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About one month from June 16 to July 15 in 2014, |
worked as a visiting professor at Cooperative
Research and Development Center for Advanced
Materials (CRDAM) in Institute of Materials
Research (IMR), Tohoku University. First, | would
like to express my sincere thanks to Professor
Akihiro Makino who accepted my stay in IMR. In
addition, | also appreciate the members of CRDAM
for their warm hospitality to me. During my stay in
IMR, | mainly studied high-entropy (H-E) alloys with
Professor Akira Takeuchi whose research field
covers somewhat to mine. One of my big surprise
during my staying in IMR was the first encountering
a recently-printed book of “High Entropy Alloys”
co-edited by Prof. J.W. Yeh, Prof. S. Ranganathan
and me published from Elsevier on the date of June
24, 2014 (ISBN: 978-0-12-800251-3). In Sendai, |
got the first seeing the book as shown in Fig. 1 with
the help of Prof. Takeuchi who ordered the book
through the Web.

Fig. 1 The joy of seeing the HEA book for the first
time.

Besides the researches, | got an opportunity to give
a lecture on June 28 to graduate students
belonging to school of engineering and a series of
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High-entropy alloys with a hexagonal close packed structure

Prof. B.S. Murty

Indian Institute of Technology Madras, India

private seminars to graduate students belonging
to IMR with topics of thermodynamics and
others. Furthermore, | delivered an official
seminar with a title of “Exciting NanoMaterials
Developed by Top-Down Approach” on July 9,
2014 and enjoyed the discussion with attendee.
Through these events, | was able to bring up
good relationships with the researchers of IMR.
The following describes the short report on
research about my stay at CRDAM in IMR.

| frequently discussed with Prof. Takeuchi on a
research topic of the formation of high-entropy
alloys (HEAs) with the hexagonal close-packed
(hcp) structure where the HEAs are exactly or
near equi-atomic crystalline alloys consisting of
five or more elements. It has long been believed
and proved that HEAs are formed into a single
body- or face-centered cubic (bcc or fcc) or their
mixture structure. In reality, the HEAs with an
amorphous or glassy structure were also
reported for metalloid-containing metallic alloys,
but they were formed into a thin film. Thus, the
HEAs in a conventional bulk form have long been
limited to crystalline alloys with bcc or fcc
structures.

Recently, a series of new results have been

reported on the high-entropy glassy alloys with a
diameter of a couple of millimeters or more.



HEAs with keeping a framework of solid solutions.

The above background on HEAs causes a simple
qguestion: Why HEAs with hcp structure have not
been obtained yet? The answer to this question
seems to be easy, but in reality difficult. The early
works of the HEAs with hcp structures can be listed
as follows. (1) BeCoMgTi and BeCoMgTiZn
amorphous alloys were experimentally obtained
through mechanical alloying from elements with
the hcp structure, but failed in obtaining HEAs with
hcp structure. (2) a CoOsReRu alloy with the hcp
structure was predicted through theoretical and
computational researches based on literature for
an Os-Re-Ru ternary alloy. (3) A quaternary equi-
atomic MoRuRhPd alloy was formed into a hcp
structure. (4) A Tig;CoCrFeNi HEA is formed into
fcc + hep structure, but this HEA contains a faint
XRD diffraction peak only from an hcp (Ni,Ti)-rich
phase. (5) It has very recently reported as a
prediction that HEA with hcp structure can be
formed from rare earth elements that all have
similar atomic sizes and all form isomorphous
binary solid solution. Among these five reports, the
Tig3CoCrFeNi alloy cannot be an HEA with hcp
structure, although the Tiy;CoCrFeNi HEA is the
only one case that has related with hcp structure
among 134 HEAs reported by Yang and Zhang in
2012. On the other hand, the early reports (2) and
(3) do not satisfy a necessary condition of the
definition of HEASs, since the constituent elements
are four or less. Moreover, actual experimental
results have not been exhibited in the report (5).

As mentioned in the present report, the HEAs have
been confined to bcc, fcc and glassy structures
until very recently. However, during my stay in
IMR, | came to know that Takeuchi et al. reported
the first success in H-E alloy with hcp structure in Y
and lanthanide (Ln) containing alloy system:
YGdTbDyLu and GdTbDyTmLu.

We discuss the formation of H-E alloy with hcp
structure on the basis of the arguments based on
binary phase diagrams shown in Fig. 2. According
to the binary phase diagrams, it appears that these
multicomponent alloys are an ideal combination to
prevent the phase separation, allotropic
transformation to taking place and to form into a
single phase.

As a result of discussion with Prof. Takeuchi, |
came to conclude that next target is to find HEAs
with hcp structure comprising transition metals
mainly, although this seems to be a considerably
difficult task to complete. However, | believe that
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the task will be settle down by taking into account
the phase stability of the constituent elements (pure
elements) for bcc, fcc and hep structures as shown in
Fig. 3.

Gd-Tb-Dy-Tm-Lu

Y-Gd-Tb-Dy-Lu

f(¢) Gd-Lu (k) ¥-Gd

b~

) ¥-To

Temperature, T/ K

Solute Content, ¢/ at.% —=

Fig. 2 Binary phase diagrams of the constituent
elements for YGdTbDyLu and GdTbDyTmLu alloys.
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Finally, | hope that IMR becomes a central institute
for HEAs in near future with my thankful statement,
Thank you all again and “Sayonara Kinken”.



Design of phase separating metallic glass
Prof. Do Hyang Kim

Department of Materials Science and Engineering, Yonsei University, Korea

From 14t of July to 15t of August 2012, | worked as
a visiting professor in the Cooperative Research and
Development Center for Advanced Materials at the
Institute of Materials Research, Tohoku University,
working with Professor Yoshihiko Yokoyama.

During this visit, | have been focusing my research
on the design of phase separating metallic glass and
synthesis nano-porous structure by dealloying
process. Amorphous alloys receive a great attention
for structural and functional applications. One way
of for designing amorphous alloys for such purposes
is to utilize the phase separation phenomenon,
leading to formation of a composite structure
consisted of two different amorphous phases. So far,
phase separation in amorphous alloys has been
reported in some amorphous alloy systems such as
La—Zr—Al—Cu—Ni, Y-Ti-Al-Co, Ni-Nb-Y and Nd-Zr-Al-
Co systems. It has been shown that such phase-
separated amorphous alloys are suitable for
fabrication of porous network structure by de-
alloying process, i.e. by dissolving specific element
or phase.

In Al-based amorphous alloy systems, most of
studies on phase separation have been reported
during heating of as-quenched amorphous alloys.
In contrast, due to relatively low glass forming
ability, phase separation into two different
amorphous phases during solidification has been
rarely reported in Al-based amorphous alloys.
Therefore, the aim of the research was to
investigate the details of the microstructural
features of the phase-separated Alg,Ge;pMny,
amorphous alloy, and to investigate how nano-
scale porous structure can be processed using de-
alloying process. Figs. 1(a) and (b) show typical
bright field (BF) TEM image and selected

area diffraction pattern (SADP) obtained from as-
melt-spun  Alg,GesgMn,, ribbon sample. No
appreciable contrast variation can be observed in
the BF image. .However, double broad halo rings in
the SADP indicates that there might be two
different amorphous phases.
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Fig. 1 (a) BF TEM image and selected and SADP
obtained from as-melt-spun Alg,Ge;,Mn,, ribbon
sample

Considering the atomic size, inner and outer rings
may correspond to germanium-rich and
aluminum-rich amorphous phases, respectively.
The HAADF-STEM image shown in Fig. 2 clearly
shows the ~ 3 nm scale contrast fluctuation due
to the composition difference in the amorphous
phase. The EDS analysis shows

that brighter and darker contrast regions are all
enriched in Al. However, more amount of Ge is (i.e.
less amount of Al) was present in the brighter
contrast region.



Fig. 2 HAADF-STEM image obtained from as-melt-
spun Alg,Ge3oMn,, ribbon sample

TEM  analysis show that as-melt-spun
Alg,GezoMn,, ribbon consists of an amorphous
phase with ~ 3 nm scale compositional
fluctuation which originates from phase
separation by spinodal decomposition in the
under-cooled liquid melt above the glass
transition temperature. Since as-melt-spun alloy
consisted of nm scale Al-rich and Al-depleted
regions, nano-porous structure was fabricated by
de-alloying Al element, i.e. by immersing in 5 wt%
hydrochloric acid (HCI) aqueous solution at room
temperature. Figs. 3 (a) and (b) show typical
cross-sectional BF TEM image and SADPs
obtained from the Al,,Ge;yMn;,sample after de-

alloying for 10 hours.

Fig. 3 (a) Cross-sectional BF TEM image and (b)
corresponding SADPs and EDS results obtained
from the Alg,GezMn,, sample after de-alloying
for 10 hours.
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The cross-section TEM image of the sample de-
alloyed for 10 hours shows that the contrast
becomes darker from the surface, and three
regions can be delineated depending on the
contrast, as marked (1), (2) and (3), respectively, in
Fig. 3 (a). The corresponding SADPs (Fig. 3 (b))
indicate that regions (1) and (2) exhibit diffuse halo
rings same as in the as-melt-spun state, while
region (3) exhibits a diffuse halo ring of which the
position in the nm™ space, however, is different
from those in regions (1) and (2). The
corresponding EDS results (included in Fig. 3 (b))
shows that region (1) retains the composition
similar to that in the as-melt-spun state (with ~ 6
at% of oxygen), while in region (2) oxygen amount
increased appreciably up to 20 at%, but Al amount
decreased down to ~ 45 at%. In region (3) almost
all Al and Mn atoms were dissolved in the solution,
leaving GeO, layer with an amorphous structure on
the surface. Therefore, after de-alloying for 10
hours, three distinctive regions formed; the matrix
region (region (1)); ~ 300 nm thickness
intermediate region (region (2)) being in the
process of de-alloying; and ~ 300 nm thickness
completely de-alloyed amorphous GeO, layer on
the surface. Fig. 4 shows typical HAADF-STEM
images obtained from the intermediate region (2)
in Fig. 3 (a). It can be noticed that ~ 5 nm size pores
with homogeneous size and distribution are
formed during de-alloying process in the
intermediate region.

Fig. 4 HAADF-STEM image obtained from the
intermediate region (2) in Fig. 3 (a)
The present study shows that amorphous phase



separation occurs by spinodal decomposition
of undercooled liquid in  melt-spun
Alg,,GezoMny, alloy where no atom pair with
positive enthalpy of mixing is present. The
phase separation in the present study can be
interpreted from two points of view: Al-Ge pair
has much smaller negative mixing enthalpy
compared to other two atom pairs, and
therefore metastable miscibility island might
form along the solidification path; or Al-Mn
and Ge-Mn pairs are preferred in terms of
reducing free energy of system due to their
large negative mixing enthalpy, and therefore
unique atomic ordering with local free energy
minima might form at both of Al-rich and Ge-
rich side, leading to formation of Al-rich and
Ge-rich compositions with unique short range
order.

De-alloying process has been utilized
successfully for some phase separating
amorphous alloys by leaching out one specific
amorphous phase. One of the amorphous
phasee can be dissolved and leached out in an
acidic or a basic solution due to difference of
corrosion potential between two amorphous
phases. If the amorphous phase with an
interconnected structure is leached out, then
the remained amorphous phase can fabricated
into an inter-connected porous structure.
However, in the present study, since only
composition  fluctuation  (without any
interface) is present, de-alloying process has
been performed not for leaching out the
specific phase, but for leaching out specific
elements (Al), as is commonly applied for
single amorphous alloy system. Generally, de-
alloying process for leaching out specific

element consists of three stages, i.e.
dissolution, surface diffusion and
agglomeration. At first, electrochemically

active elements are dissolved in a solution.
Then, noble atoms diffuse to be agglomerated
generating porosity. In the present study, the
microstructure of completely de-alloyed layer
shows an interconnected structure in nm-scale,
and the pore size is ~ 5 nm which is
comparable to the scale of
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phase separation in as-solidified state ( ~ 3 nm). It
can be noticed that during de-alloying process, closed
nano pores form on the surface of the sample by
Kirkendall effect, i.e. due to diffusion of Al atoms into
the solution. Considering that almost uniform size
nano pores are distributed homogeneously on the
surface with the almost same scale of the spinodal
decomposition in as-cast state, it seems that
kirkendall voids are formed preferentially in the
region where Al atoms are easy to diffuse out into
the solution.

Another point to be noted is that nano porous
germanium oxide formed by de-alloying process has
an amorphous structure. Oxide can have an
amorphous structure up to a certain thickness,
because the structure with lower surface energy can
be thermodynamically more stable than crystalline
structure. In case of germanium oxide, the thickness
is rather large, since germanium oxide is a network-
forming oxide. Nano porous germanium oxide with
an amorphous structure has been reported to show
good potential as a candidate of anode in Li ion
batteries. The present study shows that such nano
porous amorphous germanium oxide can be easily
fabricate by de-alloying process using phase
separation Al-based amorphous alloys.

During the one month of collaboration with Prof.
Yoshihiko Yokoyama and group members, | had a
great experience in research in the field of metallic
glass by using the advanced apparatus in IMR and
WPL. | would like to express my sincere gratitude to
Prof. Yoshihiko Yokoyama for the invitation to IMR of
Tohoku University. | also extend many thanks to Ms.
Eriko Takahashi for her many helps with the
administrative work.



“““““ < NANOMET"™ alloys: preparation, magnetic characteristics and applications

Prof. Nicoleta LUPU

National Institute of Research and Development for Technical Physics, lagi, Romania

From 215t of January to 20t of March 2015, |
was visiting professor at the Cooperative
Research and Development Center for Advanced
Materials (CRDAM), Institute for Materials
Research, Tohoku University, at the invitation of
Professor Akihiro Makino, to whom | am
gratefully acknowledged. It was a great pleasure
and a privilege to work once again with Professor
Makino and his group, and continue our joint
collaboration started 5 years ago in 2010, when |
firstly have been visiting professor at ARCMG.

During this visit, | have been working closely

with Prof. Akihiro Makino, Prof. Akira Takeuchi, Dr.
Parmanand Sharma and Prof. Nobuyuki
Nishiyama to explain the specific magnetic
behavior of NANOMET materials developed by
Prof. Makino’s group. Our many fruitful
discussions focused on a number of topics of
interest, such as: the understanding of the
microstructure evolution of NANOMET wide
ribbons with the annealing conditions (including
the temperature of annealing and the number of
successive annealing steps), the influence of the
microsctructure evolution on the magnetic
characteristics  (coercive  field, saturation
induction, core losses), and the most suitable
industrial applications connected with the
NANOMET samples’ shape and
structural/magnetic features.
Besides the research activities, I've got the
opportunity to attend one Colloquium sustained
by the researchers from Prof. Makino’s group on
13 February 2015, but also to present a seminar
with the title of “Low T Glassy Magnetic Alloys
for Engineering and Medical Applications” on 13
March 2015 and enjoy the discussions with the
attendees. Through these event, | was able to
tighten the relationship with the researchers of

IMR. In the following, | am presenting briefly
some results obtained in connection with my visit
to Sendai and discussed with Prof. Makino’s group
members.

Fegs MnSi,BgP,Cu; (x = 0; 1; 3 at.%), glass-
coated submicron wires with the diameter of the
metallic core ranging from 400 nm to 1 um, and
the total diameter of about 11 um have been
prepared and characterized at NIRDTP lasi, in
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order to understand the role of the Mn addition on
the microstructure and magnetic domains structure.
The alloys have been kindly provided by Prof.
Makino. All samples proved to be magnetically
bistable, irrespective of dimensions and structure.
However, the coercive and switching fields are
decreasing significantly for the glass-coated
submicron wires with additions of Mn. The larger
the Mn content the smaller the coercive and
switching fields are. The bistability is a characteristic
of uniaxially magnetized materials, and indicates the
formation of a central magnetic domain in the
amorphous state. However, the submicron wires
annealed below 425°C are much softer (the coercive
field is decreasing), whilst after annealing above
425°C the coercivity increases significantly as the
results of the increase of the grains size over the
critical limit. One can also notice that the decrease
in the thickness of the glass coat results also in a
strong decrease of the coercive field and switching
field, respectively, for the same diameter of the
metallic core, most probably as the result of the
different distribution of the internal stresses in the
glass-coated submicron wires. Besides, for the same
total diameter, the smaller the diameter of the
metallic core the larger the coercive field is.

By tracking the domain wall movement in NC
materials we can get a better image over
themicrostructure-magnetic properties evolution,
since domain walls move faster in the
nanocrystalline state because of the low effective
magnetic anisotropy.
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One can notice that there is a correlation between
the domain wall velocity and the value of the
switching field, which indicates a relation between
the magnitude of the uniaxial anisotropy and the
domain wall velocity. In addition, we have to
consider also the competing magnetoelastic
anisotropy (predominant in thicker samples) and
shape anisotropy (predominant in thinner ones
and in those with thinner glass coating).

From these data, we can conclude that despite
the fact that the nanograins have similar sizes
after annealing, the increase in their number after
annealing at higher temperatures results in a
slightly different mechanism for the
magnetization processes, with the nucleation of
the larger number of small irregular domains
competing with the displacement of the domain
walls.
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As for the industrial applications, we tested the
NANOMET wide ribbons (MSRs) prepared by Prof.
Makino’s group in an Energy Harvesting Device
(EHD) designed and fabricated at NIRDTP lasi.
The results are summarized in the following table,
being compared with the ones obtained for
FINEMET ribbons optimally annealed (OA). The
data clearly indicate a better use of NANOMET
ribbons in the EHD device.

Sample (MSRs) U, Prax nax

NANOMET (AQ) 6.24V | 30mw 9.6 mA
NANOMET (OA) 7.5V 47 mW 12.5 mA
FINEMET (OA) 6.4V 34 mW 10.6 mA
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| would like to express once more my sincere
gratitude to Professor Akihiro Makino for the
invitation to IMR and to Prof. Akira Takeuchi for
the extremely helpful discussions. | would also like
to express my gratitude for Ms. Takahashi from
CRDAM Center for her constant help with the
administrative paper work and very useful daily
life advices and support.

Domo arigato gozaimasu!
Sayonara KINKEN!



[] smmzre  am—w

2015 3/25 BRI 27— ApERINE TEMZER WU EARK

18



SEMARAEREL 2 —=21—Avo0l. 5
20155318

RILXFE EMHBIRMR
MEHRHARRREARE 5 —

T980-8577 (UEHTHEERFF2-1-1

EL 022-215-2371FAX 022-215-2137
-Mail crdam@imr. tohoku. ac. jp

RL http://www. crdam. imr. tohoku. ac. jp




