grown on oxide substrates to create well-
defined artificial single GBs in (Ba,K)Fe,As,.
However, the epitaxial growth of (Ba,K)Fe,As, on
oxide substrates poses challenges [94]. Thus, we uti-
lized the parent compound, BaFe,As,, as a buffer layer
[99], which is chemically and structurally compatible
with (Ba,K)Fe,As,. The resultant (Ba,K)Fe,As, film
grown on a BaFe,As,-buffered MgO substrate exhib-
ited a relatively high T. of 39.8 K, likely due to epitaxial
strain [99]. Structural analysis via XRD and TEM
confirmed the orientation (001)[100](Ba,K)Fe,As,||
(001)[100]BaFe,As,||(001)[100]MgO. Due to the
similarity of its microstructure to that of (Ba,K)
Fe,As, grown on CaF,, the field dependence of the J.
characteristics of (Ba,K)Fe,As,/BaFe,As,-buffered
MgO mirrors that of (Ba,K)Fe,As,/CaF,.

A. YAMAMOTO et al.

2.2.3. Fe(Se,Te)

Similar to (Ba,K)Fe,As,, Fe(Se,Te) has been success-
fully grown on CeO,-buffered SrTiOs;. The crystal
structure of CeO, is of a fluorite-type akin to CaF,,
making it an effective template for various IBSs, such
as Fe(Se,Te) [100]; BaFe,As, [101]; and LnFeAs(O,F),
where Ln includes Nd [102] and Sm [103]. Notably,
FeSegsTegs grown on CeO,-buffered Y-stabilized
ZrO, and SrTiO; exhibited a T. of ~20 K [104,105].
Fe(Se,Te) is primarily grown using PLD. We also
synthesized FeSeqsTeg s thin films on CeO,-buffered
SrTiO;3(001) through PLD. FeSe, 5Te, 5 represents the
nominal composition of the PLD target, which was
prepared through ball milling [106] and then spark
plasma sintering (SPS) [79].

Our FeSeqsTeys samples contained excess iron,
which led to charge carrier localization and thus
a lower T.. To mitigate this issue, we annealed
FeSegsTeps at 200°C at an oxygen partial pressure
(po2) of 1 Pa for 10 min. This post-annealing process
proved highly effective in removing the excess iron
[107]. Structural analysis via XRD confirmed that
FeSeq sTe s was grown epitaxially with the orientation
relationship (001)[100]FeSeq5Teqs||(001)[110]CeOs,|
(001)[100]SrTiO;. A self-field J. of ~ 1.7 x 10° A/cm?
was recorded at 4 K.

2.3. Bicrystal experiments

To date, IBSs have only been studied at [001]-tilt GBs.
Considering polycrystalline applications, GBs other
than [001]-tilt GBs should be fabricated and investi-
gated. Therefore, [010]-tilt roof-type GBs of Fe(Se,Te)
and K-doped Bal22 were fabricated as well.

To conduct bicrystal experiments, we fabricated
epitaxial thin films of NdFeAs(O,F), (Ba,K)Fe,As,,
and FeSe(sTeys on bicrystal substrates. For NdFeAs
(O,F) and (Ba,K)Fe,As,, [001]-tilt symmetric MgO
substrates were used, whereas [010]-tilt roof-type
symmetric SrTiO; substrates were selected for
FeSe(sTeys. The growth conditions except the fluor-
ination temperature were consistent with those
described in Section 2.2. The fluorination temperature
was reduced by 100°C due to the tendency of fluorine
to diffuse preferentially along the GB, eroding both the
superconducting NdFeAs(O,F) layer and the MgO
substrate [108]. Further information about GBs in
IBSs are available in several review articles [109-111].

2.3.1. [001]-tilt symmetric bicrystal NdFeAs(O,F)
and (Ba,K)Fe5As>

Figure la summarizes the misorientation angle (6gg)
dependence of the intergrain J. of NdFeAs(O,F) and
(Ba,K)Fe,As,. The measured temperatures for
NdFeAs(O,F) and (Ba,K)Fe,As, were 20.2 K (¢t =T/
Teonset =0.45) [108] and 20 K (¢ = ~ 0.56), respectively
[19]. For comparison, the data for Ba(Fe,Co),As, at 12
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K (t=0.58) [69] and Fe(Se,Te) at4 K (t = 0.2) [112] are
superimposed. The intergrain and intragrain J. of (Ba,
K)Fe,As, were the highest among the various IBSs.
Additionally, the decay of intergrain J. against the
misorientation angle was not significant among the
IBSs.

Figure 1b,c shows the ratio of the intergrain J. to
the intragrain J. (Jinter/Jcintra) @s @ function of Ogg.
The intergrain J. started to decrease exponentially at
approximately 8°-9°. This characteristic angle is the
critical angle, 6.. For (Ba,K)Fe,As,, 6. is constant
regardless of the applied magnetic field (Figure 1d),
whereas the 0. of Ba(Fe,Co),As, was reduced by the
applied magnetic field.

The superior GB characteristics of (Ba,K)Fe,As,
were not due to the measurement temperature, as the
reduced temperature of (Ba,K)Fe,As, and Ba(Fe,
Co),As, was higher than those of NdFeAs(O,F) and
Fe(Se,Te). (Ba,K)Fe,As, possessed the highest
depairing current density among the IBSs.
Additionally, microstructural analyses revealed that
the misorientation angle changed gradually within
a 20 nm region to reach the nominal GB angle [19].
These two factors are reflected in Figures 1a,d, which
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indicate that the GB properties of (Ba,K)Fe,As, were
superior to those of the other IBSs. Therefore, from
section 2.4 onwards, we focus on Bal22 rather than
other IBSs.

2.3.2. [010]-tilt symmetric bicrystal FeSe, sTey 5
Bicrystal experiments using IBSs have been conducted
using [001]-tilt symmetric bicrystalline substrates.
Because polycrystalline samples contain many types
of GBs, how the intergrain ] is affected by GBs other
than [001]-tilt GBs should be studied. Therefore, we
explored the structural and superconducting proper-
ties of FeSey 5Teq s [010]-tilt bicrystal films.
Structural analyses revealed that the GB angles
of FeSeqs5Teg s (HESBT) grown on a SrTiO; bicrystal
substrate with GB angles (65,) of 8° and 12° were
smaller than the nominal values. On the contrary,
the GB angle of the CeO, buffer layer (655°%) was

always larger than 655 . These observations could
be explained by the geometrical coherence model
developed by Budai et al [114]. For 655> >24° no
GBs formed in FeSey sTeq 5, whereas
$2°[110]/(221)2 GBs formed in the CeO, buffer

(a) (b) ()
B (BaK)Fe,As,, +~0.56 T T T T T T
e e e I B
O Ba(Fc,Co)As,, ~0.58 PALC0)2028, (0. o n
A Fe(SeTe), 02 IE I%ED 2 Fnlohiio2 1; oA ; A®
= {4z [ - 1 ¢ %1 o _=m
s} o E E 3 ® n \;_} o
< = = 5 °
5 b L o © 4 =
£ - 13 0.1 O ] S Al
> m] 3 D
o = A o 1 0.1 0O
LA 1 0.01 ! L 1 L P NP TR PR
20 30 40 0 10 20 30 40 0 4 8 . 12 16
O (°) O (©) O ()
(d) (e)
| ' ! ® (BaK)Fe,As), 1T J A FeSeqTey s, [010]-tilt GB
1. O m (BaK)FeAsy, 5T 1 O Fe(Sc,Tc) [001)-tilt GB
o cnmchin Roda | L,
N L e N -1
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Figure 1. Grain boundary (GB) properties of various iron-based superconductors. (a) Intergrain critical current density (J.) of [001]-
tilt GBs for (Ba,K)Fe,As, [19], NdFeAs(O,F) [108], Ba(Fe,Co),As, [69], and Fe(Se,Te) [112] as function of GB angle. The measured

reduced temperatures are shown in the panel. (b) Ratio of interg
shown in (a). (c) Enlarged view of (b) at 0° < gz < 16°. (d) Ratio
magnetic fields of 1 and 5 T for H||c. For comparison, the data of Ba(

rain Jo Ueinter) to intragrain Je (Jintra) @s function of GB angle
of intergrain J. to intragrain J. of (Ba,K)Fe,As, at 12 K. Applied
Fe,Co),As, at 4 K are shown [69]. (€) Jcinter/Jc intra Of FeSeqsTeg s

[010]-tilt GB as function of GB angle of FeSey5Teg s (GESBT). For comparison, the data of Fe(Se,Te) for [001]-tilt GB at 4 and 4.2 K are

superimposed [104,113].
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layer [107]. The epitaxial relation was confirmed
to be (001)[100] FeSeysTeqs||(114)[221]CeO..
Hence, domain wall boundaries rather than GBs
formed in weak-link-free FeSeysTeys. These
results have some implications for mitigating the
weak-link problem inherent in high-T. supercon-
ductors, as CeO, is commonly utilized as a buffer
layer.

Figure le shows the ratio of the intergrain J. to the

intragrain J. as a function of Oy, . The ratio in the

former subfigure is constant at approximately 6g

~9°, indicating the absence of weak links. However,
how the intergrain J. changes with GESBT beyond 10°
remains unclear. This issue should be addressed by
fabricating [010]-tilt bicrystal films of FeSeqsTep s
having 65 >12°, which is the direction of our future
studies.

2.3.3. Device fabrication

Possible device applications using IBS thin films
include superconducting quantum interference device
(SQUID) magnetic sensor systems and single-photon
detectors (SPDs). A SQUID consists of a ring-shaped
superconductor separated by two Josephson junctions
(S/1/S, where S denotes a superconductor and I means
an insulator). Because suitable insulators have not
been explored for IBSs, Co-doped Bal22 [115] and
Fe(Se,Te) [116] have been deposited on bicrystalline
substrates to fabricate Josephson junctions using the
weak coupling at GBs. The artificial GBs of these thin
films are metallic, and the normal-state resistance R,
of the junctions is small, resulting in a low I.R,, pro-
duct (typically tens of microvolts). Therefore, suppres-
sion of flux noise is a challenge for the dc-SQUIDs
made from Co-doped Bal22 and Fe(Se,Te).

A superconducting SPD is an electronic device for
detecting single photons, which are the bearers of
information in quantum cryptographic signaling.
The wavelength of a single photon is 1.55nm (0.83
eV in energy), which is sufficiently large relative to the
maximum superconducting energy gap of IBSs, which
is a few tens of meV. Therefore, when the supercon-
ducting nano-wires in a superconducting SPD are
irradiated by a single photon, the wire section transi-
tions from the superconducting state to the normal-
conducting state, generating a voltage. This voltage
becomes the detection signal of the single photon.
Here, a bias current (I) of approximately 80-90% of
the critical current (I.), at which superconductivity is
destroyed, is applied to the superconducting wires.
The photon detection efficiency of a superconducting
SPD is proportional to Iy, so the larger the I. of the
superconductor, the higher its detection efficiency. An
important aspect of SPDs is fine wire processing, and
Co-doped Bal22 [117] with a 500 nm line width and
NdFeAs(O,F) [118] with a 0.84 ym line width have
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been reported. Recently, a thin line with a width of 0.9
pm was reported for NdFeAs(O,H) [119]; its T, is 15%
lower than the unprocessed film and a J. of 4 MA/cm®
at 4 K was obtained.

2.4. Polycrystalline bulk materials

2.4.1. Synthesis of 122-type polycrystalline
materials

In this section, we briefly review the synthesis process
of bulk polycrystalline materials of 122-type IBSs,
which have the chemical composition AEFe,As,.
Here, superconductivity is induced via hole doping
due to alkali metal substitution at AFE sites, electron
doping due to transition metal substitution (e.g. Co
and Ni) at Fe sites, and chemical pressure via isovalent
doping (e.g. P) at As sites. Research and development
for applications is particularly active on K-doped
Bal22 systems [57] and the analogous stoichiometric
1144 systems [59,120]. 122-type polycrystalline mate-
rials (nonoxide ceramics) are typically synthesized
using glove box equipment. Elemental metals, such
as Ba, K, Fe, and As [121-123], or arsenide com-
pounds, such as BaAs and FeAs [124], are weighed to
achieve a designated chemical composition and mixed
under an inert atmosphere. In this process, mechan-
ochemical reactions may be induced using a ball-
milling apparatus [79,81,106,125,126]. The resulting
mixed powder is then sealed in a metal or ceramic
container and heat-treated to synthesize 122-phase
samples (one-step process [79]). In the case of the
two-step process, the as-obtained 122 sample is
ground again, followed by a second heat treatment
[81,127]. The two-step process achieves 122 phases
with high purity and crystallinity. Heat treatment is
conducted in an inert atmosphere, such as a vacuum
or Ar, to prevent oxygen contamination. Hot isostatic
pressing (HIP) can effectively synthesize dense 122-
phase samples at high pressures [80,128-131]. Weiss
et al reported (Bag ¢Ko 4)Fe,As, bulks and round wires
with high transport critical current densities exceeding
0.1 MA/cm? (self-field, 4.2 K) through HIP at 192 MPa
and 600°C [81].

The superconducting properties of IBSs are sensi-
tive to the doping level [123,132-136]. Control of
chemical composition and elemental substitution and
impurity doping [89,137-150] effectively improve cri-
tical current properties. As critical current properties
are also strongly influenced by microstructures,
approaches to improving the synthesis process [151-
167], including cold working [168-173], heat treat-
ment conditions [83,127,174-177], high-pressure
HIP [80,131,178-182], and hot pressing [183]. At
more microscopic scales, GB and interface modifica-
tion [109,111,122,184-190] significantly affects the
transport of superconducting currents. In recent
years, controlling nanostructures for more efficient
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magnetic flux pinning [191-202], such as by introdu-
cing strains [203,204] and defects [121,205-207] into
the grains and particle irradiation [208-211], has
attracted considerable attention. Moreover, attempts
have been initiated to introduce machine learning into
the design of synthesis processes [17,212-215].

2.4.2. High-energy milling

A one-step process combining high-energy milling
and SPS has been developed as an advanced process
for Bal22 polycrystalline bulk materials with high
critical current densities. Tokuta et al investigated
the dependence of the milling energy on the super-
conducting properties of Co-doped Bal22 by quanti-
fying and controlling the ball-milling conditions
during planetary ball milling using elemental metals
as starting materials [106]. The ball-milling energy
(Epm), which is the energy imposed on the powder
per mass, was systematically changed. Changing the
ball-milling time and precursor powders yielded dif-
ferent Egy;, which was estimated as

(wpr

)3
Epy = c/sr—f’t, (1)

where c is a dimensionless constant on the order of 0.1,
B is the mass ratio of the balls to the powder, w,, is the
angular frequency, r, is the revolution radius, r is the
rotation radius, and ¢ is the ball-milling time
[216,217].

With an increase in Egy, the intensity distribu-
tion of the Bal22 diffraction peak broadened and
the grain size of Bal22 decreased. The magnetically
measured T, (T."*8) reached its maximum value at
~60 MJ/kg and decreased by ~30% at 600 M]/kg.
The T, value measured from resistivity (T.%) also
slightly decreased with an increase in Epy. The
difference between T/, and T.™® could be attrib-
uted to the fact that the onset of the resistive
transition corresponds to intragranular transition,
whereas susceptibility transition can be attributed
to the GBs. The zero-resistance temperature
(T"%), which is mainly determined by the GB
transition and the establishment of a percolative
path, coincided with T, in these polycrystal-
line samples. The Egpy dependence of J. had the
maximum value, similar to the Epy; dependence of
density and T.™® (Figure 2a). This occurred
because J. is affected by various characteristics,
such as density, T, crystallinity, and phase purity.
A change in the self-field J. also corresponds to
a microstructural change. Electron microscopy
observation showed that the current path was con-
siderably restricted due to the presence of coarse
voids in low-Egy samples and poor connectivity in
high-Epy samples, yielding the highest J. along
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Figure 2. Ball-milling energy (Egy) dependence of (a) magnetic
superconducting transition temperature (T."?9) and onset
T.M9 (T.M%9, et} defined as the temperatures at which the
magnetization reached 90% and 99.9% of the transition,
respectively, resistive superconducting transition temperature
(T."*%) determined based on the 90% of the superconducting
transition, and zero-resistance temperature (7.*°;) of Ba(Fe,
Co),As; bulk samples and (b) critical current density (J.) at 5
K under self-field [106].

with high purity and good intergranular connec-
tion at 80 MJ/kg.

On the other hand, the temperature-dependent
slope of the upper critical field (H.;) of Co-doped
BaFe,As, can be artificially tuned by introducing
defects through high-energy milling at 100 MJ/kg
or more [121]. With an increase in Egy; to ~500
M]J/kg, the slope of H.,(T) increased by ~50% (from
4 T/K to 6 T/K) and exceeded those of single
crystals and thin films [121]. Nanograins with
remarkably high densities of planar defects parallel
to (001) were observed in Co-doped BaFe,As, bulks
processed at Egy; =100 MJ/kg [207]. STEM revealed
that the planar defects had a thickness of ~1nm
and an average spacing of ~5.7 nm, which was sev-
eral times the superconducting coherence length
[207]. Recently, a theoretical model for the effects
of nonmagnetic disorder on the H., slope was pro-
posed by Kogan et al. [206,218]. The observed pla-
nar defects may contribute to the observed
enhancement in H., as nonmagnetic scattering cen-
ters. Excluding ex situ formation via particle irra-
diation (few examples have been reported), high-
energy milling is expected as a new technique for
the in situ formation of dense defects during crystal
formation for IBSs.

2.4.3. SPS

In SPS, pulsed current is applied to a sample at uni-
axial pressure to generate Joule heat within the sample.
SPS is also called the field-assisted sintering technique.
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Figure 3. Sintering temperature dependence of density (left
axis) and relative density to theoretical density (right axis) of
(Ba,K)Fe,As, bulk samples [79].

Compared with conventional heat treatment in an
electric furnace, SPS has a faster ramp rate, and
dense samples can be obtained in a shorter heat treat-
ment period. SPS is therefore used to sinter various
ceramic materials [219,220]. In a K-doped Bal22 sys-
tem, potassium metal with a high equilibrium vapor
pressure tends to volatilize during heat treatment.
Volatilization of potassium, a carrier dopant, degrades
superconducting properties due to the formation of
impurity phases, in addition to shifting the doping
level from the optimal state. In this sense, fast synth-
esis via SPS is appropriate for systems containing
volatile elements.

Tokuta et al reported the synthesis of K-doped
Bal22 bulk discs with a diameter of 10 mm using
SPS from precursor powders prepared via high-energy
ball milling [79]. Figure 3 shows the relative density of
the K-doped Bal22 bulks as a function of sintering
temperature. The relative density increased asympto-
tically with the sintering temperature; sintering above
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600°C vyielded a high relative density of over 90%,
which reached 95% during sintering at 900°C. This
relative density is comparable with those of previously
reported IBS bulks made via SPS, such as
NdFeAsOq 75Fo0s (96%) [221], FeSepsTeqs (90%)
[222], Co-doped Bal22 (~80%) [223], and
CaKFe As, (96.2%) [124]. T, increased monotonically
with the sintering temperature from 33.1 K for
a sample sintered at 500°C to 37.8 K for a sample
sintered at 900°C; which was comparable with that of
single crystals [57]. This was due to high crystallinity
and the short dwell time of 5 min, which suppressed
potassium evaporation and achieved a near-optimal
doping level (40%). Samples sintered at 600°C and
650°C showed high J. values exceeding 10°> A/cm”® at
5 K and under self-field [79].

3. Data acquisition

Figure 4 shows the multiscale and multidimensional
electron microscopy imaging platform for the present
study. How the platform works for the present IBS
research will be described below.

3.1. Multiscale observation

The critical current is an important physical property
of superconducting materials for practical use.
Transport current properties are greatly influenced
by the material microstructure, and process conditions
must be clarified to control and improve
a microstructure. Various mechanisms have
a dominant effect on current properties, including
flux pinning [224], connectivity [225-227], misorien-
tation [68,69,228], impurity [73], and weak links [229]
at GBs. Therefore, various microstructural elements
should be considered, such as the macroscopic
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Figure 4. Mutiscale and multidimensional electron microscopy imaging platform for the present study.
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packing factor and reproducibility, GBs, and crystal
defects at the atomic scale. In particular, in the studied
polycrystalline bulk materials, extracting these micro-
structural elements is challenging due to their complex
interactions. Nonetheless, the recent development of
electron microscopy has been significant, and various
types of microstructural imaging methods are avail-
able. Recently, Shimada et al. reported multiscale
microstructural analysis to quantify the complex
structures of polycrystalline superconducting bulks
using different electron microscopy techniques [230].
Specifically, scanning electron microscopy (SEM) and
scanning TEM (STEM) were used for multiscale ima-
ging. A narrow region of bonding called a neck was
seen at the connection between polycrystalline aggre-
gates in a self-sintered Bal22 bulk, as shown in
Figure 5 The quantitative analysis of the neck is
described in detail in Section 4.2, showing that this
analysis elucidates the specific microstructure of this

Figure 5. Image in scanning electron microscopy in backscat-
tered electron mode of Co-doped Ba122 bulk fabricated via
self-sintering through mechanochemical process [230]. The
inset shows a bright-field transmission electron microscopy
image of neck area.

A. YAMAMOTO et al.

superconducting bulk material. Another specific
microstructure of the Bal22 bulk material was the
structural defects within grains and at GBs, as shown
in Figure 6; as microstructural elements, these defects
influenced current properties [207,230]. In particular,
the surface defects observed as intragrain structures
(a) were three-dimensionally distorted by the defect
strain, which was determined by measuring the atomic
displacements using geometric phase analysis (GPA)
(b). However, high-resolution observation of the GBs
of the Bal22 bulk suggested the presence of four major
types of structures, as seen in subfigures (c)-(f).
Furthermore, a Ba - O-rich amorphous phase (d)
formed at the GBs with uniform thickness, suggesting
that the liquid phase was involved in the microstruc-
ture formation reaction.

Combining high-energy mixing and SPS, as reported
by Tokuta et al., dramatically improved the bulk pack-
ing ratio and suppressed the neck area, highlighting the
need to consider the influence of GBs. Furthermore,
considering the fine grains (less than 100 nm) of
Bal22 with good transport properties fabricated via
mechanochemical ball milling, we developed
a multiscale crystal orientation analysis method for
quantitative GB analysis. This method combines elec-
tron backscatter diffraction using SEM, scanning pre-
cession electron diffraction (SPED) using TEM, and the
material scale for crystal orientation analysis on scales
ranging from submillimeters to a few nanometers. The
TEM-SPED method is a well-proven method for metal-
lic materials, and we were the first to apply it to
a polycrystalline superconductor [231]. Figure 7 shows
an example of TEM-SPED analysis (a) and the
misorientation angle of GBs obtained from Co-doped
Bal22 bulk (b). Our bulk has a slightly increased fre-
quency of low-angle grain boundaries, which is not an
external factor, and is also more randomly oriented than
tape wire, as is the case with round wire [80]. Thus, the

Figure 6. (a) High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image of planar defects in
Ba122 bulk and (b) geometric phase analysis. The arrowheads in (b) indicate the strained area due to planar defects. (c)-(f) HAADF-
STEM images of grain boundaries: (c) randomly oriented boundary, (d) boundary with amorphous phase, (e) small-misorientation-

angle boundary, and (f) c-axis-oriented boundary.
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SPED method can quantify nano-sized grain size as well
as the grain boundary characters.

Figure 8 shows the correlation between J. and the
inverse grain size reported previously, including our
data. In randomly oriented polycrystals such as bulk
and round wire, the grain size is often less than 1 um,
and more recently, less than 100 nm. In the case of
randomly orientated bulk and wire, the improvement
in J. with a decrease in grain size proposed by the
conventional flux pinning model and the Josephson
junction model [184] was consistent down to grain
sizes of ~25nm. Tapes have high J. even when the
grain size is 1 um or larger, but the correlation with
grain size is small, which is due to the high frequency
of c-axis orientation. On the other hand, intergranular
impurities have been reported in all types of polycrys-
talline Bal22 [72,228], suggesting that in addition to
grain size, control of grain boundary structure is
necessary in the future.

3.2. In situ 3D electron microscopy: a case study
using Cu nanopatticles (NPs)

In the optimization of process parameters of material
fabrication to obtain ideal microstructures, these

parameters are difficult to determine from databases,
especially in the case of new materials. The present
study proposes a method for predicting these process
parameters by combining actual microscopic data with
computer simulations. Assuming that a Bal22 bulk
superconducting material is to be fabricated, the sinter-
ing process of powder materials is the subject of
research. From the point of view of superconducting
properties, the optimal polycrystalline grain size should
be fine, ranging from tens of nanometers to submicrons
[207]. The formation of such a nanoscale polycrystal-
line structure during sintering is directly observed
under conditions close to those presently used for
actual sintering, and the temporal microstructure evo-
lution is acquired as in situ microscopy data. The
observed temporal microstructure evolution is repro-
duced through phase-field (PF) simulation, which is
described in detail in the following sections.
A microstructure with ideal material properties will be
understood by studying the correlation between
superconducting properties and microstructures.
Once an ideal microstructure is designed, the ideal
microstructure will be generated virtually on
a computer via the PF simulation, which can reproduce
the observed temporal microstructure evolution. From



Sci. Technol. Adv. Mater. 26 (2025) 11

the simulation results, the sintering parameters are
predicted to achieve optimal microstructure control,
and these are fed back into the actual sintering process.

In situ 3D electron microscopy [16] is suitable for
studying the abovementioned microstructure control
process. In situ electron microscopy has developed
rapidly in recent years, and it is being used to study
various materials, such as batteries and catalysts. One
of the reasons for the development of in situ electron
microscopy is the possibility of precisely applying
stimuli to a small specimen using
system (MEMS) on
a specimen holder. For example, a MEMS microheater

various
a microelectromechanical

enables rapid specimen heating and cooling [236]. In
addition, given a micrometer-to-nanometer-scale
sample that can be placed on a MEMS chip, the heat
capacity of the sample and the heater can be reduced
such that the sample drift during heating experiments
is significantly smaller than that in a conventional
heating experiment using a millimeter-scale sample;
moreover, atomic-resolution observation and electron
tomography (ET) observation, which were previously
difficult to combine with in situ heating experiments,
are now possible [237]. For 3D electron microscopy
methods, the development of ET using TEM or STEM
has been remarkable, and the spatial resolution of ET
can reach the atomic scale. By combining in situ and
3D imaging techniques, four-dimensional (4D; space
and time) electron microscopy enables the visualiza-
tion of nanoscale 3D material dynamics, such as sin-
tering [16].

As an example of obtaining 4D image data of the
sintering process using the above approach, in situ
heating with ET observation was applied to the sinter-
ing of Cu NPs [16]. The in situ heating with ET
observation method described here is optimized for
the single-component Cu NPs, and further technical
development would be required to apply this method
to observe the sintering of the multi-component
Bal22 materials.

Because Cu NPs can be easily oxidized, each sample
must be prepared and inserted into the electron
microscope column without contact with air to avoid
oxidation. This experimental procedure could be used
to observe the sintering process of Bal22 particles,
which can be easily oxidized. For in situ heating with
ET experiments without air exposure, we developed
a dedicated specimen holder equipped with a MEMS
stage for specimen heating that can prevent specimen
oxidization due to air exposure (Figures 9b,c [16]).
The MEMS specimen stage can be stored inside the
holder shaft, and it can be inserted into a TEM column
without exposing the specimen to air.

Figure 9d shows the heating history of the specimen
during ET observation [16]. During the acquisition of
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tilt-series datasets, the temperature of the MEMS stage,
where the specimen was placed, was set to 200°C (T1,
T2, etc. in Figure 9d). No sintering progress was
observed at this temperature. The temperature was set
to 350°C to continue sintering, and the holding time
was ~ 5 s in the initial stage of observation. In a later
stage, the sample was heated until the shape of the Cu
particles changed (‘Heating’ in Figure 9d). The tem-
perature at which sintering was performed was denoted
as the process temperature (PT), and each duration for
PT holding is listed in Figure 9d. The temperature
control series was implemented within 0.1 s. Such
instantaneous temperature control is an advantage of
using the MEMS stage. Tilt-series images were recorded
at 2° intervals at a specimen tilt angle range of + 40°, and
18 tilt-series datasets were acquired. The total number
of incident electrons and the electron dose were calcu-
lated to be 2.69 x 10® e” and 250 e” nm ™2, respectively.
This total number of incident electrons is almost half of
the generally accepted ultra-low dose TEM tomography
imaging with a direct electron detection camera [238].
However, noise was noticeable because of the extremely
low electron dose (and thus insufficient signal volume)
in tilt-series acquisition. When 3D reconstruction pro-
cessing was performed on the acquired tilt-series data-
sets, the 3D particle shapes were difficult to reproduce
due to the influence of noise. Therefore, before 3D
reconstruction processing, noise was reduced using
the block matching and 3D filtering (BM3D) algorithm
[239], which is a noise filter.

Figure 9e shows the 3D reconstruction results
obtained through in situ heating and ET observation.
The 3D image reconstruction method used was itera-
tive series reconstruction [238] based on a compressed
sensing algorithm, which is less affected by informa-
tion loss due to insufficient specimen tilt angles com-
pared with conventional algorithms, such as filtered
back-projection and the simultaneous iterative recon-
struction technique [240]. As the distance between Cu
particles decreased with heating, necking occurred
between particles, which is characteristic of sintering.
For comparison, we also observed a specimen that was
continuously heated at the same PT, but no significant
difference in necking was observed. Therefore, the
series of 3D-reconstructed images obtained in this
study reproduced the sintering behavior of the Cu
NPs in almost real time.

Since the synthesis of Bal22 requires more than
three elements (Ba, Fe, As, Co/K, etc.), including the
dopant element, and since the raw powders are
expected to have different size distributions, it is chal-
lenging to synthesize Bal22 uniformly in the small
sample space inside an electron microscope and to
observe the reaction process using the in situ heating
and ET observation method. Therefore, the applica-
tion of in situ heating and ET observation to Bal22 is
currently limited to the sintering process of Bal22
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Figure 9. Specimen preparation/transfer/heating system for in situ heating with electron tomography observation of nanopar-
ticles (NPs) [16]. (a) Sample preparation processes for transmission electron microscopy (TEM) observation (all performed in Ar-
gas-filled glove box). (b) Sample carried by newly designed microelectromechanical system (mems) — based in situ heating holder
with maintained air tightness. (c) Cu NPs dispersed on MEMS microheater. (d) Table and schematic diagram showing heating
process in TEM. Because the MEMS holder can instantaneously increase or decrease the sample temperature, a tilt-series dataset
can be acquired at a standby temperature (200°C) immediately after each heating step. (e) Temporal evolution of 3D morphology
of Cu NPs during heating. The obtained data were averaged in the range of 3 x 3 x 3 pixels (30.4 nm?) for visibility. Reproduced
from [16] with permission from the royal society of chemistry.

particles and their coarsening. The authors conducted
preliminary in situ heating and STEM observation and
confirmed that aggregates of Co-doped Bal22 parti-
cles are sintered by heating in the electron microscope.
However, it is unclear to what extent the constituent

elements of the Bal22 particles were vaporized during
the in situ heating experiment.

As described above, this section reviews 3D visua-
lization and evaluation methods for the sintering of
Cu NPs [16]. Nanometer-sized particles with a high
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surface area ratio exhibit a different sintering beha-
vior compared with coarse powders or bulk materi-
als, and quantitatively predicting this change over
time using conventional sintering theory is difficult.
The experimental method demonstrated here is one
of the few techniques that can efficiently perform
statistical measurements, leading to the prediction
of sintering behavior at the nanoscale. The 3D nanos-
cale dynamics images obtained through in situ heat-
ing and ET observation can be used for dimensional
measurements and a wide range of other applica-
tions, such as calculation of the microstructure for-
mation process and even estimation of
microstructure control process parameters, by assim-
ilating the data with those from PF simulation, as
described in the following sections.

4, Computational approach

4.1. Quantification of 3D structural data using
deep learning

As described in the previous sections, microstructures
significantly influence the current properties of poly-
crystalline superconductors. In bulk materials, these
microstructural elements are distributed three-dimen-
sionally. This complex 3D microstructure should be
modeled (or quantified) in cyberspace to apply process
informatics in this framework. Due to developments
in recent structural analysis methods, computed
tomography methods using X-rays and TEM [241-
244] and serial sectioning methods combining focused
ion beams and SEM [245] have enabled acquisition of
original 3D structural data on a scale ranging from
several tens of nanometers to submillimeters.
However, because nearly 1000 pieces of data are
acquired, the highest accuracy can be achieved if
a human performs all image segmentation, requiring
considerable time and effort. Furthermore, even with
batch image processing, the measurement errors
caused by experimental artifacts and noise in the ori-
ginal data are incompatible with conventional
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methods, such as thresholding, which reduces the
accuracy of phase segmentation. Recently,
Hirabayashi et al. used semantic segmentation based
on deep learning using fully convolutional neural net-
works (FCNs) as a solution to the abovementioned
problems [17]. Figure 10 shows an overview of their
method. This approach uses U-Net model, whose net-
work is based on the FCN model. The actual experi-
mental data are used as the training data, and
measurement errors are introduced into the training
data to achieve highly accurate (intersection over
union =94.6%) segmentation. They also generated
phase-identified 3.66 x 10° voxel data of the micro-
structure of a superconducting bulk material. Their
phase recognition method, which is based on deep
learning, is not limited to two-phase structures, such
as superconducting phases and voids. It can be applied
to multiphase structures with the addition of impuri-
ties and other factors.

Combining 3D observation and semantic segmen-
tation is a useful way to quantify actual microstruc-
tural information in complex phase structures, such as
bulk superconductivity, by modeling from real space
to cyber space.

4.2. The acquisition of novel 3D structures
correlated with superconducting property

Connectivity and grain size are important micro-
structural elements that influence the critical current
properties of the polycrystalline superconducting
bulk. Connectivity is correlated with the volume
fraction of the bulk [225,226], and it can Dbe
improved by processes such as diffusion [246,247]
and hot pressing [248,249]. As for grain size, the
finer the grain size, the better the current properties,
as described in Section 3.1. However, in the self-
sintered Bal22 bulk with 50 nm grains fabricated
in this project, a different correlation was observed:
the critical current property decreased with the grain
size. Furthermore, the volume fractions of these
bulks are comparable, and conventional approaches
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Figure 10. Modeling of 3D microstructures of actual materials via deep learning [17].
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measurement thickness of 3D-reconstructed image (d). (e) is schematic diagram of relationship between total pore length and

local current.

cannot easily elucidate this difference. Therefore, we
modeled the 3D microstructure of the actual Bal22
bulk via deep learning, as described in Section 4.1
[15]. The reconstructed images are shown in
Figure 11a,b. These quantification of 3D structural
data enabled the extraction of information that was
previously unavailable for two-dimensional data;
this information included the fact that 90% of the
volume of the voids in the bulks were connected to
each other and reached the bulk surface obtained
using the segmentation data of pore as shown in (c).
In addition, we quantified the microstructure, focus-
ing on the 3D superconducting phase connections,
and proposed two new microstructural parameters
that influence current properties, namely, the local
superconducting phase thickness and void length
(surface area), which both extract the neck structure.
The thickness of the local superconducting phase is
indicated by the minimum diameter in each voxel of
the superconducting phase surface that reaches the
other surfaces in the sphere where that point is
a contact point. Thickness maps obtained from an
actual data set are shown in (d). For these para-
meters, a bulk with higher transport current proper-
ties has a larger local thickness average and shorter
void length. Hence, at the same volume fraction,
shorter, more discrete voids improve the global
transport current of the bulk without causing loca-
lized cross-section of current path reductions, such
as at the neck as shown in (e). This result is the first

quantitative observation of the effect of the cross-
sectional area of the macroscopic particle connec-
tion area (neck). As for the process, the results
suggested that the higher the powder milling energy,
the narrower the neck area and the lower the con-
nectivity, resulting in lower transport current.
However, because the powder milling energy is posi-
tively correlated with inverse grain size, SPS, which
is a process improvement strategy that preferentially
heats the powder contacting area during sintering,
has been used to fabricate bulks with wide necks and
achieve excellent critical current properties while
maintaining a high milling energy [79].

Thus, a novel approach that incorporates data
science into conventional materials experimental
methods is being promoted for superconducting
materials. Researchers can use artificial intelligence
(AI) to ‘extract’ the structural elements that influence
current properties, which have been overlooked in
studies on complex microstructural information, lead-
ing to faster, more efficient material development.

4.3. Data assimilation of PF simulation and in situ
observation for solid-state sintering

Various methods for producing superconducting mate-
rials have been proposed. Solid-state sintering is an
effective way to produce polycrystalline bulk supercon-
ducting materials. During the solid-state sintering,
a polycrystalline microstructure forms through particle
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bonding, grain growth, and macroscopic densification of
the system. However, the sintering mechanism in the
production of polycrystalline bulk superconducting
materials is largely unknown, so the solid-state sintering
process in such materials is difficult to predict. Therefore,
integrated studies using both experiments and numerical
simulations are needed, as reviewed in this paper.

The PF method (PFM) is a powerful numerical
simulation technique that is widely used to simulate
polycrystalline microstructure formation in various
materials [250]. In existing studies, PFM is often
used to simulate the solid-phase sintering and poly-
crystalline grain growth in metallic materials and
ceramics [251-253]. However, PFM requires physi-
cal property values and material parameters because
it is a phenomenological continuum model.
Although these values and parameters are available
in studies about basic metallic and ceramic materi-
als, they are largely unknown for superconducting
materials.

We propose that the physical property values and
material parameters necessary for high-fidelity PFM
simulations can be obtained through two major
methods. One is data-driven modeling, in which
physical property values and material parameters
are estimated directly from experimental data. The
other is physics-driven modeling, in which physical
property values and material parameters are identi-
fied via multiscale analysis combining first-princi-
ples calculation, molecular dynamics, and PFM. In
this section, we present an example of data-driven
modeling involving in situ observation of polycrys-
talline microstructure formation through solid-
phase sintering and data obtained from experimen-
tal observations. In particular, this section shows the
inverse estimation of the physical property values
and parameters required for the PF simulation. In
this section, we focus on the solid-phase sintering of
Cu NPs for a proof-of-concept of our data-driven
modeling. We review the data assimilation based on
the in situ observation data presented in Section 3.2
using data assimilation based on Bayes’ theorem
[254,255].

4.3.1. PF model for solid-state sintering
This section describes the PFM for solid-state sinter-
ing and the data assimilation method used in this
study. The PFM is only briefly discussed, as its detailed
formulation is in a previous paper [251].
Polycrystalline microstructure formation during
solid-state sintering is simulated by numerically sol-
ving the following partial differential equations for the
order parameters [256]:

- (nv), )
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Here, N is the density field, pand #; (i=1,2,...,N) is
the existing probability of Cu NPs. N is the number of
Cu NPs in a system. p and #; changes from 0 to 1 in the
interfacial region. v; denotes the translation velocity of
the ith Cu NP and is calculated using the method
proposed by Wang [251]. F is the total free energy of
the system. M, is the mobility of #;, which charac-
terizes the GB mobility. M, is the mobility of p and
computed using the following equation:

M, = Myoh(p) + Myp{1 — h(p)} + Mauip(1 — p)*
+ Z Z Mgb’//ir/ja
i j#:i

(4)

where Mo, Myap, Mgurss and Mg, are the volume,
vapor, surface, and GB diffusion mobilities, respec-
tively. These mobilities are functions of each diffusion
coefficient: D; (i =vol, vap, surf, gb). h(p) is an inter-
polation function. The temperature dependency of D;
(i=vol, vap, surf, gb) is described using the
Arrhenius-type equation D; = Dioexp(—Qi/ (RT).

4.3.2. Data assimilation methodology

This section outlines the data assimilation methods
used in this study. Additional details are in previous
papers [257,258]. Our proposed data assimilation
methods are nonsequential data assimilation
approaches based on the 4D variational (4DVar)
method [259,260]. The 4DVar method minimizes the
following cost function, which is derived based on
maximum likelihood estimation:

1
J(x0) =5 (x0 = xb) "B (xo — xt)
tend 1 -~
+ 5 (Hi(x) —y,) 'R (Hi(x) —,).
t=0

(5)

This cost function represents the time integral of the
mismatch between the experimental and numerical
simulation data at time ¢ (=0 ~ t.,q) of the in situ
observation. In Equation (5), x; is a state vector, whose
components are the state variables and parameters
whose time evolution is to be estimated in the numer-
ical simulation, and y, is an observation vector, whose
components are the experimental data. Here, the sub-
script t denotes time. xJ is a background vector repre-
senting the initial state and the initially estimated
value of the parameter to be estimated. These vectors
are stochastic variables. H; is the observation operator,
which is used to compare x; and y,. T denotes trans-
position. B and R, are the background error covar-
iance matrix and the observation error covariance
matrix, respectively. These matrices represent the
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uncertainties of the initial estimate and the observed
data, respectively.

The gradient of the cost function is generally used
to minimize the cost function. However, analytically
deriving the gradient of the cost function is difficult,
especially for nonlinear numerical models, such as the
PF model used in this study. The ensemble 4DVar
method [256] can minimize the cost function without
using its gradient, but it is computationally expensive.
Therefore, we developed novel nonsequential data
assimilation methods that are named DMC-BO and
DMC-TPE methods [257,258]. These data assimila-
tion methods do not need to derive the gradient of
the cost function using Bayesian optimization. In the
following, we show the inverse estimation results of
material parameters for the PF simulation of solid-
state sintering from in situ observation data using
DMC-TPE.

The particle distribution obtained from the in situ
observation of Cu NP sintering, as shown in
Section 3.2, was converted into 3D voxel data and
utilized as the observation data. The following shows
the inverse estimation results of five material para-
meters. The size of the computational domain used
in the PF simulation of sintering was 820 nm x 820
nm x 820 nm. The number of computational grid
points was Ngq =128 x 128 x 128. The number of
Cu NPs in the computational domain was N =24.
The sintering temperature and time were 350°C and
50 s, respectively. The surface energy was set to ysur=
1.35 ] m~> [261]. The GB energy was assumed to
depend on temperature and was set to yg, = 0.783--
1.34x107* T J m 2 [262]. The parameters related to
the advection velocity were po = 0.98, ¢ = 0.14, and m,,
= m,,/100 [251]. The time increment was Af=1x 10~>
s. The volume and vapor diffusivities were D, = 1.0 X
102" m? s! and Dyyp=1.0x 102 m? s,
respectively.

The parameters Dgyrp Dgp, My My, and kg were
estimated via data assimilation based on DMC-TPE.
In the iterative calculation performed to minimize the
cost function based on the TPE algorithm, the max-
imum number of iterations was set to 100. The state
vector (x;) contains the ordered parameters (p and #;) at
all computational grid points and the five parameters to
be estimated. Therefore, the dimension of x; is Ngq +
NNyiq + Ny, where N, is the number of parameters to
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Figure 12. Evolution of cost function calculated through DA
using in situ observation data. The solid line shows the evolu-
tion of the cost function minimum updated during iterative
minimization.

be estimated and N, =5. The observation vector y,
includes the variable y, which represents the presence
of Cu NPs obtained through in situ observation.
denotes the voxel data; it equals 1 inside a Cu particle
and 0 otherwise. The dimension of y; is Ngyiq. B and R,
are assumed to be diagonal matrices, and their dimen-
sions are equal to those of x; and y,, respectively. The
mean values and ranges of the initial estimates of the
parameters to be estimated are shown in Table 1.

Figure 12 shows the minimization of the cost func-
tion with respect to the number of PF simulation
iterations. Bayesian optimization based on the TPE
algorithm was used in this study, so global and local
minimization performed automatically.
Therefore, the value of the cost function did not
decrease continuously. After 30 iterations, the cost
function was successfully minimized. Among the 100
iterations, the minimum value of the cost function was
obtained in the 73rd iteration.

The optimal material parameters for minimizing
the cost function were as follows: Dg,.¢=0.988 x
107'° m?/s, Dg, =1.090 x 10" m?/s, m, =0.948 x
107*° m®/(Js), M, =0.654x 10~ m’/(Js), and ky =
1.219 x 10° N/m?. The estimated Dy, was close to
a previously reported value [263]. To show that the
optimally estimated parameters enables the

were

Table 1. Means of initially estimated values and searching ranges for five parameters to be estimated

using data assimilation based on DMC-TPE method.

Parameter

Mean of initially estimated value

Searching range

Diffusion coefficient of surface, Dy [m?/s]
Diffusion coefficient of GB, D, [m?/s]
Translational mobility, m, [m>/(Js)]

Mobility related to GB migration, My, [m>/(Js)]
Stiffness constant, kg, [N/m?]

1x1071® 0 < Dy <2% 10716
1x107" 0 < Dy, <2x107"
0.5%x107%° 0<m, <1072
05%x107° 0<M,<107°
107 10° < kg, <108
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Figure 13. (a) Results of in situ observation of solid-state Cu nanoparticle sintering and (b) predictions obtained using phase-field
simulation and optimally estimated parameters. The sintering time for each image (from left to right) are 0, 13.5, 31.5, and 45 s.

reproduction of the sintering behavior of Cu NPs
obtained via in situ observation, we performed PF
simulations of sintering using the optimally estimated
parameters.

Figure 13a shows the 3D reconstruction of Cu NPs
obtained via in situ observation (Section 3). The gaps
between the NPs shrunk, and the system macroscopi-
cally densified. Figure 13b shows the PF simulation
results obtained using the parameters optimally esti-
mated through data assimilation. Although the sinter-
ing behavior simulated by using the PF model is
similar to the experimentally observed one, the quan-
titative reproduction of necking behavior and particle
size observed experimentally is not still realized.
Inverse estimation of the material parameters, which
are difficult to identify using conventional methods,
could be conducted by directly using the time varia-
tion of the 3D morphology of Cu NPs obtained via
in situ observation. This opens up a new way to clarify
the unexplored aspects of the sintering mechanism in
the synthesis of high-performance polycrystalline bulk
superconducting materials.

4.4. Numerical simulation of solid-state sintering
of Ba122 using the first principle calculation and
PFM

The previous section shows that the PFM and data
assimilation can be used to inversely estimate mul-
tiple material parameters included in a PF model
from in situ observation results. However, data
assimilation requires a time series of experimental
observation data, which often necessitates special
experimental instruments and advanced techniques.
Furthermore, in situ observation of the sintering
process of Bal22 superconducting materials has
not been conducted because the doping elements
in the superconducting material are easily

vaporized. On the contrary, first-principles calcula-
tion, which is a representative atomistic numerical
analysis method, can calculate the electronic state
and physical property values of materials with high
accuracy without needing experimental data.
Therefore, in addition to data-driven modeling,
where data assimilation is used, physics-driven
modeling (which combines first-principles calcula-
tion and PF simulation) is useful. The difficulty of
material parameter estimation increases with the
number of parameters to be estimated, so the num-
ber of parameters to be estimated should be
reduced through physics-driven modeling. In this
section, we show the calculation results of Bal22’s
interfacial properties and their anisotropy, which
we obtained by combining first-principles calcula-
tion and PF simulation. Furthermore, we show the
PF simulation results of the solid-state sintering
process of Bal22 considering the anisotropic inter-
facial properties of Bal22, which were obtained
through the first-principles calculation.

4.4.1. PF model of solid-state sintering with
anisotropic boundary properties

The PF model used here is similar to that described in
Section 4.3.1. However, the anisotropic interfacial
properties obtained from the first-principles calcula-
tion are introduced into the PF model [264]. The sur-
face energy (y,) is defined as follows:

Z NiVs.i (91‘7 901‘)

4 6
] ©6)

Vs =

where y, :(0;, ¢;) is the surface energy of the ith particle
out of N, with its anisotropy corresponding to the
surface orientation of the particle surface. 6; and ¢;
are the angles between the surface-normal direction of
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the ith particle and the crystal coordinate system,
respectively. The anisotropy of the surface energy is
expressed by the following equation:

101 = k= ks )’
2
el + )
+ ks () (m°), ?)

where n’ = (n, S, n,;, n,;’) is the unit vector repre-
senting the normal direction of the particle surface.
ko®, ki°, k,°, and k;® are the anisotropy coefficients,
which are identified based on the results of the first-
principles calculation, as shown in the next section.
The GB energy (yg,) was modeled according to the
literature [253,265]. The Read - Shockley equation
[266] was used to calculate the dependence of the GB
energy on crystallographic misorientation.

4.4.2. Calculation of anisotropic boundary
properties of Ba122 using the first principle
calculation

In the first-principles calculation, the interfacial prop-
erties were calculated using a slab model consisting of
a large number of atomic layers and a vacuum region.
The surface energy is calculated using the following
equation:

1
Y= ﬂ (Eslabrelax - nEslahbulk)a (8)

where Eg," ™ and E,,>"X are the total energy of
the slab model after structural optimization and the
total energy per unit cell of the bulk, respectively.
A is the area of the upper and lower surfaces of the
slab model, and the denominator 2 is placed because
the slab model has two surfaces. n is the number of
bulk unit cells in the slab model. Equation (8) repre-
sents the difference between the total energy of the
slab model and the total energy of the bulk consist-
ing of the same number of atoms as the slab model.
For pure metals, surface energy can be obtained with
high accuracy using Equation (8) [267,268]. For
multisystem materials, such as Bal22, Equation (8)
cannot be simply used because the slab model is not
stoichiometric. In the following, the calculation
method is detailed.

We describe the surface energy calculation for
Bal22 wusing its (001) plane as an example.
Figure 14a shows the crystal structure of Bal22,
where Ba layers and FeAs layers are stacked alternately
in the [001] direction (c-axis direction). Given the
small interlayer bonding strength [269], we assumed
that the (001) plane was formed by a cleavage between
the Ba and FeAs layers. Therefore, the (001) surface
was considered to have two kinds of surface structures:
‘Ba-t” is terminated by the Ba layer, and ‘As-t’ is ter-
minated by the As atoms in the FeAs layer.
Figures 14b,c show the slab models for Ba-t and As-t.
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(a)

Figure 14. Schematic illustrations of Ba122: (a) unit cell, (b)
(001) surface terminated by Ba layer (ba-t), and (c) (001) surface
terminated by as layer (As-t) slab models. The green, orange,
and purple balls represent Ba, Fe, and as atoms, respectively.
The crystal structure of Ba122 consists of alternating Ba and
FeAs layers in the [001] direction. These slab models have two
equivalent surfaces and are nonstoichiometric.

These slab models have equivalent surface structures
at the top and bottom edges and are symmetric with
respect to the surface-normal direction. Because these
slab models are not stoichiometric, the surface energy
could not be calculated using Equation (8). Therefore,
when nonstoichiometric slab models are used, the sur-
face energy is calculated using the cleavage energy and
the relaxation energy generated by the relaxation of
near-surface atoms [270-272]. The cleavage energy is
the energy required to cleave the bulk to create two
surfaces. Therefore, for the two types of (001) surfaces
(Ba-t and As-t), the cleavage energy is expressed by the
following equation:

1
Vetear = a (Eslahunrelax(Ba) T Eslabumelax(AS) o nEbulk)7
)

unrelax

where Eg,, (a) is the total energy of the slab
model of a-t (a=Ba, As) before structural optimiza-
tion and 7 is the number of unit cells in the slab model.
With the yje,y value given by Equation (9), the surface
energy of the (001) plane of Ba-t and As-t can be
calculated as follows:

1
)/DFT(Ba) = EYCleav + ETElﬂX(Ba)v (10)

1
YDFT (AS) = E ycleuv + Erelax (AS) (1 1)

Here, E,j.<(Ba) and E, .. (As) represent the relaxation
energy, which is calculated as follows:
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1
E, 1ax (Ba) = a (Eslab’emx(Ba) - Eslabumelux (Ba)),

(12)

1
Erelax(AS) =

N (Eslahrelux (AS) _ Eslabunrelux (AS)) ,

(13)

relax

where Eg,p, © " (a) is the total energy of the slab model
of a-t (a=Ba, As) after structural optimization.
Eqa™™ () is the energy that decreases due to the
relaxation of the surface structure after bulk cleavage
(therefore, it has a negative value). As shown above,
the surface energy can be obtained even for nonstoi-
chiometric slab models using the cleavage and relaxa-
tion energies. In this study, we assumed that the GB
energy anisotropy depending on inclination was pro-
portional to the surface energy anisotropy.

To calculate the surface energies via first-principles
calculation and incorporate them into the PFM model,
we computed the surface energies for surfaces with
various indices. However, the computational cost of
plane-wave-based DFT calculation with a periodic
boundary condition significantly increases due to the
low symmetry of the atomic arrangement of high-
index surfaces. Therefore, obtaining the surface ener-
gies of high-index surfaces to reduce computational
costs is difficult. In this study, we calculated the

‘Ba
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surface energies of low-index surfaces: (001), (100),
(110), and (011). Figure 15 shows the bulk and surface
structures of Bal22 for which we calculated surface
energies. In the slab model with the (001) surface, we
considered the /2 x /2 structure observed in the
experiment [273] in addition to systems with Ba-t
and As-t structures. The v/2 x /2 structure formed
through the rearrangement of Ba atoms attached to
the As-t side when Ba-t and As-t formed through
Bal22 bulk cleavage. For the (100), (110), and (011)
planes, the surface structures formed by the cleavage
were considered, as experimental observations had not
been reported. On the (100) surface, two kinds of
BaFeAs-t formed through the bulk cleavage; they are
denoted as BaFeAs-t(A) and BaFeAs-t(B) in this study.
For the (011) surface, three patterns of surface struc-
tures were generated depending on the position of the
Bal22 bulk cleavage. We denote the cleavage positions
as (i), (ii), and (iii). In (iii), only one surface structure
is shown because the two surface structures generated
by the cleavage are equivalent. For the abovemen-
tioned bulk and slab models, structural optimization
calculations were performed, and Epuie Egap"™ ™ (at),
and Eg.,"(a) (a=Ba, As) were calculated. In the
structure optimization calculations for the bulk, the
lattice constants were kept constant at the experimen-
tal values: a = 3.9625 A and ¢ =13.0168 A [274]). The
coordinates of all atoms were optimized such that the

© Fe
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Figure 15. Schematic illustration and top views of Ba122: (a) bulk model and (b) (001), (c) (100), (d) (110), and (e) (011) planes. The
green, orange, and purple balls represent Ba, Fe, and as atoms, respectively. The terminated structures of the (001) plane are Ba-t
and As-t, resulting from cleavage and the reconstructed v/2x+/2 structure [270]. In the (100), (110), and (011) planes, only
cleavage structures are considered. (i), (i), and (iii) denote the different cleavage modes.



Sci. Technol. Adv. Mater. 26 (2025) 20

A. YAMAMOTO et al.

0 coBo
TP e X' :‘Q&g’
oo e NG SiSD 4,
% P °° 0’00 °° @ o) 0°20R
° ) o ‘ 0 o ’ 0 o ‘ 0
S *{4? ;g,:q, St T i
PP PP 0000;0
° o 2 o*fé - = ’ ' 1 |
o .0 o o 3 ° BaFeAs-t(A) BaFeAs-t(B) BaAs-t Fe-t
$$ $$d|, o‘? (A b
O%o PP *‘:.’f () ©
¥ N L
o % X
= o 2
Q ° 8° o 0@ 2,0 2 .
°” ” 0‘ J’fo @0 . 0’3‘90?:%% ‘%’;’.oe o"’o.;‘g
° 0” ° * ’o ¢ s @ 0@ ® o%‘ " 00°
) ) N % o8 ¥ 208 o078 P¥oe 9
oo O ®%0 00 9% 008 ® 29008
R P R P ool etet®  Tagn, Yele  Tigne
® ¢ o0 88008 008 9°%gt s¥ge $o0%
17 T NP e Sie Wl i
Ba-t As-t V2 x+2 | Ba-t(i) As-t(i) As-t(ii) Fe-t(ii) | As-t(iii)
(a) (d

Figure 16. Slab models for (a) (001), (b) (100), (c) (110), and (d) (011) planes corresponding to Figure 15.

forces acting on each atom were less than 0.01 eV/A®,
Figure 16 shows the slab models for each index surface
in this study. These slab models were created using the
experimental lattice constants [274] and the atomic
coordinates obtained from the bulk structure optimi-
zation. The number of atomic layers was determined
such that the total energy of the slab model converged
with the thickness of the vacuum layer (20 A). The in-
plane atomic coordinates were optimized through the
bulk structure optimization calculations, so the out-
of-plane atomic coordinates were optimized for the

slab model. In this study, we used the plane-wave-
based ab initio calculation software VASP. Table 2
shows the computational conditions used in VASP.
Table 3 shows the cleavage energies (y.e,,) and
surface energies (yprr) calculated via the first-princi-
ples calculation. For the (001) surface, the cleavage
energy of the V2 x /2 surface structure was smaller
than those of the Ba-t and As-t structures. This result
was consistent with the experimental observation of
the v/2 x /2 structure [269], indicating the validity of
the present calculation. Furthermore, this result meant

Table 2. Input parameters and methodologies used for self-consistent-field calculations and
structural optimization of bulk and slab models of Ba122, as depicted in Figures 15 and 16.
During bulk structural optimization, the atomic coordinates were optimized in all 3D directions.
By contrast, for the slab models, the atomic coordinates were exclusively optimized in the out-

of-plane direction.

Conditions

Methods and Values

Magnetization

Lattice constant, a [é]
Lattice constant, ¢ [A]
Length of vacuum region [A]

Sampling k points

Cutoff energy [eV]

Threshold energy of SCF [eV] .
Threshold force of structural optimization [eV/A?)
Smearing method

Smearing width [eV]

Exchange correlation functional

Pseudopotential

Non-magnetic (non-spin polarization)
3.9625 (= b) (57)
13.0168 (57)
20.0
(001):9%x9x%1
(100): 9x3x1
(110): 3x7x1
(011):9%x3x%x3
800.0
1.0x107°
0.01
Methfessel-Paxton (2nd order) (Methfessel1989)
0.1
Perdew-Burke- Ernzerhof functional
Projector augmented wave potential
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Table 3. Cleavage energy per unit area (geay) and surface energy per unit area (gpgr) of Ba122
surfaces obtained from first-principles calculation. The surface energy of the (001) plane was the
smallest among the minimum values for the mirror indices, consistent with the Ba122 crystal
structure. The values marked with asterisks (*) were used to identify the anisotropy function.

Miller index Type Cleavage energy, Yeeav [J/m?] Surface energy, yper [J/m?]
(001) Ba-t 0.994 0.714
As-t 0.912
V2x\2 0.783 0.547*%
(100) BaFeAs-t 1.385 1.309*
BaFeAs-t 1312
(110) BaAs-t 1.458 1.421
Fe-t 1319%
011) Ba-t (i) 1.454 1.357
Fe-t (i) 1.341
Fe-t (ii) 2.180 1.859
As-t (i) 2.045
As-t (iii) 1.272 1.213*

that the cleavage planes were more likely to have
V/2 x /2 surface structures than Ba-t and As-t. The
minimum cleavage energies of the surface structures
were in the following increasing order: (001), (011),
(100), and (110). The surface energies were also in the
following increasing order: (001), (011), (100), and
(110). The difference between the surface energies of
the (100) and (110) planes was 0.01 J/m?. The relation-
ship between the computed surface energies could be
explained by the fact that Bal22 has a layered crystal
structure stacked in the [001] direction and that the
bonding forces between the layers are small.

Figure 17 shows the anisotropy function for the
surface energy, y;(0;;), in a polar coordinate, as
derived in this study. Here, we used the parameters
for Equation (7), which were identified based on the
surface energies listed in Table 3: ky°=0.905, k,° =
0.358, k,* =0.404, and k3® = 0.004. The surface plot of
the anisotropy function shows the minimum surface
energy in the (001) plane and the maximum one in the
(110) plane. Furthermore, the surface energy
decreased for the planes closer to the (001) surface.
This was because the crystal structure of Bal22 is
stacked in the [001] direction. Therefore, the physi-
cally reasonable anisotropy coefficients could be iden-
tified only from the surface energies of the four low-
index planes: (001), (011), (100), and (110).

Using the identified anisotropy functions and
their parameters, we performed a PF simulation of
the polycrystal formation process during the solid-
state sintering of Bal22 particles. Figure 18a shows
the initial distribution of Bal22 particles using an
isosurface of p=0.5. The size of the computational
domain was 51.2 pm x 51.2 um x 12.8 pm. Within
this computational domain, 732 spherical particles
with a radius of 1.6 um were placed in a hexagonal
close-packed configuration. Figure 18b,c show the
surface energy distribution in the initial state and
the cross-sectional crystal orientation distribution at
z=6.4pum. A random initial crystallographic orien-
tation was set to investigate the crystallographic
orientation and grain morphology of Bal22 parti-
cles that preferentially grew during the sintering
process. The zero Neumann boundary condition
was used for all planes. A time increment of 1.0 x
107> s was used to simulate 3000 s of the sintering
process. As in the previous section, the anisotropy
of the surface and GB energies was represented by
the identified parameters, and the other parameters
were as follows: My, =8.46x 1072 m> J™' s7, Miap
=846x107* m’ 7' 57!, My r=846x10"2' m> J!
s, Mgy, = 8.46 x 102 m® J7!' s7!, and M, =2.0x
1078 m? If1 s L

Figure 19 shows the morphological changes of
the sintered Bal22 particles. As the sintering
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0.75 0.75 Ysi
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0.00 0.00 74 [100]
78 ~0.75

139356 =0.75 0.00 0.75

~1.3056 =075 0.00 0.75

(b) (©)

1.50 1.50

Figure 17. Anisotropy function of surface energy for Ba122 surfaces expressed by Equation (5). The anisotropy coefficients are

ko = 0.905, k;*=0.358, k,*=0.404, and k;* = 0.004.
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[110]

[001]  [010]

Figure 18. Initial distributions of multi-Ba122 particles: (a) p =0.5 isosurface, (b) surface energy distribution, and (c) crystal
orientation (electron backscatter diffraction — inverse pole figure map) in z=6.4 um cross section. The Ba122 particles are in
a hexagonal close-packed configuration, and the initial crystal orientations are assigned randomly.

Figure 19. Time evolutions of isosurface p = 0.5 obtained from phase-field simulation using multi-Ba122 particles.

progresses, the Bal22 particles contact each other
and grow, densifying the system. Based on the
convex hull method, the volume of the system
after the sintering was reduced by about 8.9% com-
pared to the initial volume. Furthermore, the par-
ticles form both smooth and convex morphologies.
Figure 20a shows the GB distribution and crystal-
lographic orientation at the z=6.4um cross sec-
tion. As the sintering progresses, grains connected
and grew, decreasing the number of grains.
Figure 20b shows the area distribution of the crys-
tallographic orientation of the Bal22 grains at the

z=6.4pm cross section, elucidating the crystallo-
graphic orientation of the preferentially grown
Bal22 particles. The Bal22 particles with
a crystallographic orientation close to the [001]
direction, which were relatively abundant in the
initial stage of sintering, gradually disappeared.
Thus, the sintering progressed such that the sur-
faces with large GB energies disappeared.

This section shows the results of solid-state sin-
tering simulations of Bal22 using a PF model that
implements the anisotropy of surface and interface
energies, which were identified via first-principles
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Figure 20. Time evolutions of (a) crystal orientation (electron backscatter diffraction — inverse pole figure [IPF] map) in z= 6.4 um
cross section, and (b) distribution of area of grains in IPF color map obtained from phase-field simulation using multi-Ba122

particles.

calculation. Further identification of other para-
meters, such as GB mobility, is needed to enhance
simulation accuracy. In the future, the formation of
the polycrystalline structure of Bal22 can be pre-
dicted with high accuracy using both data- and
physics-driven modeling.

5. Data-driven process design

In recent years, machine learning has been inte-
grated with materials science to solve various pro-
blems, such as the modeling of superconductor T,
through database analysis [212,275-284] and the
tuning of material properties [20,145,215,285,286].
In addition to advances in data and computational
science, these developments have been under-
pinned by high-quality, large-scale databases,
such as the Materials Project [287], which is
a component of the Materials Genome Initiative
for accelerated materials design, and MDR
SuperCon [288], which is a numerical data sheet
for superconducting materials made public by the
National Institute for Materials Science. Compared
with the data-driven search for new materials, the
application of machine learning to processes has
been somewhat limited. This is partly because
process conditions vary according to equipment
and environment, and include many parameters
and human tacit knowledge. Although attempts

are being made to construct databases using
advanced methods, such as data mining [289-
291], Bayesian optimization [285,292]
(Section 5.1) is attracting attention for facilitating
data-driven process design from a relatively small
number of data.

5.1. Bayesian optimization and software
(BOXVIA)

Bayesian optimization is widely used in materials
informatics, which aims to discover novel materials
using computational materials science [293]. Bayesian
optimization is an effective method in process infor-
matics, which aims to optimize the process conditions
for creating a desired material [285]. Process infor-
matics using Bayesian optimization aims to maximize
or minimize an objective function, which is a function
of experimental conditions. In the process design
shown in the following section, the objective function
is the critical current density (J.). In practical pro-
cesses, however, the objective function is often
a black-box function, which contains many unknown
parameters. Bayesian optimization enables us to find
the optimal experimental conditions that minimize or
maximize the objective function without defining
a specific equation for the function. Bayesian optimi-
zation describes the objective function in terms of
a Gaussian distribution.
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fo)(up),o*(p)), (14)

where f(p), u(p), and oz(p) are the objective function,
mean function, and variation, respectively [216]. p is
a vector containing the experimental conditions. The
optimal experimental conditions were searched by eval-
uating an acquisition function, which is calculated using
p(p) and o(p). In this study, the acquisition function
called the expected improvement [294] was adopted.
The experimental conditions were optimized using
iterative calculation using Gaussian process regression.

Various computational tools have been developed
to perform Bayesian optimization, but they require
programming techniques. Thus, Bayesian optimiza-
tion remains challenging for researchers and engineers
specializing in experimental studies. Moreover, few
dedicated software has been developed for materials
and process informatics. Therefore, we developed
BOXVIA, a Bayesian optimization software that does
not require specialized programming [215]. BOXVIA
is available in a GitHub repository (https://yamanaka-
lab-tuat.github.io/BOXVIA/) and has manuals and
tutorials. In the next section, we show the results of
process design using BOXVIA.

5.2. Researcher- and data-driven process design

This section discusses a recent work on synthesis
process design that combines researchers’ experi-
ence, idea-based approach, and Al-based approach
using machine learning [20]. According to the fra-
mework shown in Figure 21, researchers provide
Al with a process search space and initial data
through a strategy based on researchers’” experience
and theory, and Al performs machine learning on
the data to predict the synthesis conditions that
will result in superior properties. Researchers
synthesize samples, performs measurements, and
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updates the database according to the proposed
conditions. The AI approach iterates a data-driven
loop, which advances balanced global exploration
and local optimization based on Bayesian optimiza-
tion. Simultaneously, researchers analyze a shared
database containing data from the data-driven
loop, plan the next process, and synthesize samples
(researcher-driven loop). These independent loops
work in concert, allowing researchers to remove
biases and broaden their horizons easily. For AlI,
the collaborative framework expands the data to be
machine learned so that AI can learn to include
high-quality data that has been roughly optimized
by researchers to enhance process design efficiency.

This researcher- and data-driven process design
was implemented as follows to increase the critical
current density of K-doped Bal22 polycrystalline
bulks. The researcher-driven approach incorporated
previously known theories, information, and
experiences, such as knowledge on microscopic
current transport at GBs [19,294], deep learning
analysis of microstructures [17], and formation
process simulations [256-258,264], into the design
guidelines. The AI approach used was based on
Bayesian optimization and BOXVIA, which was
customized for process design. Based on a small
number of preliminary data, J. as the objective
parameter was optimized as a function of three
synthesis process parameters (ramping rate, maxi-
mum temperature, dwell time), and a high J. of
above 10> A/cm® was obtained for K-doped Bal22
polycrystalline bulks.

6. Magnet property

This section reviews the general feature of the super-
conducting bulk magnets (Section 6.1) and the perfor-
mance of the IBS bulk (Section 6.2), which was

Al / Computational

Prediction .

»

op

Updating
shared

database

Human / Experimental

Researcher-
driven loop

Strategy,
Theory,

l Experience /"

Defining
fix,y,2),
Initial data

Figure 21. Framework for researchers and artificial intelligence to design processes independently while sharing same experi-

mental data [20].
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demonstrated as a proof of concept for the researcher-
and data-driven process design.

6.1. Superconducting bulks

The closed superconducting current loop, which can
be induced by magnetization, is the origin of the
magnetic field in superconducting bulk magnets.
Superconducting current does not decay due to the
zero resistance, so a superconducting bulk behaves like
a permanent magnet under cooling. The energy den-
sity of the superconducting current circulating in
a superconducting bulk magnet is more than 100
times that of copper, and the irreversible field, which
is the upper limit of the trapped magnetic field, is 10
times the saturation magnetization of a ferromagnetic
permanent magnet, making it a compact yet powerful
magnet. The maximum magnetic field trapped in
a cylindrical superconducting bulk magnet is

Br = Ap J¥r (15)

global +he radius

and proportional to the product of J.
(r), and geometrical factor (A).

Research on superconducting bulks has consider-
ably advanced in REBCO since the discovery of high-
T. cuprate superconductors. A melt growth process
using seed crystals as nuclei has been developed [49-
53], and magnetic field trapping of more than 17 T has
been achieved in a quasi-single-crystal bulk of several
centimeters in size [295]. Recent topics include the
improvement of magnetic flux pinning forces
[296,297] and mechanical strength [297,298]; joining
[299-303]; pulsed-field magnetization [304]; and
finite element modeling of electromagnetic, thermal,
and mechanical behaviors [305-307]. ‘Pseudo-bulks’
have also been developed, in which REBCO-coated
conductors cut into squares or other shapes are
stacked and magnetized to form strong magnets
[308-311].

As new types of superconducting bulks, polycrys-
talline-based superconducting bulk magnets have
attracted attention in recent years. Polycrystalline
superconducting bulk magnets were developed using
MgB,, and magnetic fields of several tesla can be
obtained via cryocooling owing to its 40 K class
high-T. [249,312-316]. Being a polycrystalline mate-
rial, it can be fabricated simply through powder mix-
ing, molding, and heat treatment and is therefore
expected to be large in size. In addition, the micro-
structure of small, randomly oriented grains produces
a uniform distribution of the trapped magnetic field
and strong flux pinning throughout a sample [312].
Microstructure control [317,318] and flux pinning
control [217,319-321] to improve trapped-field
strength, levitation characteristics [322], shielding
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characteristics [323], pulse magnetization [324], and
modeling [325-327] are being investigated.

In IBSs, a small size 1 T bulk magnet was fabricated
by Weiss et al using K-doped Ba122 [128], followed by
larger bulks fabricated in Bal22 [20,80,328] and 1144
[182] phases. Recently, prototype coil magnets and
magnetic field generation have been actively pursued
[80,130,210,329-332]. Ding et al reported the fabrica-
tion of pancake coils with six stacked, achieving
a current of 84 A at 4.2 K in a background field of 20
T [210]. Pyon, Tamegai et al fabricated Na-doped
Bal22 monocore and K-doped Bal22 seven-core
round wires with I. values of 30 and 18 A and mag-
netic fields of 0.175 and 0.1 T, respectively
[80,130,331,332].

6.2. K-doped Ba122 bulk magnets

This section presents the magnet properties of the
K-doped Bal22 bulk magnets obtained through the
researcher- and data-driven process design described
in Section 5.2. The optimal synthesis process condi-
tions were determined by researchers and Al, and two
disk-shaped bulk magnets were synthesized under
these conditions. After being magnetized externally
while being cooled below the transition temperature
(38 K) by a compact cryocooler, the bulks had
a trapped magnetic field of over 2 T once external
field was removed. Figure 22 shows a magnetic hyster-
esis loop acquired at 5 K after the zero-field cooling of
the bulk pair while the external magnetic field was
swept at a rate of 4.8 T/h. With an external field of ~
2.5 T, the flux reached the center of the bulk pair. At 6
T, the hysteresis loop remained open due to the robust
flux pinning and high irreversibility field. With

B, (T)

External field (T)

Figure 22. Magnetic hysteresis loop of K-doped Ba122 bulk
pair. The hysteresis loop was obtained by cooling the sample
down to 5 K under a zero magnetic field, followed by a gradual
increase in the external magnetic field from 0 Tto 7 T,
followed by a decrease from 7 T to — 7 T and another increase
from —7 T to 7 T (indicated by arrows) [20].
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decreasing the external magnetic field, the bulk pair
trapped ~ 2.8 T under zero field. The measured
trapped field is about 2.7 times higher than the pre-
vious trapped field record of 1.03 T achieved using
iron-based superconducting magnets reported by
Weiss et al. [128]. From Equation (15), the trapped
field of a superconducting bulk depends on its size and
current density. Considering the relatively small size
of this prototype magnet (3 cm in diameter) and the
rather flat J.-H characteristics of the IBSs, stronger
trapped field can be expected for a larger size magnet
[328]. In particular, since magnetic fields of more than
1 T are maintained up to ~ 18 K in the bulk pair [20],
strong magnet applications in the 10-20 K range can
be anticipated. This 10-20 K temperature range can be
operated with higher thermal stability using compact
cryocoolers compared to lower temperature. As this
temperature range is close to the boiling point of
liquid hydrogen (about 20 K), liquid hydrogen cooling
could be considered for practical iron-based super-
conducting magnets.

7. Summary and perspectives

Focusing on the grain, grain boundary and micro-
structure of polycrystalline materials, this review
introduced a new style of material development
through the fusion of experimentation and computa-
tional science, using the development of iron-based
high-temperature superconducting polycrystalline
magnets as an example. The following topics:
advanced processing methods; multidimensional
microstructural acquisition using advanced electron
microscopy; modelling of microstructural formation
using data assimilation; 3D reconstruction and mod-
elling transport properties using deep learning; under-
standing grain boundary transport by developing
artificial single grain boundary; and researchers- and
data-driven process design that incorporate these
findings were presented. The suite of methods pre-
sented in this review utilizes emerging data science
techniques, and is applicable not only to the super-
conducting materials presented in this paper, but also
to a wide variety of metallic and ceramic polycrystal-
line materials. This section summarizes perspectives
and key issues for IBSs, processing, characterization,
and machine learning integration in polycrystalline
materials research.

¢ Iron-based superconductors: The microstruc-
ture of the demonstrated K-doped Bal22 super-
conducting bulk magnet consists of a randomly
oriented polycrystalline material, which differs
from REBCO high-temperature superconduc-
tors. The production of polycrystalline supercon-
ductor could be efficiently scaled through
conventional ceramic processes, aided by the
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straightforward predictability and optimization
achievable using numerical models. Given that
IBSs exhibit small electromagnetic anisotropy
and a very high upper critical field well above
50 T, which is more than twice that of conven-
tional Nb-based superconductors, IBSs show
great potential as pioneering, next-generation
strong magnets suitable for practical applications.
This potential extends to challenging environ-
ments such as liquid hydrogen cooling (~20 K).
Recent progress of machine learning application
on IBSs, such as predicting the critical tempera-
ture [333-337], imaging superconducting vor-
tices [338], modeling microstructure/defect/
chemical composition [17,145,339] and data-dri-
ven process design [20,215], would accelerate the
future research and development.

GBs: Atomic-scale GB structural observation is
necessary to understand the relationship between
GBs and superconducting properties. Creating
artificial GBs with large misorientation angles in
K-doped Bal22 is currently not achieved due to
its healing effect. A GB relaxation structure natu-
rally forms near a GB because of the accumula-
tion of small angle shifts. In Fe(Se,Te), a 29 GB is
formed in the CeO, buffer layer for larger GB
angles. The orientation along the CeO, GB is
parallel to the [100] crystal axis of Fe(Se,Te),
and no GBs form in Fe(Se,Te). In both cases,
the superconducting current at the GBs does
not attenuate, which is a positive result. The
impact of grain boundaries with large misorien-
tation angles on superconducting currents should
be experimentally confirmed for both K-doped
Bal22 and Fe(Se,Te).

In situ electron microscopy observation:
Limitations hinder the determination of how
a microstructure forms during a fabrication pro-
cess using conventional snapshots of electron
microscopy images. By contrast, in situ electron
microscopy observation of microstructural evolu-
tion can directly answer these questions and is
useful for the microstructural design of polycrys-
talline materials, which may involve grain nuclea-
tion and growth, sintering, and phase
transformation. In addition, PF modeling and
in situ electron microscopy observation data can
be assimilated to evaluate the physical properties
(e.g. diffusion coefficients in nanostructured mate-
rials) required to reproduce microstructure forma-
tion. Such assimilation is expected to become an
effective tool for clarifying the optimal approach to
microstructure control for practical applications of
polycrystalline materials. The lack of reports on
the application of in situ electron microscopy to
Bal22 materials is probably due to experimental
difficulties. Possible reasons for the lack of reports
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on in situ electron microscopy for Bal22 would be
the following: the synthesis of Bal22 requires more
than three elements including dopant elements;
the high volatility of the constituent elements
(such as potassium); the possibility that the raw
material powders will react with each other
unevenly on the micrometer-to-nanometer-scale.
Therefore, it could be a first step to apply in situ
electron microscopy to the sintering and coarsen-
ing process of Bal22 particles after the synthesis of
the Bal22 phase is completed.

¢ Microstructural formation modeling: Significant
progress has been achieved in the use of data- and
physics-driven modeling approaches to predict
polycrystalline microstructural evolution in super-
conducting materials, especially Ba122 polycrystal-
line materials. However, many unknown physical
properties, material parameters, and sintering
mechanisms for superconducting materials remain
unknown. Therefore, continuous collection of fun-
damental data for superconducting materials is
expected for the research community.

¢ Microstructure driven: Implementing process
informatics based on microstructural data requires
collaboration between process, measurement, and
data scientists and a multi-angled method for
extracting large amounts of quantitative data from
a small number of experiments in electron micro-
scopy, which incurs high experimental costs.
Furthermore, it requires data scientific assistance
that can manage a small amount of data. In the
data analysis, it will also be necessary to find com-
plex correlations among microstructures, proper-
ties, and processes using machine learning, such as
regression analysis, from perspectives that research-
ers would not have thought of on their own.

¢ Process informatics: The complex, multifaceted land-
scape of synthesis presents clear challenges that require
further exploration and innovation to develop new
models and databases, including linkages with equip-
ment and data formats. Human-in-the-loop will be
important for ceramic materials research, a field where
researchers have an advantage over Al due to their vast
amounts of accumulated experience and know-how.
Close collaboration and practice between researchers
in experiments and machine learning is effective in
producing powerful Al models, so fostering such
a cooperative environment is crucial. Generative Al
can also be an innovative technology, but the means by
which this technology can be adopted and utilized will
be a challenge.
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