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Opening Ceremony for Hysitron Applied Research Center in China

2010 Jun 8th, Tuesday Morning

Brief introduction about HARCC and CAMP-Nano: E. Ma (Chair of the

9:00-9:10 . .
whole morning session)
9:10-9:15 Remarks by VP of XJTU
9:15-9:30 Remarks by Dan Carlson, VP of Hysitron Inc.
9:30-9:40 Remarks by Prof. Jun Sun (Dean of MSE, XJTU)
9:40-9:50 Inauguration: Director of HARCC
9:50-10:10 | Ribbon cutting ceremony (Presidents from both Hysitron and XJTU)
10:10-10:25 | Group Photo
10:25-11:25 | Lab tour

International Workshop on Materials Behavior at the Micro- and Nano Scale

Xi'an, China, June 811, 2010

2010 Jun &h, Tuesday Afternoon:

Afternoon Nano mechanics (Chairsk. P. Georgeand Andy Minor)
14:00-14:10 Ju Li Opening remarks
14:10-14:40 Andy Mi nor Quantitative Nanomechanical Testing in a TEM
, In situ TEM deformation of metal pillar specimens containing grain

14:40-15:10 Xiaoxu Huang .

boundaries
15:10-15:30 Q.Yu Strong crystal size effect on deformation twinning
15:30-16:00 Early afternoon sesion discussion and coffee break

Recent developments in understanding size effects in crystalline materials:
16:00-16:30 | E. P. George . . . ]

micropillar compression and nanoindentation
16:30-17:00 Wei Cai Dislocation Dynamics and Plasticity in Micro-Pillars and Thin Films

A hybrid multiscale model of crystal plasticity at micron and submicron
17:00-17:30 Zhuo Zhuang

scales
17:30-18:00 Later afternoon session discussion




International Workshop on Materials Behavior at the Micro- and Nano- Scale

2010 Jun 9h, Wednesday:

Morning Functional materials (Chairs: Xiaoging Pan and Zhigang Suo)
8:30-9:00 Zhigang Suo Elastomeric generators
o Endogenous MnCr204 nano-octahedron with metal terminations
9:00-9:30 Xiuliang Ma ) o ) )
catalysing pitting corrosion of stainless steels
9:30-10:00 Jiong Zhao Mass transportation mechanism in electric biased carbon nanotubes
10:00-10:20 Early morning session discussion and coffee break
o Effect of Electrical Boundary Conditions on Domain Structure and Local
10:20-10:50 Xiaoging Pan . . . -
Polarization in Multiferroic BiFeO; Thin Films
. . Controlling the Electronic Properties of Silicon Nanowires: Influence of
10:50-11:20 Qing Jiang o
the External Electric Field
11:20-11:40 Liang Qi Multiscale Modeling of Electrocatalysis in PEM Fuel Cell
11:40-12:00 Y. J. Fujiwara | First-principles studies of surface oxide formation on Pt electrode
12:00-12:20 Later morning session discussion

Lunch and break

Afternoon In situ deformation (Chairs: Chris Li & Ze Zhang)
14:00-14:30 | Ze Zhang Strain induced large plasticity of nanowires from intrinsic brittle materials
14:30-15:00 Scott Mao Superelongation and atomic chain formation in nanosized metallic glass
15:00-15:20 Evan Ma Electron-beam-assisted superplastic shaping of nanoscale amorphous silica
15:20-15:50 Early afternoon session discussion and coffee break
) Size Effect of Mechanical Properties in ZnO Nanowires: In Situ

15:50-16:20 | Mo-rigen ) )

Measurement and Theoretical Understanding
16:20-16:50 | Chris Li In situAFM and Nanoindentation Mechanical Testing

Multi-scale Perspective of Asperity Contact: Nanomechanics Investigation
16:50-17:20 Yeau-Ren Jeng . ]

of Two Configurations
17:20-17:50 Later afternoon session discussion
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2010 Jun10th, Thursday:

Morning Twining and nanosturctured materials (Chairs: Taher Saif and Huajian Gao)
. Probing Mechanical Properties of Nanostructured Materials via Large
8:30-9:00 Huajian Gao ) ) )
Scale Molecular Dynamics Simulations
_ ) Structural behaviour of nanocrystalline materials under severe plastic
9:00-9:30 Xiaozhou Liao ]
deformation
i Deformation mechanisms of nanoscale crystalline solids: interfaces,
9:30-9:50 Jian Wang o o
twinning and de-twinning
9:50-10:20 Early morning session discussion and coffee break
10:20-10:50 Taher Saif Mechanisms of plasticity in nanograined metals
. Growth behaviors of semiconductor nanowires and nanowire
10:50-11:20 Jin Zou o
heterostructures and their impacts
. ] The size dependence of flow stress in amorphous intermetallic nanowires
11:20-11:40 | Yujie Wei .
at temperatures near the glass transition
12:10-:14:00  Lunch and break
Afternoon State-of-the-art technigues/instruments (Chairs: Ju Li and Zhiwei Shan)
14:00-14:30 | Shuangxi Song| Recent developments in nanomechanical testing
14:30-15:00 Ming Pan Recent Development for in-situ TEM Applications
15:00-15:30 Early Afternoon session discussion and coffee break
15:30-16:00 Masahiro Kawasaki | Atomically Resolved Chemical Imaging for nano science
16:00-16:30 | Xiaofeng Zhang Activating Materials in Transmission Electron Microscopes
16:30-17:00 Later afternoon session discussion
17:00-18:30 Poster session (Chair: organizing committee)
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2010 Jun 1th, Friday:

Morning In situ characterization of materials (Chairs: Jianyu Huang & Renu Sharma)
8:30-9:00 Renu Sharma | In situ evaluation of the factors controlling carbon nanotube synthesis
. Probing optoelectronic properties of nanomaterials using in situelectron

9:00-9:30 Min Gao ]

microscopy

Scanning transmission electron microscopy studies of highly active Pt-Co
9:30-9:50 Shuo Chen ]

nanoparticles for proton exchange membrane fuel cells
9:50-10:20 early morning session discussion and coffee break

10:20-10:50 | Jianyu Huang

In-situ electrical, mechanical, thermal, and electrochemical property
measurements by using a TEM-SPM platform

10:50-11:10 Ju Li

Plumber’s Wonderland Found on Graphene

11:10-11:40 Weilie Zhou

In-situ E-beam Nanolithography and In-situ Measurements of Nanodevices
and Nanostructures under a FESEM

11:40-12:10 Later morning session discussion

12:10-12:20 Zhiwei Shan

Closing remarks of the workshop

Sponsored by:

ERBANF

- ZSEPL

XIANJIAOTONGC UNIVERSITY

HYSITRON
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ABSTRACTS —ORAL PRESENTATIONS

14:00-14:10 8th, Jun

Opening Remarks

Ju Li
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14:10-14:40 8th, Jun

Quantitative Nanomechanical Testing ina TEM

Andrew M. Minor*

!Department of Meerials Science and Engineering, University of California, Berkeley and
National Center for Electron Microscopy, Lawrence Berkeley National Laboratory, One Cyclotron
Road, MS 72, Berkeley, CA 94720

Recent progress in both in situ and ex situ small-scale mechanical testing
methods has greatly improved our understanding of mechanical size effects in
volumes from a few nanometers to a few microns. Besides the important results
related to the effect of size on the strength of small structures, the ability to
systematically measure the mechanical properties of small volumes through
mechanical probing allows us to test samples that cannot easily be processed in bulk
form, such as a specific grain boundary or a single crystal. In the case of individual
nanostructures, the need to address the nanostructure in a direct manner is even more
acute, and in situ TEM in many cases makes this possible. This talk will describe our
recent results from in situ compression and tensile testing of metals to illuminate the
origin of size-dependent yield strength behavior. In addition, comparing compression
and tensile testing at small scales has led to some interesting observations regarding
the evolution of flow strength during testing.

Andrew Minor is an Associate Professor inethDepartment of Materials Science and
Engineering at University of California, Berkeley. Minor received a B.A. in Mechanical
Engineering and Economics from Yale University, and a M.S. and Ph.D. in Materials Science and
Engineering from UC Berkeley. He albolds a joint appointment as a Faculty Scientist at the
National Center for Electron Microscopy, at the Lawrence Berkeley National Laboratory. His
research group uses advanced electron microst@med materials characterization to
investigate both organi and inorganic materials. They focus on nanomechanical size effects,
characterization of soft materials, and novekitu TEM methods for materials science research.
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14:40-15:10 8th, Jun

In situ TEM deformation of metal pillar specimens containing

grain boundaries

Xiaoxu Huang, Xiaodan Zhang®, A. Godfrey * and Zhiwei Shan® *

'DanishChinese Center for Nanometals, Materials Research Division, RisgNational Laboratory
for Sustainable Energy, Technical University of Denmarkd0DO RoskildeDenmark

’Advanced Materials Laboratory, Department of Materials Science and Engineering, Tsinghua
University, 100084, PR China

*Center for Advancing Materials Performance from the Nanoscale (GNEI®) & Hysitron
Applied Research Center in China (HARCQYgK Jiaotong University, ¥an, PR China

“Hysitron Incorporated, 10025 Valley View Road, Minneapolis, Minnesota 55344, USA

During plastic deformation of a (sub) micron-sized single crystal pillar
mechanical annealing can occur [1], leading to dislocation starvation in the deformed
pillar. However, dislocation accumulation may take place if a grain boundary is
introduced into such a pillar [2], indicating that a grain boundary inside the pillar can
strongly affect the dislocation storage versus starvation. Dislocation accumulation
also occurs within the volume between the boundaries in deformed nanostructured
metals with structural scales down to 100nm. On the other hand, grain boundaries are
also considered to act as both sources and sinks of dislocations. All these effects of
grain boundaries on the dislocation behaviour are expect to strongly influence the
mechanical behavior of small-volume metal specimens and bulk nanostructured
metals. In this work, metal pillars containing grain boundaries that are inclined with
respect to the top surface of the pillar were prepared, and subjected to in situ TEM
compression using a Hysitron Picolndenter (Pl 95). The nucleation, propagation,
multiplication of dislocations and their interactions with the preexisting grain
boundaries were observed. These different events associated with the dislocations are
correlated with the mechanical response recorded during the in situ deformation.

[1] Z.W. Shan, R.K. Mishra, S.A. Syed Asif, O.L. Warren and A. M. Minor,
Nature Mater, 7 (2007) 115-119.

[2] K.S. Ng and A.H.W. Ngan, Phil. Mag. 89 (2009) 3013-3026.

Xiaoxu Huang Senor Scientist, RisgDTU, Denmark

Main research areas: microstructure and texture in deformed metals; stryminperty
relationship; micre and nanemechanicssolid sate phase transformation; electron microscopy
and crystallographyEmail: xihu@risoe.dtu.dk
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15:10-15:30 8th, Jun

Strong Size-Dependent Plastic Deformation Modes Transition in

Single Crystal Ti Alloy

QanYu',Zhi weiShan**,JuLi °LinXiao * Xiao xuHuand,JunSun® and Evan
Ma’

Center for Advancing Materials Performance from the Nanoscale (GNEI®) & Hysitron
Applied Research Center in China (HARCCYgaKiJiaotong University, Xan, PR China

Hysitron Incorporated, 10025 Valley View Road, Minneapolis, Minnesota 55344, USA
®Department of Materials Science and Engineering, University of Pennsyh@iniladelphia,
Pennsylvania 19104, USA

“*Center for Fundamental Research: Metal Structures in FoimeDsions, Materials Research
Department, Riso National Laboratory for Sustainable Energy, Technical University of Demark,
DK-4000 Roskilde, Denmark

®*Department of Materials Science and Engineering, Johns Hopkins UniveBsittimore,
Maryland 21218, USA

Deformation twinning in crystals is a very important plastic deformation mode
that controls the mechanical behavior of many materials. Specifically for materials
with HCP structure, twinning deformation plays significant role to compensate the
plastic deformation due to the insufficiency of slip systems. As the consequence, the
size effect on mechanical properties of materials with HCP structure should show
difference from that in FCC or BCC materials. The response of twinning deformation
to the decrease of sample size is relatively lack of study though there have been a lot
of work done for size-dependent dislocation slip behavior. Meanwhile the origin and
spatio-temporal features of twinning are still shrouded in mystery. Using
micro-compression and in situ nano-compression experiments, we find that the stress
required for deformation twinning shows strong size-dependence. The formation of
twin becomes harder with the sample size reducing from several millimeters to around
one micron. The Hall-Petch relation shows within this size range and the yield stress
can reach the value of 2.6 GPa in the sample with side length at one micron. However
the limit of the stress is approached when the sample size is reduced to one
micrometre, below which the deformation twinning is entirely replaced by less
ordinary dislocation plasticity. From the stress-strain curve, continues plastic
deformation appears in smaller samples with dislocation control plasticity instead of
the sudden strain burst in relatively larger samples with twinning control plasticity.
The saturation of the maximum flow stress appears and shows size-independence
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when the sample size decrease to one micron or less at which the transition of plastic
deformation modes happen. A ‘stimulated slip’ model which is based on Pole
mechanism for the formation of twin is developed to explain the strong size
dependence of deformation twinning. The relatively large size for this plastic
deformation modes transition makes our understanding highly relating to application.

[1] Qian Yu, Zhiwei Shan, et al, Nature, 463 (2010) 335.

[2] This work was supported by grants from the NSFC (50671077, 50720145101,
50831004 and 50925104), the 973 Program of China (2004CB619303,
2007CB613804 and 2010CB613003) and the 111 Project of China (B06025). J.L. was
supported by ONR grant N00014-05-1-0504, NSF grant CMMI-0728069, MRSEC
grant DMR-0520020 and AFOSR grant FA9550-08-1-0325. X.H. was supported by
the Danish National Research Foundation. The in situ TEM work was performed at
the National Center for Electron Microscopy, Lawrence Berkeley Laboratory, which
is supported by the US Department of Energy under contract DE-AC02-05CH11231.

11



International Workshop on Materials Behavior at the Micro- and Nano- Scale

16:00-16:30 8th, Jun

Recent Developments in Understanding Size Effects in
Crystalline Materials: Micropillar Compression and
Nanoindentation
H.Bei’, S.Shim? J.R.Morris **, G. M. Pharr **, and E. P. George *°

'0ak Ridge National Laboratory, Materials Sci. & Tech. Division, Oak Ridge, TN 37831
Research Institute of Industrial Science and Technology, @giukorea
3University of Tennessee, Materials Sci. & Eng. Department, Knoxville, TN 37996

Interesting size effects are observed when an internal material length scale (e.qg.,
dislocation spacing) becomes comparable to a geometric length scale (e.g., volume of
material tested). In this talk 1 will discuss how these size effects were investigated in
single crystals using two complementary techniques, micropillar compression and
spherical nanoindentation. Dislocation spacing can be systematically controlled by
pre-straining, and the geometric length scale by varying the pillar size/indenter radius.
In both cases, yield strengths approach theoretical values when the probed volume is
small, and bulk values when the probed volume is large. The transition between these
two extremes is stochastic and depends on factors such as the distribution of
dislocations and their pinning strengths. A simple statistical model consisting of a
distribution of dislocations with different pinning strengths interacting with the
applied stress was developed and shown to be consistent with the experimental results
including the measured dislocation densities.

This research was sponsored by the Division of Materials Sciences and
Engineering, U.S. Department of Energy.

E. P. George: After receiving his PhD in 1985 from the University of Pennsylvania and a
brief stint at Southwest Research Institute, Easo George joined the Oak Ridge National
Laboratory in 1987 where he currently heads the Alloying Behavior and Design Group in the
Materials Science and Technology Division. Since 2002, Easo has held a joint faculty appointment
as Professor of Materials Science and Engineering at the University of Tennessee. He has been a
Visiting Scholar at the Ruhr University Bochum in Germany and a VisBitigntist at the
National Institute for Materials Science in Tsukuba, Japan. His current research interests include
mechanical properties of crystalline and amorphous metals with special emphasis eacsieall
behavior, and the physical metallurgy of higgmperature and shape memory materials. Among
his awards are the Humboldt Prize for senior scientists (AvH Foundation, Germany); Sustained
Outstanding Research Award from the 8J.Department of Energy; NASA Group Achievement
Award; Beuhler Best Paper Aveh(Materials Characterization journal); and Outstanding Paper
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Awards (Materials Research Society). He serves on the editorial boards of Intermetallics and
Materials Characterization, and is a Fellow of ASM International and TMS.
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16:30-17:00 8th, Jun

Dislocation Dynamics and Plasticity in Micro-Pillars and Thin

Films

Wei Cai'

'Mechanical Engineering Department, Stanford University, CA 94208

Understanding plasticity and strength of crystalline materials in terms of the
dynamics of microscopic defects has been a goal of materials research in the last
seventy years. The size-dependent yield stress observed in recent experiments of
sub-micrometer metallic pillars provides a unique opportunity to test our theoretical
models, allowing the predictions from defect dynamics simulations to be directly
compared with mechanical strength measurements.

The balance between the dislocation multiplication rate and depletion rate (at the
surface) may be the key to understand the observed size effect in flow stress. Here we
report two counterintuitive observations concerning dislocation multiplication in
small volumes from Molecular Dynamics and Dislocation Dynamics simulations. In
body-centered-cubic (BCC) metals, the surface itself can induce dislocation
multiplication as a single dislocation moves across the pillar. In face-centered-cubic
(FCC) metal pillars and thin films, however, even jogs of the Lomer-Cottrell type are
not strong enough pinning points to act as permanent dislocation sources. These
results highlight the need for better calibration of Dislocation Dynamics models
against the more fundamental atomistic models.

Wei Caiobtained his B.S. degree in Optoelectronic Engineering in Huazhong University of
Science and Techology, P. R. China in 1995 obtaired his Ph.D. degree in Nuclear Engineering
from MIT in 2001.From 2001 to 2004, he was a Lawrence Postdoctoral Fellow of the Lawrence
Livermore National Laboratory in CalifornieSince 2004, he has been an assistant professor in
the Mechanical EngineerinDepartment of Stanford University.

Prof . We i Cai 6s main research inter-amwt i s on
nancmaterials through theory and simulations of defect microstructures across atomistic and
continuum scalegdis more recent resech initiatives include crystal nucleation and growth at
nancscale, charge transport in solid electrolytes, and electronic structure under magnetic field.
Heccaut hored a graduate textbook AComputer Simul at

Wei Cai received the Bsidential Early Career Award for Scientists and Engineers (PECASE)
in 2004 and the ASEE Beer and Johnston Outstanding New Mechanics Educator Award in 2009.

He is currently serving on the Editorial Board of Modelling and Simulation in Materials Science
andEngineering (MSMSE).
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17:00-17:30 8th, Jun

A Hybrid Multiscale Model of Crystal Plasticity at Micron and

Submicron Scales

Y. Gao', Z. Zhuang ', Y.N. Cui *

School of Aerospace, Tsinghua University, Beijing 100084 China

Mechanical behavior for crystals at submicron-to-nanometer scales shows many
atypical plastic phenomena. In this paper, a new hybrid multiscale simulation method
named DDFEM is developed by coupling the three-dimensional discrete dislocation
dynamics (DDD) simulation with the finite element method (FEM) under
elasto-viscoplasticity continuum model. In this methodology, the discrete dislocation
plasticity in a finite crystal is solved under a completed continuum mechanics
framework. Our approach is competent at dealing with the large and non-linear
deformation by communicating deformation variables between DDD and FEM. As an
application, the deformation of micropillar under uniaxial compression has been
predicted. Our results show that the source-truncation hardening and mobile
dislocation exhaustion hardening are the main mechanisms for flow intermittency, and
stress heterogeneity plays a key role in the observed strain hardening. The effects of
contact boundary condition between the indenter and the upper surface of the
specimen, as well as the taper of the pillar are also investigated.

Y. Gao:PhD candidate researchon simulation of solid mechanics and DDD.
Z. Zhuang: Professor, research on solid mechanics.
Y.N. Cui: PhD candidate research on computational materials.
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8:30-9:00 9th, Jun

Elastomeric Generators

Zhigang Sud

'School of Engineering and Applied Sciences, Harvard University, Cambridge, Massachusetts,
02138, United States

Dielectric elastomer is being developed as generators to harvest energy from
renewable sources, such as human movements and ocean waves. For a pre-stretched
and pre-charged elastomeric membrane, under an open-circuit condition, a reduction
of the tensile force thickens the membrane and increases the voltage. The process
boosts electric charges from a low-voltage source to a high-voltage reservoir. While
energy of conversion between 0.1 mJ/g and 400 mJ/g has been reported, one may
wish to ask, what is the fundamental limit of energy of conversion? The elastomer is
susceptible to various modes of failure, including electrical breakdown,
electromechanical instability, loss of tension, and rupture by stretch. The modes of
failure define a cycle of maximal energy that can be converted by the generator. This
cycle is represented on planes of work-conjugate coordinates, and used to calculate
the maximal energy. It is found that natural rubber outperforms VHB elastomer as a
generator at strains less than 15%. Furthermore, by varying material parameters,
energy of conversion can be increased above 1.0 J/g. This work is carried out in
collaboration with S.J.A. Koh, X.H. Zhao, C. Keplinger, T.F. Li, and S. Bauer.

Zhigang Suois Allen E. and Marilyn M. Puckett Professof Mechanics and Bterials at
Harvard University. He earned a bachelor degree from Xi'an Jiaotong University in 1985,
majoring in Engineering Mechanics. Upon earning a Ph.D. degree in Engineering Science from
Harvard University, in 1989, Suo joined the faculty of the Umiterof California at Santa
Barbara, and established a group studying the mechanics of materials and structures. The group
moved to Princeton University in 1997, and to Harvard University in 2003.
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9:00-9:30 9th, Jun

Endogenous MnCr204 Nano-octahedron with Metal

Terminations Catalysing Pitting Corrosion of Stainless Steels

X.L. Ma*

'Shenyang National Laboratory for Materials Science, Institute of Metal Research, Chinese
Academy of Sciences, Wenhua Road 72, 110016 Shenyang, China

Pitting corrosion of stainless steels is generally believed to originate from the
local dissolution in MnS inclusions. However, the initial location where MnS
dissolution preferentially occurs is known as unpredictable, which makes pitting
corrosion remain the big headache for numerous engineering materials. Here we show,
at an atomic scale, the initial site where MnS starts to dissolve in the presence of salt
water. Using in-situ ex-environment transmission electron microscopy (TEM), we
found novel MnCr204 nano-octahedra embedded in the MnS medium and identified
the generation of local nano-galvanic cells of MnCr204/MnS. The TEM experiments
combined with first-principles calculations clarified that the nano-octahedron,
enclosed by eight {111} facets with metal terminations, is “malignant”, which acts as
the reactive site and catalyzes the dissolution of MnS. This work presents an
atomic-scale evolution in a material’s failure which may occur in a wide range of
engineering alloys and biomedical materials serving in wet environments.

Dr. X. L. Ma Graduated in1988at Department of Materials Engineering, Dalian University
of Technology, Dr. Ma received his Ph.D in 1994 under the supervision of Prof. K. HatKuo
Dalian University of Technology and Beijing Laboratory of Electxioroscopy. Hereceivedthe
Research Fellowshim 19951997 fromthe Alexander von Humboldt FoundatioBermany, and
Fellowship in 19972001 from Japan Fine Ceramics Centdipkyo University, and City
University of Hong Kongespectively. In 2000, heceived the ISI Citation Classical Award, and
was granted by the Hundred Talents Project of Chinese Academy of Sciences. He is a grantee of
the National Outstanding Young Scientist Foundation of China (2003). Right now he serves as the
head of Division ofolids Atomic Imaging, Shenyang National Laboratory for Materials Science,
Institute of Metal Research.
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9:30-10:00 9th, Jun

Mass Transportation Mechanism in Electric Biased Carbon

Nanotubes

1

Jiong Zhao", Jing Zhu

'Beijing National Center forElecton Microscopy The State Key Laboratory of New Ceramics
and Fine Processing aboratory of Advanced Materials, Department of Materials Science and
Engineering Tsinghua University, Beijing 100084, China

Controlled mass transportation in nanoscale is a key issue in nanotechnology.
The inherent hollow pipe structured carbon nanotubes(CNTs) have been employed to
transport gas and liquid atoms or ions, large molecules like DNA, solid particles, etc.
Recently, chemical potential difference, mechanical force and acoustic waves have
been demonstrated to drive the transportation in CNTs, and most reported
experimental works used the approach of electric bias imposed directly on two ends
of the CNTs. The mechanism of the electric bias actuated transportation is arguing at
present, electromigration force and thermal gradient are two competitive driving
forces. Current understanding favors the electromigration mechanism. However, here
we show the thermal gradient force overrides the electromigration force in most
conditions. The convincing in-situ transmission electron microscope(TEM)
experiment results show the thermal gradient force overrides the electromigration
force in most conditions, according to specific parameters of the CNTs and “cargos”.
The length of the CNTs, the location and size of the “cargos” as well as the magnitude
of the bias can affect the transportation mechanism apparently. A full analysis on the
thermal gradient force and electromigration force imposed on the cargos is given, thus
our experimental results are well explained and understood. To realize the application
of CNTs for mass transportation, the loading configuration of the cargos should be
well controlled, and suppose a proper cooling system is designed, the thermal energy
may have less effect, electromigration which is much easier to control would be
utilized.

Jing Zhu: Member, Chinese Academy of Sciences; Fellow, the Academy of Sciences for the
Developing World; Director, Hjing National Center for Electron Microscopy; Professor,
Departmat of Materials Science and Engineering; Tsinghua University, Beijing 100084, P. R.
China

Tel: 8610-62794026(0)  E-mail: jzhu@mail.tsinghua.edu.cn

Web:http: //mww.mse.tsinghua.edu.cn/faculty/zhuj/index.htm
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10:20-10:50 9th, Jun

Effect of Electrical Boundary Conditions on Domain Structure

and Local Polarization in Multiferroic BiFeO3 Thin Films

X.Q. Pan'

'Department of Materials Sciea and EngineerindJniversity of MichiganAnn Arbor, MI 48109,
USA Department of Materials Science and Engineerignjing UniversityNanjing, China

The domain structures of epitaxial thin films are different from that of bulk
ceramics because of the substrate constraint and depolarization field at surfaces or
interfaces where an abrupt change in polarization occurs. The depolarizing fields at
insulating interface can induce compensating ferroelectric domain structures to form
or even, at the extreme, destabilize the ferroelectric state. Thus, the domain structure
and nanoscale ferroelectric and electrical properties of the ferroelectric thin film
strongly depend on the mechanical and electrical boundary conditions. In this work
we carried out a systematic atomic resolution transmission electron microscopy (TEM)
study of the polarization change across ferroelectric domains and interfaces in
multiferroic BiFeO3 thin films epitaxially grown on insulating (110) ThScO3 single
crystal substrates with/without conducting LaxSr1-xMnO3 (LSMO) buffer layers. We
also found that the degeneracy of the ferroelastic domains in BiFeO3 thin films is
reduced due to the orthorhombic crystal symmetry of ThScO3 and stripe domains
consisting of only two ferroelastic variants form in the BiFeO3 thin film grown on
bare (110) ThScO3. The insertion of an electrically conducting LSMO epilayer
between ThScO3 and BiFeO3 result in a BiFeO3 thin film with a monodomain-like
structure, indicating that the depolarization field in BiFeO3 films grown on bare
TbhScO3 substrates is responsible for the formation of electrically self-compensated
domain structures with vertical 109 =domain walls. By quantitative analysis of ionic
positions in aberration-corrected TEM images we found that the domain walls of
BiFeO3 are generally one unit cell wide in bulk, but broaden when they approach
surfaces or interfaces. We also found that the polarization near the junction of domain
walls and film/substrate interfaces deviates significantly from the bulk value.
Furthermore, the polarization of BiFeO3 vanishes gradually approaching the interface
with insulator, but much rapidly at the interface with a conducting oxide layer,
indicating the quenching of polarization near interface, of which the thickness
depends on electrical boundary conditions.

Xiaoqging Panis a Professor in the Department of Materials Science and Engineering at the
University of Michigan, Ann Arbor. He received a BS. and M.S. degrees in Condensed Matters
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Physics from Nanjing University, Chinand Ph.D. degrees in Physics from Universitd des
Saarlandes, Germany. After a pakic at the MaPlanck Institute fir Metallforschung in
Stuttgart, he joined the faculty as an Associate Professor of Materials Science and Engineering at
the University oMichigani Ann Arbor. He became Professor in 208 is also the Director of
Electron Microbeam Analysis Laboratory (EMAL) of the University of Michigamaddition, Dr.

Pan served as the Director of the Multifunctional Materials and Nanodevice Divifighe
Ningbo Institute of Materials Technologies and Engineering, Chinese Academy of Science, from
2007 to 2009.His research interests involve the epitaxial growth and characterization of
functional materials including intelligent catalysts, oxide semicwmtors, ferroelectrics,
multiferroics, and superconductors. He is particularly interested in the struptoperty
relationships of advanced materials. He is best known in the atomic scale characterization of
structure and electronic properties of infieees and surfaces using transmission electron
microscopy and spectroscopy. He is the Leader and Chief Scientist of the CAS International
Innovative Team for Multifunctional Oxide Materials and Applications.
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Controlling the Electronic Properties of Silicon Nanowires:

Influence of the External Electric Field

Qing Jiang *

'Key Laboratory of Automobile Materials (Jilin University), Ministry of Education, and School of
Materials Science and Engineering, Jilin University, Chang¢cth80022 China

The electronic properties of hydrogen-terminated silicon nanowires (SINWSs)
under the external electric field F are investigated by the first principle calculation
based on density functional theory. When F was applied along axial or radial direction
of SINWs, both decreased the band gap Eg(D,F) of SiNWSs, where D denotes the
diameter of SINWs. Further increasing F can bring out the close of Eg(D,F), which
means semiconductor to metal transition occurs for SINWSs.

We study the effect of axial F on [111] SiNWs (the number in bracket shows the
growth direction of SINWSs). The results show that Eg(D,F) decreases with F and D
increasing due to the rapid drop of conduction band minimum and surface effect
respectively. As F increases, the electronic density, bond lengths and bond angles
change.

When radial F was applied on [112] SiNWs enclosed with (110) and (111) facets,
the electronic band structures present two kinds of variation, i.e. the longitudinal
(band gap Eg) and transverse (indirect to direct band gap transition) variation. And the
latter is direction-dependent, which occurs only when F is applied on (110) facet of
SiNWs. Eg(D,F) decreases with increasing F due to simultaneous the energy of
conduction band minimum decreasing and that of valence band maximum increasing.
The physical mechanism of the variations of electronic band structures is essentially
the electron redistribution in different layers.

Qing Jiang: PhD, Professorf-ax: +86-431-85095876 E-mail: jlangq@jlu.edu.cn
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Multiscale Modeling of Electrocatalysis in PEM Fuel Cell

Liang Qi *, Yoshiya Joshua Fujiwara **, and Ju Li *

!Department of Materials Science and Engineering, University of Pennsylvania, 3231 Walnut
Sreet, Philadelphia, PA 19104
’Honda Research Institute USA, Inc., 1381 Kinnear Rd., Suite 116, Columbus, OH 43212

In proton-exchange membrane (PEM) fuel cells, oxygen reduction reaction
(ORR) on cathode is a complex multi-electron transfer process and its reaction
mechanism is still unclear, partially because of the difficulties in direct investigation
of its reaction intermediates, such as O2*, OOH*, O* and OH*(* means adsorbed
state), and corresponding electron transfer dynamics. We analyzed the charge states of
all ORR intermediates adsorbed on catalyst surfaces by first-principles calculations
and found that all of them are in near-neutral states, which indicate that the electron
transfer in ORR should occur through proton-coupled mechanism (PCET). Based on
this electron transfer mechanism and considering lateral interactions between surface
adsorbates, a kinetic model of total ORR rate is build by calculating
coverage-dependent reaction energy and rate for each elementary step, which can
output similar steady-state ORR rates on Pt (111) and (100) surfaces despite of their
significant differences in adsorption strengths obtained from first-principles
calculations. Such low sensitivities of ORR Kinetics on surface adsorption strengths
satisfy with experimental results, indicating the critical effects of surface lateral
interactions to steady-state rates for electrocatalytic/catalytic reactions.

Liang Qi is a postdoctoralassociateat University of Pennsylvanidde gets hi$*h.D.degree
at 2009University ofPennsylvania, Department of Materials Science and Engineegetg hisM.
S.degree a2007the Ohio State Universitppepartment of Materials Science and Engineering
and gets hisB. E. degre003 Tsinghua University,Department of Materials Science and
Engineering
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First-principles Studies of Surface Oxide Formation on Pt

Electrode

1

Yoshiya Joshua Fujiwara **, Liang Qi *, and Ju Li

!Department of Materials Science and Engineering, University of Pennsylvania, 3231 Walnut
Steet, Philadelphia, PA 19104
’Honda Research Institute USA, Inc., 1381 Kinnear Rd., Suite 116, Columbus, OH 43212

Pt and its alloys are used as electrocatalysts in proton-exchange membrane fuel
cells (PEMFC). However, the dissolution of Pt and alloy atoms on the electrodes
during potential cycling is one of the main drawbacks for the practical application of
fuel cells. Oxidation of Pt and Pt alloy surface is the initial and maybe the critical step
for the dissolution of metallic atoms, so to understand the mechanism of Pt surface
oxide formation during cathodic polarization is one of the key steps to increase the
stability of Pt catalysts. Here we use first-principles studies to investigate this Pt oxide
formation process theoretically, and the energetic results are transferred into
equilibrium electrode potentials. On Pt (111) surface, O* (* means adsorbed state) is
initially adsorbed on the top of surface through water dissociation reaction when
electrode potential U is relatively low, and the coverage of O* increases as U raises.
Above a critical transition potential/coverage, oxygen interstitial atom below top
surface becomes more stable, indicating the formation of bulk Pt oxide. Similar
phenomena are observed on other surfaces facets ((100) and (211)) with different
transition electrode potentials, indicating different stabilities in potential cycling.

JYoshiya Joshua Fujiwaras the pincipal scientistof Honda Research Institute USm
2004 till now, and aigiting scholarin the wiversity ofPennglvania from 2008. He was asiting
scholar in Ohio State University2004 to 2008; a igiting scientist from 1996 to 1999 in
Massachusetts Institute of Technologle received his B.E. Degree in 198Kita University,
Department Materials Science anddtmeering
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Strain Induced Large Plasticity of Nanowires from Intrinsic

Brittle Materials

Zhang Z€?, Yuefei Zhang, Zheng Kun, Yonghai Yué, and Xiaodong Han

!nstitute of Mcrostructureand Property of Advancedatkrials Beijing University offechnology,
Chaoyang District, 100124, Beijing, Chinadhan@bjut.edu.cn

“Department of Materials Science and Engineeri@gntre of Electron MicroscopyZhejiang
University, 310027Hangzhou, Chinazezhang@zju.edu.cn

Using the self-developed techniques for tensile or bending single nanowires by
in-situ transmission electron microscopy, we observed a brittle to ductile transition
accompanied by a crystalline to amorphous phase transition process under direct
atomic resolution observation. Further, all of these amorphous phases (amorphous Si,
SiC and SiO2) behaved unusual large strain ductility up to 200% in elongation at
room temperature.

The dynamic atomic mechanisms directly revealed by these in situ tensile or
bending nanowire experiments show that the phase transitions only appeared at the
most strained regions of the bent/tensile nanowires. Our experiments also revealed
that low strain rate is critical for the brittle to ductile transition via crystalline to
amorphous transformation. This indicates that these observed strain-induced ductility
are diffusion controlled and is more pronounced at nanoscale in these nanowires.

Through these studies, we thus provide new routs and examples to study
dynamic mechanical properties and their corresponding microstructure evolutions of
one- dimensional nanomaterials (crystalline vs. amorphous) under direct atomic scale.
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Superelongation and Atomic Chain Formation in Nanosized

Metallic Glass

S.X.Mao’, J .H.Luo *, andJ.Y. Huang *

'Department of Mechanical Engineeringnd Materials SciengeUniversity of Pittsburgh,
Pittsburgh, PA 15261, USA

“Center for Integrated Nanatbnologies, Sandia National Laboratorieabuquerque,New
Mexico87185, USA

Bulk metallic glasses are brittle and fail with no plastic strain at room
temperature once shear bands propagate. How metallic glasses deform when the size
is less than that of shear bands? Here we show that AI90Fe5Ce5 metallic glass with
size < 20 nm can be extremely elongated to ~200%. Remarkably, even an atomic
chain was formed after sample necking, which was never observed in metallic glasses.
The unexpected ductility may originate from the fast surface diffusion and the
absence of shear band formation, and may guide the developing of ductile metallic
glasses for engineering applications.
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Electron-beam-assisted Superplastic Shaping of Nanoscale

Amorphous Silica

KunZheng ,ChengcaiWang’,YonggiangCheng*’, YonghaiYu€, XiaodongHan®,
Ze Zhand, Zhiwei Shan **, Scott X. Mao °, Miaomiao Ye®, Yadong Yin °, Evan
M&

Ynstitute of Microstructure and Property of Advanced Materials, Beijingyétsity of Technology,
Beijing, 100124, China

’Center for Advancing Materials Performance from the Nanoscale (GNEI®) & Hysitron
Applied Research Center in China (HARCCYgKiJiaotong University, X&n, PR China
®Department of Materials Science afithgineering, John Hopkins Universit@altimore, MD
21218, USA

*Hysitron Applied Research Cent¥rji 6 an J i a o t, Xidang710049P.R. €hing i t y
*Department of Mechanical Engineering and Materials Science, University of Pittsburgh,
Pittsburgh, PA 15@1, USA

®Department of Chemistry, University of California, Riverside, CA 92521, USA

“These authorsontributed equally to this reported research

Glasses are usually shaped via the viscous flow of a liquid prior to its
solidification, as practiced in glass-blowing. At or near room temperature, oxide
glasses are known to be brittle and fracture upon any mechanical deformation for
shape change. Here we demonstrate that with moderate exposure to low-intensity
(<1.8%x10-2 A/cm2) electron beam, dramatic shape changes can be achieved for
nanoscale amorphous silica, at low temperatures and strain rates >10-4/s. We
demonstrate not only large homogeneous plastic strains in compression for
nanoparticles, but also superplastic elongations >200% in tension for nanowires. We
also report the first quantitative comparison of the load-displacement responses
without and with the e-beam, revealing dramatic difference in the flow stress (up to
four times). This electron-beam-assisted superplastic deformability near room
temperature is useful for processing amorphous silica and other oxide glasses for their
applications in nanotechnology.

Correspondence xdhan@bjut.edu.cn, zezhang@bjut.edu.cnyshan@mail.xjtu.edu.cn
ema@jhu.edu
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Size Effect of Mechanical Properties in ZnO Nanowires: In Situ

Measurement and Theoretical Understanding

MeRigen He', Chengiang Cheh Yu Shi*, YoushengZhang W Zhod, J iawei
Chen, Y unjie Yar, and Jing Zhu *

'Beijing National Center for Electron Microscopy, Laboratory of Advanced Materials,
Department of Materials Science and Engineering, Tsinghua University, Beijing 100084, China

Mechanical properties of one-dimensional nanostructures such as nanowires
(NWs) are basic for their applications to nano-devices, and are attracting increasing
attentions, both experimental and theoretical. In our research, a homemade in situ
mechanical testing system is developed in SEM, based on which lateral bending and
uniaxial tension of individual NWs are realized with improved accuracy. Thereby, size
effects of elastic modulus and ultimate strength in single-crystalline ZnO NWs are
studied.

Bending moduli are measured via electric-field-induced-resonance method,
while tensile moduli are obtained from uniaxial stress-strain curves. Although
recognized to be intrinsic in macroscopic objects, the measured YM in NWs increase
dramatically as NW diameters decreasing below 120nm, and are significantly higher
than the bulk modulus in ZnO[0001]. Further, tensile modulus increase more slowly
then bending modulus before diameters decreasing to 30nm, and they get close for
even thin NWs,

Such diameter- and loading mode dependence of modulus are well explained
with a core-shell model, based on energetic analyses of the radial-distributed
relaxation strain (i.e. the significant bond length contraction near the ZnO{1010} free
surfaces) correlated with the diameter-dependent elastic stiffening in NWs. Our model
provides a universal approach to understand nanoscale elasticity related with different
surface relaxation states and under various loading modes.

Further, the maximum strains before fracture in NWs are measured via lateral
bending of cantilevers, and the diameter dependence of ultimate strength is revealed
via in situ uniaxial tension. Based on comprehensive theoretical analyses combining
fracture mechanics, Weibull statistics, and atomistic simulations, we state that the
strengths of single crystalline ZnO NWs are dominated by the quantities of atomic
defects, and the lower-bound of strength scales down with NW diameters, resembling
the behavior of single critical defects with diameter-dependent sizes.
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In situ AFM and Nanoindentation Mechanical Testing

Xiaodong Li*

!Department of Mechanical Engineering, University of South Carolina, 300 Main Street,
Columbia, SC 29208, USA

Atomic force microscopy (AFM) and nanoindentation have undergone rapid
advancements since their inventions over two decades ago. We limit our focus to
mechanical characterization by taking advantage of the unique imaging and
force/displacement sensing capabilities of AFM and nanoindentation. This talk
presents state of the art in situ AFM and nanoindentation mechanical testing methods
spanning (1) probing the mechanical properties of individual one dimensional (1D)
nanostructures, (2) mapping local, nanoscale strain fields, fracture and wear damage
of nanostructured heterogeneous materials, and (3) sensing the mechanical damage in
nanostructures/devices. They are expected to lead to further advancements in
nanoscale mechanical testing and instrumentation toward the exploration and
fundamental understanding of mechanical property size effects in nano- and
bio-materials.

Xiaodong Li is CEC Distinguished Professor in Mechanical Engineering at the University of
South Carolina. His research interests lie in the study of the structure and mechanics-anmhno
bio-materials at the micro/nanoscale. Li was awarded the Professiorgih&gring Publishers
PE Prize (2008) and the University of South Carolina CEC Research Progress Award (2008). He
has authored or cauthored more than 150 permsviewed journal articles, review papers, or book
chapters. He currently serves as vice chaw fTMS nanomechanical materials behavior
committee and campus director for South Carolina Space Grant ConsortiumailE
lixiao@engr.sc.edu
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Multi-scale Perspective of Asperity Contact: Nanomechanics
Investigation of Two Configurations

Yeau Ren Jend

Department of Mechanical Engineering, National Chung Cheng  University
Ming-Hsiung,ChiaYi, Taiwan 62Tel 8865-2428189, Fax 88&-272-0589,imeyrj@ccu.edu.tw

The recent drive to reduce the characteristic size of devices prompted by the
evolution of nanotechnology renders the understanding of asperity contact at the
nanoscale a pivotal issue. This presentation discusses nanomechanics study of two
asperity contact conditions — a hard asperity indenting a soft surface and a soft
asperity indenting a hard surface. A hard asperity indenting a soft surface has enabled
the measurement of hardness of materials to become commonplace. Recently,
nanoindentation using depth-sensing technique has been utilized to characterize the
hardness and surface properties of material at small scale. Previous investigations of
the indentation size effect in metals indicate that the hardness increases with a
decreasing indentation depth, particularly for indentation in the submicrometer regime.
The results show that the increase in hardness is inversely proportional to the square
root of the indentation depth. In this regard, the indentation size effect is similar to the
Hall-Petch relationship describing the grain size effect on the strength of metals and
alloys. However, the Hall-Petch equation does not apply at the nanoscale, as indicated
by a recent study. Our simulation uncovers that nanohardness does not have strong
depth dependence in the nanometer regime. The indentation size effect at different
length scale also is discussed.

The behavior of the soft asperity contacting a relatively hard surface plays a
central role in a variety of surface phenomena such as tribological behaviors,
electrical and thermal contact conductance. Moreover, an understanding of interfacial
phenomena at nano-scale is fundamentals for the atomic origins of macroscopic
friction and wear. We examine the full range of asperity contact behaviors and show
that the results are in good agreement with those predicted by continuum theory in the
elastic, elastic-plastic and plastic regimes. When two contact surfaces have relative
motion, a sliding contact takes place. Tabor introduced the concept of “junction
growth” based on the experimental finding that implies an increase of the contact area
as the result of an increasing tangential load. Our study shows that the onset of lateral
junction growth in the nanometer regime is primarily the result of the slips of atoms
within the asperity, which causes new asperity atoms come into contact with the flat.
This result substantiates the assertion of Tabor that junction growth is essentially a
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plastic deformation process. Moreover, the simulation results reveal that the presence
of an adsorbed layer on the asperity surface significantly delays the onset of lateral
junction growth until the adsorbed layer is splayed out from the interface.
Comparisons among molecular simulations, continuum approach and experimental
findings are thoroughly discussed so that a low energy consumption and durable
system can be achieved to meet the compelling energy saving trend.
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Probing Mechanical Properties of Nanostructured Materials via

Large Scale Molecular Dynamics Simulations

Huajian Gao'

"Walter H. Annenberg Professor of EngineefiBgown University

The rapid development of synthesis and characterization of nanostructured
materials as well as unprecedented computational power have brought forth a new era
of materials research in which experiments, simulation and modeling are performed
side by side to probe the unique mechanical properties of nanoscale materials. In this
talk, 1 will discuss our recent study of dislocation nucleation governed softening and
maximum strength in nano-twinned metals [1]. In conventional metals, there is plenty
of space for dislocations to multiply so that the strength of material is controlled by
dislocations interaction with grain boundaries (Hall-Petch strengthening) and other
obstacles. For nanostructured materials, in contrast, multiplication and motion of
dislocations are severely confined by the nano-scale geometries so that continued
plasticity can be expected to be source-controlled. Nano-grained polycrystalline
materials were found to be very strong but brittle, owing to the fact that both
nucleation and motion of dislocations are effectively suppressed by the nano-scale
crystallites. We have reported a dislocation source controlled mechanism in the
newly-developed nano-twinned metals in which there are plenty of dislocation
nucleation sites while dislocation motion is not confined. We show that dislocation
nucleation plays the governing role in the strength of such materials, resulting in their
softening below a critical twin thickness. Large-scale, fully 3-D, molecular dynamics
simulations and a kinetic theory of dislocation nucleation in nano-twinned metals
show that there exists a transition in deformation mechanism, which occurs at a
critical twin boundary spacing where the strength is maximized, from the classical
Hall-Petch type of strengthening due to dislocation pile-up and cutting through twin
planes to a dislocation nucleation governed softening mechanism with nucleation and
motion of partial dislocations parallel to the twin planes (twin boundary migration).
The simulations indicate that the critical twin boundary spacing for the onset of
softening in nano-twinned Cu and the maximum strength depend on the grain size: the
smaller the grain size, the smaller the critical twin spacing, and the higher the
maximal strength of the material. If time permits, | will also describe our recent work
on recoverable plastic deformation in nanocrystalline materials [2].

[1] X. Li, Y. Wei, L. Lu, K. Lu and H. Gao, “Dislocation nucleation governed
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softening and maximum strength in nanotwinned metals,” 2010, Nature, Vol. 464, pp.
877-881.

[2] X. Li, Y. Wei, W. Yang and H. Gao, “Competing grain-boundary- and
dislocation-mediated mechanisms in plastic strain recovery in nanocrystalline
aluminum,” 2009, Proceedings of the National Academy of Sciences of USA, \Vol.
106 (38), pp. 16108-16113.

Huajian Gao received his B.S. degree from Xian Jiaotong University in 1982, and his M.S.
and Ph.D. degrees in Engineering Science from Harvard édsity in 1984 and 1988,
respectively. He served on the faculty of Stanford University between 1988 and 2002, where he
was promoted to Associate Professor with tenure in 1994 and to Full Professor in 2000. He served
as Director at the Max Planck Instituer Metals Research between 2001 and 2006 before
joining the Faculty of Brown University in 2006. At present, he is the Walter H. Annenberg
Professor of Engineering at Brown.

Professor Gao has a background in engineering science and applied mechanieseblish
is focused on the understanding of basic principles that control mechanical properties and
behaviors of materials in both engineering and biology. His research group studies how metallic
and semiconductor materials behave in thin film and narstalijne forms, and how biological
materials such as bone, gecko and cell achieve their mechanical robustness through structural
hierarchy. He has broad collaborations with scientists in the United States, Europe and China.

He is an author/cauthor of moe than 250 scientific papers with citations exceeding 8000
and an hindex of 48.He is coeeditorin-chief of the Journal of the Mechanics and Physics of
Solids (2006), the flagship journal of his fielde is also Editoiin-Chief of Acta Mechanica
Sinica,and serves on the editorial boards of 8 other international journals.

He is the recipient of numerous academic honors ranging from the NSF Young Investigator
Award (1993), John Simon Guggenheim Memorial Fellowship Award (1995) to Distinguished
Scholars andArtists Advisor for the Guggenheim Foundation (2083 Among his recent honors
are the 2009 Robert Henry Thurston Lecture Award from the American Society of Mechanical
Engineers; the Visiting Investigator Program Award (2007) from the Agency for Science
Technology and Research, Singapore; the 2005 Wissenschaftspreis des Stifterverbands (research
innovation award) from the Max Planck Society; the Society of Engineering Sciences Young
Investigator Award (2005); the Chang Jiang Scholar Visiting Profesgpmtvard at Tsinghua
University and Outstanding Overseas Young Investigator Award from the Ministry of Education of
China (200605); and various lectureships
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Structural Behaviour of Nanocrystalline Materials under Severe

Plastic Deformation

Xiaozhou Liao*

!School of Aerospace, Mechanical and Mechatronic Engineering, cTt8ydney, NSW 2006,
Australia.xiaozhou.liao@sydney.edu.au

Severe plastic deformation (SPD) techniques including equal channel angular
pressing and high-pressure torsion are designed to refine bulk coarse-grained
materials to bulk nanostructured materials for superior mechanical properties.
Therefore, most of the microscopy investigations of SPD-induced structural evolution
have been focused on the process of grain refinement. However, SPD not only refines
crystalline grains but also introduces other complicated structural evolutions in
materials. In this presentation, | will discuss our recent microscopy investigation
results on some of these complicated phenomena including (1) SPD-induced grain
growth in a nanocrystalline material with the initial grain sizes of ~20 nm, (2) nano
grain size effect on SPD-induced forward and backward phase transformations in a Ti
alloy, and (3) SPD-induced elemental segregation in a nanocrystalline binary alloy
that forms a single equilibrium phase in coarse grains.

Xiaozhou Liao carried out his PhD research on the TEM of epitaxial semiconductor
guantum dots under Prof. David Cockaynehie University of Sydney from 1997 to 1999. He was
an Australian Research Council (ARC) Postdoctoral Fellow before he moved to Los Alamos
National Laboratory in USA as a Director Funded postdoctoral fellow in 2001. He worked in the
University of Chicago aa research scientist from 20042006. He returned to the University of
Sydney in June 2006 to take up a faculty position and is now a senior lecturer and an ARC Queen
Elizabeth Il fellow. Dr. Liao has been working on the microscopy of advanced struahdal
functional materials and has published over 100 journal papers.
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Deformation Mechanisms of Nanoscale Crystalline Solids:

Interfaces, Twinning and De-twinning

J.Wang, N. Li % J.Y.Huang ° A.Misra *, H.G. Hoagland *, J.P.Hirth *

"Materials Science and Technology Division, Los Alamos National LaboratoryAlaos, NM
87545, USA
’Sandia National Laboratories, Albuquerque, NM 87185, USA

Interfaces may block slip even when dislocations move easily in both of the
bounding crystals, enhancing materials strength. Grain boundaries, interfaces in
polycrystalline single-phase, single-component materials, are quintessential examples
of effective barriers to slip.

Nanoscale metallic multilayer composites exhibit relatively high flow strengths
in comparison with bulk polycrystalline materials due to the presence of the high
density of interfaces in composites. The flow strength of composite materials
produced in this way increases as decreasing the thickness of individual layers. The
systematic study regarding deformation mechanisms of layered composites from
experimental measurements, such as tensile tests, pillar compressions, and hardness
measurements to theoretical and numerical studies, such as dislocation-based models,
dislocation dynamics, and atomistic simulations, suggests that crossing of dislocations
across interfaces becomes an important unit process at layer thicknesses in the range
of a few nanometers, in turn, implying that interface structures and the resultant
properties of interfaces play a vital role in determining material strength. The
difficulty of crossing of dislocations across interfaces is ascribed to different
mechanisms with respect to interface types.

Using in situ and ex situ observation and characterization with TEM and using
atomistic simulations, deformation mechanisms in nanolayered materialls, such as
Cu/Nb layered composites and nanotwinned Cu are discussed. Weak interface
strengthening mechanisms and de-twinning mechanisms are developed and examined.

Jian Wangis a Technical Staff Member at Materials Science and Technology Division, Los
Alamos National Laboratory, Los Alamos, NM 87545, USA. His work focuses on modeling
deformation behavior of materials and growth mechanisms of nanostructure¥WDran be
reached at the Los Alamos National Laboratory, G755, Los Alamos, NM 87545, USA. Email:
wangj6é@lanl.goytel: 505667-1238.
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Mechanisms of Plasticity in Nanograined Metals

Taher Saif*

'Mechanical Science and Engineering, University of lllinois at Urb@hampaign, IL 61801
USA Email: saif@uiuc.edu

It is well known that mechanical properties of metals depend on size. As the
microstructural and specimen size decrease, strength increases. However, the
influence of heterogeneity in microstructure on strength is far less understood. Here
we show that for nano grained metals, heterogeneity in grain size and texture result in
apparently anomalous mechanical behavior, for example, variation in yield strengths
in similar samples with similar grain size, Bauschinger effect during unloading, and
recovery of plastic strain under macroscopic stress free condition. The origin of such
apparently different, but fundamentally linked, behaviors is the heterogeneity in
microstructures where larger or favorably oriented grains deform plastically upon
loading, while relatively smaller or unfavorably oriented grains deform elastically.
Depending on the degree of heterogeneity, this leads to variations in yield strengths,
and strain hardening during loading. Upon unloading, the elastically deformed grains
apply reverse stress on plastically deformed grains giving rise to Bauschinger effect
and strain recovery. Our in situ tensile tests on aluminum and gold films in TEM
confirm the above mechanism. Furthermore, TEM reveals that relatively larger grains
deform plastically by dislocation mechanism both during loading and unloading,
while smaller grains show no dislocation activity. Thus microstructural size and
heterogeneity together determine the mechanical behavior of nanoscale metals.

Dr. Saifis the Gutgsell Professor in the Department of Mechanical Science and Engineering,
University of lllinois at UrbaneChampaign His research interests include deformation
mechanisms of nano scale material samples, and mechanics of neurons, cancer and cardiac cells.
He received his Ph.D degree in Theoretical and Applied Mechanics from Cornell University in
1993, and worked as a BbDoctoral Associate in Electrical Engineering and the National
Nanofabrication Facility at Cornell University during 1993. He published articles in such
leading journals as Science and PNAS.

50


mailto:L.Shen@usyd.edu.au

CAMP-Nano, XJTU, Xi'an, China

51



International Workshop on Materials Behavior at the Micro- and Nano- Scale

10:50-11:20 10th, Jun

Growth Behaviors of Semiconductor Nanowires and Nanowire

Heterostructures and Their Impacts

Jin Zou*

Materials Engineering and Centre for Microscopy and Microanalysis, The University of
Queensland, QLD 4072, Australia

Semiconductor nanowires and nanowire heterostructures have attracted great
attention as potential building blocks for future nanoelectronics and optoelectronics
due to their unique physical and chemical properties. When semiconductor nanowires
can be grown epitaxially, growing well aligned nanowires on their underlying
substrates and/or nanowire heterostructures become possible. In growing epitaxial
nanowires and nanowire heterostructures, nanosized metallic catalysts (such as Au)
are generally used to induce the nanowire growth. Since the growth of epitaxial
semiconductor nanowires is a complicated process, the evolution of epitaxial
nanowires and nanowire heterostructures depends strongly upon the interactions
between the substrate material and catalysts and between the nanowire material and
catalysts. In addition, the structural characteristics of these semiconductor
nanostructures are very sensitive to the growth environments, such as the growth
temperature, the growth rates and vapor pressure. In this presentation, | shall
summarize our recent finding of growth behaviors of epitaxial semiconductor
nanowires and their associate heterostructures and their impacts and potential impacts
on their electronic and optoelectronic properties.

Professor Zouis a Chair in Nanoscience at the University of Queensland (UQ). Bhéore
joined UQ in late 2003, he worked in the Australian Key Centre for Microscopy and
Microanalysis at the University of Sydney for 10 years with several Australian prestigious
fellowships, including an Australian postdoctoral fellowship and a Queen Elizébiellowship.

He earned his BSc and MEng (supervised by Professor K. H. Kuo) from the University of Science
and Technology, Beijing in 1982 and 1985, respectively; and his PhD (supervised by Professor
David Cockayne, FRS) from the University of Sydne93.

Professor Zou was trained as an electron microscopist since he enrolled as a Masters student.
His primary research interests have been focusing on the nanoscierfaedamentally
understanding the formation mechanism of nanomaterials and their
nanostructureproperty/functional links through characterizing nanomaterials using advanced
electron microscopy. His research has resulted in 4 invited book chapters and over 270 journal
publications (most of them published in the leading international gsynwhich have attracted

52



CAMP-Nano, XJTU, Xi'an, China

over 3400 citations.
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The Size Dependence of Flow Stress in Amorphous
Intermetallic Nanowires at Temperatures near the Glass

Transition

Yujie Wei *, Allan Bower *, Huajian Gao °

!State Key Lab. of Nonkar Mechanics, Chinese Academy of Sciences, Beijing, China
“Division of Engineering, Brown University, Providence, Rhode Island, USA

Molecular dynamic (MD) simulations are used to compute the flow stress of
amorphous metallic nanowires that are deformed at temperatures near the glass
transition. The simulations predict a strong size dependence of flow stress, and predict
the existence of a critical wire radius that minimizes the flow stress. Examination of
the cross-sections of the wires shows evidence of significant free volume nucleation
and diffusion during straining. The MD results are interpreted using a simple
analytical model that assumes that the wire deforms by a combination of viscous flow,
together with a diffusional deformation process in which free volume is continuously
nucleated in the interior of the wire, and subsequently diffuses to the surface. The
predictions of the model are in good qualitative agreement with simulation results.

Ref: Yujie Wei, Allan F. Bower, Huajian Gao, Phys. Rev. B, 81, 125402 (2010).

Yujie Wei is a Professorof State Key Laboratory of Nonlinear Mechanics, Institute of
Mechanics, Chinese Academy of Sciences, P.R. CHiisaresearcharea is crystal plasticity,
computational solid mechanicand biomechanics

Ph.D. 6/2006 Mechanical Engineering, Massachusetts Institute of Technology, U.S.A.

M.S. 6/2000 Institute of Mechanics, Chinese Academy of Sciences, P.R. China

B.S. 6/1997 Beijing University, Beijing, P.R. China
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Recent Developments in Nanomechanical Testing

S.A.SyedAsif ‘,RyanCMajor *,YunjeOh *,EdwardCyrankowski',ZhiweiShan *?,
O.L. Warren®

"Hysitron Incorporated, 10025 Valley View Road, Minneapolis, Minnesota 55344, USA
’Center for Advancing Materials Performance from thenbscale (CAMPNano) & Hysitron
Applied Research Center in China (HARCCYgaKiJiaotong University, Xan, PR China

Structure property correlation is an important step in the material design process
and understanding the mechanical deformation of materials from macro to nanometer
length scale is crucial in the design and development of materials for its intended
applications. Many experimental techniques have been developed in the past to
understand the mechanical response at micro/nanometer length scale. In recent years,
depth sensing nanoindentation emerged as a standalone technique that enabled
mechanical response and property measurements such as hardness and elastic
modulus at depths as shallow as a few nanometers. In depth sensing indentation
technique, quantitative data regarding material deformation can be routinely obtained
in the form of load-displacement curves; however, the underlying physical
mechanisms by which deformation proceeds are not always readily apparent. At
shallow depths, the load-displacement curves often exhibited unusual features such as
pop-in/pop-out  load-displacement  discontinuities which required additional
characterization to uncover their source. Coupling depth sensing nanoindentation to
electron microscopy (TEM, SEM) in an in-situ, quantitative manner represents an
attractive way of time correlating an unusual feature of a force-displacement curve to
the corresponding change in the microstructure of the sample being tested. This talk
will demonstrate this capability from results on the in situ nanomechanical testing of
materials inside TEM and SEM. Some new developments with respect to in-situ
measurement techniques will be presented and the potential application for structure
property correlation will be discussed.
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Recent Development for in-situ TEM Applications

M. Par’, R. T. Harmon * and J. Wilbrink *

!Gatan, Inc5794 W. Las Positas Blvd., Pleasanton, CA 94588, USA

In-situ electron microscopy is an indispensable tool in the development and
characterization of novel materials. Studying the evolution of microstructure under
the influence of external stimuli can provide the knowledge that is necessary to
completely understand a materials science problem. The microstructural changes can
be caused by a wide range of stimuli ranging from the electron beam itself to
variations in the composition of a well controlled gas environment.

Recent developments in microscope instrumentation have pushed in-situ
microscopy into a rapid growth phase. In addition to new electron microscopes with
aberration correctors, and energy monochromators, etc., a wide variety of specialty
sample holders has also become available (heating, cooling, straining, indenting, and
electric pulsing, etc.).

In this presentation, we will review the roles of suitable imaging detectors and
especially software on future in-situ microscopy applications.

Dr. Ming Pan is the Vice President of Business Development at GatanHiscelectron
microscopy career started with Prof. K.H. Kuo (29 the Institute of Metal Research, Chinese
Academy of Sciences in Shenyang. I n 1984, he joi
University, and received the Ph.D. degree in 1¥36m 19901994, he was a research scientist in
the Center for kggh Resolution Electron Microscopy (now the J.M. Cowley Center for HREM) at
ASU. He pioneered the development of experimental technique for imaging beam sensitive
materials such as molecular sieves at high spatial resolution with CCD cameras. In 1995 he
joined Gatan and held various positions.
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Atomically Resolved Chemical Imaging for Nano Sciences

Masahiro Kawasakf, Eiji Okunishi  * and Hideyuki Takahashi *

Ynstitute for the Physics and Mathematics of the Universe, thifyeof Tokyo, Kashiwa, Chiba
277-8582, Japan
2JEOL Ltd, 31-2 Musashino, Akishima, Tokyo 18658, Japan

Due to the recent rapid shrink down in the scale of the functional materials, the
tools or methodologies that have been routinely used for characterization of their
structures have also been developed further so quickly as to adapt to the nanometer
dimension or replaced by innovations to break the barriers for new capabilities that
not only empower to the traditional applications but open new fields of applications in
nano sciences. The electron microscope for example was invented several decades
ago to just overcome the resolution limit of the light microscope but has been
continuously developed in need of constant demands by academic and industrial
sciences to look into the smaller objects since then using the new ideas and the
modern technologies that were developed in parallel elsewhere.

Multiple stages of major developments in performance can be noticeable in the
history of the electron microscope and the recent development of aberration
correction would be one of the most prominent technological innovations in electron
optics that has broken the resolution barrier that is derived mainly from the spherical
aberration, providing the sub angstrom resolving power in both transmission electron
microscopy (TEM) and scanning transmission electron microscopy (STEM).
Especially when correction is provided to STEM, atomically resolved Z-contrast
structure imaging is enhanced with a high brightness probe that enables a superb
capability of column-by-column direct chemical mapping using Energy Dispersive
X-ray Spectroscopy (EDS) and Electron Energy Loss Spectroscopy (EELS).

Atomically resolved Z-contrast imaging in STEM has been a powerful technique
and quite often used with EELS to examine the assignment of atoms, their kinds and
bonding status. It enhances the contrast for the high Z atoms but is not sensitive for
the low Z atoms. Figure a shows a Z-contrast image of an Fe304 crystal in the spinel
structure along the [110] orientation. Fe atom columns are clearly observed with
bright dots, however, there is no information available for the O columns.Recently a
new technique called ABF combined with the aberration correction STEM has been
proposed to reveal the positions of the low Z atom columns in the crystal structure. It
is basically a bright field(BF) imaging technique with an ordinary BF detector but has
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a unique detection condition that the detection angles are so optimally selected with a
special apparatus that the intensity of the hollow direct beam disk in the diffraction is
used and therefore it is called Annular Bright Field (ABF). Figure b shows a
simultaneously obtained ABF image with the Z-contrast image a. The contrast is
reversed and the dark dots are corresponding to the bright dots in the same positions
and there are additional dark dots indicated in the dashed circles for example. Those
match the positions of the O columns. The atom-atom distance of an A (Fe2+) site and
an O (0O2-) site is 0.1nm calculated with the A2+B2 3+0O4 2- spinel structure model
along [110].
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Activating Materials in Transmission Electron Microscopes

Xiaof eng Zhand

"Hitachi High Technologies America, 5100 Franklin Drive, Pleasanton, CA 94588, USA
Xiao.zhang@hitachita.com

There is no doubt that transmission electron microscopy (TEM) has become a
routine technology in characterizing structure and chemistry of materials. In most
studies, materials synthesized or treated outside the microscopes are prepared into a
desired shape and thickness and sent into an electron microscope for characterization
under a static condition. However, with the fast movement of materials science into
catalytical materials, renewable energy materials, nanomaterials and functional
materials, knowledge of dynamic structural evolutions in materials under external
fields (thermal, electric, magnetic, mechanical,...) is urgently needed. In addition,
fundamental understanding of materials behavior in external fields cannot be fully
achieved without knowing structural responses on a nano- to sub-nano scale. As a
result, tremendous attention has been paid to in situ TEM by which external fields can
be supplied to the sample chamber of a transmission electron microscope to activate
structural and chemical changes and the local changes can be simultaneously
characterized at a high resolution. In this presentation, various types of in situ TEM
will be reviewed followed by application examples to illustrate the importance of this
progressively developing technology to advanced materials science.
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In Situ Evaluation of the Factors Controlling Carbon Nanotube

Synthesis

Renu Sharma

Center for Nanoscale &mnce and Technology, National Institute of Science and Technology, 100
Bureau Drive, Gaithersburg08996203

Carbon nanotubes (CNTs) are being investigated for a wide variety of
applications; ranging from biotechnology to nanotechnology. Tremendous progress
has been made in understanding their formation, for large-scale synthesis, and
fabricating CNT based devices. Generally CNTs are synthesized by catalytic chemical
vapor deposition (C-CVD) using transition metal catalysts such as Ni, Fe, Co and
hydrocarbons as carbon source. During the last five years, in-situ observations using
environmental transmission microscopy (ETEM) has played a crucial role in revealing
atomic level structural transformations occurring during their nucleation and growth.
We have combined in-situ and ex-situ measurements to demonstrate the importance of
temperature and precursor pressure in controlling the structure and morphology of the
CNTs.

Our in situ observation also show that although pure Au is inactive for
hydrocarbon dissociation, the yield of tubular structures of carbon (nanofibers and
nanotubes increased multifold by doping a Ni catalyst with Au, and that their
morphology and structure can be controlled by varying the reaction temperature.. A
comprehensive summary of the effect of temperature, pressure and alloying Ni
catalyst with Au on the structure, morphology and yield of carbon nanotubes will be
presented.

Dr. Renu Sharmais a Project Leader in the Nanofabrication Research Group at Center for
Nanoscale Science af@chnology. She received a B.S. and B.Ed. in Physics and Chemistry from
Panjab University, India, and M.S. and Ph.D. degrees in Solid State Chemistry from the University
of Stockholm, Sweden, where she had a Swedish Institute Fellowship. Renu joine&Thies CN
2009, coming from Arizona State University (ASU), where she began as a Faculty Research
Associate in the Department of Chemistry and Biochemistry and the Center for Solid State Science,
and most recently served as a Senior Research Scientist inRwgy [Eyring Center for Solid State
Science and as an affiliated faculty member in the School of Materials and Department of
Chemical Engineering. Renu has been a pioneer in the development of environment cell
transmission electron microscopy (E(S)TEM), borimg atomiescale resolution with dynamic
chemical analysis of gasolid reactions. She has applied this powerful implementation of TEM to
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characterize the atomiscale mechanisms underlying the synthesis and reactivity of nanoparticles
(including catalgts), nanotubes, nanowires, inorganic solids, ceramics, semiconductors, and
superconductor materials. Renu has received a Deutscher Akademischer Austauschdienst (DAAD)
Faculty Research Fellowship, is a past President of the Arizona Imaging and Microanalysi
Society, and has over 140 publications. At the CNST, Renu is establishing advanced TEM
measurement capabilities for nanoscience research and overseeing the operation of a new TEM
facility in the NanoFab.
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Probing Optoelectronic Properties of Nanomaterials Using in

situ Electron Microscopy

Min Gad and Lianmao Peng

'Key Laboratory for the Physics ar@hemistryof Nanodevices and Department of Electronics,
Peking University, Beijing 100871, Peo@l&epublic of China

One dimensional (1D) semiconductor nanostructures are considered to be
promising building blocks for future electronic and optoelectronic nanodevices
owning to their abilities to effectively transport electrons and photons. The
developments of optoelectronic devices based on individual 1D nanostructures often
require co-measurements of microstructural, electrical and optical properties with
nanoscale spatial resolution and high sensitivity. For such purpose, in situ electron
microscopy has provided a powerful platform. In this paper, we summarize our recent
efforts to integrate optical techniques and electrical measurements in in situ electron
microscopy for probing optoelectronic nanomaterials and nanodevices.

Two straightforward approaches have been adopted to combine optical
spectroscopy, electrical transport measurement and in situ electron microscopy. Firstly,
we employ in situ electron microscopy with nanoprobe attachment and
micro-photoluminescence (PL) techniques to locate and measure the same individual
suspended nanostructures attached to sharp metal tips. Secondly, we combine optical
fiber probe detector and nanomanipulators inside a scanning electron microscope
(SEM) to assemble a comprehensive characterization system. Above techniques have
been applied to study the origin of “green” emission and the optical confinement in
1D ZnO nanostructures. Comprehensive characterizations have been carried out on in
situ burnt-out ZnO nanowires suspended between two tungsten (W) tips. The
correlation of PL, electrical transport and composition measurements indicates that
the UV emission redshift, green emission, and carrier density are closely related to the
oxygen deficiency, which supports native defect complexes and/or hydrogen at
oxygen sites serving as stable and effective shallow donor. We will also present our
high angular and spatial resolution cathodoluminescence (CL) results on waveguiding,
coexisting Fabry—Pé&ot (FP) and whispering gallery (WG) cavities and lasing
behaviors of ZnO nanorods.

The integrated characterization system also enables in situ assembly and
characterization of nanostructures for optoelectronic device purposes. We will show
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its application in light emitter and photodetector based on individual nanowires. Using
above examples, we demonstrate that the integration of optical and electrical
techniques in in situ electron microscopy can be powerful for the studies of
optoelectronic nanomaterials and nanodevices.

Dr. Min Gaois an associate professor in the Department of Electronics at Peking University.
He received the B.E. degree in Materials Science and Engineering at Beihang University in 1994,
and the M.S. and PhD. degrees in Physics from the Institute of Physics, Chinese Academy of
Sciences in 1997 and 2000, respectivafiis current research integts are nanoscale
characterization using electron microscopy and optical techniques, optoelectronic nanomaterials
and nanodevices.
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Scanning Transmission Electron Microscopy Studies of Highly
Active Pt-Co Nanoparticles for Proton Exchange Membrane

Fuel Cells

Suo Chen

'Department of Mechanical Engineering, Massachusetts Institute of Technology, Cambridge, MA
02139

Proton exchange membrane fuel cells are promising high efficient and clean
energy conversion devices. The performance of PEMFC is mostly limited by its
sluggish oxygen reduction reaction (ORR) in its cathode side, so that a highly
efficient catalyst is desired. It has been shown that bulk Pt-Co alloy reaches ten times
higher activity than the most widely used pure Pt catalyst and thus is among the most
efficient catalysts[1]. Surface studies in bulk Pt-Co reveal that surface segregation of
Pt together with enrichment of Co underneath is the key contribution to the supreme
activity. Pt-Co nanoparticles also show two to four times enhanced activity over pure
Pt but the mechanism remains unclear. In this study[23,], we apply (scanning)
transmission electron microscopy [(S)TEM] and associated X ray energy dispersive
spectroscopy to examine the surface atomic structure and composition of Pt-Co alloy
nanoparticles treated in acid and annealed in vacuum after acid treatment, which show
two and four fold higher ORR activity than Pt, respectively. (S)TEM results indicate
that removal of Co can take place not only from the surface layer, but several atomic
layers under the surface, which results in porous skeleton particles. In addition, heat
treatment of the skeleton particles generates sandwich structure with surface
segregation of Pt and Co enrichment in the second top layer. We propose that the
strain effect and the electronic effect in skeleton and sandwich structures lead to
higher activity of Pt-Co nanoparticles compared with pure Pt nanoparticles, which is
consistent with the bulk observation.

[1] Stamenkovic, V. R., Mun, B. S., Mayrhofer, K. J. J., Ross, P. N., and
Markovic, N. M. J. Am. Chem. Soc. 128, 8813, (2006).

[2] Chen, S., Ferreira, P. J., Sheng, W., Yabuuchi, N., Allard, L. F., and
Shao-Horn, Y. J. Am. Chem. Soc. 130, 13818, (2008).

[3] Chen, S., Sheng, W., Yabuuchi, N., Ferreira, P. J., Allard, L. F.,, and
Shao-Horn, Y. J. Phys. Chem. C, 113, 1109, (2009).
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In-situ electrical, mechanical, thermal, and electrochemical

property measurements by using a TEM-SPM platform

Jianyu Huang'

'Center for Integrated Nanotechnologies, Sandia National Laboratories, Albuquektpve,
Mexico87185, USA

In this talk, I will review our recent progress in in-situ studies by using a
combined TEM-SPM platform, which integrates a fully functional SPM into a TEM.
Integrating the advantage of both the SPM and the TEM capabilities, the TEM-SPM
platform provides unprecedented opportunities to probe the structural, mechanical,
electrical, thermal and electrochemical properties of materials in-situ down to a
nanometer scale. This allows for direct correlation of the physical properties to the
atomic-scale microstructure. Several case studies of using the TEM-SPM platform are
described. First, individual multiwall carbon nanotubes are peeled off layer-by-layer
by electric breakdown inside the TEM. This provided new insights into the transport
property of nanotubes. Second, plastic deformation, such as superplasticity, kink
motion and dislocation migration, was discovered in nanotubes. Third, fractal
sublimation and multilayer edge reconstructions in graphene were discovered. Fourth,
ultrahigh strength, cold-welding and surface mediated plasticity were revealed in
ultrathin Au nanowires. Emerging directions of using the TEM-SPM platform to
conduct cutting edge research in thermal measurements and battery studies will be
highlighted.

Dr. Jianyu Huangis a staff scientist at the Center fordgtated Nanotechnologies at Sandia
National Laboratories. He received his Ph. D. from the Institute of Metal Research, Chinese
Academy of Sciences in 1996. He then moved to Japan as a COE {@diteellence) Fellow
and a JSPS (Japanese Society for thenfdtion of Science) Fellow. From 1999 to 2001, he
worked at Los Alamos National Lab. as a postdoc, and from 2002 to 2006, he was a research
faculty at the Physics Department of Boston College. He has been working in the area of electron
microscopy and itapplications in materials science for over 20 years. His current interests focus
on insitu structure and property correlation of carbon nanotubes, nanowires, and graphene by
using transmission electron microscopyscanning probe microscopy platforms. lie also
involved in developing micrelectramechanical devices to enablesitu thermal/thermoelectric,
and electrochemical (battery) studies. The goal is to understand how the size, defects and surface
affect the electron, phonon, chemical, and maassjort processes in nanomaterials. He has
published over 130 peer reviewed journal papers, including such distinguished journals as Nature,
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Physical Review Letters, Nature Nanotechnology, PNAS, and Nano Letters. He has been invited to
give talks in a nunmdr of academic conferences, including the Materials Research Society, the
Microscopy Society of America, TMS, AVS. Some of his works are featured in New York Times,
Nature, Nature Nanotechnology, New Scientists, Chemical Engineering News, EEGierse
News, Sandia Lab. News.

Sandia National Laboratories is a mufitogram laboratory operated by Sandia
Corporation, a Lockheeartin Company, for the U. S. Department of Energy under Contract No.
DE-AC0494AL85000.
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Plumber’s Wonderland Found on Graphene

Ju Li %, Jian yu Huand, Liang Qi *, Ji Feng *, Feng Ding °, Boris '. Yakobson®

!Department of Materials Science and Engineeridgjversity of Pennsylvania, Philadelphia,
Pennsylvania 19104, USA

’Center for Integrated NanotechnologieSanda National Laboratories, Albuquerque, New
Mexico 87185, USA

®Department of Mechanical Engineering and Materials ScieRége University, Houston, Texas
77005, USA

Curvy nanostructures such as carbon nanotubes and fullerenes have
extraordinary properties but are difficult to pick up and assemble into devices after
synthesis. We have performed experimental and modeling research into how to
construct curvy nanostructures directly integrated on graphene, taking advantage of
the fact that graphene bends easily after open edges have been cut on it, which can
then fuse with other open edges, like a plumber connecting metal fittings. By applying
electrical current heating to few-layer graphene inside an electron microscope, we
observed the in situ creation of many interconnected, curved carbon nanostructures,
such as graphene bilayer edges (BLEs), aka "fractional nanotubes™; BLE polygons
equivalent to "squashed fullerenes” and "anti quantum-dots™; and nanotube-BLE
junctions connecting multiple layers of graphene. The BLEs, quite atypical of
elemental carbon, have large permanent electric dipoles of 0.87 and 1.14 debye/A for
zigzag and armchair inclinations, respectively. An unusual, weak AA interlayer
coupling leads to a twinned double-cone dispersion of the electronic states near the
Dirac points. This entails a type of quantum Hall behavior markedly different from
what has been observed in graphene-based materials, characterized by a magnetic
field-dependent resonance in the Hall conductivity. Further simulations indicate that
multiple-layer graphene offers unique opportunities for tailoring carbon-based
structures and engineering novel nano-devices with complex topologies.

(PNAS 106 (2009) 10103; Phys. Rev. B 80 (2009) 165407; Nano Research 3
(2010) 43; Carbon 48 (2010) 2354)

72



CAMP-Nano, XJTU, Xi'an, China

73



International Workshop on Materials Behavior at the Micro- and Nano- Scale

11:10-11:40 11th, Jun

In-situ E-beam Nanolithography and In-situ Measurements of

Nanodevices and Nanostructures under a FESEM

Weilie Zhou*

!Advanced Materials Research Institute, University of New Orleans, LA 70148

In-situ nanolithography and measurement techniques under a field emission
scanning electron microscope (FESEM) have attracted significant attention of many
researchers since they provide facile ways to precisely pattern nanostructures for
specific device fabrication, and measure the various characteristics (e.g. electrical and
mechanical properties) of nanostructures without complicated sample preparation,
respectively. In this talk, in-situ nanolithography technique will be demonstrated with
great positioning accuracy for nanodevice fabrication. The positioning errors can be
minimized to about 10 nm even without a high precision SEM stage, which is
sufficient for most device fabrication. The simplified process can provides an easy,
low cost and less time consuming route to integrate nanowire based structures using a
converted FESEM e-beam system. In addition, in-situ measurement for electrical and
mechanical properties of ZnO nanowires under a FESEM will also be discussed.

Dr. Weilie Zhou got his Ph.D degree the Ph.D degreedondensed matter physics from
Institute of Physics, Chinese Acadeofysciences, Beijing, China, in 1993. He was a postdoctoral
research in Japan Fine Ceramics Center and Case Western Reserve University from April 1994 to
December 1997. He joined Advanced Materials Research Institute at the University of New
Orleans in 198 as a director of electron microscopy laboratory and was appointed as an a tenure
track assistant professor in 2006. He has over 120-paeew publications (Nanolett, Adv. Mater.,
JACS, and Appl. Phys. lett., etc.) anda chiefeditor of the book ofscanning Microscopy for
Nanotechnology published by Springer. His current research interests are on one nanomaterails
synthesis, type Il solar cell fabrication, three dimensional nanosensors, asitl iBbeam
nanolithography and measurements under FESHEN&. research is currently supported by
Defense Advanced Research Projects Agency (DARPA), National Science Foundation (NSF) and
Louisiana Board of Regents (LA BoR).
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