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A large number of the small a-Fe grains should
during crystllization, leading to forming the uniform nanocrystalline structure
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Preparation of Ce-Fe-O films by laser chemical vapor deposition

Prof. Jorge Roberto Vargas Garcia

Metallurgy and Materials Eng. Department, National Polytechnic Institute, Mexico

I visited IMR of Tohoku University from September to
November 2010 to work on laser chemical vapor
deposition, in particular the preparation of Ce-Fe-O films.

Cerium oxide and cerium oxide-based solid solutions are
of great scientific and technological importance owing to
their notable ability to store and release oxygen, a
property known as the oxygen storage capacity (OSC).
The substitution of lower valance ions (e.g., Pr3* and Th3*)
for cerium may decrease the activation energy for oxygen
migration, while smaller ions such as Zr*" may enhance
the OSC by decreasing Ce*/Ce3* reduction energy and
retarding OSC degradation at high temperatures. Given
the effects that low balance states and small ionic sizes
have on the structure and properties, there is a
considerable interest in introducing undersized ions
having lower valance into the cerium oxide lattice. In
recent years, an increasing number of investigations have
been conducted on Fe3*-doped ceria prepared mostly by
conventional ceramic methods. However, the OSC of ceria
and ceria-based solid solutions may be further enhanced
by growing (100)-oriented films, since the formation of
oxygen vacancies on the unstable (100) plane is
energetically more favorable than that over (110) and
(111) planes. In addition, development of the natural
defective film structure and a highly porous morphology
might facilitate the oxygen mobility and increase the
catalytic sites.

During the 3 months of collaboration with Prof. T. Goto
and staff members, we achieved the growth of highly
(100)-oriented Cei-xFexOz-5 solid solution films by using
laser chemical vapor deposition. We have submitted a
paper to Thin Solid Films.

Figure 1 shows the XRD patterns of single CeOz (a) and
Fe20s (e) films as well as those of Ce-Fe-O films prepared

with different Fe content (initial molar ratio; Rrece =

0.014 (b), 0.144 (c) and 1.43 (d)).

Single CeOz and Fe203

films showed
(100)-oriented or
randomly oriented

nature, respectively. The
Ce-Fe-O films exhibited
the presence either of
both CeO2 and Fe:203
phases (Fig. 1d) or only

one phase (Figs. 1b and

lc), whose reflections
could be indexed to the fluorite structure of CeOz. The
Ce-F
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Figure 1. XRD patterns of single CeO, (a) and e
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refle (d)). tice

parameter for CeO2 single-phase films (a = 0.5411 nm)
well-corresponded to that reported in the 34-0394 JCPDS
card. A decrease of lattice parameter (2 = 0.5407 nm) was

observed for the Ce-Fe-O film prepared at Rre/ce =

Figure 1. XRD patterns of single CeOz (a), Fe203 (e) and
Ce-Fe-O films prepared with different Fe content (initial
molar ratio; Rreice = 0.014 (b), 0.144 (c) and 1.43 (d)).
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0.144 in agreement with smaller ionic radius () for Fe3* (r
= 0.078 nm) compared to the host Ce# (r = 0.097 nm).
Despite the possibility of the presence of fine and
well-distributed iron oxide precipitates displaying no
observable XRD reflections, a change of the lattice
parameter in comparison to CeOz suggested the formation
of CeixFexO25 solid solution films containing a small
amount of Fe (x=0.02, 0.15 as revealed by XPS results).
Figure 2 illustrates the effect of laser power, A. on
surface morphology and cross-sectional structure of
Ce1-xFex0s-5 (x = 0.02) films prepared at A.= 50 (a, d), 100
(b, e) and 200 W (c, f), keeping constant total pressure, Piot
= 0.8 kPa and pre-heating temperature, 7pre = 613 K.
Solid solution films exhibited a columnar structure
parallel to the growth direction. The surface morphology
of highly (100)-oriented films changed from a pattern of
perpendicular ridges at AL = 50 W to triangular facets at
FA. = 100 W. Both morphologies have been associated to
(100) or (111) planes of the cubic structure in
(100)-oriented CeO: films. Higher A. conditions led to

wider columns with rather granular surface morphology.

Figure 2. Effect of A, on surface morphology and
cross-sectional structure of Cei-xFexO25 (x = 0.02) films

prepared at /.= 50 (a, d), 100 (b, e) and 200 W (c, ).

The cross-sectional TEM images at the top-ending and
middle of columns for (100)-oriented Ce1-sFexQ2-5 (x=0.02)
films prepared at A, = 100 W are shown in Figures 3 (a)
and (b), respectively. TEM images and selected area
electron diffraction (SAD) patterns (Fig. 3c) suggested
that individual columnar grains were almost single
crystals with their axis reasonably aligned in the (100)
directions of the cubic structure. Columns showed a
feather-like morphology with nano-scale inter-columnar

spaces.

Figure 3. Cross-sectional TEM images at the top-ending (a), middle of columns (b) and selected area electron

diffraction (SAD) pattern (c) for (100)-oriented Cei-xFexOs-5 (x=0.02) films prepared at A, = 100 W.

I wish to express my gratitude to Prof. A. Inoue and Prof. T. Goto for the invitation to IMR of Tohoku University.
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also very grateful to them for all the facilities and support. I also extend my thanks to Prof. T. Rong for his enormous help in

every step of this research.



Magnetization processes versus nanoheteromicrostructure formation in novel soft magnetic FeSiBCuP
nanocrystalline alloys with additions

Dr. Nicoleta Lupu, Head of Magnetic Materials and Devices Department
National Institute of Research and Development for Technical Physics, lasi, Romania

From 15" of September until 15" of
December 2010 | was the guest of Professor
Akihiro Makino’s lab at the Institute of Materials
Research, Tohoku University. It was a great
pleasure for me to come back in the same lab
(which proudly 1 am calling my second research
house) where I’ve had a postdoctoral fellowship 7
years ago, at that time working closely with
Professor Akihisa Inoue, now the President of
Tohoku University.

During the 3 months visit, I’ve been focusing
my work on the investigation of magnetization
processes and coercive field mechanisms in Fe-
based amorphous or/and nanocrystalline soft
magnetic alloys with important implications in the
industrial applications. Considering that | am
studying such materials for over 15 years, it was a
great experience for me to work closely with one
of the best groups in the world in this field of
applied research.

Nowadays, the energy saving is one of the
most important requirements for the most of the
power applications. In this regard, the
minimization of power losses is one of the key
issues for soft magnetic materials used in
transformers, inductors and motors, independent of
their structural features (i.e. crystalline Fe-Si steels,
amorphous or nanocrystalline materials). Up to
now, the most reduced power losses for relatively
high magnetic induction (B;) values are obtained
for amorphous and nanocrystalline Fe-based alloy
systems [M. Ohta and Y. Yoshizawa, J. Phys. D:
Appl. Phys. 44 (2011) 064004]. Despite of their
lower Bs compared with Si steels, Fe-based
amorphous and nanocrystalline materials present
reduced effective magnetocrystalline anisotropy.
Normally, an increase of Bs is achieved when Fe is
partially substituted with Co and the amount of
early transition metal (Nb, mainly) is reduced [K.J.
Miller et al., J. Appl. Phys. 107 (2010) 09A316].
Very recently, Professor Makino’s group proved
that a Nb-free nanocrystalline Fe-based material
show high Bs up to 1.9 T and excellent magnetic
softness [A. Makino et al., Mater. Trans. 50 (2009)
204; A. Makino et al., J. Appl. Phys. 105 (2009)
07A308]. Thus, | considered interesting to know
which might be the effect of small additions of Co
and/or Ni on the nanoheteromicrostructure and soft
magnetic behavior of Nb-free nanocrystalline Fe-

based alloys, with special
emphasis on the core losses at
different frequencies.

During my stay in Sendai
and after coming back in my
home institute | investigated
the role of small magnetic
additions (Co or Ni) on the
microstructure and magnetic properties of Fegss.
84.3514BgP3.4CUo 7 nanocrystalline alloys. And there
is still work in progress on this subject.

The replacement of Fe with small amounts of
Co or Ni (1-2 at%) enhances the
nanoheteromicrostructure of
Fegs 3:84.3514BgP3:4CUg 7 Nanocrystalline melt-spun
ribbons and refines the alpha-(Fe,Co) nanograins.
By controlling the nanocrystallization process the
soft magnetic (Fe,Co)-based grains can be reduced
to 5-15 nm (Fig. 1) and their distribution into the
residual amorphous matrix is very homogeneous.

T T T
—— Fe83Co2Si2B3PACuL
—— Fe82.3C02Si4B8P3Cu0.7

Fe82.3Co1Si4B8P4CU0.7

—— Fe81.3Ni2Si4B8P4Cu0.7

Intensity (a.u.)

20 (degrees)

Flg 1. XRD patterns of F983_3+84.3Si4BgP3+4CUO.7
nanocrystalline melt-spun ribbons in the as-quenched
state, without and with small additions of Co or Ni.
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Flg 2. DSC patterns of Feg3_3+g4.3si4BgP3+4CUO.7
nanocrystalline melt-spun ribbons with small additions
of Co or Ni.
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Additionally, the thermal stability of the Fe-
based nanocrystalline alloys with additions
increases  compared  with  the  starting
Fegs 3:04.3514BgP3-4CUp 7 Nanocrystalline melt-spun
ribbons, the increase being up to 50 K (Fig. 2).

The nanocrystallized alloys show extremely
high saturation magnetic induction of 1.8-2 T
depending on the Co or Ni substitution, exhibit low
coercive fields below 10 A/m (Fig. 3) and core
losses of 1-3 W/kg at 50 Hz (Fig. 4), comparable
with the ones of Fe-3.5wt.%Si [Y. Takada et al., J.
Appl. Phys. 64 (1988) 5367].
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Fig. 3. B-H hysteresis loops of as-quenched

Fegs3-843514BgP3-4CUg;  nanocrystalline  melt-spun
ribbons with small additions of Co or Ni. The inset
presents the enlarged region around zero field area.
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Fig. 4. Relative magnetic permeability and core losses
at 50 Hz for as-quenched and thermally treated
Fegs3-843514BgP3-4CUg;  nanocrystalline  melt-spun
ribbons with small additions of Co or Ni.
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The relative magnetic permeability can reach
values up to 4x10* the largest values being
obtained after annealing at temperatures between
425 and 475°C, depending on the composition of
the substituted alloys (Fig. 4). The torroids made
by ribbons exhibit lower magnetic permeability
values and much reduced core losses compared
with the starting ribbons.

Thus, these materials have a great potential
for engineering applications, mainly being suitable
for devices dedicated to the energy saving and its
transportation.

During my visit at IMR | had the great
support of Prof. Makino, to whom | am thanking
once more, and all his co-workers in the lab (Dr.
Takeshi Kubota — for samples preparation and
fruitful discussions, Dr. Parmanand Sharma — for
very supportive and helpful discussions, Mr. Y.
Zhang and Mr. ZW. Zhang - for thermal
treatments and preliminary XRD, DSC and
magnetic measurements). Thanks all of them once
more! Also, | would like to express my profound
acknowledge to Professor Akihisa Inoue, which
continuously supported my work. And last, but not
least, | would like to express my consideration for
Ms.  Chiba, which, wvery skillfully and
unconditionally,  supported me with the
administrative paper work and very useful daily
life advices.

Finally, | would like to express my deepest
sympathy to all my colleagues and friends at IMR
and WPI, which bravely went through the
devastating March 11 earthquake, and had the
courage and determination to leave their lives as
before. | learned a lot from their behavior, and |
would like to thank all of them for what they do!



Mechanical simulations for shear banding, room temperature superplasticity, and residual

stress in bulk metallic glasses

Prof. Hyoung Seop Kim
Department of Materials Science and Engineering, POSTECH (Pohang University of Science
and Technology), Korea

I visited IMR, Tohoku University from January 10
to February 10 in order to perform collaborational
work with Prof. Hidemi Kato on the mechanical
simulation of bulk metallic glasses (BMGs),
especially to elucidate and reproduce a shear banding
phenomenon and to enhance ductility.

My research field is ‘Mechanical behavior of
metallic materials using theoretical modeling and
meso and macro scale computer simulations based on
deformation mechanisms related to microstructural
features’. Based on the theoretical and computational
approaches, | could propose mechanisms and
reproduce elastic and plastic (sometimes thermally
coupled) deformation behavior in advanced materials
such as nanocrystalline materials, amorphous
metallic glasses, porous materials, functional
gradient materials, and their composites. Please visit
my  webpage  (http://hskim.postech.ac.kr)  or
ResearcherID URL
(http://www.researcherid.com/rid/C-2166-2009) for
more information.

Since | have been collaborating with Prof. Kato for
a long time, we could just start researching after a
day meeting without any time loss for settling down
and incubation. We decided to go through three steps
of works: firstly, to focus on developing a model for
shear band nucleation and propagation in BMGs;
secondly, to reproduce room  temperature
superplasticity [Y.H. Liu, G. Wang, R.J. Wang, D.Q.
Zhao, M.X. Pan, W.H. Wang, Superplastic bulk
metallic glasses at room temperature, Science 315
(2007) 1385]; and thirdly, to analyze a composite
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model in BMGs proposed
by Prof. Kato.

First, | was very
interested in the room
temperature
superplasticity of BMGs
published in SCIENCE
2007 and curious of the
mechanism which was
not clearly solved yet, see Fig. 1. If we look at the
Fig. 1 carefully, we can notice several interesting
clues, such as 1) upward strain hardening in stress vs.
strain curve, in addition it’s ‘true’ not engineering
values. Intrinsically, this kind of upward strain
hardening can never in BMGs (even for
polycrystalline metallic materials it’s unusual,
although not never), considering deformation
mechanisms (free volume, shear transformed zone, or
shear band) in BMGs. Combining the second clue in
the deformed geometries without any barreling
during upsetting (compression) with the upward flow
curves, | can say that there must be high friction
between the compression dies and the BMG surfaces.
This high friction, probably almost sticking condition,
can be confirmed in the picture of Fig. 1(b), see the
clear vestige of the initial upper surface of the BMG
sample in S3. It should be noted that the bending
behavior in Fig. 1(c) is not surprising at all, because
strain developed in bending is not high: bending
strain e = Distance of surface from neutral surface /
Radius of neutral axis.

e=0 =25 ¢£=40 =80

Fig. 1 Mechanical responses of room temperature so called superplasticity BMGs [after Liu et al., Science,
2007].
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From several pieces of evidence of deformed
geometries and stress-strain curves, here, we
proposed a new deformation mechanism model,
named it as ‘pencil glide mechanism’ in BMGs, as
shown in Fig. 2. Sequential processing of shear
banding Figure 3 shows the simulated results
reproducing superplasticity by the pencil glide with
the aid of sequential shear banding mechanism and
the finite element method (FEM). The FEM
simulation results are very sensitive to the material
properties and surface conditions, in contrast with

- TR

strain hardening metallic materials, more systematic
investigations varying the controlling parameters are
underway. Once, shear banding nucleation and

growth criteria are verified, e.g. Fig. 4, through this
cowork which will be continued, we can shed lights
on not only understanding various phenomena related
with shear banding, such as fracture, ductility,
plasticity, composite, size effect, and history effect in
BMGs but also developing new types of BMGs and
processing.

Fig. 3 Finite element analysis for superplasticity of BMGs based on the sequential shear banding pencil glide
mechanism.

S kN experiment

5 kN simulation

Fig. 4. Simulation of shear banding in BMGs.
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Despite our partially successful results in more
understanding and reproducing the large plastic
deformation, we will need to know the origin and

plastic
work

elastic

energy

ol redundant
~_’_—d-,.~/
1 r

quantity of the plastic work after 20% of deformation
in Fig. 1(a) in addition to the redundant work. We
lease it as our on-going or future work to do.

-

\

W

30 60 90

120 150
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Fig. 5. Experimental stress-strain curve [SCIENCE 2007] and schematic of the plastic work contributions for
large deformation.

In addition to the shear banding and superplasticity,
we exert ourselves to develop a new model for the
basic structure and mechanism and the related
phenomena, which will be presented in publications
for better BMGs and their applications.

Last but not least, | appreciate Prof. Goto and Prof.

Makino who supported my fellowship as well as Prof.
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H. Kato who devoted himself for full supporting of
our mutual research even in weekend, and day and
night. Plus, Mrs. Kato’s kind understanding Prof.
Kato’s late home coming during the one month is
especially appreciated.

Thank you and Sayonara Kinken.
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