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ey 11 OXides nano-porous S}lrface structure prepared by dealloying
of Ti-Cu amorphous alloy
School of Materials Science and Engineering, Tianjin University

I visited IMR of Tohoku
University from September to
November 2011 to work on
formation of Ti oxdes
nano-porous surface strcture
prepared by dealloying Ti-based
amorphous alloy.

Nano-porous metallic materials
exhibit special performance in
magnetism,  optics, electrics,
chemistry and other fields, and can be widely used in catalysis,
biofiltration, surface enhanced Raman scattering, surface plasmon
resonance, sensor, drug delivery, etc. Dealloying, as also called the
selective corrosion, is a process that the active elements in the
original alloy system are dissolved in the

electrolyte solution, but the inert elements reserve in the alloy
and re-assemble into the porous structure. Only limited crystalline
alloy systems have been demonstrated to form uniform
nanoporous structures. In comparison with crystalline alloys,
amorphous alloys are considered as good starting alloy for
dealloying due to their monolithic phase with a homogeneous
composition and structure down to subnanoscale.

Ingots of Ti-Cu alloys were prepared by arc-melting. The alloy
composition (atom ratio of Ti: 30-70%) is representedin nominal
atomic percentage of the mixture. The amorphous alloy ribbons
with width of 2mm and thickness of 20-30um were prepared by
melt spinning. The dealloying was carried out using Gamry

Prof.Zhenduo Cui

Reference 600 electrochemical workstation with a saturated
calomel electrode (SCE) as the reference electrode, platinum mesh
electrode as the counter electrode. The HNO; solutions with
different concentrations were chosen as the electrolyte. Reaction
temperature was determined by a water bath.

I investigated the influence of three processing factors, named
HNO; concentration, temperature and load voltage, on the
nano-porous morphology. Fig. 1 a (1, 2, 3) show the
microstructure of nanoporous surface prepared in HNO; solution
with different concentrations for the TisoCusg alloy under 1.0 V
voltage at 70 °C for 4800s. Fig. 1 b (1, 2, 3) show the

Fig. 1 SEM images of TiCu metallic glass after dealloying under
different HNO3 solution concertration (al: 3.38mol/L; a2: 5.36mol/L;
a3: 7.55mol/L); temperature (b1:60 C; b2: 70 C; b3: 80 €) and voltage
(c1: 0.6v; c2: 1.0v; c3: 1.4v)



microstructure of nanoporous surface prepared in 5.36 mol/L
HNO; solution at different temperatures for the TiyCugo alloy
under 1.0 V voltage for 5400 s. Fig. 1 ¢ (1, 2, 3) show the
microstructure of nanoporous surface prepared in 5.36
mol/LHNO; solution under different load voltages for the TizoCugy
alloy at 80°C for 10800 s.

In addition, | fabricated the ideal nano-porous structure with
the sample under the following conditions: composition of the
alloy: TisCusg, solution concentration: 5.36mol/L, load voltage:
1.0 V, time: 10800s, temperature: 70°C. In this nano-porous
metal, average pore size is about 50nm and average pore wall
thickness is about 100nm. Fig 2 shows the microstructure of the
nanoporous structure prepared under above conditions.The
cross section is exhibited in the top right image. The depth of the
nano-porous structure is about 500 nm.
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Fig.2 SEM imagesof nanoporous surface on TisCuzo metallic glass obtained
under the following conditions: 5.36mol/L HNOs, 1.0v, 10800s, 70 C

Fig.3 shows the XPS spectra of the nanoporous surface as
shown in Fig.2. We can see that the main elements contained in the
sample surface are Ti, Cu and O, and the contained C as an
external element will not be discussed here. The Ti 2p spectrum is
treated as three doublet peaks, which are assigned to Ti?*, Ti®*, and
Ti*", respectively. The Cu2p spectrum exhibits a doublet peak with
binding energy of 932.76eV and 952.69eV, respectively. This
doublet peak is assigned to Cu*. The single peak with binding
energy of 530.24eV in Ols spectrum is corresponding to O%.
Combining the analysis of Ti, Cu and O elements, we suggest that
the composition of the nano-porous surface is TiO, Ti,0s, TiO,
and Cu,O. According to the Ti2p spectrum, the relative Molar
ratio of TiO, Ti,Os3, TiO,were calculated to be about 40%, 20%
and 40%, respectively. In addition, the quantitative analysis of Ti
and Cu elements was carried out. The Ti/Cu atomic ratio of

o

Similar and Dissimilar Joining of BMG alloys using Friction Stir

Spot Welding

Department of Mechanical Design Engineering, Andong National University,

From 19t of December 2011 to 18t of January
2012, I stayed at Sendai as a visiting professor in the
Advanced Research Center of Metallic Glass at the
Institute of Materials Research, Tohoku University
working with Associate Professor Yoshihiko Yokoyama.
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Fig.3 XPS spectrum of the nanoporous surface of TiCu metallic glass
a: full spectrum; b: Ti2P; c: Cu2P and d: O1s
nanoporous surface is 9.5, which is much higher than nominal
atomic ratio of TizCuyq alloy (0.43). This implies that the Cu
atoms are removed during the dealloying process.

As we know, Ti exhibits excellent corrosion resistance due to
its passive property. In the HNO; solution, dense passive film
would be formed and prevent Ti corrosion, whereas, Cu would
react with HNO; following equation:

3Cu+2NOy +4H"—-Cu?* +NO,1+2H,0.

From electrochemical aspect, the standard electrode potential
of pure Ti (-1.75V for the reaction Ti—Ti*"+2e(vs. standard
hydrogen electrode)) which is far lower that of Cu (0.35V for
the reaction Cu—Cu?"+2e(vs. standard hydrogen electrode)). It
seems that Ti should be removed during dealloying. Actually,
the evaluation of reaction tendency using standard electrode
potential is not precise since the electrode potential would be
influenced by other conditions such as solution composition,
concentration and temperature. The corrosion potentials of pure
Ti and Cu in a 5.36mol/L HNO; solution at 70°C are 0.92V and
0.1-0.35V (vs SCE), respectively (we could not get a stable
value for the Cu because the Cu reacted with HNOj; violently).
The large diversity in corrosion potentials between Ti and Cu
results in different dissolution rates during dealloying.
Furthermore, potentiodynamic polarization test showed that the
anodic current density of pure Ti was less than 10°A/cm? for
polarization potential of 1.0V (vs. SCE) (not shown in this
paper). It indicates that Ti exhibits excellent corrosion resistance
and low dissolve rate in HNO; solution even though the
polarization potential is higher than its corrosion potential.

Finally, I would like to express my deepest appropriation to
Prof. Makino for the invitation to IMR of Tohoku University. |
am also very grateful to him for all the facilities and supports. |
also thanks to Prof. Inoue, Prof. Ninomi and Prof. Wang for their
enormous help in my research at IMR.

Korea

That was my 2" time as a
visiting professor at IMR. I
already had an experience to
stay at HFLSM, IMR for two months during early year
of 2009. Therefore, the environments at IMR are




intimate and quite familiar to me.

Even though almost 8 months had passed since the
Great East Japan Earthquake last March 11 that
wrought tremendous damage to the Tohoku area, the
most-affected areas are still in the early stages of
recovery. Fortunately the downtown of Sendai and
Katahira campus were not so much damaged as it
appears. The 3.11 Great Earthquake and Tsunami
made my stay to be postponed from April 2011 to
December 2011 and my stay was also shortened to one
month due to the situation at my university. In addition,
since I have some holidays to celebrate at new year of
2012, I enjoyed the spa around Sendai in winter season
by the invitation of host professor. I really appreciate
his hospitality.

During just one month visit, I have decided to focus
the fundamental research on two topics through the
discussion with my host, Prof. Yokoyama. The first is
related to the development of the joining technology for
thin BMG or amorphous ribbons or tapes using friction
stirring method. The second one is to apply the in-situ
SP test method to clarify the hydrogen embrittlement
(HE) of bulk glassy alloys of Zr-Cu-Al having the
various compositions from eutectic, hypo- and
hyper-eutectic compositions depending on the Cu
volume fraction. The in-situ SP test method was
originally developed by our group to evaluate the
sensitivity of hydrogen embrittlement of metallic
materials for pipeline and storage tanks of Hz gas.

During my stay, I searched the state-of-art of the
joining technology for amorphous ribbon samples based
on related references. There exist some needs to
develop a robust joining technique for the application of
amorphous ribbon to high speed motor rotors. I tried to
device some new approaches to adopt modified tool
profile based on the principle of friction stirring spot
welding (FSSW) applicable to form a good lap joining of
thin ribbons. Since the current shape of probe which is
composed of the pin part and the shoulder part, it is not
appropriate to use them to thin ribbons. One solution is
to use a pinless or short pined tool which is applicable
to the lap-joining of thin amorphous ribbon or tapes.
The tools were designed to different shoulder profile as
shown in Fig. 1.Tool (a) is design as a flat surface and
(b) ~ (e) are designed with a short 0.2 mm-long
retracted pin. The pin part diameters are varying from
1.5, 2.5 and 4.0 mm while the tool (e) is designed with a
unique feature as a hollow pin (0.4 mm outside
diameter and 0.2 mm inside diameter). The
applicability is compared with the case of the tool with
a pin part; a cylindrical pin of 2.5 mm in diameter and
1.5 mm in depth. This tool with pin part is composed of
concave shoulder with 3% angle of concavity. All the
tools are made of sintered hard metal. Since the
experiments using pinless tools are currently carrying
out at ANU, and the results will be reported in other
chances. Regarding on the application of in-situ SP test
to Zr-Cu-Al alloys, 4 different kinds of BGA alloys were
supplied as sample. The specimen was cut by in parallel
with the cast direction having a dimension of
10x10xt0.5 mm. Each specimen was cleaned for 10

minutes using ultrasonic cleaner before setting to the
lower die of SP test fixture.

In order to investigate the influence of HE on the

Flat tool

@1.5 mm pin @25 mm pin  ®4.0 mm pin  Hollow pin

Fig.1 Pinless tool shapes for FSSW, (a) a flat featureless
surface. (b) ~ (e) a 0.2-mm-long retracted pin with different
diameters varying from 1.5 - 4.0 mm.

behaviors of BGA during SP test, the specimens were
tested under 10 MPa H:2 gas condition and at
atmospheric (in air). Fig. 2
load-displacement curves obtained at a ram rate of 1.0
mm/min by SP tests for samples with a eutectic
composition of ZrsoCusoAlio. First, the result at the
atmospheric condition showed that the load increased
to 4.5 kN then dropped at the failure displacement of
2.0 mm showing some plastic instability region
(corresponding to Stage IV) and brought an SP energy
of ~ 4.7 J. However the load-displacement curves
obtained for BGA did show almost linear relationship

condition shows

up to maximum load point without any distinct yielding
in the midst of the curve. Considering the cases of
crystalline metallic materials for hydrogen energy
where the load-displacement curve was distinctly
sectioned into 4 regions with deformation, the result is
When
compared with the case at 10 MPa Hz gas environments

a characteristic behavior of BGA materials.
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Fig. 2 Representative load-displacement curves in an
eutectic Zr-Cu-Al BGA obtained by SP test both under 10 MPa
H: gas and in air conditions.

with the case in air, the maximum load slightly
decreased to ~4.2 kN and the failure displacement to
1.7 mm, which might be represented any sensitivity of
HE to be occurred in the BGAs. Further investigation is
needed.
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Convection Control in Crystal Growth
Department of Engineering Mechanics, Chongqing University, P.R. China

From 20% of December
2011 to 20th of February 2012, I
worked as a visiting professor
in Professor Yoshiyuki
Kawazoe Laboratory at the
Institute of Materials Research,
Tohoku University. It was a
great pleasure for me to come back to the same
laboratory where I got my Ph.D. degree more than 10
years ago.

During the two months visit, I have been focusing
my research on the fluid dynamics in crystal growth,
including convection control by the rotating magnetic
field in float-zone crystal growth model and
hydrodynamics in micro-pulling down crystal growth.

The float-zone, in which a body of molten materials
is held by the surface tension, is a containerless
technique to grow single crystal. The crystal quality is
significantly affected by the heat and mass transfer of
melt, which is mainly govern by melt convection,
during crystal growth. The thermocapillary flow driven
by the unbalanced surface tension along the free
surface is the dominant convection in float-zone under
microgravity. The thermocapillary flow of
semiconductor melt is steady and axisymmetric for a
small Marangoni number (Ma), however, it loses
stability twice with increasing Ma, firstly changing
from a two-dimensional axisymmetric steady flow to a
three-dimensional steady flow, then to a
three-dimensional oscillatory flow. The convection
instabilities, which breaks the axisymmetry of
convection and also results in unsteady convection, are
detrimental to the crystal quality.

The semiconductor melt is electrically conducting
liquid, which supports a possibility to apply the
external magnetic field to control the melt convection.
Because of the different mechanism for the convection
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F1g I1 contour plot of the dlmensmnless azimuthal veloc1ty
on the free surface in the RMF of (a)0mT, (b)1mT, (c)3mT
(d)5mT, (e)6mT, (f)7mT, for Ma=40
control by the rotating magnetic field (RMF) and static
magnetic field, the static magnetic field playing only a
passive role to dump convection and the RMF inducing
a desirable flow in azimuthal direction, the RMF takes

Prof. Zhong Zeng

much less energy consumption comparing to the static
magnetic field for the effective convection control.
However, our research reveals that the RMF is a
double-edged sword for convection control, it may
improve convection for high-quality crystal growth, and
also it may lead to an undesired oscillatory flow with an
unsuitable magnetic strength.

The floating half-zone, a liquid bridge suspended
between two discs with different temperatures, is a
typical simplified model of float-zone, it is widely
adopted to investigate the thermocapillary flow in
float-zone, and therefore the floating half-zone model is
adopted in my research. The effects of magnetic field
strength of the RMF on the thermocapillary convection
in floating half-zone model are investigated. The
thermocapillary convection is a three-dimensional
steady flow for Ma=40, Pr=0.01 and As=1 without
magnetic field. Applying 1mT - 6mT RMF, the
three-dimensional steady thermocapillary convection is
failed to be well controlled by the RMF and contrarily
becomes a periodic oscillatory flow, which may results
in the striation in the grown crystal. It indicates that
the insufficient RMF may make the convection worse
for high-quality crystal growth. When the magnetic
field strength is
three-dimensional thermocapillary convection 1is
effectively controlled and it becomes a two-dimensional
axisymmetrical steady flow. It implies that a sufficient
strength of the RMF should be chosen to overcome the
oscillatory flow, and therefore to achieve a steady
axisymmetrical convection for finally high-quality

increased up to 7mT, the

semiconductor crystal growth in float-zone.

The contour plots of the dimensionless azimuthal
velocity on the free surface for Ma=40 under the
various magnetic field strengths are illustrated in Fig.1.
Without magnetic field, a steady 2-fold symmetric
structure is demonstrated in Fig.1(a). Then, it becomes
a rotating 2-fold symmetric structure under 1 mT and 3
mT RMF as in Fig.1(b) and (c). However, another
rotating structure appears under 5 mT RMF in Fig.1(d),
and then, in the 6 mT RMF, a rotating 2-fold symmetric
structure appears again, but it is twisted obviously
along the azimuthal direction. When the magnetic field
strength is up to 7mT, it eventually evolves to an
axisymmetric one as in Fig.1(f).

Besides the convection control in floating half-zone
model, I have also studied the hydrodynamics in
micro-pulling down crystal growth, which I cooperated
with the Prof. Akira Yoshikawa to alleviate the serious
dopant segregation in Ce:YAG crystal by using
micro-pulling down crystal growth technique. Several
possible solutions had been proposed to alleviate the Ce
segregation, and the proposed solutions are planned to
be verified experimentally in the Yoshikawa
laboratory.

-8-
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Dislocations in silicon: mobility in thin films and interaction with Grain Boundaries

Head of “Physics of Plasticity” research group

| stayed IMR, Tohoku University,
from January 31% to March 16™,
2012 as a visiting professor to study
on 1) creation of a controlled
dislocation population in SOl
(Silicon On Insulator) thin films and
2) measuring dislocation velocities
in those films.

o

t
—

SOI wafer technology is a candidate for production of high

performance microelectronic devices and has already been used

to produce fast processors. Besides, controlling the dislocation

population is a prerequisite to achieve one of our long term

fundamental goals: study of the high temperature plasticity of
thin (one micrometer and less) free-standing Si membranes.

In such materials, the unusual geometry is expected to have
major consequences on the individual and collective behavior of
dislocations: length effect on the dislocation velocity under
controlled stress and temperature conditions (the velocity first
increases linearly with the length then saturates), enhanced
probability of cross slip at surfaces, shielding of the elastic
interaction between dislocations by image forces.... The study
of the mechanical properties of membranes is thus an interesting
alternative to other investigation methods such as straining of
micro-pillars.

The technique used at Institut Jean Lamour (1JL) to measure the
dislocation velocities requires successive tensile tests followed
by X-Ray Topography observations to reveal the dislocation
positions. It requires large single crystalline specimens
(25*13*0.7 mm?®) and the thickness of the SOI silicon layer
(from 85 nm to 3 um) is too low for XRT observations. The
Yonenaga lab at IMR uses loading of parallelepipedic 14*2.6*1
mm? scratched or indented specimens by high temperature three
point bending (the stress varies with position on the specimen),
i.e. is much less material consuming.

After a lengthy but necessary prepara-tion of specimens with Si
layer thick-nesses of respectively 85 nm, 290 nm, and 3 um, we
tried to determine suitable conditions to create dislocations in
our films. Knoop indents with a minimum (0.1 N) load and ~ 20
um wide and 1300 nm deep were sufficient for the thinnest layer,
but were less and less reliable with increasing layer thickness.

In most cases slip lines were also emitted from defects on the
specimen sides, with comparable velocities. Their contrast may
however be fuzzier (especially when the Si layer is thick),
suggesting that these dislocations do not move within the film
but within the substrate. They can be observed through the
transparent SOI layer and oxide layer.

A possible explanation (Figure 1) is that moving dislocations
must trail at the surface or rather at the layer/oxide interface a
dislocation segment. The energy necessary to create this
segment must be given by the work of the external force on the
dislocation. However, if the indent is deep enough (or if the

Institut Jean Lamour, Nancy, France
Dr Alain Jacques

layer is thin enough), a slip line will be initiated within the
substrate. The force due to this slip line will help the advance of
the layer dislocations.

In all cases dislocation displacement was not observed (at least
by optical microscopy) under applied resolved shear stresses
lower than ~ 10 MPa.

When observed, the length of the slip lines was of the same
magnitude as that of slip lines on the opposite (substrate) face of
the specimens: the usual parameters (stress exponent and
activation energy) are expected to be very near those of
dislocations in bulk silicon.

J

Si layer
Oxyde

Substrat

J
7

Figure 1: Dislocation motion in a layer emitted by a shallow or deep Knoop

indent.

Further investigations at IJL are thus required, in order to
determine the line orientation of the dislocations gliding within
the SOI layers (plane view TEM after dissolution of the
substrate and the oxide layer), the position in the substrate or the
layer of the slip bands on the sides of the specimens (AFM
before and after layer dissolution), and a possible emission of
dislocations within the substrate by indents deep enough to cross
the substrate). However, our main goal (to determine suitable
conditions for dislocation injection within the layer) has been
reached.

Dislocation interaction with GBs in Si.

Informal discussions with Pr. Kutsukake (Yonenaga lab) during
my stay showed that there is a renewed interest in dislocation
interaction with Grain Boundaries (GBs) in silicon. GBs,
especially when decorated by dislocations, are indeed
precipitation sites for impurities in polycrystalline silicon. As
such defects promote recombination of electron-hole pairs, they
reduce the efficiency of solar cells. (Single crystalline silicon
free from dislocations is more efficient, but the energetic cost of
Czochralski growth is higher than the expected benefit and



makes the production cost of single crystal solar cells
uncompetitive.)

Recent results at Kinken suggest that the geometry and structure
of high angle GBs (often = = 3 approximants) may be affected
by absorption and/or emission of dislocations moving under the
stresses due to a strong thermal gradient during solidification,
i.e. at very high temperatures. Such interactions may lead to the
creation of further twin boundaries parallel to the former one
within the material.

The Yonenaga lab has worked for years on defects in
semiconductors and masters the growth of pure and allied
semiconductor crystals and their investigation by different
techniques, while our research group had worked for years on
dislocation interaction with GBs in Si and had stopped for lack
of interesting and suitable specimens.

Experimental techniques such as Synchrotron Radiation X-Ray
Topography (for imaging at the specimen scale) and High
Resolution TEM have made major progress during the last ten
years. It is now possible to record XRT images of a crystal
during growth (see Figure 2), and it might be interesting to

adapt our experimental techniques to Kinken materials.

Figure 2: X-Ray Topographs recorded in situ at ESRF during solidification of an
aluminum alloy and showing successive stages of the growth of a dendrite. (H.
Nguyen Thi, B. Bilia, T. Schenk et al.)

Our intention is to test our experimental techniques on selected
Kinken specimens and, if successful, to prepare common
applications for beamtime on a synchrotron XRT beamline and
longer term collaboration.

Last, 1 would like to express my gratitude to IMR and Pr.
Yonenaga for the opportunity to stay in Sendai, and the whole
lab staff for their help in paperwork and experiments, as well as
many aspects of life in Sendai.
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