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Scope of Symposium

With ever-increasing miniaturization and the prominence of nano-scale materials and systems for engineering, functional 
and biological applications, understanding of the mechanical behavior of the nano- and micro-scale materials/systems 
becomes critical to the technological progress. Issues concerning mechanical response and reliability pervade wide ranging 
areas, from bulk materials to thin films, from crystalline materials to amorphous materials, from monophase materials to 
advanced composite materials, from thin films in microelectronic circuits, displays, MEMS/NEMS to coatings for wear 
resistance or thermal protection. The techniques that are developed for these purposes, such as the micro-mechanical 
testing, nanoindentation, Atomic Force Microscopy, continuum mechanics modeling and molecular level modeling also 
enable the study of some fundamental aspects of mechanical behavior of materials at nano to micron levels. Examples 
include deformation and fracture of biological materials, amorphous metals, interfaces, polymer-based composites and 
so on.

This symposium is a continuation of the successful symposium in ICMAT 2005, it aims to bring together active 
researches working on various experimental and modeling aspects of mechanical behavior of nano- and micro-systems, 
advanced materials, thin films, and biological materials together to discuss the current status and identify future research 
opportunities.



Symposium Topics

• Mechanical behavior of nanostructured materials 
• Mechanical behavior of thin films and multilayer systems 
• Modeling and experimental aspects of Instrumented-indentations 
• Mechanical behavior of biological materials at micro- and nano-scales 
• Tribology and wear mechanisms of advanced materials 
• Size effect on the mechanical properties of small structures 
• Modeling of mechanical behavior of the nanostructured materials 
• Multi-scale simulations of mechanical behavior of nano and micro scale systems 
• Application of SPM on characterizing mechanical behavior of micro- and nano-scale systems 
•  Mechanical behaviors of advanced materials such as amorphous materials, composites, functional materials including 

piezoelectric or ferroelectric materials. 
• Mechanical behaviors of nanostructures, such as nanotubes, nanorods, nanorings and nanobelts, etc 
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Abstracts

 A00016-00020 

Influence of Modulation Period on the Structure 
and Mechanical Properties of Nanoscale ZrB2/W 
Multilayered Coatings

Ming TAN; Guang Qing LIU; Lei DONG; 
Xiang Yun DENG; De Jun LI 
College of Physics and Electronic Information Science, 
Tianjin Normal University, China

ZrB2, W coatings and ZrB2/W multilayered coatings have 
been synthesized by ultra-high vacuum ion beam assisted 
deposition (IBAD) at room temperature. XRD, profiler 
and nanoindentation were employed to investigate the 
influences of modulation periods on microstructure and 
mechanical properties of the coatings. The results showed 
that some multilayered coatings possessed higher nano 
hardness and elastic modulus than the rule-of-mixtures 
value of monolithic ZrB2 and W coatings. When modulation 
period was 9.5 nm, ZrB2/W coating possessed the highest 
hardness and elastic modulus. Its internal stress and fracture 
resistance were also improved. A mixed polycrystalline 
structure and interface structure can be controlled by ZrB2 
and W single-layer thickness in multilayered structure for 
mechanical property increase.

This work is supported by National Natural Science Foundation 
of China (50872094) and International Collaboration Project of 
Tianjin Science and Technology Plan (07ZCGHHZ01500).
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Synthesis of ZrB2-based Multilayered Coatings 
Using Magnetron Sputtering Process

Hui WANG; Yuan Bin KANG; Jie GONG; 
Yan Dong SUN; Guang Qing LIU; Xiang Yun DENG; 
De Jun LI 
College of Physics and Electronic Information Science, 
Tianjin Normal University, China

ZrB2/Si3N4 or ZrB2/AlN multilayered coatings have 
been synthesized in an ultra-high vacuum rf magnetron 
sputtering system. The extensive measurements were 
employed to investigate the influence of different nanoscale 
modulation periods (Λ) on microstructure, mechanical 
properties and fracture resistance of the coatings. Analysis 
of x-ray diffraction, profiler and nanoindention indicated 
that multilayered coatings possess much higher hardness 
and elastic modulus than monolithic coatings. Its internal 
stress and fracture resistance were also improved. The 
polycrystalline structure and multilayered modulation 
structure were directly responsible for the enhanced 
mechanical properties.

This work is supported by National Natural Science Foundation 
of China (50872094) and International Collaboration Project of 
Tianjin Science and Technology Plan (07ZCGHHZ01500)
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Grain-size Effects on the Hardness of Nanograin 
BaTiO3 Ceramics

Xiang Yun DENG 
College of Physics and Electronic Information, Tianjin 
Normal University, China

Dense nanocrystalline BaTiO3 (BT)ceramics with grain 
size (GS) 50 nm had been successfully prepared by spark 
plasma sintering (SPS) method. The Nano Indentation 
Experiment was used to test the hardness of different GS 
BT ceramic specimens. It was found that the hardness of 50 
nm nano-grained BT ceramics improved 82 % than that of 
1.2 Î¼m BT ceramics fabricated by conventional sintering 
(CS) method. The differences of the hardness between BT 
ceramics were attributed to the variation of the resultant 
microstructure, especially the GS of the ceramics.

 A00164-00719 

Strain Gradient Crystal Plasticity Modeling, Post-
Processing and Synchrotron X-ray Diffraction 
Experiments: A Meso/Nanoscale Analysis

Xu SONG; Alexander KORSUNSKY 
Department of Engineering Science, University of 
Oxford, Oxford, United Kingdom

The application of nano-technology is among the most 
exciting inventions in the 21st century. It is driven by the 
realization of significant material properties change at the 
nano-scale; by the advent of so far unavailable tools for 
manipulation/characterization of objects at such length 
scale and the endeavors of developing new theoretical and 
modeling approaches that allow faithful description of 
these effects. 

In the present project, a strain gradient crystal plasticity 
model has been implemented on the basis of the 
lengthscale-dependent, rate-dependent formulation via the 
expression for shear strain rate on a particular slip system. 
This shearing rate is thermally dependent on a Boltzmann 
type exponential thermal activation expression, and also 
contains a dependence on the system-specific critical 
resolved shear stress (slip resistance).

The central element of this approach is the system of 
evolution laws for the densities of edge and screw types 
of Statistically Stored Dislocations(SSD) and three types 
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of Geometrically Necessary Dislocations(GND) and their 
contribution to the slip resistances on the corresponding 
planes. 

The sample we employed is the near-α titanium alloy Ti-
6Al-4V with the dominant HCP crystal structure 12 slip 
systems. The representative volume element (RVE) of 
polycrystalline was selected as a cubic-shaped unit volume 
discretised into a ‘static’ 3D regular hexahedral 10×10×10 
mesh with crystal lattice orientation assigned at each 
integration point (IP). A pre-processor was used to generate 
the positions and crystal orientation at grain ‘seeds’. A 
population of 600 grains was ‘grown’ from ‘seeds’ via the 
Voronoi tessellation method. Monotonic strain-controlled 
loading was considered, and macroscopic stress-strain 
history information was recorded as the vehicle of model 
parameter calibration against the Instron tensile test.

A post-processor was developed to enable us to obtain 
orientation and strain parameters for the so-called grain 
families. “Grain family” here refers to the subset of 
grains which contribute to the same particular diffraction 
reflection along a certain scattering direction. The post-
processing is realized by labeling diffraction planes prior 
to the simulation. The post-processor identifies grains 
as belonging to certain groups, allowing averages and 
standard deviations to be estimated.

The post-processing procedure was then used for diffraction 
peak reconstruction. Peak centers can be readily calculated 
from the deviation of the lattice parameter from its original 
(unstrained) value. To predict the peak shape function we 
employ the formulation which relies on the use of Fourier 
coefficient to reflect the broadening effects due to size and 
distortion, respectively, which in turn depend on the mean 
square strain (the displacement of atoms relative to their 
ideal positions), and the dislocation density.  

The X-ray diffraction method is often used for deformation 
characterization, since it offers unique possibilities for 
sub-micro-structure analysis, providing information 
nondestructively about both the near-surface and bulk 
regions. Here, it works as a prove of the theory. By 
comparing the peak patterns between the simulation and 
experiment, we can clearly see the peak shape predicting 
capacity of the model.

 A00165-02129 

Stress Evaluation in Phase Change GeSbTe 
Material and TiW Electrodes

Minghua Li1; Luping Shi1; Rong Zhao1; Hongxin Yang1; 
Tow Chong Chong1;2; Yi Li3 
1. Data Storage Institute, Agency for Science, Technology 
and Research, Singapore
2. Department of Electrical and Computer Engineering, 
National University of Singapore, Singapore
3. Department of Materials Science and Engineering, 
National University of Singapore, Singapore

Ge2Sb2Te5 (GST) alloys are of much interest as non-
volatile Phase Change Random Access Memory (PCRAM) 
elements, based on their fast and repeatable switching 
performances, excellent scaling ability, and well-matched 
complementary metal-oxide semiconductor (CMOS) 
technology. The structure reversible phase change 
provides the two logic states, which are represented by the 
crystalline phase (low resistivity) versus the amorphous 
phase (high resistivity). In addition to the huge resistivity 
change, the phase change process is accompanied by a 
significant volume change due to the difference of the 
density between the amorphous and the crystalline phases. 
This in turn results in large stresses during operation of 
the PCRAM device. The stress can generate defects and 
directly affect the performance and reliability of the device. 
Practically, it is usually desirable to get large resistance 
difference with less stress upon phase change. For this 
purpose, we have study the crystallization-induced stress 
in different PCRAM cell structures. 

It is well known that the phase change behaviors depend 
strongly on the memory cell structure. Stress generation and 
relaxation are affected by surrounding materials, as well 
as the cell structure design. In this paper, the GST phase 
change films sandwiched between top and bottom Ti3W7 
(TiW) electrodes (TiW/GST/TiW) have been fabricated 
by magnetron sputtering method. The thicknesses of both 
GST and TiW layers have been well controlled as 200 
nm for GST and 10-100 nm for TiW. Strains and stresses 
in both GST and TiW layers have been evaluated as a 
function of thickness of TiW layer by X-ray Diffraction 
(XRD) technique.

There are very low strains and stresses within as-deposited 
GST and TiW layers as the deposition was performed at 
room temperature. However after annealing at 200 °C for 
10 min, the structure of GST changed from amorphous 
phase to crystalline phase. Such crystallization of GST 
resulted in obvious stresses in both GST and TiW layers 
as the crystallization-induced volume decrease of GST 
can reach ~ 6.5 %. Our experimental results show that 
tensile stress in GST layer while compressive stress in 
TiW layer, which consists with the fact that the volume 
of GST decreases during crystallization. As the thickness 
of TiW layer increases, the tensile stress in GST increases 
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while the compressive stress in TiW decreases. These 
observations can be explained by the stress generation and 
relaxation processes in TiW/GST/TiW stacking materials.

 A00179-01235 

In-situ Detection of Mechanical Instabilities and 
Failure during the Growth of Thin Anodic Oxide 
Films

Quentin VAN OVERMEERE; 
Jean-Francois VANHUMBEECK; Joris PROOST 
Division of Materials and Process Engineering, 
Universite Catholique de Louvain, Louvain-la-Neuve, 
Belgium

Anodic oxide films can be grown on a variety of metals, 
including aluminum, titanium, zirconium, tantalum and 
niobium. These oxide films, with thicknesses as small 
as 5 nm, can induce new surface properties to the metal, 
for instance biocompatibility, gas-sensing or optical 
functionalities. Furthermore, the possibility to accurately 
control the oxide formation in ambient conditions, at 
relatively high growth rate compared to other deposition 
techniques, may provide a practical original framework to 
study the mechanical behavior of thin oxide films.

Regarding the mechanical properties of anodic oxide films, 
internal stresses on the order of GPa have been reported 
during the growth of thin anodic oxide films on titanium 
and zirconium. Such high stresses are believed to cause 
instabilities of the oxide layer during its growth, resulting 
in blistering, reduction of the oxide growth rate and 
cracking. However, little experimental work has correlated 
so far the internal stresses in the oxide with the onset of the 
instabilities. We have used a high-resolution multi-beam 
wafer curvature technique to monitor the internal stress 
evolution in-situ during the galvanostatic growth of thin 
anodic oxide films on titanium and zirconium. Moreover, 
the measured stress evolution has been correlated with 
growth rate transitions and morphological changes of the 
anodic films.

The anodic oxidation of zirconium occurred with 
compressive internal stresses in the oxide ranging from 
-0.5 to -1.0 GPa, corresponding to growth rates of 1 and 
7 nm/s, respectively. A decrease of about one half of the 
growth rate systematically occurs at oxide thicknesses 
ranging between 100 and 220 nm, depending on the initial 
oxide growth rate. The thickness at which the transition 
occurs decreases when the compressive stress in the 
oxide layer increases. This suggests that the growth rate 
decreases due to mechanical failure of the films. Scanning 
electron micrographs (SEM) of the films revealed oxide 
blisters, which could only be detected once the growth rate 
had decreased. Further oxide growth induced “spikes” in 
the in-situ curvature signal, corresponding to delamination 
of a thin outer oxide layer, as determined from cross-
sectional SEM.

In the case of thin anodic oxide film formation on titanium, 
multiple transitions of the magnitude and sign of the stress 
were observed. These transitions are due to a change 
of the oxide microstructure, as determined from TEM 
observations. The internal stress gradients in the oxide 
induce delamination at the interface separating layers 
grown at a different internal stress state.

Quentin Van Overmeere and Jean-François Vanhumbeeck 
gratefully acknowledge financial support of the Belgian Fonds 
pour la Recherche dans l’Industrie et l’Agriculture (FRIA).
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Characterization and Properties of  
Nanocrystalline Surface Layer in Pure Zirconium

Lan ZHANG1; Yong HAN1; Wenting ZHANG1; Jian LU2 
1. State Key Laboratory for Mechanical Behavior of 
Materials, Xi’an Jiaotong University, Xi’an, China
2. Department of Mechanical Engineering, The Hong 
Kong Polytechnic University, Hong Kong, China

Nanocrystalline metals have been reported to offer a variety 
of beneficial properties, such as good biocompatibility 
and magnetic properties, high hardness, and enhanced 
wear and fatigue resistance. Surface mechanical attrition 
treatment (SMAT) has been proven to be an effective 
approach to obtain a hard layer owing to the formation of 
a nanocrystalline structure in the surface layer of a bulk 
metal. Conventional Zr metal shows acceptable mechanical 
strength and good biocompatibility; thereby it is a material 
of interest for surgical implants. In this paper, SMAT was 
applied to fabricate nanocrystalline surface layer on the 
pure zirconium plates, and characterization and properties 
of nanocrystalline surface layer in pure zirconium were 
also investigated.

The microstructural features of the surface layer were 
systematically investigated using optical microscopy 
(OM), x-ray diffraction (XRD), transmission electron 
microscopy (TEM) and high-resolution transmission 
electron microscopy (HRTEM), respectively. Variation of 
hardness of the treated samples along the depth for different 
processing time was determined by a MVK-H300V 
Vickers hardness testing machine, at a load of 5 g for 10 s. 
Tensile tests were carried out using a computerized testing 
machine on untreated and both side treated samples having 
a cross-section of 5 mm×1 mm. A displacement rate of 2 
mmmin−1 was used for all the tests. Fracture texture of the 
specimen was observed by SEM.

X-ray diffraction patterns show that as the processing time 
increases, so does the width of the peaks, owing to grain 
refinement and residual stresses. And at an early stage of 
processing (0.5 min), the peak broadening has already 
become discernible, suggesting the grain refinement at the 
treated surface. As the processing time increases, grain 
refinement continues to happen in the near-surface region 
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and deeper into the bulk. The cross-sectional optical 
microstructures of the SMAT-treated specimens show the 
microstructure of the deformed layers at different depths. 
Deformation layers can be observed consisting of many 
mechanical twins which become more and more dense as 
they approach the treated surface. The hardness decreases 
considerably from the treated surface to the unaffected 
zone. The variation of hardness for grain size is accordant 
to the Hall-Petch relations. Finally, tensile stress–strain 
curves of surface nanocrystallized zirconium for different 
SMAT time conditions are given. For comparison, the 
curve of an annealed coarse-grained sample with the same 
geometry as the samples subjected to SMAT is also plotted. 
Compared with the coarse-grained state, the SMATed 
samples are characterized by significantly high values of 
yield stress. As treatment time increased, the yield stresses 
are increased. These higher stress values of the SMATed 
zirconium are explained by the high performance of the 
nanocrystallized layer which sustains an important part 
of the loading during the deformation and contributes 
to the overall improvement of the properties of the bulk 
treated sample. It is worth noticing that the thicker the 
nanocrystalline layer is, the better the performance is. 
Differences of the dimples observed by SEM are used to 
explain the tensile performance.

 A00277-02294 

Inelastic Deformation of Glass beneath Sharp 
Diamond Indenters

Satoshi YOSHIDA; Hiroshi SAWASATO; 
Toru SUGAWARA; Yoshinari MIURA; Jun MATSUOKA 
Center for Glass Science and Technology, The University 
of Shiga Prefecture, Hikone, Japan

It has been well known that glass is permanently densified 
under a high compressive stress because of its high free 
volume and of its structural flexibility.  The densified glass 
structure is retained even after unloading.  This is called 
“permanent densification”, and many reports have been 
published on the structural changes under high pressures.  
The permanent densification of glass also occurs beneath 
a sharp diamond indenter, such as Vickers indenter, during 
an indentation test.  Although the inelastic deformation 
beneath the indenter is critical for understanding 
indentation-induced cracking or crack initiation of glass, 
only a limited number of reports on the mechanism of 
inelastic deformation of glass are available up to now.  

In the previous reports, one of the present authors investigated 
the indentation-induced densification quantitatively, and 
put in light the compositional dependence of the ratio of 
densified volume to total indentation volume.  The volume 
of indentation impression decreases by annealing at around 
the glass transition temperature.  The volume change of 
the indentation impression by annealing corresponds with 
the densified volume beneath the indenter.  The ratios of 

densified volume to total indentation “lost” volume on 
soda-lime silicate glass and on silica glass were found to 
be 61 % and 92 %, respectively.  

In this study, using some types of diamond indenters, 
which have different inclined face angles, the densification 
contribution to total indentation volume on soda-lime 
silicate glass is determined.  With an increase in the 
inclined face angle from 10° to 55°, the ratio of densified 
volume to total indentation volume decreases from 85 % 
to 30 %.  In other words, shear-flow contribution increases 
with an increase in the inclined face angle of the indenter.  
This remarkable indenter-shape dependence of inelastic 
deformation in glass is discussed in terms of diversity of the 
deformation mechanisms in glass.  In addition, indentation 
creep tests are also performed using the sharp diamond 
indenters at room temperature, and the indenter-shape 
dependence of indentation creep of soda-lime silicate glass 
is evaluated.  It is found that the indentation creep of glass 
is closely related with permanent densification.

Acknowledgment: One of the authors (S.Y.) gratefully 
acknowledges the financial support from the Ceramic Society of 
Japan through the Genji Kurata Awards 21st century memorial 
international communication.
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Thermal Stability of Helium Bubble in 
Nanocrystalline Gold Prepared By Gas Deposition 
Method

Takashi INAMI1; Mamoru KOBIYAMA1; 
Hiroshi MAETA2; Masato SASASE3; 
Norito ISHIKAWA4; Hiroyuki SUGAI4; Teruo KATO4 
1. Faculty of Engineering, Ibaraki University, Japan
2. Faculty of Engineering, Hiroshima Kokusai Gakuin 
University, Japan
3. Research & Development Department, The Wakasa 
Wan Energy Research Center, Japan
4. Advanced Science Research Center, Japan Atomic 
Energy Agency (JAEA), Japan

Nanocrystalline materials are polycrystals with grain 
size of 10 – 100nm. Because of a very small grain size, 
physical and mechanical properties would be different 
from coarse-grain materials. There are various methods 
to prepare nanocrystalline pure metals. Nanocrystalline 
pure gold (n-Au) prepared by the gas deposition method 
(GDM) showed a high strength and on certain conditions 
a high thermal stability. Such a high thermal stability 
has not found on nanocrystalline pure metals prepared 
by any other preparation route. In GDM, nano-sized 
particles, obtained by evaporating from melt of gold in 
the evaporation chamber with 0.1MPa helium gas, were 
transferred by a pressure difference through a fine pipe 
and deposited onto a substrate in the deposition chamber 
with 0.1kPa helium gas. Therefore, there is a possibility of 
helium incorporation in n-Au during specimen preparation 
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in GDM. In the present work, n-Au specimens prepared by 
GDM were analyzed by transmission electron microscopy 
(TEM) and X-ray diffraction method in order to investigate 
the formation of small pores containing helium gas and 
their contribution to thermal stability of n-Au specimen. 
TEM observation of as-prepared n-Au specimens showed 
that spherical bubbles with about 5nm diameter distributed 
at grain boundaries and also inside the grains. Helium 
atoms in the bubbles were measured by electron energy-
loss spectroscopy (EELS) in combination of TEM. After 
annealing at 573K for 1hr in vacuum, most of bubbles did 
not disappear and slightly increased in size. Furthermore, 
detailed results on the annealing behavior of the helium 
bubble will be presented.
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The Dynamic Mechanical Behavior of Reinforced 
Thermoplastic Natural Rubber Nanocomposites 
with Carbon nanotubes

Moua’d AL-TARAWNEH1; Sahrim HJ. AHMAD1; 
Syed Y. YAHYA2; Rozaidi RASID1 
1. School of Applied Physics, Universiti Kebangsaan 
Malaysia, Selangor, Malaysia
2. Institute of Science, Universiti Teknologi Mara, 
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Melt compounding technique was employed to prepare 
thermoplastic natural rubber (TPNR) nanocomposite 
reinforced with MWNTs. MWCNT were added to 
improve the mechanical properties of MWCNTs/TPNR 
composites in different compositions of 1, 3, 5, and 7 wt. 
%. TPNR were prepared in the ratio of (70:20:10) from 
polypropylene (PP), natural rubber (NR) and liquid natural 
rubber (LNR) as a compatibilizer. The composite were 
prepared using in-situ method at the optimum processing 
parameter at 180oC with 80 rpm mixing speed and 11 
minutes processing time. The effect of MWNTs additions 
on the mechanical behavior of TPNR were studied using 
dynamic mechanical analysis (DMA) and scanning 
electronic microscopy (SEM) was used to examine the 
morphological surface of the nanocomposite.The results 
obtained from (DMA) curves indicate that the addition of 
MWNTs led to an increase in the storage modulus E’ and 
loss modulus E’’ with maximum value is obtained with 3 wt. 
% of MWNTs. The glass transition temperature (Tg) also 
increases with increasing composition of MWNTs.  SEM 
results confirmed the homogenous dispersion of MWNTs 
throughout TPNR matrix and the strong interfacial adhesion 
between MWNTs and the matrix which is proposed to be 
responsible for significant mechanical enhancement. 
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Nanostructure Formation by Electroexplosive 
Alloying of Metals

Sergey KARPII; Evgenii BUDOVSKIKH; 
Victor GROMOV; Yurii IVANOV; 
Sergey KONOVALOV 
Physics, Siberian State University of Industry, 
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One of new ways of hardening of metals and alloys is 
processing of a surface by the heterogeneous plasma 
jets generated from products of electrical explosion of 
conductors. Electroexplosive alloying essentially reduces 
time of processing in comparison with traditional ways 
of thermochemical treatment of a surface, combining its 
local melting and saturation by alloying elements with 
the subsequent self-quenching. A material of exploding 
conductor sets the chemical compound of a plasma 
jet at processing. It allows to carry out one, two and 
multicomponent alloying. The purpose of this work is to 
find out some regular features of surface relief formation, 
defect substructure state and phase composition of the sub-
surface layer of iron subjected to electroexplosive alloying 
by carbon and nickel – by boron and copper. Surface relief 
of iron and nickel subjected to an electroexplosive alloying 
has been investigated and its phase composition and defect 
substructure have been analyzed using the methods of 
scanning electron microscopy and electron diffractometry. 
Formation of highly developed relief on the treated 
iron surface has been revealed, which contains both the 
products of fast crystallization of the melt and elements of 
exploded graphitized carbon fiber. Formation of a multi-
layer structure has been found out, whose characteristics 
regularly change as we go from the treated surface down 
into the bulk of the material. It has been shown that a 
layer is formed on the irradiated iron surface, which 
consists of graphite globules quasi-periodically distributed 
within the iron-based matrix. In the sub-surface layer, a 
quenching structure is formed, whose “self-tempering” is 
accompanied by the formation of carbide-phase particles. 
In the layer located in the vicinity of the melt boundary, 
nanocrystalline structure based on iron has been found 
out, which contains carbide-phase inclusions. It has been 
suggested that this structure is formed in the course of 
crystallization of the melt layer adjacent to the solid-phase 
interface. A morphologically bi-fundamental sublayer 
consisting of ferrite grains and martensitic crystals borders 
on the nanocrystalline layer, and the volume fraction of 
the former rapidly decreases with distance from the treated 
surface. A thin amorphous crystalline layer composed 
of nickel- and copper- boride, oxide, and boron oxide 
(d=2–3 nm) nanoparticles is formed on the surface of 
the nickel electroexplosive alloying zone. The ~ 1–2 µm 
thick subsurface layer is comprised of NiB12 and Ni4B3 
crystallites 120–130 nm in size, with boron- and copper- 
oxide particles found along the grain boundaries. At a 
greater depth, there is a layer with a cellular Ni–Cu–B 
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melt crystallization structure that gradually gives way to 
a high-rate dendritic crystallization structure and then to a 
granular structure. A nanocrystalline layer of a copper and 
boron solid solution in nickel is detected near the interface 
between the alloyed zone and the base material.

The work is supported by the Russian Fund of Basic Researchers 
(Grants No 07-08-92102-GFEN_a, 08-02-12012-ofi) and 
Analytical Programme “Scientific Potential Development of 
Higher School” (project No 2.1.2/546). 
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Nanoindentation Creep Modelling on Viscoelastic 
Materials

Ben BEAKE 
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The creep modelling approach described in this paper 
reveals a correlation between the strain rate sensitivity 
parameter determined from nanoindentation and tan delta 
determined from conventional DMA. The applicability 
of the approach is demonstrated on nylon-clay 
nanocomposites, where behaviour is strongly dependent 
on fabrication route. 

With recent advances in instrumentation it is possible 
to obtain reliable data under non-ambient conditions 
(at elevated temperature or in fluid environment). 
Nanoindentation on PET films between 25-110C supports 
the correlation between strain rate sensitivity and tan 
delta, with high values only obtained in the vicinity of 
Tg. Analysis of the loading curves also shows a sharp 
decrease in the loading curve exponent near the glass 
transition. Nanoindentation in water on nylon films shows 
decreasing modulus consistent with hydrolytic attack and 
plasticization by the solvent molecules.
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Alternative Methods to Extract the Hardness 
and Elastic Modulus of Thin Films from 
Nanoindentation Load-displacement Data

Amit KUMAR; Zeng KAIYANG 
Mechanical Engineering, National University of 
Singapore, Singapore

Accurate measurement of the elastic modulus and 
hardness of thin films is an important issue in order to 
ensure the stability and reliability of many devices with 
thin film structures. As progressively the size of the 
devices is reducing, accordingly the thickness of the film 
is also decreased. Determining the mechanical properties 
of thin films by nanoindentation becomes difficult, when 
the thickness of the film is few hundred nanometers 
or less. The present work is therefore revealing an 
alternative yet powerful analysis methodology to extract 

the elastic modulus and hardness of the thin films from 
nanoindentation load-displacement data, especially when 
the film thickness is only few hundred nanometers or less. 
At such film thickness, the conventional analysis methods 
for nanoindentation usually do not give accurate results 
due to the substrate effect. The new method is capable to 
show, how to determine the film-only property and how 
the substrates affect the nanoindentation measurement, 
especially for ultra thin films. This method can give 
accurate results when tested for different kind of metallic, 
ceramic and polymeric films. It also reveals the differences 
between the use of high resolution nanoindentation 
and normal nanoindentation on the same films. The 
relationships between the mechanical properties and film 
thickness are also discussed.
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In this study, we used wedge indentation methods to 
characterize the interfacial toughness and time-dependent 
fracture behavior of two low-k films, namely the Black 
diamond (BD) films and Methylsilsesquioxane (MSQ) 
film, both on Si substrates. The interface toughness values 
of BD/Si systems are found about 5.38 ± 0.79 J/m2, for 
different film thicknesses (100nm, 300nm, 500nm, 700nm, 
1000nm and 1200nm). On the other hand, the interface 
toughness values for MSQ/Si system are also found by 
using two different wedge tips (1.89 ± 0.28 J/m2 for 90° 
wedge tip, and 1.92 ± 0.08 J/m2 for 120° wedge tip). 
These results are consistent with the values reported in the 
literature, showing the wedge indentation is a powerful 
and accurate method to derive interfacial mechanical 
properties. Furthermore, load-holding and varying-
loading-rates tests are performed to determine the time-
dependent fracture behavior of the low-k films. The time-
dependent fracture behaviors of these two low-k films are 
found to be depending on their chemical structure and the 
test environment. The time-to-failure for BD/Si system is 
shorten by an order of magnitude, when water droplet is 
applied during the wedge indentation test. However, as the 
BD film surface is covered with a layer of silicon oil to 
prevent water diffusion, the time-dependent crack growth 
still persists during the wedge indentation tests.
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Mechanical Properties and Domain Structures 
of Pb(Zn1/3Nb2/3)O3-PbTiO3 Single Crystals Using 
Nanoindentation and Piezoresponse Force 
Microscopy

Meng Fei WONG; Kaiyang ZENG 
Mechanical Engineering, National University of 
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Relaxor-based ferroelectric single crystal of Pb(Zn1/3Nb2/3)
O3-PbTiO3 (PZN-PT) solid solution have attracted greater 
attention recently due to its extremely high dielectric and 
piezoelectric properties. As the piezoelectric materials 
experience a coupling effect of electrical and mechanical 
loadings in practical application, mechanical properties 
are an important issue in the design of the piezoelectric 
system using these relaxor-based single crystals. In this 
study, nanoindentation is used to characterize mechanical 
properties of both unpoled and poled PZN-(6-7%)PT. It is 
found that the (011) surface has a higher elastic modulus 
and hardness compared to that of the (001) surface. 
While the piezoelectric and mechanical properties of 
piezoelectric materials are believed to be closely related to 
their domain structures, Piezoresponse Force Microscopy 
(PFM) is utilized in the attempt to imaging the domain 
structure and the results are used to establish a correlation 
between domain structures with the mechanical properties 
measured by the nanoindentation. The observation results 
show that the unpoled (001) surface of the crystals exhibit 
irregular patterns of antiparallel domains which align 
preferentially along polishing direction, whereas the 
unpoled (011) surface shows fingerprint pattern with a 
preferential domain alignment direction along [01-1]. The 
more uniform alignment of domain structures on the (011) 
surface could be related to a better mechanical properties 
compared to the (001) surface. On the other hand, after 
out-of-plane poling, both the (001) and (011) surfaces 
demonstrate a nearly complete domain alignment in a 
single polarization direction. This may be the reason for 
the higher elastic modulus and hardness of poled crystals 
compared to their unpoled counterparts, as demonstrated 
in nanoindentation experiments. 

 A00351-00656 

Effect of Surface Finishes on Growth Kinetics 
and Mechanical Properties of Intermetallic 
Compounds (IMC) in Lead Free Solder Joints

B. S. S. Chandra RAO1; Jin Quan WENG1; Lu SHEN2; 
Teck Kheng LEE3; Kaiyang ZENG1 
1. Department of Mechanical Engineering, National 
University of Singapore, Singapore
2. Materials Analysis and Characterisation, Institute of 
Materials Research and Engineering, Singapore
3. Institute of Technical Education, Singapore

The objective of this study is to investigate the effect of 
different surface finishes with lead-free Sn-3%Ag-0.5%Cu 
(SAC305) solders on morphology, growth kinetics and 
mechanical properties of the intermetallic compounds 
(IMC) formed at the interfaces of solder joints on 
electrolytic Ni/Au and organic solderability preservative 
(OSP) substrates. For the interfacial reaction of electrolytic 
Ni/Au and SAC305, a thin ternary compound Ni-Cu-
Sn layer was formed, with (Cux, Ni1-x) 6Sn5 formed after 
reflow. Upon further aging, (Niy, Cu1-y) 3Sn4 developed 
between the Cu pad and (Cux, Ni1-x) 6Sn5 layer. Ag3Sn 
particles and AuSn4 particles also found in the solder, 
where as with Cu-OSP substrates, scallop-shaped Cu6Sn5 
and layered-type Cu3Sn were observed after reflow and 
thermal aging respectively. Mechanical properties of these 
intermetallic (IMC) layers have been investigated using 
Nanoindentation with continuous stiffness measurement 
(CSM) technique. The modulus of Cu6Sn5 and Cu3Sn are 
found to be 112±3 GPa, and 128±8 GPa, and the hardness 
values are 6.6±0.6 GPa and 7.1±0.6 GPa respectively. The 
modulus and hardness values of the Ni-Cu-Sn layer are 
found to be 152±16 GPa and 8.3±1 GPa respectively. Thus, 
the IMC layers arranged in order of increasing hardness 
and modulus are Cu6Sn5, Cu3Sn and Ni-Cu-Sn.
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Effect of Nano Ni and Mo on Indentation Creep 
Behaviour of Lead Free Composite Solders

B. S. S. Chandra RAO1;2; K. Mohan KUMAR4; 
Vaithilingam L. NIRANJANI3; Samir V. KAMAT3; 
Vaidyanathan KRIPESH2; Kaiyang ZENG1 
1. Department of Mechanical Engineering, National 
University of Singapore, Singapore
2. Microsystems, Modules and Components Laboratory, 
Institute of Microelectronics, Singapore
3. Mechanical Behaviour Group, Defence Metallurgical 
Research Laboratory, Hyderabad, India
4. Electronics and Energy Conversion Laboratory, GE 
Global Research, Bangalore, India

The physical length scales of lead free solder interconnects 
are often comparable to their characteristic microstructural 
length scales, which strongly influence their mechanical 
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properties during microelectronics device service. 
Therefore mechanical behaviour of these interconnect 
materials has became an important technological issue in 
the advanced microelectronic applications. The objective of 
this study is to investigate the effect of nano Ni and Mo with 
different wt% on commercial lead-free Sn-3%Ag-0.5%Cu 
(SAC305) solder bumps. Nanoindentation technique has 
been used to extract creep properties of Sn-3.5Ag-0.5Cu 
(SAC305) based composite solders with addition of 0.1 to 
0.3 %wt nano-sized particles of Nickel and Molybdenum. 
Due to the solid solution hardening effects of Ni and Mo 
in Sn, creep resistance increased with increasing Ni and 
Mo content of the materials. Creep rate of 0.3%Ni alloyed 
composite solder is about 2.410-04s-1 and 0.3%Mo alloyed 
composite solder is about 4.1*10-05s-1, where as creep rates 
of commercial SAC305 solder is about 8.1*10-04. It has 
been found the creep rate of composite solders decreased 
1.5 times lower with nano-sized nickel addition where as 
one order with Mo nano-sized particle addition. 
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Creep Resistant Thermoplastic Nanocomposites 
Reinforced with MWNTs

Jinglei YANG 
School of Mechanical and Aerospace Engineering, 
Nanyang Technological University, Singapore

Carbon nanotubes (CNTs) have greatly attracted researchers’ 
interest since the discovery in 1991 due to their excellent 
mechanical and physical properties including extremely 
high strength and Young’s modulus compared to those of 
traditional carbon fibres, making them as a much promising 
kind of reinforcing candidates in composites, especially in 
polymer matrices. Great effort has been made to develop 
advanced engineering materials with enhanced or novel 
properties by the addition of CNTs into different matrices. 
Several research groups have reported that the efficiency 
of load transfer between nanotubes and polymer chains 
is a critical factor to influence the resulting mechanical 
performance of such composite systems. It is, therefore, 
believed that load transfer will give rise to excellent 
creep resistance in nanocomposites. This enhancement is 
reasonably related to some nano-effects of the CNTs, such 
as their high aspect ratio and large interfacial area, which 
can form a huge interphase between tubes and matrix and 
thus contribute positively to the load transfer. Previous 
experiments have shown some interesting results on creep 
resistance of nanoparticles and layered silicate filled PA 
composites. Recently, Suhr et al. have provided enhanced 
viscoelastic properties of CNT/epoxy thin film, which is 
related to creep. Here we report a direct creep observation 
of PP composites reinforced by MWNTs with different 
aspect ratios to characterize the long-term performance 
in terms of creep deformation, creep rate and lifetime to 
failure.

Polypropylene (PP) nanocomposites filled with shorter- 
and longer-aspect-ratio multiwalled carbon nanotubes 
(MWNTs) were compounded using a twin-screw extruder 
and an injection moulding machine. It is shown that with 
only 1 vol.% of MWNTs, creep resistance of PP can be 
significantly improved with reduced creep deformation and 
creep rate at a long-term loading period. Additionally, the 
creep lifetime of the nanocomposites has been considerably 
extended by 1,000% compared to that of neat PP. Three 
possible mechanisms of load transfer were considered that 
could contribute to the observed enhancement of creep 
resistance, which are (1) fairly good interfacial strength 
between MWNTs and polymer matrix, (2) increasing 
immobility of amorphous regions due to nanotubes 
acting as restriction sites, and (3) high aspect ratio of 
MWNTs. DSC results showing crystallinity changes in 
the specimens before and after creep deformation present 
evidence to confirm these mechanisms. Our results 
should lead to improved grades of creep resistant polymer 
nanocomposites for engineering applications. 
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Mechanical Properties of Epoxy/Al2O3 Filler 
Nanocomposites

Sheau Hooi LIM1; KaiYang ZENG1; Chao Bin HE2 
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2. Institute of Materials Research and Engineering, 
Singapore

This paper presents recent work on material characterization 
of a new class of epoxy-based nanocomposites. A series of 
nano-sized boehmite alumina fillers with different shapes, 
e.g. rod, platelet, sizes and different surface modifiers 
are incorporated into epoxy matrix. The dispersion of 
alumina particles and the mechanical performances 
of nanocomposites specimens are investigated using 
Transmission Electron Microscope (TEM), tensile tests, 
dynamic mechanical analysis, fracture toughness testing 
and nanoindentation tests respectively. It was found that 
the presence of the various alumina particles in epoxy 
matrix induces different dispersion and improved the 
mechanical properties of the composites. Finally fracture 
surface of the epoxy-alumina nanocomposites was studied 
using Scanning Electron Microscope (SEM), fracture 
mechanisms such as crack deflection, plastic yielding and 
deformation are found to be presence for the increase in 
fracture toughness of epoxy-alumina nanocomposites. 
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Crack Tip Domain Switching in Normal and 
Relaxor Ferroelectrics Subjected to Mechanical 
and Electric Loading

Ai Kah SOH1; Xiaofang ZHAO1; Yi Cheng SONG2 
1. Mechanical Engineering, The University of Hong 
Kong, Hong Kong
2. University of Shanghai, Shanghai, China

Two-dimensional phase field simulations of domain 
switching in the crack tip vicinity of a crack embedded in 
a normal ferroelectric single crystal, which was subjected 
to mechanical and electric loading, have been carried out. 
The domain switching zones induced by the mechanical 
and electric loading were plotted. The stress field near 
the crack tip was also plotted to investigate the effect of 
domain switching on crack. The obtained domain switching 
zones are in good agreement with the existing theoretical 
predictions and experimental observations. The stress field 
obtained showed that a positive electric field inhibited while 
a negative field promoted crack propagation. Simulations 
of the polarization switching process near the tip of a crack 
in relaxor ferroelectrics subjected to external electric field 
have also been carried out. The interaction between the 
dipole defects and crack, and the influence of the dipole 
defect concentration density on the switching process has 
been discussed. The results obtained showed that in relaxor 
materials the polarization switching in the vicinity of the 
crack tip was suppressed, and the electric field distribution 
was not symmetric to the crack surface. These were due 
to the interaction between the dipole defects and crack, 
and the inhomogeneous electric field induced by dipole 
defects. Moreover, the polarization switching rate and 
switching zone area decreased with the increase of dipole 
defect concentration density.    
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Interface Fracture Toughness Assessment of 
Solder Joints Using Double Cantilever Beam 
Test

Zhong CHEN1; Shane Zhi Yuan LOO1;2; 
Puay Cheng LEE1; Zan Xuan LIM1; Natalia YANTARA1; 
Tong Yan TEE2; Cher Ming TAN3 
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2. Amkor Technology Singapore Pte Ltd, Singapore
3. School of Electrical and Electronic Engineering, 
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Solder joint strength was often assessed by either ball shear 
test or solder ball pull test. The test results are reported 
in terms of shear strength or tensile strength, but these 
strength values are size-dependent. Therefore these test 
results are largely useful only for qualitative comparison 
and qualification of the products. In the current work, we 

have demonstrated a test scheme to evaluate solder joint 
interface fracture toughness using double cantilever beam 
(DCB) test. The obtained results, in terms of critical energy 
release rate, predict the joint failure based on the principle 
of fracture mechanics. The results can be used as a materials 
property in the reliability design of various types of solder-
ball joined packages. DCB specimens made of 99.9 wt% 
copper were selected in the current work. Eutectic Sn-
37Pb and lead-free Sn-3.5%Ag solders were used to join 
two pieces of the copper plates with controlled solder 
thickness. The test record showed steady propagation 
of the crack along the solder / copper interface, which 
verifies the viability of such a testing scheme. Interface 
fracture toughness for as-joined, extensively-reflowed 
and thermally aged samples has been measured. Both the 
reflow treatment and the thermal aging lead to degradation 
of solder joint fracture resistance. Fractographic analysis 
by scanning electron microscopy (SEM) has been carried 
out from both top and cross-sectional views of the fractured 
surfaces. 
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Intrinsic Stress in Pulse Electro-deposited Ni-W 
Films

Zhong CHEN; Jianfeng ZHU 
School of Materials Science and Engineering, Nanyang 
Technological University, Singapore

Nickel-tungsten (Ni-W) film has wide applications 
either as surface protective coatings for tooling, storage 
media, plastic mold, or as a thin film structure member 
in microelectronic and MEMS devices. Besides excellent 
mechanical strength and high corrosion resistance, it is 
also able to withstand repeated thermal cycles at high 
temperatures. So far little has been truly understood about 
the intrinsic stresses developed in electrodopsited Ni-W 
films. The magnitude of such stress is so high that film 
cracking is often observed. Pulse plating in general is 
able to alleviate the plating stress, and to further improve 
surface morphology, as well as mechanical and chemical 
properties of the plated films. However, very little success 
has been obtained in obtaining stress-free Ni-W films by 
electroplating. The current work investigates the effect 
of complexing agents, substrate surface treatment, and 
surfactants on the development of film plating stress. It was 
found that among three types of complexing agents used, 
all films have developed cracks on normally processed 
copper substrates despite that various combinations of 
on-time and off-time have been tested. This shows that 
the complexing agent may not be the cause of plating 
stress. On the other hand, careful selection of surfactant 
has proven to be effective in reducing the high stress to 
undetectably low level. We carried out microstructural 
analysis to provide an explanation for the stress formation 
and elimination. It is found that the explanation by some 
researchers might be incorrect that hydrogen evolution 
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during plating is responsible for the high stress generation. 
Rather, the nucleation and subsequent growth of the film 
may significantly affect the film stress development. 
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Nature-Inspired Structural Materials Through 
Manipulation of Structure at Multiple Length-
Scales

Robert RITCHIE1;2 
1. Materials Science and Engineering, University of 
California Berkeley, Berkeley/CA, United States
2. Materials Sciences Division, Lawrence Berkeley 
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The structure of materials invariably defines their mechanical 
behavior.  However, in most materials, specific mechanical 
properties are controlled by structure at widely differing 
length scales.  Nowhere is this more apparent than with 
biological materials, which are invariably sophisticated 
composites whose unique combination of mechanical 
properties derives from an architectural design that spans 
nanoscale to macroscopic dimensions with precisely and 
carefully engineered interfaces. The fracture resistance of 
such materials originates from toughening mechanisms 
at almost every one of these dimensions.  Few structural 
engineering materials have such a hierarchy of structure, 
yet the message from biology is clear – unique mechanical 
properties can be achieved through the combination of 
mechanisms acting at multiple length-scales.  Nature has 
successfully used this approach over billions of years, yet 
despite intense interest by the scientific community, the 
biomemitic approach has yielded few real technological 
advances in the design of new synthetic structural 
materials primarily due to the fact that such materials 
are difficult to fabricate and that we still lack a complete 
understanding of how diverse structural features acting 
at multiple length scales (from the atomic to the macro 
level) interact to generate unique toughening mechanisms.  
Indeed, natural composites achieve strength and toughness 
through complex hierarchical designs which are almost 
impossible to replicate synthetically.  Here we attempt to 
emulate Nature’s toughening mechanisms using a freeze-
casting fabrication process to make materials through the 
combination of two ordinary compounds, specifically 
alumina and PMMA, into ice-templated structures whose 
toughness can be over 300 times (in energy terms) that of 
their constituents.  The final products are bulk lightweight 
hybrid ceramic-based materials whose high strength and 
fracture toughness (~200 MPa and ~30 MPa√m) provide 
specific properties comparable to metallic aluminum 
alloys.  These materials are probably the toughest ceramics 
ever produced, but must be made through careful control 
of structural size-scales at nano to macro-scales.  They 
are unlike regular composites in that both phases are not 
load-bearing; the ceramic phase provides for strength but 
the polymer phase acts like a lubricant to relieve high 

stresses, much like plasticity in metals.  We believe that 
these model materials can be used to identify the key 
microstructural features that should guide the synthesis 
of more advanced bio-inspired lightweight structural 
materials with unprecedented combinations of strength 
and toughness.

This work was supported by the Director, Office of Science, Office 
of Basic Energy Sciences, Division of Materials Sciences and 
Engineering, of the U.S. Department of Energy under Contract 
No. DE-AC02-05CH11231.
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Mechanical Behaviour of Magnesium Alloys 
AM50A and AZ91D Using Split Hopkinson Tensile 
Bar (SHTB)

Dong Wei SHU; Iram Raza AHMAD 
School of Mechanical and Aerospace Engineering, 
Nanyang Technological University, Singapore

The mechanical properties of two magnesium alloys 
AM50A and AZ91D at low to high strain rates were 
examined for their potential use in automotive and 
aerospace industry. The dynamic stress-strain relation 
of AM50A, AZ91D and aluminum alloy 6061-T6 was 
obtained at the strain rate ranging between 0.002 s-1 and 
1500 s-1. The high strain rate experiments were conducted 
using the split Hopkinson tensile bar (SHTB) apparatus. 
For both magnesium alloys, a substantially higher work 
hardening is observed at higher strain rates as compare to 
their quasi-static tests. Furthermore, higher tensile stresses 
are observed at higher stain rates. SEM analysis was also 
performed to observe the micro-structural changes and the 
deformation mechanism at high stain rates.
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Mechanical Behavior of Novel Transducers Based 
on Magnetic-Polymer Composites

Quang Vinh NGUYEN; Raju V. RAMANUJAN 
School of Materials Science and Engineering, Nanyang 
Technological University, Singapore

The mechanical and electrical behavior of transducers 
based on composites of MAGnetic particles in a soft 
POlymer matrix (MAGPOL) for novel bioengineering, 
adaptive optics and morphing structure applications 
was studied. The coupling between the flexibility of the 
polymer and the magnetic properties of the fillers leads to 
significant and unusual properties. An external magnetic 
field results in fast shape deformation of the composite 
and produces useful mechanical work. Several modes 
of shape change were observed in MAGPOL, including 
contraction, elongation, deflection and torsion. A novel 
coiling mode was found by applying appropriate boundary 
conditions. In elongation mode, higher strain and stress 
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compared to skeletal muscle capability were obtained, 
the dynamic behavior was similar to that of skeletal 
muscles. MAGPOL can also produce high strain under 
cyclic magnetic field. MAGPOL can also act as a sensor; 
the resistance of composites containing polysiloxane, iron 
particles and graphite powders at percolation concentration 
is a strong function of the actuation strain. With this 
attractive combination of actuating and sensing properties 
of MAGPOL, novel transducer devices can be constructed, 
especially for contactless applications.
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The Mechanical Behavior of Magneto-Elastic Soft 
Actuators Modeled as a Phase Transformation

Rebecca L. SNYDER; Quang Vinh NGUYEN; 
Raju V. RAMANUJAN 
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Ferrogels are being intensively researched for novel 
potential applications in various industries, ranging from 
aerospace, robotics, microelectronic mechanical systems 
(MEMS), biomedical engineering, and controllable 
absorbents. A ferrogel is a composite system, consisting 
of a polymeric matrix and a dispersion of magnetic filler 
particles. Through sufficient interfacial adhesion between 
the bulk and second phase components, the elastic 
properties of the polymer can be coupled to the magnetic 
properties of the particles, resulting in novel soft actuators. 
Understanding the energetics of these materials will aid in 
the tuning of the actuator performance. This study models 
the mechanical behavior of ferrogel material as a first-
order phase transformation. Earlier work has demonstrated 
the similarities between certain mechanical transitions and 
first-order phase transformations. Such transitions include 
bulge propagation in a long, cylindrical balloon, neck 
propagation in polymeric materials, and buckle propagation 
in externally pressurized pipes. The similarities between 
the mechanical behavior of magneto-elastic materials and 
first-order phase transformations include: soft actuators 
can store energy when strained and release energy upon 
relaxation, corresponding to “latent heat.” The magneto-
elastic response of ferrogel systems was found to exhibit 
a discontinuity in the first derivative of the corresponding 
Helmholtz free energy curves. The presence of multiple 
minima in the energy profiles was found to correspond to 
the characteristic hysteretic mechanical response of these 
materials. Furthermore, the non-uniformity of magneto-
elastic straining behavior can be viewed as analogs to the 
coexisting multiple phase structure. These similarities 
show that the magneto-elastic mechanical transition can 
also be studied as a first-order phase transformation. This 
work is the first detailed investigation of this concept. 
Modeling of the mechanical behavior of magneto-elastic 
soft actuators as a first-order phase transformation allows 
for performance-enhancing parameters to be identified and 

incorporated in subsequent design and development of soft 
actuator devices.
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Modal Analysis and Damping Measurement of 
the Head Arm Assembly of a Small Form Factor 
Hard Disk Drive
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As non-traditional application of hard disk drives (HDDs) 
emerges, the interest in the effects of shock and vibration on 
small form factor (SFF) drives has come into currency due 
to the increasingly hostile environments encountered in the 
usage of the portable computer as well as the application 
in consumer devices such as portable MP3 audio players, 
personal digital assistants (PDAs) and high-end digital 
cameras etc. In this paper, the dynamic characteristics of an 
SFF drive were investigated using both experimental and 
numerical techniques. For SFF drives, their mechanical 
components, such as the head slider, the head arm assembly 
(HAA) etc., are very small and delicate. A special fixture 
was designed for fixing the HAA of the drive to measure 
its damping and natural frequencies. In experiments, a 
laser Doppler vibrometry (LDV) was used to measure the 
absolute velocity responses of the slider, the suspension 
and the arm by scanning at one point, or along a line or 
on an area. A scanning Vibrometer system was adopted 
for data acquisition and analysis to obtain the frequency 
response functions (FRFs) between the output signals and 
the input signals. An accelerometer was used to measure 
the input acceleration from the shaker. The logarithmic 
decrement method was adopted to measure the damping 
of the HAA subjected to an initial perturbation. A finite 
element (FE) model of the HAA was created to perform 
numerical analysis. A preloading was applied by conducting 
a nonlinear static analysis with the FE model subjected 
to displacement loadings. After the static analysis, the 
locations of the nodes in the FE model should be updated 
for following steps of modal analysis, harmonic analysis, 
and/or transient analysis. The FE model was verified and 
modified according to numerical results and experimental 
results. By conducting harmonic analysis of the HAA, it 
was noted that there are only a few dominant modes even 
there are more than 10 natural frequencies in the range 
of 0 to 20 kHz. Comparing the numerical results of the 
HAA in its free state and those in its preloading state, it 
was found that the first three modes of the HAA in its free 
state do not appear in its preloading state. In the preloading 
state, the lowest natural frequency of the HAA is the first 
suspension bending mode. Numerical results show that the 
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modal analysis results of the HAA in its preloading state 
coincide well with those from other researchers.
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On the Negative Nanowear of Single Crystal  
Si-Based Materials 
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The past decade has seen the growing commercial 
applications of micro-electromechanical systems (MEMS) 
and the rapid development of nano-electromechanical 
systems (NEMS). However, the durability and reliability 
of MEMS/NEMS depends, to a large extent, on the wear 
of the contact surfaces of MEMS/NEMS components. 
For example, wear debris can cause jamming owing 
to extremely small separation between MEMS/NEMS 
components.

Due to its excellent mechanical and physical properties, 
single crystalline silicon has been widely used as a 
structural material for MEMS/NEMS. Different from 
wear in the macroscale, nanowear of single crystalline 
silicon may undergo the formation of hillocks or negative 
nanowear before the removal of material. However, it is 
generally believed that the formation of silicon hillock 
could be mainly attributed to the chemical reactions in 
the atmosphere. However, our recent work has found that 
negative nanowear occurred on the Si(100) surface both in 
air and in vacuum; what is more negative nanowear was 
also formed on single crystal SiO2. Clearly, oxidation is 
not an essential condition for the negative wear of Si-based 
materials. 

In this research, negative nanowear or the formation of 
hillocks was generated by an atomic force microscope 
in single crystal Si and SiO2.  The surface morphology, 
chemistry, microstructure and structure of the hillocks were 
studied using AFM imaging, scanning X-ray microprobe 
and cross-sectional TEM. The detail surface analyses 
have proved that the generation of hillocks is the coupled 
results of chemical reaction and mechanical interaction. 
Compared to chemical reaction, the mechanical interaction 
might be the major contributor for the generation of the 
hillocks. Based on the experimental results, a contact 
model was proposed. It is believed that the findings from 
this research would advance the scientific understanding 

of the formation of hillocks and the nanowear mechanism 
involved, which could provide possibilities for preventing 
the wear failure of MEMS/NEMS.

The financial support from The Royal Society (UK) and China 
Scholarship Council for a China-UK Networks project is 
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Photorefractive materials are capable of storing high 
densities but they are costly, difficult to grow and to control 
their properties. Hence there is an intense search is going 
for newer materials with high figures of merit for high 
density data storage. Polymers are of interest due to their 
fabricational capabilities, ease of materials engineering, 
low density and hence low device weight, and potential 
low manufacturing cost. Hence optical engineers and 
scientists are attracted to polymers as possible materials 
for high density data storage systems. The essential 
elements for a polymer to be photorefractive are-sensitizer, 
photoconductor, chromophore and plasticizers. In the 
present work we have used poly methyl methacrylate 
(PMMA) as a host material and doped this with silica ( 
SiO2) for data storage photopolymer.

We present here an experimental method for comparing 
local elastic properties of pure and doped PMMA as a 
function of size of the particles which are in the range of 
50 -120 nm by atomic force microscopy (AFM).  Special 
W tip of hemispherical end was fabricated using Focus Ion 
Beam (FIB) technique. Results obtained are discussed in 
detail.
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Polymer composites in various forms and configuration 
are being developed in an effort to provide lighter weight 
construction, better optical and thermal properties to 
maintain adequate strength and stability. To this end thin 
film polymer (PMMA) nanocomposites synthesized for 
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purpose of influencing optical luminescence using CdS 
nanocrystals as filler without incurring losses in mechanical 
properties, were examined to determine elastic modulus 
and degree of dispersion. Optical absorption spectroscopy 
has been used for finding discrete energy levels in CdS/
polymer nanocomposites. Longitudinal optical (LO) 
phonon confinement effects are under investigation.
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Biological Tissues and Hydrogels
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Interest in the mechanical behavior of compliant biological 
tissues and is growing, and the emphasis on applications 
necessitating mechanically-robust implant materials 
motivates further study in this field. Nanoindentation 
has emerged as a leading technique for mechanical 
characterization; contact-based techniques are particularly 
attractive for materials that are difficult to test in tension, 
including soft biological tissues and hydrogels. However, 
commercial nanoindenter instrumentation is optimized for 
stiff, hard materials and therefore testing softer materials 
can be challenging. In the current study, mechanical testing 
by nanoindentation and larger-scale microindentation 
were performed on a series of materials including 
polymeric validation standards, hydrogels of different gel 
composition and concentration, and hydrated biological 
tissues including bone and cartilage. Most tests were 
conducted under displacement control with a spherical 
indenter tip and using a load-relaxation test method to 
assess time-dependent deformation; creep characterization 
was considered when working in load control. Data analysis 
included a variety of different approaches, including a 
purely elastic analysis, a linear viscoelastic analysis and 
a computational analysis based on flow and poroelasticity. 
Quantitative results compare well for nanoindentation 
and microindentation, with mean elastic modulus values 
in the range of 100 kPa to 1-2 MPa for hydrogels and 
cartilage, respectively. Effects of both air dehydration 
and ethanol immersion are considered, and while these 
treatments both change the material elastic modulus by 
several orders of magnitude, the “dry” materials are found 
to exhibit profoundly different time-dependent behavior 
depending on the dehydration method. The effects of 
finite layer thickness were considered in microindentation 
tests, and the result of faster equilibration for thinner gels 
was consistent with finite element modeling results for 
poroelasticity in finite layers. Nanoindentation is found 
to be a viable technique for mechanical characterization 
of compliant and hydrated tissues although challenges 
remain for widespread implementation and routine 
characterization due to the limitations of commercially 
available instrumentation.
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Contact Lens

Chuan LI1; Mark AHEARNE2; Kuo-Kang LIU2 
1. School of Mechanical and Aerospace Engineering, 
Nanyang Technological University, Singapore
2. Institute of Science and Technology in Medicine, Keele 
University, United Kingdom

A new micro-shaft-poking (MSP) instrument has been 
developed for mechanically characterizing hydrogel-based 
contact lens. The technique allows to measuring loading/
unloading (compliance) curves with high accuracy (ca 
1µN and 1µm force and displacement respectively) at 
various ramp speeds. The contact lens used in the study are 
silicone materials, with a 47% water content, which have 
a high air permeability to allow oxygen to pass through 
the lens while being worn. They displayed hysteresis and 
stress relaxation (50-60%) manifested in the experimental 
compliance curves. In parallel, a finite element modelling 
incorporated with nonlinear elasticity has been performed 
for simulating the contact lens under large deformation. 
Through comparison between the simulated results with 
the experimental data, the mechanical properties, e.g. 
elasticity, of the lens can be quantitatively estimated. 
The viscoelastic characteristic of the lens can also be 
determined based on stress-relaxation curves measured by 
the MSP. 

 A00635-01147 

Effect of Powder Characteristics on Mechanical 
Properties of Ultrafine Fe3Al Alloys Consolidated 
by PAS

Jian WANG; Jiandong XING; Yimin GAO 
School of Materials Science and Engineering, Xi’an 
Jiaotong University, Xi’an, China

Ultrafine Fe3Al alloys were fabricated by mechanical 
alloying with subsequent plasma activated sintering. 
Effect of methanol as process control agents used during 
milling on as-milled powders and as-consolidated 
compacts was investigated by X-ray diffraction, scanning 
electron microscope and energy dispersive spectrometry. 
Nanometer powders were obtained after milling and 
crystalline size of the milled powders decreased with 
increasing of methanol. C mainly from methanol diffused 
into the powders during milling and thus C-rich solid 
solution existed in the surface of the milled powders. 
After consolidation, the microstructure continued to be 
fine-grained and precipitates of κ-Fe3AlC0.5 were also 
observed. The segregation of C in the surface of the milled 
powders led to inhomogeneous distribution of κ-Fe3AlC0.5 
in consolidated compacts, which became more and larger 
with increasing amounts of methanol used during milling. 
The hardness of Fe3Al alloys was improved mainly due to 
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grain refinement, and it slightly increased with increasing of 
methanol. The room fracture toughness was also improved 
due to grain refinement, however, it rapidly decreased with 
increasing of methanol.

 A00636-01144 

Mechanical and Tribological Behavior of 
Nanostructured TiB2 Coating on High Speed 
Steel

Nurot PANICH1; Panyawat WANGYAO2; 
Prasonk SRICHAROENCHAI2; 
Patama VISUTTIPITUKUL2; 
Sukkaneste TUNGASMITA3 
1. Center of Innovative Nanotechnology, Chulalongkorn 
University, Bangkok, Thailand
2. Department of Metallurgical Engineering, 
Chulalongkorn University, Bangkok, Thailand
3. Department of Physics, Chulalongkorn University, 
Bangkok, Thailand

Attempts have been made to fabricate the superhard 
coatings with the purpose to reduce the wear and to improve 
the tribological performance of the films for industrial 
applications. Several coatings have been produced by 
the use of direct current and radio frequency magnetron 
sputtering technique using titanium and TiB2 as material 
targets and high speed steel as substrate. The resultant 
films were characterised by a variety of experimental and 
analytical techniques. Field emission scanning electron 
microscopy was used for film morphology and fractured 
cross-section investigation. Nanoindentation was used 
to extract the intrinsic hardness and elastic modulus 
evaluation. Ball-on-disc sliding test under unlubricated 
sliding was employed for tribological measurement, for 
instance, friction coefficient and coating wear-life.

The experimental results showed that under unlubricated 
sliding against an alumina ball, the TiB2 coatings produced 
under various deposition conditions obviously increase the 
wear resistance of high speed steel by more than three times 
but extremely excellent wear resistance with encountering 
steel ball. 

 A00636-01788 

Adhesive Wear Behavior of Vanadium Carbide 
Coating Layer Deposited by TRD Process

Rachatapol PIEWNIM1; Nurot PANICH2; 
Prasonk SRICHAROENCHAI1 
1. Department of Metallurgical Engineering, 
Chulalongkorn University, Bangkok, Thailand
2. Center of Innovative Nanotechnology, Chulalongkorn 
University, Bangkok, Thailand

Attempts have been made to study the adhesive wear 
behavior of stainless steel 304 against Vanadium Carbine 
(VC) coating. VC coating treatment was deposited on 
DC 53 steel substrate using thermo-reactive Deposition 
and diffusion (TRD) techniques. The presence of VC 
in the coating layer was confirmed by x-ray diffraction 
(XRD) analysis. Coating morphology was examined by 
scanning electron microscopy (SEM). Intrinsic mechanical 
properties such as hardness and modulus were extracted 
by nanoindentation. The tribological study was carried 
out by ring-on-disc machine. Friction and wear test were 
conducted at dry test conditions without lubricant under 
various loading and sliding speed. 

From the results, it is obvious that the wear process 
of stainless steel ball during testing of VC coating, where 
wear debris is generated from the stainless steel ball and 
some transferred onto the coating surfaces, resulting in the 
formation of a transferred film on the VC coating surface. 
No damage to the VC coatings was observed, and thus 
the VC coatings have proven effective as wear resistant 
coatings on DC53 steel. 

 A00638-01187 

Research on Erosive Wear Resistance Properties 
of Stainless Steels Used in Hydraulic Turbine

Bao CHONGGAO; Gao YIMIN; Xing JIANDONG 
School of Material Science and Engineering, Xi’an 
Jiaotong University, Xi’an, China

In this study, two stainless alloys, namely 1Cr18Ni9Ti and 
0Cr13Ni5Mo, were examined on erosive wear resistance 
through varying erosion process factors, like impingement 
speed, impingement angle and the amount of abrasive 
particle in slurry, to find out the micro-damage mechanism 
and surface degrading mode. The results show the above 
three factors have the similar influence on the erosion 
resistant properties of the two tested stainless steels, namely 
the erosion rates of tested materials are increased with the 
increasing of sand amount in water or the increasing of 
erosion speed. Among the three factors, impingement angle 
has the most significant effect on the material performance. 
With the increasing of the impingement angle, from 0º to 
45º, the erosion weight losses of the alloys increase. At 
45º the erosion rate reaches the maximum and then drops 
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with the further increasing of the impact angle, so that 
the pipeline structure of the erosion angle at 45 degree is 
possible avoided. The scales micrographies of damaged 
surfaces of two alloys were quite different.

 A00671-01211 

Effect of Calcium Sulphate Nanoparticles on 
Fusion, Mechanical and Thermal Behaviour 
Polyvinyl Chloride (PVC)

Chetan PATIL; Uday KAPADI; Dilip HUNDIWALE; 
Pramod MAHULIKAR 
Department of Polymer Chemistry, North Maharashtra 
University, Maharashtra, India

Calcium Sulphate [CaSO4] was synthesized by in-situ 
deposition technique and its nano size (60 to 100 nm) was 
confirmed by Transmission Electron Microscopy (TEM). 
Composites of the filler CaSO4 (micro and nano) and the 
matrix poly (vinyl chloride) (PVC) were prepared with 
different filler loading (0-5 wt. %) by melt mixing. The 
Brabender torque rheometer equipped with an internal 
mixer was used for preparation and evaluation of fusion 
behaviour of composites of different formulations. The 
effect of nano and micro-CaSO4 content on the structure and 
properties of composites was studied. The nanostructures 
and dispersion were studied by wide angle X-ray 
diffraction (WAXD) and scanning electron microscopy 
(SEM). The mechanical and thermal properties of PVC/ 
micro and nano-CaSO4 composites were characterized 
using Universal Testing Machine (UTM) and Thermo 
Gravimetric Analyzer (TGA). From the results of WAXD 
and SEM the flocculation of CaSO4 nanoparticles were 
observed on the surfaces of PVC matrix. The thermal 
analysis results showed that the first thermal degradation 
onset (T onset) of PVC/nano-CaSO4 composites for 1 wt. 
% of filler were higher as compared with corresponding 
microcomposites and pristine PVC. However, the tensile 
strength was decreasing with increasing filler content 
while, it shows increment in magnitude at 1 and 2 wt. % 
of nano-CaSO4 as compared with corresponding micro-
CaSO4 as well as pristine PVC. 

 A00682-01497 

Effects of Precursor Rooted Contamination in the 
Sintering and Densification Behavior of Thermo-
Chemically Manufactured W-Cu Nanocomposites

Mazdak HASHEMPOUR; Hekmat RAZAVIZADEH; 
Hamid Reza REZAIE; Mohammad ARDESTANI 
Department of Materials Science and Metallurgy 
Engineering, Iran University of Science and Technology 
(IUST), Tehran, Iran

Tungsten and copper, two metals of complete mutual 
immiscibility, show a variety of densification behaviors 

due to the processing condition in the sintering stage. In 
this regard, the presence of different impurities during 
the densification process, have different influences on 
the consolidation of the primary powder. In this work, 
the effects of impurities introduced to the powder by the 
precursor salt in a novel thermo-chemical homogeneous 
co-precipitation method were investigated. Addition of 
sodium tungstate to the aqueous solution of copper nitrate 
saturated in aqueous ammonia solution, will result in 
precipitation of CuWO4·2H2O which will float in a mass 
of wandering Na+ ions in the solution. Removal of these 
sticking ions by multi stage washing has a certain effect 
on the final density of the sintered powder. The density of 
the sintered product was evaluated both with and without 
the removal of the Na and the mechanism by which this 
impurity deteriorates the densification was discussed in 
this work.

 A00734-01299 

Self Healing Composite for Aircraft’s Structural 
Application

Cheak Khan Willy TAN; Seng Hong TEOH; 
Hui Yee CHIA; Min Suen LEE; Abdul Jalil NASYITAH; 
Muhammad Hakim Bin Senin LUQMAN; 
Salleh NURHIDAYAH 
School of Applied Science, Republic Polytechnic, 
Singapore

When one cut himself, it’s amazing to watch how quickly 
the body acts to mend the wound. Immediately, the body 
works to pull the skin around the cut back together. The 
concept of repair by bleeding of enclosed functional 
agents serves as the biomimetric inspiration of synthetic 
self repair systems. Such synthetic self repair systems are 
based on advancement in polymeric materials; the process 
of human thrombosis is the inspiration for the application 
of self healing fibres within the composite materials. 
Results based on flexural 3 point bend test on the  prepared 
samples have shown the doubled layer healed hollow fibre 
laminate subjected to a healing regime of 24 hours has a 
healed strength increase of 35% compared to the damaged 
baseline laminate. These results gave us confidence 
that there is a great potential to adopt such self healing 
mechanism on actual composite parts like in aircraft’s 
composite structures.
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Nanocoating and Preform Making of Short 
Carbon Fibers for Strengthening Metal Matrix 
Composites

Linda WU1; Wee Yong CHUA2; Beng Hwa CHUA1; 
Yonghui BAI1; Zhong CHEN2 
1. Surface Technology Group, Singapore Institute of 
Manufacturing Technology, Singapore
2. School of Materials Science and Engineering, Nanyang 
Technological University, Singapore

Aluminum-carbon fiber composites have great potential 
for a variety of applications in precision engineering, 
automotive and aerospace industries due to their attractive 
properties, such as, light specific weight, higher modulus, 
higher strength and stiffness than aluminum alloys. 
However, the greatest drawbacks of the commercial 
product are the heavy interfacial reaction which forms 
a brittle Al4C3 phase at the interface, the poor wetting 
capability of molten aluminum alloys on the fibers surface, 
and the challenges and difficulty of fabricating a good fiber 
preform prior to the casting process. This paper reports a 
sol-gel coating technology that provides protective and 
strengthening functions for shot carbon fibers to render 
them durability in metal infiltration process and further 
reinforcement of the metal matrix composite (MMC). The 
carbon fibers were coated with a thin silica layer by sol-gel 
route, and then a porous pre-form was made by molding 
the pre-form solution with well dispersed fibers. After 
heating, the binder material was burnt off and the pre-form 
is further strengthened by soaking the green casting into 
a diluted sol-gel solution and cured to achieve the pre-
form with designed porosity and the rigidity for metal 
infiltration in which high pressure and high temperature 
were used. High purity MMCs with fiber fraction ranging 
from 5% to 60%v/v without unwanted residue or brittle 
interface were achieved by this method. Due to the 
flexibility of the fibers, the coating thickness and surface 
quality must be optimized to prevent the coating cracking 
and peeling off. The chemical treatment of fibers and sol-
gel coating composition were investigated by varying 
the treatment procedures and the ratio of solvent to the 
precursor (TEOS), and the flow rate of filtration of the sol-
gel solution from the fiber dispersion.  With decreasing the 
coating thickness, less defects and cracks were formed as 
observed by Scanning Electron Microscope (SEM). The 
fabrication of fiber preform is a critical step to ensure the 
durability of the fiber pre-form in the metal infiltration 
process. Hydroxypropyl methylcellulose (HPMC) was 
used as the binder for the preform. The cleaned fibers were 
suspend uniformly in random fashion in ethanol solution 
of HPMC, molded to the final geometry and heated at 
290°C yielding a porous preform structure. Selection of the 
binder material for the preform was based on the analyses 
of five materials by Thermo-Gravimetric Analyzer (TGA). 
Squeeze cast infiltration process was used to prepare 
the final composite material. The microstructure of the 

composite showed a full infiltration of molten aluminum 
alloy and evenly distributed fibers in the matrix. There 
was no sign of fiber clusters or residual porosity. The 
fiber–matrix interface was smooth with no discontinuities. 
Energy dispersive X-ray analysis (EDXA) results of the 
composite microstructure revealed no sign of significant 
reaction at the interface between the fibers and aluminum 
matrix alloy. These results have marked the success 
fabricating of high quality metal matrix composite material 
by the sol-gel coating and the unique preform fabrication 
method.

 A00761-01664 

Indentation Size Effect on the Creep Behavior of 
a Sn-Ag-Cu Solder

Yongdian HAN1;2; Hongyang JING1; 
Sharon Mui Ling NAI3; Yuchan LIU3; Cher Ming TAN2; 
Jun WEI3; Lianyong XU1 
1. School of Materials Science and Engineering, Tianjin 
University, Tianjin, China
2. School of Electrical and Electronic Engineering, 
Nanyang Technological University, Singapore
3. Singapore Institute of Manufacturing Technology, 
Singapore

Sn-Ag-Cu alloys with relatively low melting point and 
good compatibility with common commercial components 
are one of the leading alternatives to replace the widely 
used Sn-Pb solders. In recent years, nanoindentation 
technique has become a routine method for the 
investigation of mechanical properties of bulk materials. 
Although nanoindentation technique is widely used, there 
are very limited studies which investigated the indentation 
size effect (ISE) on the mechanical properties (particularly 
creep properties) of solder materials. In the present study, 
nanoindentation studies of the 95.8Sn-3.5Ag-0.7Cu lead-
free solder were conducted over a range of maximum loads 
from 20mN to 100mN, under a constant ramp rate of 0.05s-

1. The indentation scale dependence of creep behavior 
was investigated. The results revealed that the creep rate, 
creep strain rate and indentation stress are all dependent 
on the indentation depth. As the maximum holding load 
increased, which corresponded to an increasing indentation 
depth, an increasing trend in the creep rate, creep strain 
rate and indentation stress was observed. However, for 
the case of stress exponent value, no trend was observed 
and the values were found to range from 6.16 to 7.38. 
Furthermore, the experimental results also showed that the 
creep mechanism of the lead-free solder is dominated by 
dislocation climb.
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Determination of Elastic Constants of Two-
dimensional Close-packed Colloidal Crystals

Keqin ZHANG 
Department of Physics, National University of Singapore, 
Singapore

We present a noncontact, accurate and efficient 
methodology for determination of elastic constants in two-
dimensional colloidal crystals via the calculation of the 
local strain fluctuation of particles. The hexagonally close-
packed colloidal crystals form from micro-sized particles 
subjected to an alternating electric field. The macroscopic 
elastic constants are obtained by the extrapolation of 
finite-size scaling as the functions of the frequency and 
field strength. It is found that the elastic constants in our 
system are larger than those in a non close-packed colloidal 
crystals reported before. This technique could be a rational 
method to study the elasticity of soft solids.

 A00776-01362 

Ultrafine W-Ni-Fe Composite Alloy Prepared by 
Soda-reduced Powders

Farkhod TURAEV; Ju-Hyeong KIM; Jung-Yeul YUN; 
Young-Jin KIM; Byoung-Kee KIM; Lee DONG-WON 
Powder Materials Research Center, Korea Institute of 
Materials Science, Changwon, South Korea

W-Ni-Fe composite alloys have been studied for many years 
due to high density and high elastic stiffness derived from 
main tungsten phase. Commercial tungsten heavy alloys 
generally have two-phase structures, the main of which is 
pure tungsten in association with binder phase of transition 
metals. The properties of the alloys make them promising 
candidates for the wide range of applications, including 
kinetic energy penetrators, radiation shielding, radio 
isotope containers and etc. There are several conventional 
methods for fabrication of tungsten heavy alloys, such as 
mechanical alloying, and mixing the necessary amount 
of elemental powders followed by cold pressing and 
liquid phase sintering to get full density. In this study, a 
novel reduction method to fabricate ultrafine W-Ni-Fe 
alloy powders using AMT, Iron(II) chloride tetrahydrate 
(FeCl2·4H2O),Nickel (II) chloride hexahydrate 
(NiCl2·6H2O) as source materials and sodium tungstate 
dihydrate (Na2WO4·2H2O) as a reductant is investigated 
in detail. In the preparation of mixtures the amounts of 
the source components were chosen so as to obtain alloy 
of 93W-5Ni-2Fe composition (wt.%). The experimental 
mixtures were prepared my mixing them in distilled 
water. The reduction was performed at tubular furnace 
under flowing Ar and H2 gas at temperatures from 500 to 
800oC. The obtained powders were characterized by X-ray 
diffraction, XPS, field-emission scanning microscope (FE-
SEM), and chemical composition was analyzed by EDX. 

The mechanical properties of the sintered specimens were 
analyzed by performing Archemedes test, hardness and 
stiffness test. 

 A00805-01409 

Measurement of Elastic and Viscoelastic 
Properties of Polymers through Instrumented 
Micro and Nano Indentation

R. Narayanana KARTHIC; Xinglun LOO; 
Sridhar IDAPALAPATI 
School of Mechanical & Aerospace Engineering, 
Nanyang Technological University, Singapore

Engineering polymers are currently replacing a variety of 
metallic or ceramic parts in both heavy and microelectronic 
industries. Further, they are used mostly as thin films. Micro 
or nano indentation test has become a routine methodology to 
characterize the small volume samples. Viscoelastic (time-
dependent) properties of polymers has made them harder 
to characterize than metals or ceramics. Till now, there is 
not a single well-known robust technique to determine 
the mechanical properties of these materials.  Here, we 
review various methods for measuring the mechanical 
properties of polymers using indentation techniques. First, 
quasi-static indentation is first performed on six different 
polymers thick films (polymethyl metha acrylate (PMMA), 
polyethylene (PE), polyamide, polytetra fluoroethylene 
(PTFE), polysulphone (PS) and polypropylene (PP)) to 
get a basic idea of how their mechanical properties such 
as modulus and hardness compare with one another. Later 
on, PMMA and PE, which are found to have significant 
differences in properties, are being studied more in detail. 
Indentation parameters (maximum load/depth, hold time, 
probes, and sample surface roughness) which may affect 
the measurement will be investigated one by one based 
on these two polymers. Secondly, dynamic mechanical 
analysis with varying loading frequency, load and hold 
time is then examined, based on both smooth and rough 
samples of PMMA and PE.

It was found that lower loads/depths gave higher hardness 
and modulus values. Creeping effect is more considerable 
at lower depths. Increasing hold time decreases hardness 
to more extent than Young’s modulus values. The amount 
of plasticity will not increase with holding time as 
long as the load intensity is within the materials elastic 
limit. Spherical probes tend to produce a linear load-
displacement curve during the loading stage. The hardness 
values calculated is rather consistent and independent of 
depth when spherical probes are used. Above a certain 
threshold depth, the measured hardness of a roughened 
polymeric material starts to increase. PE exhibits sink-in 
while PMMA exhibits pile-up upon indentation.

For dynamic sinusoidal loading, an increase in the 
frequency of forced oscillation will cause the storage 
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modulus to increase but the loss modulus to decrease, and 
is more significant for PE than PMMA. Increasing the 
maximum indentation load/depth decreases the hardness, 
Young’s modulus, storage modulus and loss modulus 
slightly.

 A00840-01464 

Failure Analysis of a Semiconductor Packaging 
Copper Leadframe Using Signal Processing 
Approach

Shahrum ABDULLAH; Mohd Faizal ABDULLAH; 
Azman JALAR; Ahmad Kamal ARIFFIN; 
Che Ku Eddy NIZWAN 
Dept. of Mechanical and Materials Engineering, 
Universiti Kebangsaan Malaysia, Malaysia

This paper presents the durability analysis of two condition 
types of copper leadframe, i.e. the good leadframe and the 
oxidized leadframe. Both types of leadframe were used 
in the fabricating process of a Quad Flat No-Lead (QFN) 
package, which can be said as a recent type of the 3D 
stacked die semiconductor package. This study focused 
on the durability test and analysis of both leadframe on 
QFN packages when these packages were subjected under 
several constant cyclic loadings. In order to perform the 
cyclic test, the procedure of the three-points cyclic bending 
test has been employed on the QFN package. In addition, 
a strain gauge which was connected to the dynamic data 
acquisition system was used for each tested QFN package 
in order to determine the response of the captured cyclic 
strain signal. It has been found that the variable amplitude 
pattern of signal response has been obtained during the 
constant cyclic test.

The obtained response signals for both type of leadframe 
were then analysed using the approaches of signal 
processing technique, for which this kind of analysis is 
relatively new in this field. The collected response signal 
were analysed using the normal statistical methods, the 
Power Spectrum Density (PSD) calculation and also the 
time-frequency localization analysis. As for the example, 
the PSD plots for both packages were used to indicate 
the vibrational energy of the response signals for both 
leadframe. According to signal processing concept, this 
PSD approach may lead to the durability finding of both 
leadframe. 

From the detail signal analysis, it has been found that the 
good condition leadframe showed a lower range of strain 
response compared to the oxidized leadframe. Lower range 
of the strain amplitude meant to higher lifetime. As a result, 
this finding lead to the durability conclusion, for which the 
good leadframe has more durability effects and it also has 
higher lifetime compared to the oxidised leadframe. In 
addition, a micro-crack phenomenon at the epoxy interface 
between the die and the leadframe was also observed for 
the QFN package with the oxidised leadframe.  

 A00862-01593 

Preparation and Properties of Carbon Nanotubes/
Polypropylene Nanocomposite Fiber

Tawat SOITONG1; Jantrawan PUMCHUSAK2 
1. Department of Physics, Chiang Mai University, Chiang 
Mai, Thailand
2. Department of Industrial Chemistry, Chiang Mai 
University, Chiang Mai, Thailand

Polypropylene composite fiber incorporating 1-5 wt% 
multiwall carbon nanotubes. Dispersing agent was used 
to disperse MWNTs in the polypropylene. After the 
dispersing agent was removed the solid polymer was melt 
mixing. The fibers has been spun using a home-made melt 
spinning equipment and drawn to 7.5 draw ratio. Tensile 
modulus of composite fiber was increased by 69 % to 
84 % and tensile strength increased 30-45% of the neat 
fibers. The modulus of the fibers increases sharply with the 
addition of 1-2 %wt MWNTs. The modulus of 7.24 and 
7.34 GPa and tensile strength of 1.02 and 1.01 GPa were 
obtained with the 1% and 2% of MWNTs, respectively.  
However, the modulus approached a plateau with further 
addition of MWNTs. For the neat PP fiber using the same 
processing conditions, the value of tensile modulus is 4.27 
GPa and tensile strength is 0.73 GPa. The crystallization 
behavior has been monitored using a differential scanning 
calorimeter. It showed that the addition of MWNTs in 
a polypropylene matrix produced an increase of the 
crystallization temperature. The MWNTs dispersion in the 
PP matrix was observed by scanning electron microscopy. 
At the low concentrations the good dispersion of MWNTs 
in the matrix was seen.
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Low Poisson Ratio Glasses from Super Strong 
Zeolite Amorphisation
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2. College for Physical and Applied Sciences, Bangor 
University, Bangor, United Kingdom

By using in situ X-ray diffraction, inelastic X-ray 
scattering and magic angle spinning NMR we have 
identified glasses with low Poisson Ratios formed during 
the collapse of zeolite crystals. The glasses also have very 
low entropy and are “ideal” or “perfect”. By approaching 
the glass transition from below rather than from above, 



Symposium U - Mechanical Behavior of Micro - and Nano-Scale Systems     27

the crystallisation problems that face melt-quenching 
procedures in the search for these unusual and rare 
amorphous materials can be minimised. The amorphisation 
process separates into a displacive crystalline-amorphous 
transition resulting in the low entropy phase followed by 
a disordering amorphous-amorphous transition leading to 
a higher entropy phase equivalent to glass made by the 
conventional melt-quenching route. 

Amorphisation is also associated with huge changes in the 
THz region suggesting that low frequency modes familiar 
in the Boson Peak found in most glasses drive these 
order-order and order-disorder transformations.  From the 
relaxation time which governs microporous collapse the 
kinetic fragility of the low entropy glassy phase is found to 
be much lower than for a conventional melt and the glass 
transition temperature higher. Moreover the degrees of non-
ergodicity, mechanical non-deformability and chemical 
order obtained spectroscopically for the low entropy glass 
are significantly greater than for melt-quenched glasses. 
In particular Poisson’s ratio for these “perfect glasses” is 
close to zero whilst the melt fragility during amorphisation 
is virtually twice the strength of liquid SiO2, the model 
strong liquid.
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Residual Stress at the Micro-scale
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1. Engineering Science, University of Oxford, Oxford, 
United Kingdom
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Residual stresses exist across the scales, from macroscopic 
to micron and sub-micron scales. The need for residual 
stress measurement techniques at progressively finer 
scales and with better spatial resolution arises in the 
context of rapidly developing applications of micro- and 
nano-engineering. 

The methods of residual stress evaluation can be 
schematically divided into those that rely on strain relief 
due to material removal, and those non-destructive 
methods that rely on the measurement of elastic strain 
and subsequent calculation of residual stresses using the 
knowledge of the material’s elastic constants.

We shall first consider a recently developed approach 
to residual stress evaluation based on the procedure that 
can be referred to as FIB ring drilling. Focused Ion Beam 
(FIB) is used to create a circular trench of progressively 
increasing depth around a circular “island” that experiences 
progressive strain relief as the trench becomes deeper. 
Residual stress is determined by comparison of the strain 
relief (measured by digital correlation of SEM or FIB 

images) with finite element simulations. The diameter of 
the island (that may be as small as several micrometres) 
determines the length scale for residual stress evaluation. 
A demonstration will be given of the application of this 
technique to the evaluation of residual stresses in a thin 
TiN coating layer on cemented carbide (WC-Co).

An example of the other approach to residual stress 
evaluation is the use of intense, highly collimated or 
focused X-ray beams (such as are available at synchrotron 
sources) to collect white beam diffraction patterns (Laue) 
from specific positions within individual grains in a 
polycrystal. Demonstration experiments described here 
involved in situ loading of a large-grain sample made from 
commercially-pure nickel. The patterns are interpreted 
in order to extract grain rotation and strain changes as a 
function of the imposed plastic strain.

The advantages and complementarity of these different 
techniques will be discussed, and the outlook for future 
research on the topic will be presented. 
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During plastic deformation of FCC materials dislocation 
density does not evolve uniformly in space. It is observed 
experimentally that dislocations gather into dislocation-
rich walls that separate cells, or subgrains, containing 
much lower dislocation density. Understanding the 
formation and evolution of this substructure is vital for 
the understanding of deformation, hardening and damage 
accumulation at the intragranular scale. X-ray diffraction 
(XRD) provides an excellent tool for the study of these 
substructures. Unlike optical microscopy methods that are 
limitted to the material surface or transmission electron 
microscopy that studies thin sections only, XRD allows 
truly non-destructive measurements deep within the bulk 
of the material.

High angular resolution reciprocal space mapping is a 
diffraction technique particularly suited to the study of 
dislocation substructure. Using a monochromatic beam 
allows highly detailed mapping in reciprocal space of 
individual reflections of a grain within a polycrystal. These 
maps provide information about misorientation between 
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dislocation cells, the elastic strains within both subgrains 
and dislocation cell walls, and the approximate volume 
distribution between subgrain cells and walls.

To validate and refine the assumptions and material 
parameters used for material deformation modelling, a 
framework is required capable of capturing the complete 
analytical sequence from dislocation motion to reciprocal 
space map formation in the X-ray scattering experiment. 
This would allow direct comparison between predicted 
and experimentally observed RSMs, with subsequent 
model improvement and optimisation.

In this paper we present recent advances in the modelling 
of diffraction patterns arising from dislocation cell/wall 
substructures. The simulations are carried out in two 
steps. First, the evolution of dislocation substructure with 
deformation is predicted using a line dislocation dynamics 
code. In this 3D modelling approach dislocations are 
treated as line defects that propagate and interact within 
a gauge volume of an elastic solid with periodic boundary 
conditions. Computed dislocation distributions are then 
post-processed to extract lattice rotation and elastic strain 
distributions within the simulation volume. This allows the 
prediction of reciprocal space maps arising for different 
X-ray reflections.

Maps computed in this way will be compared with 
experimental RSMs recently collected from a single 
grain within a large-grained aluminium alloy polycrystal 
containing a dislocation cell/wall structure.

 A00877-01524 

Creep Behavior of Zr-1.5Nb-0.4Sn-0.1Fe-0.1Cu 
Alloy

Shin GYEONG SU 
Advanced Materials Science and Engineering, Hanyang 
University, Seoul, South Korea

Creep behavior of the Zr-1.5Nb-0.4Sn-0.1Fe-0.1Cu alloy 
sheet was investigated from 300℃ to 400℃ and in the 
stress range from 50 MPa to 180 MPa along the rolling 
direction. The measured strain rates ranged from 8.8ⅹ 
10-10 s-1 to 4.7ⅹ10-7 s-1. The activation energies were also 
estimated to assess the creep deformation mechanisms in 
this alloy. The strain rate was slightly different at low stress, 
while it showed a distinct difference at high stresses. Stress 
exponents of this alloy increased with increasing applied 
stress at all testing temperatures. It was concluded that the 
creep deformation of Zr-1.5Nb-0.4Sn-0.1Fe-0.1Cu alloy 
was controlled by the diffusion creep at low stress region 
and the climb of dislocations at high stress region.

 A00888-01615 

Mechanical Properties of Chemically 
Functionalized Graphene

Qing Xiang PEI1; Yong Wei ZHANG1; Vivek SHENOY2 
1. Institute of High Performance Computing, Singapore
2. Division of Engineering, Brown University, United 
States

Chemical functionalization of graphene by attaching 
certain molecules or radical groups on it can serve as a 
significant way to modify or manipulate its physical and 
chemical properties. However, functionalized graphene 
may have quite different mechanical properties from 
its unfunctionalized counterpart. We used molecular 
dynmaics simulations to study the effect of chemical 
functionalization on the mechanical properties of graphene 
nano-ribbons. We applied tensile loading to obtain the 
mechanical response. It is found that functionalization on 
graphene edges has little or small effect on the mechanical 
properties of both armchair and zigzag nano-ribbons. In 
contrast, functionalization on graphene surface may have 
strong effect on the mechanical properties, depending 
on the degree of functionalization. The elastic modulus 
shows obvious decrease with the increase in the degree 
of functionalization. The strength and ductility show a 
marked loss even upon a small degree of functionalization. 
It is also found that chemical functionalization may result 
in local stress concentration, which contributes to the 
fracture of graphene. 

 A00888-02664 

Imprint Force and Material Deformation in Direct 
Nanoimprint Process

Qing Xiang PEI; Zishun LIU; Chun LU 
Institute of High Performance Computing, Singapore

Direct nanoimprint is a very promising technique for 
fabricating nanometer patterns over a large area with the 
feature size down to sub-10 nm. The direct nanoimprint 
on a single-crystal copper is studied using molecular 
dynamics simulations. The effects of mold taper angle and 
crystal orientation on the deformation behavior, dislocation 
movement and imprint force are investigated. It is shown 
that the mold taper angle and crystal orientation have a 
strong influence on the imprint process. A four-stage 
deformation is observed for the mold with a small taper 
angle, while it can not be clearly identified for the mold 
with a large taper angle. Among the three imprint surfaces 
of (001), (110) and (111), it is found that the (001) surface 
results in the lowest imprint force and the (111) surface 
results in the highest one. It is also observed that the 
pattern transfer on the (111) surface is less accurate than 
on the (001) and (110) surfaces.
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Void Growth and Interaction in a Hyperelastic 
Solid 

Wei Hin WONG; Tian-Fu GUO; Li CHENG 
Department of Mechanical Engineering, National 
University of Singapore, Singapore

Thin film technology is widely employed in electronics 
components and in particular nano-scale systems. Polymeric 
materials and adhesives are extensively used as means of 
bondings. Failure of such bonds undermines the reliability 
and functionality of the devices. A micromechanic model, 
in the form of a singly-voided representative material cell, 
is employed in this numerical analysis to gain some insights 
on the unstable void growth of an incompressible neo-
Hookean solid subjected to symmetric and non-symmetric 
loadings. Numerical results have shown to correlate with a 
radial equilibrium solution to good accord for a symmetric 
loading. It is shown that the cavitation instability is the 
limiting case of unstable growth of a pre-existing void, 
where the cavitation stress sets the upper bound for the 
critical stress driving unstable growth in pre-existing voids 
and that there exists a critical mean stress which defines 
the onset of unstable void growth. 

For a non-symmetric loading where a plane strain cell 
is subjected to constant stress-ratio, results revealed an 
absence of a distinct point at which uniaxial straining mode 
dominates upon further deformation. In ductile solids, this 
straining mode corresponds to the flow localization into 
the ligament between radially adjacent voids and manifests 
as internal necking. Our results also revealed the evolution 
of prolated void shape during deformation, probably due 
to the re-orientation of the covalently bonded polymeric 
molecules to the direction of applied load.

 A00951-04269 

Optically Induced Rotation of Laser-trapped 
Chiral Lipid Nanotubules by Linearly Polarized 
Light

Nattaporn CHATTHAM1; Thanate NA WICHIAN1; 
Apichart PATTANAPORKRATANA1; 
Jumras LIMTRAKUL2 
1. Department of Physics, Kasetsart University, Bangkok, 
Thailand
2. Department of Chemistry, Kasetsart University, 
Bangkok, Thailand

Chiral Phospholipids are found self-assembled into 
fascinating cylindrical nanotubules by helical winding of 
bilayer stripes under cooling in ethanol and water solution. 
Theoretical prediction and experimental evidence reported 
so far confirmed the modulated tilt direction in a helical 
striped pattern of the tubules. This molecular orientation 
morphology results in optically birefringent tubules. We 

investigate them under optical trap of 532 nm linearly 
polarized optical tweezers. We observed spontaneous 
rotation of lipid tubules induced by radiation torque. The 
tubule direction can be controlled by the alignment of 
polarization direction, and thus the rotation angle can be 
specified. Other related aspect on optical activity of the 
lipid tubules is also studied. This work is supported by 
Kasetsart University Research and Development Institute 
and National Nanotechnology Center, Thailand.

 A01013-01769 

Computational Study of Tensile Deformation of a 
Nanostructured Metallic Glass

Jianjun PANG1; Ming Jen TAN1; Kim Meow LIEW2 
1. School of Mechanical & Aerospace Engineering, 
Nanyang Technological University, Singapore
2. School of Building & Construction, City University, 
Hong Kong

Metallic glasses (MGs) are an extremely attractive field 
because of the extraordinary structure and properties. 
One of issues limiting their extensive use is mechanical 
brittleness especially under tensile loads which results 
from the rapid propagation of shear bands. The size of 
shear bands is commonly at the nanometer scale. Such 
fact encourages us to investigate the mechanical behavior 
of nanoscale MGs (nano-MGs) under tensile loads. In 
this study a nano-MG was generated and extended until 
fracture under a tensile load through molecular dynamics 
simulation using the general embedded-atom model 
(GEAM) potential. Totally different mechanical behavior 
was observed in nano-MG, such as, large ductility, strain 
hardening and necking, all of which have been discovered 
in a few real and simulated MGs and can be related to 
generation of shear transformation zones (STZs). Dramatic 
drop in Young’s modulus was found due to the surface 
effect. Such effect results from large fraction of surface 
atoms which are different from bulk atoms in surrounding 
configuration. At fracture the nano-MG breaks by atomic 
separation as reported in metal nanowires. 

 A01024-02836 

Effect of Composition on Tensile Properties of 
Free Standing Pt-aluminide Coatings

Md Zafir ALAM1;2; B. SRIVATHSA1; S. V. KAMAT1; 
V. JAYARAM2; D. CHATTERJEE1; D. K. DAS1 
1. Defence Metallurgical Research Laboratory, 
Hyderabad, India
2. Indian Institute of Science, Bangalore, India

Pt-aluminide (PtAl) bond coats are widely used for 
imparting oxidation resistance to Ni-based superalloy 
components of gas turbine engines. These coatings are 
based on the β-(Ni,Pt)Al intermetallic phase and exhibit 
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a multilayer structure having a graded composition. 
However, despite their excellent oxidation resistance, 
PtAl coatings are brittle and, are known to degrade the 
mechanical properties of the superalloy substrate. In order 
to understand the effect of these coatings on the tensile 
properties of the substrate alloy, the tensile behavior of 
free-standing PtAl coatings has been evaluated at room 
temperature, using microtensile testing method. 

The design of the test specimens was established by 
parametric studies using finite element method (FEM) 
based simulations using ANSYS. The tensile microsamples 
that were designed had a parallel gage length of 2 mm, 
gage width of 0.5 mm and an overall length of 8 mm. The 
fillet radius was maintained at 0.5 mm for which the elastic 
stress concentration factor was calculated to be 1.12. 
The above sample dimensions ensured the failure of the 
samples within the gage length. 

In the present study, the effect of coating parameters such 
as Pt and Al contents, and the coating thickness on the 
room temperature (RT) tensile properties of free standing 
PtAl coatings has been evaluated. An attempt has been 
made to correlate the variation in the tensile properties 
with the coating microstructure. Irrespective of the Pt and 
Al contents of the coatings, they were found to be quite 
brittle at RT with the maximum fracture strain being about 
0.2%. For evaluating the effect of Pt content, coatings using 
different initial Pt layer thicknesses, namely 0, 2, 5 and 10 
µm, were prepared. These coatings have been referred to 
as 0PtAl, 2PtAl, 5PtAl and 10PtAl, respectively. The final 
coating thickness in all the four cases was 100 µm. Results 
indicate that lower Pt contents such as in 2PtAl coating, do 
not affect the tensile properties appreciably. However, in 
case of large Pt contents, as in 10PtAl coating, the fracture 
strength increases by almost two times as compared to that 
for the simple aluminide (0PtAl) coating. It is observed 
that incorporation of Pt leads to a refinement of β-(Ni,Pt)
Al grains of the intermediate layer of the three-layer 
coating stucture. Lowering of the β-(Ni,Pt)Al grain size 
is the possible reason for the increase in strength with 
increase in Pt content. 

For a given Pt level, alteration of Al content manifests in 
the form of change in the coating thickness. Samples with 
three Al contents with the corresponding thicknesses of 40, 
100 and 200 µm, respectively were tested. While the elastic 
modulus increased with the increase in Al content, the 
fracture strength of these coatings was found to decrease. 
Fractography study in all the above cases revealed a 
gradation in the fracture surface which correlated well 
with the graded microstructure of the coatings. 

 A01048-03351 

A Novel Chemo-mechanical Process for the 
Manufacture of Auxetic Foams and for Their Re-
conversion to Conventional Form

Joseph N GRIMA; Daphne ATTARD; Ruben GATT; 
Brian ELLUL; Richard N CASSAR 
Faculty of Science, University of Malta, Msida, Malta

Auxetic materials expand laterally when stretched and 
get thinner when uniaxially compressed, i.e. they have 
a negative Poisson’s ratio (conventional materials, like 
rubber, steel, glass etc., which contract laterally when 
stretched, have a positive Poisson’s ratio). Apart from such 
counter-intuitive behaviour, auxetic materials have several 
additional beneficial properties including, amongst others, 
an improved indentation resistance, making them suitable 
to use in protective equipment, an enhanced ability to form 
doubly curved surfaces, a property which is particularly 
desired in materials used to construct dome shaped 
structures / surfaces, and enhanced acoustic properties, 
making them suitable for sound-proofing applications. A 
particular class of auxetic materials which has attracted 
significant interest in recent years is that of auxetic foams, 
particularly in view of the many applications where they 
can be employed such as in car seats where they can offer 
added comfort and protection to the passengers, smart filters 
where the pore size can be controlled, etc. Here we show 
how auxetic foams can be produced from commercially 
available conventional polyurethane (PU) foams through 
a novel chemo-mechanical manufacturing process, thus 
offering an alternative manufacturing method to the 
existent thermo-mechanical method which was so far the 
only known method to manufacture such foam. We also 
show how these auxetic foams can be re-converted back 
to conventional foam, something which was not possible 
before, and examine the changes in the microstructure of 
the foams that occur in the conversion processes and how 
these relate to the mechanical properties. 

The financial support of the Malta Council for Science and 
Technology is gratefully acknowledged. 

 A01048-03354 

Scale Independent Models for Generating 
Negative Poisson’s Ratios, Negative Thermal 
Expansion and/or Negative Compressibility

Joseph N GRIMA; Daphne ATTARD; Ruben GATT; 
Richard N CASSAR; Brian ELLUL; Elaine MANICARO 
Faculty of Science, University of Malta, Msida, Malta

Most materials we encounter tend to get thinner when 
stretched (i.e. exhibit a positive Poisson’s ratio), expand 
when heated (i.e. exhibit a positive thermal expansion 
coefficient) or shrink in size when subjected to an 
increase in the external hydrostatic pressure (positive 
compressibility). Nevertheless, not all materials and 
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structures behave like this and examples which defy such 
common expectations are known to exist: for example the 
silicate alpha-cristobalite, which gets fatter when stretched 
in various crystallographic directions (i.e. exhibits 
negative Poisson’s ratio, or as commonly known ‘auxetic 
behaviour’). Such negative systems are generally found 
to have various enhanced characteristics with the result of 
having many potential practical applications. For example, 
auxetics exhibit improved indentation resistance, enhanced 
acoustic properties, etc. which make them ideal for use as 
protective materials whilst NTE materials are very useful 
in applications involving the manufacture of composite 
materials which can be tailor made to exhibit pre-desired 
thermal expansion properties. Here we propose various 
scale independent models which can generate negative 
mechanical or thermal behaviour including models based 
on rotating rigid units, triangular systems, etc. We show 
how such systems behave under various uniaxial stress, 
hydrostatic pressure and temperature conditions and 
discuss how these mechanism-based models operate or 
can be implemented at the micro or nano scale to produce 
multifunctional materials which exhibit such unusual but 
very useful properties. 

The financial support of the Malta Council for Science and 
Technology is gratefully acknowledged.
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Auxetic Nanostructured Materials Under 
Pressure

Joseph N. GRIMA; Ruben GATT; Richard N. CASSAR; 
Daphne ATTARD; Victor ZAMMIT 
Department of Chemistry, University of Malta, Msida, 
Malta

Materials with negative Poisson’s ratios (auxetics) exhibit 
the property of expanding laterally when uniaxially 
stretched and becoming narrower when compressed. 
System which exhibits this unexpected property include 
various nanostructured silicates and zeolites, in particular 
the zeolite natrolite (NAT) and the silicate alpha-
cristobalite.  Here, we examine the effect of external 
hydrostatic pressure on the crystal structures of alpha-
cristobalite and frameworks in the NAT group and we 
show that the crystal structure and mechanical properties 
of these systems are highly pressure dependent. We show 
that the frameworks in the NAT group are most auxetic 
at non-ambient conditions, a property which we explain 
in terms of the framework geometry and the deformation 
mechanism. We also discuss the pressure behaviour of the 
silicate alpha-cristobalite, in particular the pressure induced 
phase transformation and how simple models involving 
rotating rigid unit can be used to explain the change in 
the auxetic character of this silicate, in particular the loss 
of auxeticity in planes passing though the [001] direction 
and the appearance of auxeticity in the (001) plane when 
alpha-cristobalite is transformed to beta-cristobalite.

The financial support of the Malta Council for Science and 
Technology is gratefully acknowledged.
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On the Suitability of Two Dimensional Mechanism 
Based Models for Modelling the Poisson’s Ratio 
of Nano- and Micro-Structured Auxetic and Non-
Auxetic Materials

Joseph N. GRIMA; Ruben GATT; Elaine MANICARO; 
Brian SPITERI; Daphne ATTARD; Richard N. CASSAR; 
Brian ELLUL; Victor ZAMMIT 
Department of Chemistry, University of Malta, Msida, 
Malta

Auxetic materials exhibit the very unusual property 
of becoming wider when stretched and thinner when 
compressed, in other words they exhibit a negative 
Poisson’s ratio. This property has been predicted, 
discovered or deliberately introduced in several classes 
of naturally occurring and man-made materials including 
foams, polymers, composites, gels, laminates, metals, 
silicates and zeolites. In most of these cases, the negative 
Poisson’s ratios can be successfully described in terms 
of the geometry of the material’s internal structure and 
the way this geometry changes as a result of the applied 
loads (deformation mechanism).  In this paper we discuss 
the suitability of simple 2D models for reproducing the 
Poisson’s ratio profiles of various types of auxetic and 
non-auxetic materials. In particular we show how simple 
2D ‘rotating squares / rectangles / triangles’ models can be 
employed instead of more complex 3D rotating tetrahedral 
models to give similar results, and how a combination 
of 2D and 3D models can be used for predicting and 
explaining the Poisson’s ratio of nanostructured materials 
with great precision. We also discuss the suitability of 
hexagonal models to explain the behaviour of various 
zeolite and ALPO frameworks and how such models 
can be extrapolated for predicting the behaviour of such 
systems in applications such as nanofiltration. 

The financial support of the Malta Council for Science and 
Technology is gratefully acknowledged.
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Cross-sectional Transmission Electron 
Microscopy on Deformed Microstructures in 
Monolithic and Multilayer TiSiN/TiN Coatings

Pui Ching WO1; Zonghan XIE2; Paul MUNROE1 
1. Electron Microscope Unit, University of New South 
Wales, Sydney/NSW, Australia
2. Electron Science Research Institute, Edith Cowan 
University, Perth/WA, Australia

The microstructures of both un-deformed and deformed 
TiSiN-based multilayer coatings, which alternate with 
TiN interlayers of varying thickness, were examined 
by cross-sectional transmission electron microscopy 
(XTEM). A monolithic TiSiN coating was also examined 
for comparison. Surface morphology of the samples was 
found by atomic force microscopy (AFM) to vary with 
film thickness and the roughness appeared to increase with 
the thickness of the outer-most TiSiN layer. All samples 
show, following TEM analysis, columnar structures, and 
for the multilayer coatings, epitaxial growth of these 
columnar grains through the TiSiN/TiN layers were 
observed. Layers that are approximately parallel to the 
coating surface were visible within the TiSiN interlayer. 
Deformation was imposed by indentation using a spherical 
indenter with a radius of 5 µm. Compared to other studies 
on similar coating systems, the deformation appears less 
severe in the current samples, indicating an improvement 
in the strength of the coating through reducing the thickness 
of the interlayer. Stair-shaped cracks can be seen in the 
deformed zone underneath the indentation. This suggests 
that shear sliding along the columnar grain boundaries 
maybe hindered by increasing the number of interlayers. 

 A01093-02136 

Effect of Polyethylene Characteristics on the 
Mechanical Properties of Polyethylene/Layered 
Silicate Nanocomposites

Nattawut CHAIYUT1;2; Kamolthip BOUAIN1;2; 
Achanai BUASRI1;2 
1. Department of Materials Science and Engineering, 
Silpakorn University, Nakhon Pathom, Thailand
2. Center for Petroleum, Petrochemicals and Advanced 
Materials, Chulalongkorn University, Bangkok, Thailand

In this study, polyethylene (PE)/layered silicate 
nanocomposites were prepared. Polyethylene (PE) having 
different degrees of branching which were high density 
polyethylene (HDPE), linear low density polyethylene 
(LLDPE) and low density polyethylene (LDPE), in 
addition, HDPEs having melt flow index (MFI) of 0.15, 
1.00 and 14.00 g/10 min were used. Na-montmorillonite 
(Na-MMT) clay was used as reinforcing filler. The filler 
was firstly modified by 1-hexadecylammonium salt to 
obtain organomontmorillonite (OMMT) clay before 

mixing with PE in order to improve the compatibility 
between polymer and filler. The nanocomposites were 
prepared by melt compounding of PE and OMMT in twin 
screw extruder. The amounts of the filler added in the 
nanocomposites were varied by 1, 3, 5 and 7% by weight. 
Degree of dispersion of OMMT clay in the PE matrix of 
nanocomposites was characterized by d-spacing value using 
wide-angle x-ray diffractometer (WAXD). Mechanical 
properties such as tensile properties by universal testing 
machine, impact property by impact tester impact strength 
by impact tester and surface hardness by Shore A hardness 
tester were investigated. The WAXD results showed that 
intercalated structure of OMMT revealed in all PE/layered 
silicate nanocomposites. All nanocomposites showed 
higher value of d-spacing than pure OMMT powder and 
the d-spacing decreased as filler contents increased. The 
effect of branching on the dispersion of OMMT in the 
matrix revealed the higher the degree of branching of PE 
the higher the OMMT dispersion in the relevant matrix. 
Therefore, LDPE have highest ability of intercalation 
into clay particles and of dispersion the clay galleries. 
Moreover, the effect of MFI on the dispersion of OMMT 
clay exhibited small changes in OMMT dispersion by 
changing flow ability of PE. Higher degree of OMMT 
dispersion in the nanocomposites can be observed as PE 
having lower MFI value. Mechanical properties of PE/
layered silicate nanocomposites were investigated in this 
study. It was found that some properties became enhanced 
but some properties became worse. The increasing in 
tensile properties by means of Young’s modulus and 
surface hardness of the nanocomposites can be observed as 
increased clay contents and decreased MFI of the matrix. 
However, the branching contents of PE have small effect on 
the modulus. It likely depends on the nature of the matrix 
used in this study. On the other hand, tensile strength, 
elongation at break, impact strength of the nanocomposites 
became decreased with increasing amounts of the filler, 
MFI values, and branch contents of the matrix.

 A01177-02034 

Operational Shock Response of A Small Form 
Factor Hard Disk Drive

Bin GU1; Dong-Wei SHU1; Bao-Jun SHI1;2 
1. School of Mechanical and Aerospace Engineering, 
Nanyang Technological University, Singapore
2. School of Mechanical and Electronic Engineering, 
Shandong Jianzhu University, Jinan, China

Areal density of hard disk drives (HDD) has been 
increasing steadily in the last decade. Industry goals for 
magnetic recording technology are currently in the terabit 
per square inch regime. The flying height of the head/disk 
interface has been reduced to the sub-10 nm flying height 
regime. Small form factor (1 inch and smaller) HDDs are 
widely used in portable consumer appliances and gadgets, 
their mechanical robustness during operational state has 
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become increasingly more important. In this paper, the 
shock response of a 1 inch hard disk drive is investigated 
numerically. A finite element model of the hard disk drive 
is developed in the commercially available finite element 
package, ANSYS/LSDYNA. The overall model includes 
the HDD enclosure base, the head arm assembly (HAA), 
the pivot bearing, the hub, the clamp and the disk. The 
disk is clamped between the clamp and the hub. The air 
bearing between the disk and the slider is modeled by 
nonlinear springs. The FE model is verified by conducting 
a modal analysis of the drive. Resonant frequencies are 
compared with the modal testing results. The preloading 
force of the suspension and the clamping force of the disk 
are applied with an implicit nonlinear static analysis in 
ANSYS. After the implicit static analysis, the implicit FE 
model is converted to an explicit FE model in LSDYNA. 
Before the explicit transient analysis, the locations of 
the nodes of the whole model are updated with the static 
analysis results. The shock responses of the drive under a 
half-sine acceleration pulse are simulated when the disk is 
subjected to various clamping forces. It is found that the 
shock response of the drive decreases with the increase of 
the clamping force applied on the disk.
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Observations of Anisotropic Plastic Behavior in 
Thin Films via Indentation Modulus Measurement

Salmon KALKHORAN1; Nuwong CHOLLACOOP2; 
Andrew GOULDSTONE1 
1. Mechanical and Industrial Engineering, Northeastern 
University, Boston, MA, United States
2. National Metal and Materials Technology Center 
(MTEC), Pathumthani, Thailand

Nano-indentation is commonly performed to explore the 
mechanical properties of materials within heterogeneous 
systems.  These include nano-composites, multi-layered 
systems and small-volume structures on substrates.  The 
Oliver-Pharr method is a mainstay of indentation analysis, 
and is embedded in a number of experimental indentation 
algorithms for the measurement of elastic modulus.  
Accordingly, its accuracy, particularly for cases of different 
material hardening behavior, has been discussed heavily.  In 
addition, microstructural size effects (continuum plasticity 
to discrete dislocation motion) have been addressed in the 
context of their effect on measured ‘indentation modulus.’    
In a previous investigation we reported experimental nano-
indentation data for Ni thin films (thermal spray splats) on 
steel substrates, in which the indentation modulus dropped 
significantly (up to 80 %) with increasing depth.  This was a 
far greater discrepancy than had been observed previously.  
Moreover, as film and substrate had the same modulus, this 

could not be explained as a typical substrate effect.  The 
observation was partially explained as due to differences 
in the plastic behavior of film and substrate, in particularly 
in the case of extremely hard films.  This hypothesis was 
confirmed qualitatively using FEM models, but we were 
unable to match the experimental values without using 
unrealistically high differences in film/substrate plastic 
properties as input.  

Here we report further work on this subject, and a 
promising explanation based on anisotropic plasticity.  We 
performed virtual (FEM) conical indentation experiments 
of film thickness t on substrates, in which maximum depth 
hmax was comparable to t.    Load-depth (P-h) curves were 
extracted, and analyzed using Oliver-Pharr methods.  In 
contrast to previous work, we varied the Hill’s potential of 
the yield function, based on microstructural arguments and 
previous texture measurements on Ni splats.  The addition 
of plastic anisotropy significantly lowers the extracted 
indentation modulus, far closer to the experimental data 
reported.  We discuss the continuum-based mechanisms for 
the low modulus, and also the dislocation-based rationale 
for the plastic properties.  This work is not intended as 
a further ‘correction’ for the O-P method, but rather the 
interpretation of an experimental discrepancy to report for 
the first time, the anisotropic yield behavior of splat cooled 
materials on substrates.
 

 A01185-02032 

Effect of Maleated Polypropylene on the 
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Polypropylene/clay Nanocomposites
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In order to improve the compatibility of organoclays with 
polypropylene (PP), a compatibilizer, maleic anhydride 
grafted polypropylene (mPP), was used in the preparation 
of clay nanocomposites. The hybrids of PP/organoclay 
and PP/mPP/organoclay were compounded using a co-
rotating twin-screw extruder. Wide-angle X-ray diffraction 
(WAXD) results confirmed the formation of intercalated 
structures of clay in the PP matrix in both series of hybrids. 
Both series of hybrids show improved tensile modulus 
as well as strength with increasing organoclay content. 
However, the PP/mPP/organoclay nanocomposites 
exhibit significant improvement of tensile moduli over 
the PP/organoclay nanocomposites, suggesting that mPP 
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provides better interfacial interactions between the two 
incompatible constituents, i.e. PP and organoclays, and 
facilitates the intercalation and dispersion of clay in the 
PP matrix. Interestingly, it is observed that the impact 
strength of PP/organoclay nanocomposites monotonically 
increases with clay content, while the increment of impact 
strength in PP/mPP/organoclay clay nanocomposites 
shows a maximum around 3wt% clay loading. To further 
improve the impact resistance of clay nanocomposites, 
rigid particles of calcium carbonate with two mean 
particles sizes, 0.7 micron and 0.07 micron, were added to 
the nanocomposites. It was found that bigger rigid particles 
are more effective in improving the fracture resistance of 
clay nanocomposites.

 A01202-02051 

The Effect of Coating on Clinoptilolite in HDPE/
Physic Nut Shell Composites

Achanai BUASRI1;2; Nattawut CHAIYUT1;2; 
Sarot PHOOSAWAT1 
1. Department of Materials Science and Engineering, 
Silpakorn University, Nakorn Pathom, Thailand
2. National Center of Excellence for Petroleum, 
Petrochemicals, and Advanced Materials, Chulalongkorn 
University, Bangkok, Thailand

The effect of interfacial interactions on the mechanical 
properties of high density polyethylene (HDPE)/physic nut 
shell composites filled with natural zeolite (clinoptilolite), 
uncoated and coated with a surface modifier was 
investigated. Interfacial interaction was modified to 
improve filler compatibility and mechanical properties of 
the composites by surface treatment of zeolite with stearic 
acid, at different concentrations. Composites were prepared 
in a Brabender internal mixer and compression molding 
machine with 0.3-2 wt.% of stearic acid to improve the 
interfacial adhesion between polymer matrix and filler. 
The tensile properties of the composites determined as a 
function of the filler loading. The better adhesion between 
polymer matrix and inorganic fillers by modification of 
stearic acid led to the enhanced Young’s modulus and 
elongation at break. The incorporation of stearic acid on 
the zeolite surface improved the flexibility of polymer 
matrix. Acid treatment indicated significant improvements 
in the mechanical properties of the composite.

 A01226-02104 

Preparation and Characterization of Bioactive 
Composites of PCL/bioactive Fillers

Ying LI; Chi Mun CHEAH; Hengky CHANG; 
Adeline KUM 
School of Engineering (Manufacturing), Nanyang 
Polytechnic, Singapore

A variety of bioactive composites have been invested 
over the last two decades as substitute materials for 
diseased or damaged tissues in the human body. In this 
paper, bioactive composites in micro- and nano-scale 
were prepared using poly(ε-caprolactone) (PCL) and 
hydroxyapatite (HA). The nano-HA was prepared by wet 
chemical co-precipitation reaction method. The influence 
of micro-sized and nano-sized HA on mechanical 
properties of PCL composite was investigated. Studies of 
biocomposite specimen morphology were performed by 
Field-emission scanning electron microscopy. XRD and 
DSC were used to assess the crystal structure of HA and 
thermal properties of the composites, respectively. The 
synthesized nano-HA is found to be of high purity HA 
structure. The relationship between composition, structure 
and properties was studied. Different methods were tried to 
prepare uniform composites, and the outcome of this work 
suggests that by proper manipulation of biodegradable 
polymers and bioactive ceramics through material design, 
bioactive composites with controlled properties might be 
achievable.

 A01275-02681 

Molecular Dynamics Simulation of Indentation on 
Thin Film of Ag/Cu Bi-crystalline Nanostructure

Amkee KIM; Long TRANDINH 
Division of Mechanical & Automotive Engineering, 
Kongju National University, Chungnam, South Korea

Mechanical deformation, fracture, and friction of 
solids and thin films pose some of the most interesting 
computational challenges for atomistic calculations of 
materials properties. The fundamental goal is to establish 
a connection between atomic scale processes and 
measurable mechanical properties of materials. Recently, 
the indentations of geometrically confined nanostructures 
such as multilayered thin films are attracting attention 
because the nanoindentation technique could provide 
the curve of the load on the indenter tip versus the tip 
displacement for the analysis of the mechanical properties 
at a very small scale.

The effect of the phase interface of oriented Ag/Cu bi-
crystalline structure on the material transport along the 
interface has been studied in the temperature range of 593-
882 K based on radiotracer experiment. It revealed that 
the anisotropic misfit dislocation arrays could form at the 
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interphase boundary (011) due to the diffusion of atoms. The 
molecular dynamics (MD) simulation also demonstrated 
that the misfit dislocations could be displaced out of the 
interface plane, influencing the elastic moduli of materials. 
Moreover, the misfit dislocation at phase interfaces would 
be one of main controlling parameters for plasticity in 
multilayer metals.

In this paper, nanoindentation behaviours on the films 
of softer Ag film/ harder Cu substrate structure (and Cu 
film/Ag substrate) were simulated by MD method. It 
was shown that the stiffness and hardness of films were 
strongly dependent on the thickness of films respectively. 
The stiffness and hardness increased with thickness of film 
within a critical range as an inverse Hall-Petch relation. 
The stiffness and hardness of very thin films in Ag film/
Cu substrate and Cu film/Ag substrate were observed to 
be lower than those of single crystalline silver bulk. In 
particular, the flower-like dislocation loop was created on 
the phase interface by the interaction between dislocation 
pile-up and misfit dislocation during the indentation of 
Ag film/Cu substrate with film thickness less than 40 Å, 
which seems to be associated with the drop of load in the 
indentation load versus displacement curve. It implies 
that the interaction between dislocations formed by the 
indentation and the misfit dislocation at the phase interface 
might be a key factor for determining the mechanical 
properties of thin films in Ag film/Cu substrate and Cu 
film/Ag substrate structures.
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Mechanical Stress Influence on Leakage Current 
of Low-k SiOC Dielectric with Damascene 
Structure

Ya-Lian YANG1; Tai-Fa YOUNG1; 
Ting-Chang CHANG2; Jia-Haw TSU1; 
Kaung-Chang CHANG1; Chao-Yu CHEN1 
1. Department of Mechanical and Electro-Mechanical 
Engineering, and Center for Nanoscience and Nanotech, 
National Sun Yat-Sen University, Kaohsiung, Taiwan
2. Department of Physics, National Sun Yat-Sen 
University, Kaohsiung, Taiwan

In order to meet the requirements of green environmental 
production, the lead free process should be adopted into 
Wafer Level Chip Scale Package technology. In which 
welding at higher temperature will cause thermal and 
mechanical stress into devices. In this work one single 
damascene (SD) and one dual damascene (DD) comb 
structure samples with multilevel interconnecting Cu/SiOC 
dielectric are applied. Mechanical stress is performed by 
bending the sample on different curvature molds from radius 
of 50 to 20 mm to induce different tensile or compressed 

stresses.To study the influence of mechanical stress we 
have analyzed the leakage current and also the reliability 
of semiconductor devices by applying a bias up to 50 V 
at room temperature. All samples revel the same trend for 
both SD and DD samples that the leakage current rises 
rapidly for under a bias of 40 - 50 V. However, compared 
to flat sample, the compressed one reveals lower leakage 
current. But tensile sample shows higher leakage current. 
DD samples show larger change of leakage current than 
SD one’s. We discuss the leakage current in variation of 
stress, which can induce the change of energy band gap of 
dielectric (ref. P. Indrajit et al. Appl. Phys. Lett. 89(2006) 
073506). The energy band gap of SiOC dielectric layer will 
increase under compressed stress that causes the decrease 
of leakage current. And on contrast, dielectric under tensile 
stress reveals smaller energy band gap and larger leakage 
current. From these results, we conclude that the variation 
of mechanical stress (curvature) will induce energy band 
gap change and the leakage current, too.

 A01339-02434 

Effect of the Second Phase Doping on 
Recrystallization Behavior of R-SiC

Qing LI; Hanning XIAO 
College of Materials Science and Engineering, Hunan 
University, Changsha, China

R-SiC is one of the most advanced high-temperature 
structural ceramic materials that can be used in air 
environment above 1600℃.This paper has discussed the 
effect of the second phase doping on recrystallization 
behavior of R-SiC.The second phase particles experimental 
using are transition metal carbides,such as NbC,TaC and 
WC, which are synthesized in company with SiC through 
carbothermal reduction.We tried to give researches on the 
doped recrystallization products whose interface structure, 
existing form of impurity ions and mechanisms of crystal 
growth perhaps have the final effects on mechanical 
properties,thermal properties and electrical properties 
of the recrystallized R-SiC.Three different reaction 
temperatures(1600℃, 1700℃, 1800℃) have been 
attempted respectively,and the experimental results will be 
characterized by XRD,DSC-TG,SEM,EDS.
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Mechanical Stress Influence on Electronic 
Transport in Low-k SiOC Dielectric with Dual 
Damascene Structure
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Recently the lead free processes are adopted in Wafer 
Level Chip Scale Package that an external thermal and 
mechanical stress will be induced in semiconductor devices 
due to the welding at higher temperature. Mechanical 
stress often causes failing of devices or shortening its life 
time, especially for the device function at high frequency. 
In this work we applied dual damascene (DD) comb 
structure samples with multilevel interconnecting Cu/
SiOC dielectric to study the mechanical stress influence 
on the electronic transport property. Mechanical stress is 
performed by bending the sample on different curvature 
molds from radius of 50 - 20 mm to induce different 
tensile or compressed stresses. To study the influence at 
high frequency we have analyzed the device capacitance 
up to 30 MHz and the I-V curves using a bias up to 50 V 
at room temperature. Compared to flat unstressed sample 
the capacitance decreased when tensile stress increased 
applied on one DD sample. On contrast, the capacitance 
increased when the compressed stress becomes higher. 
From the capacitance changing rate vs. applied stress 
and bias it reveals that the dielectric constant of the 
material doesn’t change as well. We discuss the electronic 
transport mechanism using the Schottky and Pool-Frankel 
emissions. From the results of ln (J) vs E1/2 curves, the 
characteristic coefficient β value is closer to the theoretical 
value of Schottky emission. We found that both tensile 
and compressed mechanical stresses will influence the 
electronic transport behavior by inducing defects through 
Schottky emission. 

 A01380-02405 

Revealing the Maximum Strength in Nanotwinned 
Copper

Lei LU1; X.H. CHEN1; X.X. HUANG2; K. LU1 
1. Shenyang National Laboratory for Materials Science, 
Institute of Metal Research, Shenyang, China
2. Materials Research Department, Technical University 
of Denmark, Roskilde, Denmark

The strength of polycrystalline materials is well-known 
to increase with decreasing grain size. Below a certain 
critical size (in the nanometre scale), atomistic simulations 
suggested that the dominating deformation mechanism 
is transferred from lattice dislocation activities to grain 
boundary (GB) related mechanisms and a softening 
phenomenon is expected. Nevertheless, such a critical 
grain size of maximum strength has never been identified 
experimentally so far. Coherent twin boundaries (TBs), a 
special kind of low-energy boundary, are known to be as 
effective as conventional GBs in strengthening materials 
and significant strengthening has been obtained in Cu 
when high densities of nano-scale (<100nm in thickness, 
λ) twin lamellae are introduced into submicrometre-sized 
grains. In this presentation, we provide a discovery of a 
twin thickness of 15 nm giving the highest strength in the 
nano-twinned Cu (nt-Cu), which is followed by a rapid 
softening at smaller twin thicknesses and a significant 
enhancement in both the strain-hardening and tensile 
ductility. The twin thickness of highest strength relates to a 
transition in the yielding initiated from a mechanism by the 
slip transfer across TBs to a mechanism by the motion of 
pre-existing mobile dislocations. This finding reveals the 
scale-dependent nature of plastic deformation of materials 
in the nanometre scale, which is of significant and direct 
implication in developing advanced nanostructured 
materials with novel properties.

 A01476-02558 

A Novel Scheme for Quantitative Measurement 
of the Elastic Modulus of Materials at Nanoscale 
Using Atomic Force Microscope

Bin TANG; A. H. W. NGAN 
Department of Mechanical Engineering, The University 
of Hong Kong, Hong Kong, China

AFM nanoindentation now is widely used for measuring 
the mechanical properties of materials. However, because 
of the existence of several uncertainties in the determination 
of cantilever spring constant and tip geometry, quantitative 
measurement is still hard to be achieved.  

In this work, a novel method is proposed for quantitative 
measurement of the elastic modulus of materials using 
AFM nanoindentation.  In this method, the tip-sample 
interaction and the cantilever deformation during the early 
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stage of indentation are treated as two springs in series. 
Based on Snedden’s elastic contact solution, the cantilever-
tip property α and the cantilever sensitivity A can be 
measured from AFM tests on two reference materials with 
known elastic modulus.  The measured α and A therefore 
can be used to quantitatively measure the elastic modulus 
of a third sample. The validity of the proposed method 
was verified using polypropylene (PP), fused quartz and 
acrylic as the prototype materials. The cantilever-tip 
property  α and the  cantilever sensitivity A measured on 
two reference materials, PP and fused quartz, were 0.514 
GPa and 51.99 nm/nA respectively. The elastic modulus of 
acrylic measured using the α and A listed above was 3.24 
GPa, which agrees well with the value measured using 
conventional depth-sensing indentation (3.46 GPa).

 A01496-02603 

Determination of the Elastic and Plastic 
Properties of Materials Through Nanoindentation: 
Dimensional Analysis, Computational Modeling 
and Issues of Uniqueness and Sensitivity

T. A. VENKATESH 
Materials Science and Engineering, Stony Brook 
University, Stony Brook/NY, United States

Nanoindentation as a technique for extracting the 
fundamental mechanical properties of thin films and 
substrate materials has recently received considerable 
attention. Despite the relative simplicity of experimentation 
there is considerable complexity in extracting the elastic 
and plastic material properties. Depending on the choice 
of the geometry of the indenter (i.e., spherical or sharp), 
the nature of the computational analyzes (i.e., small or 
large deformation), and the number of indenters used 
in the experiments (i.e., single or multiple), several 
algorithms have been developed to capture the force-depth, 
indentation response of materials (i.e., forward analysis) 
and extract the elastic and plastic properties of the indented 
materials (i.e., reverse analysis). In determining the 
material elastic and plastic properties of materials through 
the reverse analyzes, issues concerning uniqueness and 
robustness of the extracted properties to uncertainties in 
experimentally measured quantities have been recognized 
as being important. In the present study: (i) A uniform 
framework for quantifying and assessing the uniqueness 
and sensitivity of the forward and reverse analyzes, for the 
principal methods that have been developed thus far, will 
be identified. (ii) Within a broad range of homogeneous, 
isotropic, power-law hardening engineering materials, 
domains where the indentation method would be 
applicable for an unambiguous identification of elastic 
and plastic properties through the reverse analysis, will 
be distinguished. (iii) The differences in the nature of the 
sensitivity of the indentation analyzes, as a function of the 
nature of the indentation method, i.e., spherical, or single- 
and multipleâ€“ sharp indenters, will be characterized. (iv) 

Guidelines for selecting appropriate methods for accurate 
and robust determination of elastic and plastic properties 
will be provided. 
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Determining Mechanical Properties of Metallic 
Materials via Simulated Nanoindentation Tests

Zishun LIU1; Qingxiang PEI1; Edy HARSONO2; 
Somsak SWADDIWUDHIPONG2 
1. Institute of High Performance Computing, Singapore
2. National University of Singapore, Singapore

Computer simulation methods, in particular finite element 
method (FEM) and molecular dynamics (MD), have 
become favorite tools for investigating the properties of 
materials at micro and nano levels.

Instrumented and simulated nanoindentation approaches 
are widely used to characterize the mechanical properties 
of materials.
In this study, the scaling and dimensionless analyses were 
used to generalize the universal relationships between the 
characteristics of indentation curves and their material 
properties. The dimensionless functions were numerically 
calibrated via extensive finite element analysis and/or MD 
simulation. For indentation at the maximum depth of several 
microns or hundreds of nanometer, classical continuum 
plasticity framework incorporating Taylor dislocation 
model via strain gradient plasticity embedded in the 
constitutive equation was adopted. While the continuum 
mechanics is adequate for indentation at maximum depth 
over hundred nanometers, either a large scale molecular 
dynamics simulation or a hybrid finite element and 
molecular dynamics simulation has to be adopted when 
the indentation depth is at a few nanometers level.  In 
this molecular dynamics nanoindentation experiments, 
the embedded-atom model (EAM) potential for target 
materials and Morse potential for both diamond indenter 
and interaction between target and indenter materials were 
used. In order to interpret the load-displacement curves 
from the established relationships, the approaches by either 
solving higher order functions iteratively or employing 
neural networks was carried out.
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Finite Element Simulation of Nanoindentation 
Tests on Cortical Bone Allowing for Tissue 
Anisotropic Elastic and Inelastic Behavior

Pasquale VENA1; Dario GASTALDI1; Valentina SASSI1; 
Davide CARNELLI1; Roberto CONTRO1; 
Christine ORTIZ2 
1. Department of Structural Engineering, Politecnico di 
Milano, Milano, Italy
2. Department of Materials Science and Engineering, 
Massachusetts Institute of Technology, Cambridge/MA, 
United States

Nowadays, nanoindentation tests are widely applied 
to the mechanical characterization of the bone tissue. 
This experimental technique is particularly suited to this 
purpose because different length scales, relevant for the 
different micro/nanostructure arrangements of the tissue, 
might be investigated by an appropriate choice of the 
maximum penetration depth during the experiment.

At the microstructural level, the fundamental building 
blocks of cortical bone are secondary osteons, consisting 
of multilayered cylindrical composite structures of 
mineralized collagen fibrils arranged circumferentially in 
thick and thin lamellae: due to this structure, anisotropic 
mechanical properties are expected.  

The estimation of anisotropic elastic properties from 
nanoindentation tests carried out along different orientations 
can be achieved by coupling the Oliver and Pharr theory 
(developed for isotropic materials) with the Swadener 
and Pharr theory that relates the anisotropic elastic 
tensor to the indentation moduli, for a given indentation 
direction. However, the identification of all constants of an 
anisotropic elastic tensor from indentation data along three 
different directions is still an open problem. Finite element 
simulations (FEM) of the experiment can certainly provide 
a deeper insight in the role played by the anisotropic 
material response on the results of nanoindentation tests; 
indeed numerical simulations account for all material 
constants (both elastic tensor components as well as the 
inelastic parameters defining the yield function).  

In this work, a finite element model of the nanoindentation 
tests conducted on the bone tissue, with particular reference 
to the cortical bone, aimed at investigating the effects of 
elastic-inelastic properties as well as inelastic deformation 
modes on the nanoindentation experiments is presented. 

Transversely isotropic material properties are assumed; 
Berkovich indenter has been modeled with a perfectly 
rigid equivalent conical surface; axisymmetric analyses 
simulate the indentation along the axial direction whereas 
full three dimensional models simulate indentation along 
the transverse direction. Since macroscopic test data 
exhibit relevant tension/compression asymmetry as well 

as direction dependent strength, the role of the anisotropic 
pressure-dependent yield function has been explored by 
introducing anisotropic plasticity in the Drucker-Prager 
yield criterion through a stress transformation combined 
with a non associative flow rule.

Results have shown that, on the basis of assumed 
anisotropic strength data taken from the literature, 
anisotropic inelastic behavior is required to correctly 
simulate multi-axial indentation experiments: the “yield” 
locus anisotropy results to be necessary to predict the 
hardness along different directions, while is less important 
to predict the reduced modulus (along different directions). 
Moreover, inelastic deformation modes play a key role 
in predicting the direction-dependent hardness for given 
tensile/compressive “yield” stresses: a non-associative 
flow rule reduces the pile-up and the predicted hardness 
gets closer to experimental data.

The present work results strongly support that the coupling 
between indentation experiments and FEM simulations 
allows a deeper knowledge of bone tissue mechanical 
behavior in the elastic as well as in the inelastic range at 
microstructural level.

 A01537-03462 

Preparation, Mechanical and Electrochemical 
Properties of Sputtered RuO2 Anode Thin Film for 
Lithium Ion Batteries

Jing ZHU; Kaiyang ZENG; Li LU 
Department of Mechanical Engineering, National 
University of Singapore, Singapore

Thin film lithium ion microbatteries have great potential 
for application in portable computers, mobile telephones, 
smart cards, electric vehicles, microelectronic mechanical 
systems (NEMS), and many others. The structure 
integration and reliability are important issues in design and 
application of the thin film battery and have been attract a 
lot of attention recently. Originally most thin film batteries 
use lithium metal as anode. However, the low melting 
temperature and high reactivity with air during charge/
discharge process are two main drawbacks of the lithium 
anode, which hinder its further development. Currently 
graphite is used as anode in most of the commercial lithium 
batteries, but the low capacity has limited the wider use 
and motivated the development of transition metal oxides 
such as V2O5, RuO2, SnO2, TiO2, and WO3. Among these 
oxide anode films, ruthenium oxide is a promising anode 
material in either an amorphous or crystalline structure. 
Thin films of ruthenium oxide exhibits high capacity 
and conductivity, excellent cycling performances, low 
resistivity and good thermal stability. However, due to the 
big volumes expansion and shrinkage induced by the new 
phase formed through reaction with lithium, electrode films 
may fail mechanically during charge-discharge process. 
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Therefore understanding the mechanical properties and 
the interfacial properties between electrode and substrate, 
electrode and electrolyte are very important, especially 
for all-solid-state thin film batteries, which are the hot 
research topics. In this paper, we focus on the dependence 
of structure, electrochemical and mechanical properties 
on the different preparation conditions of ruthenium oxide 
thin film. The relationship between the electrochemical 
and mechanical characterization are also discussed.

In this work, thin films of RuO2 have been prepared by dc 
reactive magnetron sputtering. The conditions including 
oxygen concentration, input power and annealing 
temperature were varied. Two types of substrates were 
used in this experiment: Si-(100) wafer and stainless 
steel substrate which can be used as current collector 
directly. The phases of sputtered films were confirmed 
by XRD. The surface morphology was investigated by 
scanning electron microscope, and the electrochemical 
measurements (charge/discharge, cyclic voltammetry and 
AC impedance) were performed. The half electrochemical 
cell was assembled using a RuO2 thin film as anode 
electrode, a lithium metal foil as counter electrode and 
1M LiPF6 in 1:1 EC/DEC solution as the electrolyte. The 
cells were cycled between 0.015 and 2.5V versus Li/Li+ 
at 0.15C rate. The mechanical properties (hardness, elastic 
modulus) were determined by nanoindentation tests, 
and furthermore, wedge indentations were conducted to 
investigate the interfacial properties of the thin film.

The sputtered thin films showed different cycling 
performance and mechanical properties depending on 
phase, structure and surface morphology, which can be 
influenced by the different sputtering conditions. The 
experimental results obtained also proved that the sputtered 
RuO2 thin film is a promising anode material for advanced 
lithium-ion batteries and the DC reactive sputtering is a 
powerful and effective deposition method for preparing 
homogeneous metal oxide films. 

 A01547-02698 

Grain boundary induced Plastic Deformation  in 
Thin Films and Nanocrystalline Materials 

Huajian GAO; Tanmay BHANDAKKAR; Xiaoyan LI 
Division of Engineering, Brown University, Providence, 
RI, United States

We have been studying grain boundary induced plastic 
deformation in thin films and nanocrystalline materials 
during the past decade. We have shown by theory, 
experiments, molecular dynamics simulations and discrete 
dislocation simulations that constrained grain-boundary 
diffusion, which strongly couples elasticity, surface 
diffusion and grain-boundary diffusion, plays a key role in 
stress evolution and plastic deformation in polycrystalline 
thin films on substrates. We have shown by finite element 

and molecular dynamics simulations that grain boundary 
sliding and diffusion in a network of grain boundaries 
with heterogeneous diffusivity leads to recoverable creep 
deformation in nanocrystalline materials. 

We have used singular integral equations to show that grain 
boundary diffusion process causes the normal traction along 
the grain boundary to decay exponentially with time in thin 
films constrained by a substrate, leading to the formation 
of crack-like grain-boundary wedges with singular 
stresses at the roots of the grain boundaries. Subsequently, 
experiments, molecular dynamics simulations and discrete 
dislocation simulations have demonstrated that the crack-
like diffusion wedges further induce dislocation nucleation 
in thin metal films. More recently, we have also considered 
crack nucleation due to the evolution of diffusion wedges 
in brittle material systems. 

We have performed large-scale atomistic simulations 
to study plastic deformation in substrate constrained or 
free standing polycrystalline thin films. In the case of 
substrate-constrained thin films, the simulations showed 
that stresses in the film are relaxed by mass diffusion from 
the surface into the grain boundary, leading to formation of 
diffusion wedges which cause nucleation of dislocations 
on slip planes parallel to the plane of the film. We found 
that nucleation of such parallel glide dislocations from 
a diffusion wedge can be described by a critical stress 
intensity factor similar to the case of a crack. Atomistic 
simulations of parallel glide dislocations associated with 
the crack-like grain boundary diffusion wedge represent 
a significant progress in the theory of diffusional creep 
in thin films on substrates. Recently, Rajagopalan et al. 
studied deformation in free-standing fcc nanocrystalline 
thin films and reported that ‘‘plastic’’ deformation in these 
films is partially recoverable. We have performed large-
scale atomistic simulations to investigate this phenomenon. 
The simulations showed that there is strong grain size- and 
rate-dependence of plastic deformation in the films, that 
the grain boundary induced plastic deformation dominates 
over dislocation induced plastic deformation even at the 
molecular dynamics time scale and strain rates, and that 
the heterogeneous diffusivity of grain boundary network 
leads to partially recoverable plastic deformation, in full 
agreement with experimental observations and our finite 
element based simulations.
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Plasticity and fracture in BMGs: Some Recent 
Experimental and FEA Results

Ramamurty UPADRASTA 
Materials Engineering, Indian Instiute of Science, 
Bangalore/Karnataka, India

The intrinsic state variable that largely determines plastic 
deformation and toughness of bulk metallic glasses 
(BMGs) is the free volume. However, the precise role of 
free volume content on plasticity in BMGs is not known yet. 
Recently, we have employed micro-pillar compression and 
instrumented indentation techniques to critically examine 
this. The free volume content was varied by recourse to 
structural relaxation, shot peening and ion implantation. 
Results of these experiments and complementary numerical 
simulations will be presented.

 A01649-02856 

Multifrequency Response and Dissipation 
Mapping in Active Materials

Roger PROKSCH 
Asylum Research, Santa Barbara, United States

Atomic Force Microscopy (AFM) has proven to be an 
effective means of accessing topographic information of 
many materials on the nanoscale. However, tip-sample 
interactions are complex and many of the measured 
quantities in conventional AFM are complicated mixtures 
of several tip-sample interaction parameters. Simply put, 
there are more unknowns than there are measurements in 
conventional AFM. This problem is particularly pressing 
in active materials such as ferroelectrics where information 
beyond simple topography is routinely desired. Recently 
developed multifrequency methods open up new channels 
for information transfer and allow the unambiguous 
determination of model parameters. Some examples of 
these new multifrequency methods include bimodal AFM 
where multiple resonant modes of the cantilever probe 
are simultaneously excited, Dual-Frequency Resonance 
Tracking (DFRT) where driving with two frequencies near 
the resonance allow sample stiffness and dissipation as 
well as other properties to be unambiguously extracted and, 
finally, Band-Excitation (BE), where the cantilever spectral 
response is extracted in a band of frequencies. These new 
techniques have been used to extract information on a large 
array of samples. Some examples include extracting high 
spatial resolution, conservative and dissipative mechanical 
properties on soft polymer and biological samples, piezo 
and ferroelectric samples.
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Size and Strain Rate Effects on Mechanical 
Properties of Bulk Solder and Solder Joint 
Materials

John H. L. PANG; Kok Ee TAN 
School of Mechanical and Aerospace Engineering, 
Nanyang Technological University, Singapore

Solder interconnection materials are used as micro-joining 
structures for enabling microelectronic interconnection 
assembly at the silicon chip level and printed circuit board 
level manufacturing process. Solder joints in electronic 
assemblies are subject to robust reliability tests and are 
expected to meet industry standards for thermal cycling, 
temperature shock, mechanical fatigue cycling, board-level 
vibration and drop impact reliability tests. Finite element 
modeling and simulation of reliability tests requires 
detailed solder mechanical properties and constitutive 
models for non-linear deformation analysis. Tensile tests 
are often employed for deriving the mechanical properties 
and stress-strain response curves for bulk solder materials 
subject to a range of temperatures and strain rates.  
However there are concerns that bulk solder mechanical 
properties may not be representative of actual solder 
joint materials used in microelectronic interconnection 
assemblies. Micro-mechanical test on a single solder 
joint specimen and micro-hardness test will be presented 
to characterize the mechanical properties of bulk solder 
and a single solder joint. Nano-indentation test was also 
employed to characterize the apparent modulus, hardness 
and yield stress properties of bulk solder and solder joint 
materials. The size effects will be discussed by comparing 
the mechanical properties derived from nano-indentation 
test, micro-indentation test, solder joint and tensile test 
results.

Solder materials used in microelectronic assemblies are 
highly sensitive to strain-rate effects over a wide range 
from slow strain rates in the creep deformation regime to 
intermediate strain rates observed in drop impact  loading. 
Drop impact reliability analysis of soldered electronic 
assemblies requires research on strain-rate sensitivity tests 
over a wide range of strain rates from 10-2 to 10+3 (1/s). 
Constant strain rate tests on lead-free Sn-3.8Ag-0.7Cu 
solder specimens employing tensile test, nano-indentation 
test and Split Hopkinson Bar test methods will be presented. 
Strain rate sensitivity effects and constitutive models for 
Sn-3.8Ag-0.7Cu solder material will be discussed. Drop 
impact reliability analysis of solder joints requires strain 
rate dependent  stress strain curve response. Explicit 
dynamic finite element modeling results will be presented 
to illustrate the strain rate effect on solder joint stress 
and plastic strain response when subject to board-level 
drop impact test. The consequence of dynamic hardening 
induced strain-rate effects can be seen in the changes in 
solder joint failure modes from ductile failure in bulk 
solder to brittle fracture in the intermetallic compound 
(IMC) interfaces in solder joints. 
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 A01677-02899 

In-situ Nanomechanics in a Scanning Electron 
Microscopy

Johann MICHLER 
Laboratory for Mechanics of Materials and 
Nanostructures, Swiss Federal Laboratories for 
Materials Testing and Research, Thun, Switzerland

Mechanical engineering of materials at micro- and 
nanoscales requires a fundamental understanding 
of effects of microstructure and of sample size on 
mechanical properties. Research at EMPA focuses on in-
situ nanobending, nanotensile, nano-/microcompression, 
nanotensile, nanoresonance and nanoindentation 
experiments in scanning electron microscopes and in a 
dual beam FIB. This allows to manipulate small samples 
like nanowires or nanotubes, to fix them on a test bench, 
to control visually the experiment, to observe deformation 
mechanisms on the sample surface and to use the analytical 
power of SEM-based microanalysis techniques to gain 
information on composition (EDX), crystallography 
(EBSD) and dislocation movement (STEM). Information 
on electronic and optical properties can be obtained 
at the same time for instance via four point probes or 
electron beam induced current (EBIC) measurements, 
respectively. 

Silicon micropillars loaded in uniaxial compression show 
brittle behaviour with increasing strength the smaller 
the pillar diameter. GaAs micropillars exhibit a similar 
behaviour, but if the pillar diameter is in the submicron 
regime or smaller then the material behaves plastic, 
which is attributed to movement of partial dislocations 
enabled because the extension of stacking faults becomes 
comparable to the pillar diameter. Silicon nanowires were 
subjected to bending tests and ZnO nanowires to both 
bending and tensile tests using an atomic force microscopy 
setup inside a scanning electron microscope. The average 
strength calculated from the maximum nanowire deflection 
or elongation before fracture in both cases approaches 
the theoretical limit of 10% of the Youngs Modulus. 
Monocrystalline Rhenium nanowires fail by plastic yield 
associated with a strain localisation. The yield stress 
represents again roughly 10% of the Young modulus. 
Finite element simulations show that the elastic anisotropy 
has to be taken into account to assess accurately the yield 
strength in the bending experiment. Inverse finite element 
simulations of the nanobending experiment allow to extract 
values of the strain hardening coefficient.

 A01778-03123 

Continuous-fiber-sandwich Microstructure in 
Hydrophilidae Cuticle and Biomimetic Research

 Bin CHEN1; Xianghe PENG1; Ji LUO1; Jianguo WANG2 
1. College of Resource and Environment Science, 
Chongqing University, Chongqing, China
2. Center for Protective Technology, National University 
of Singapore, Singapore

Insect cuticle is a kind of natural biocomposite with 
excellent strength, stiffness, fracture toughness and 
light weight, which are closely related to the elaborate 
microstructures of the cuticle optimized through millions 
of years’ evolution. The researches on the microstructures 
and the corresponding mechanical properties may provide 
beneficial information for developing new man-made high-
performance composites. In this work, scanning electron 
microscope (SEM) was used for the observation of the 
microstructures of hydrophilidae cuticle. The result of 
the observation showed that the cuticle consists of chitin-
fiber plies parallel the surface of the cuticle and sclerous 
protein matrix. Also there is a kind of biological sandwich 
microstructure consisting of the chitin-fiber plies and 
clapboards upright to the fiber plies in the cuticle. More 
careful observation showed that the fibers between the fiber 
plies and the clapboards are continuous, which composes 
a kind of continuous-fiber-sandwich microstructure. Based 
on the SEM observational result, a kind of biomimetic 
continuous-fiber-sandwich composite was fabricated. The 
ultimate strength of the biomimetic sandwich composite 
was experimentally investigated and compared with that 
of the conventional-designed sandwich composite. The 
results of the experiment showed that the ultimate strength 
of the biomimetic sandwich composite is markedly 
larger than that of the conventional-designed sandwich 
composite. At last, an analysis on the ultimate strength of 
the biomimetic sandwich composite compared with that 
of the conventional-designed sandwich composite was 
conducted. The result of the analysis was consistent with 
the experimental one.

 A01778-03134 

Helicoidal-cellular-fiber Microstructure of Bone

Bin CHEN1; Xianghe PENG1; Ji LUO1; Jianguo WANG2 
1. College of Resource and Environment Science, 
Chongqing University, Chongqing, China
2. Center for Protective Technology, National University 
of Singapore, Singapore

Bone possesses high strength and toughness which owes 
to its excellent microstructures. The detailed research 
on the microstructures of bone can provide profitable 
guidance for developing synthetic high-performance 
medical composite and other composites. Scanning 
electron microscope (SEM) was used for observation of 
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the microstructures of a connon bone. The observational 
result showed that the bone is a kind of bioceramic 
composite consisting of collagen and hydroxyapatite 
fibers. It was also observed that the hydroxyapatite fibers 
compose hydroxyapatite layers and round the columellas 
of the bone forming a kind of helicoidal-cellular-fiber 
microstructure. The fracture toughness of the bone, 
which is related to the maximal pullout energy of the 
helicoidal-cellular-fiber microstructure, was investigated 
based on the representative model of the microstructure. 
The investigated result showed that the maximum pullout 
energy of the helicoidal-cellular-fiber microstructure is 
markedly larger than that of the parallel cellular-fiber one. 
It can also be found that the more the composite-fiber 
layers, the larger the difference between the maximum 
pullout energy of the helicoidal and parallel fiber-cellular 
microstructures. The analytical result was verified with a 
comparative experiment between the maximum pullout 
energy of the helicoidal and the parallel cellular-fiber 
microstructures.

 A01779-03121 

Microfabricated Devices for Friction 
Measurements

Xiaosong TANG1; Sujeet K. SINHA2; Sean J. O’SHEA1 
1. Institute of Materials Research and Engineering, 
Singapore
2. Department of Mechanical Engineering, National 
University of Singapore, Singapore

We will discuss and present experimental results on some 
new measurement approaches for nanoscale friction (i.e. 
at single asperity contacts) based on using microfabricated 
MEMS structures and specialized Atomic Force 
Microscopy (AFM) tips.  

We will show a method to measure friction on small 
structures based on AFM.  We will demonstrate the 
method on microfabricated MEMS devices, although the 
technique appears quite general and can be used on even 
larger surface structures.  The specific MEMS device we 
use, which we term a “sled”, is a microfabricated surface 
of Silicon or Si3N4 which forms a 3 point contact with 
another surface.  

Another interesting application of the “sled” is to 
demonstrate the phenomena of superlubricity in a 
macroscopic device.  Previous work has always considered 
a single, AFM tip.  The idea of superlubricity is to induce 
mechanical conditions at a point contact such that sliding 
occurs with no, or negligible , friction.  The ability to 
induce such a state may lead to useful MEMS structures 
which slide.

 A01853-03235 

Numerical Simulations of VLS Heteroepitaxial 
Nanowire Growth

Vivek SHENOY1; K. SCHWARZ2; J. TERSOFF2 
1. Division of Engineering, Brown University, United 
States
2. IBM T. J. Watson Research Center, New York, United 
States

Nanowires are particularly attractive for designing 
heterostructures, as effective radial strain relaxation 
allows heterostructures with a wider range of material 
combinations.  The electrical, optical, and thermal 
properties of the nanowire are highly dependent on the 
accurate control of the locations and thicknesses of such 
heterostructures. However, in the case of nanowire growth 
from a metal seed particle, the composition of the seed 
particle will vary for growth of different materials due 
to alloying, which may cause problems in controlling 
interface abruptness. Also, recent experiments have shown 
that in many cases, growth instabilities do not allow for 
the formation of nanowires with desired morphology and 
material combinations. We have developed a continuum 
model for the growth of heteroepitaxial nanowires, and we 
use it to study the factors that control interface abruptness 
and instabilities during growth. Our model includes 
the following features that are critical for capturing the 
composition profiles in nanowires: 1) the differences 
of the attachment rates of the alloy components at the 
catalyst-wire interface, 2) the possibility of a miscibility 
gap in the alloy phases of the catalyst and the nanowire, 
3) composition dependence of the surface energies of the 
nanowire and nanowire-catalyst interface and 4) anisotropy 
in surface energies leading to faceted morphologies. 

 A01874-03909 

Effect of Interfacial IMCs on the Adhesive Strength 
and Failure Behaviors for the SAC305/Cu Joint 
with a Solid-State Bonding Process

Yuchen HSU; Chung-Wei YANG; Truan-Sheng LUI; 
Li-Hui CHEN 
Department of Material Science and Engineering, 
National Cheng Kung University, Tainan, Taiwan

The formation of intermetallic compounds (IMCs) helps 
to provide good metallurgical bonding between solders 
and conductor metals in the microelectronic packing 
applications. Previous reports pointed out that the tensile 
strength is a main cause induces the fracture of solder joints 
during the drop tests. Since the frequently experienced 
mechanical shock loadings caused by dropping of the 
device, the mechanical properties of IMCs significantly 
affect the bonding reliability, which is important for those 
of portable electronic products. Owing to the above-
mentioned reasons, this study attempts to find out an 
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optimal interfacial IMCs growing condition between 
Sn-3.0Ag-0.5Cu (SAC305) lead-free solder alloy and 
copper (Cu) substrate through performing the solid-state 
bonding process with 210ºC heat treatments. The variation 
of interfacial adhesion, bonding reliability and failure 
behaviors were examined. Tensile tests were applied to 
measure the interfacial adhesive strength of SAC305/
Cu bonding, and microstructural analysis of fracture 
surface was examined by XRD and SEM observations. 
Experimental results represent that the optimal IMCs 
growing condition is nearby 7.5 hours, which specimens 
show the highest average adhesive strength of SAC305/
Cu interfacial bonding, less data fluctuation and a left-shift 
wear-out failure model of increasing failure rate (IFR). 
However, both of the adhesive strength and the bonding 
reliability are decreased with increasing heating time. 
According to the XRD analysis of the fracture surface, 
Cu6Sn5 and Cu3Sn are the main IMCs between the SAC305/
Cu interface. From the cross-sectional observation of SEM 
the interfacial failure is resulted from the crack propagation 
within the Cu6Sn5 IMCs layer, but the variation of adhesive 
strength is not related to the total thickness of IMCs.

 A01875-03232 

Mechanical Behaviour of Metallic Glasses

Yi LI 
Department of Materials Science and Engineering, 
National University of Singapore, Singapore

The nature of bonding nature in the metallic glasses 
is essentially metallic, which is different from those 
in the covalent and ionic amorphous solids. Therefore 
the mechanical deformation of metallic glasses is quite 
different from those of oxides glassy materials. The former 
is dominated by shear band while latter is characterized by 
crack propagation. In this talk, we shall present our recent 
comprehensive studies on the mechanical behaviour of 
metallic glasses. Our focus would be to the effect of sample 
size and the test condition on the strength and plasticity 
of metallic materials based on the shear-band instability 
index (SBI), a new concept recently developed by Li and 
Gao.

 A01974-03408 

A Surface Energy Model and Application to 
Mechanical Behavior Analysis of Single Crystals 
at Sub-micron Scale

Yueguang WEI 
LNM, Institute of Mechanics Chinese Academy of 
Sciences, Beijing, China

Size effects of mechanical behaviors of materials are 
referred to the variation of the mechanical behavior due 
to the sample sizes changing from macro scale to micro-/
nanoscales. At the micro-/nanoscale, since sample has 
a relatively high specific surface area (ratio of surface 
area to volume), the surface energy effect, although it is 
often neglected at the macro-scale, becomes prominent 
in governing the material mechanical behavior. In the 
present research, a continuum model considering the 
surface energy effect is developed through introducing 
the surface energy to total potential energy. For the model 
application easily, the corresponding finite element method 
is developed simultaneously. The model is used to analyze 
the axial equilibrium strain problem for a Cu nanowire 
at the external loading-free state. As another application 
of the model, from dimensional analysis, the size effects 
of uniform compression tests on the micro-scale cylinder 
specimens for Ni and Au single crystals are analyzed and 
compared with experiments in literatures.

 A02003-03457 

Reciprocating Sliding Wear Studies of Biomorphic 
Si/SiC Ceramic Composites

Amirthan G; Balasubramanian M 
Metallurgical & Materials Engineering, Indian Institute 
of Technology Madras, Chennai, India

The reciprocating sliding friction and wear characteristics 
of four different types of biomorphic silicon carbide 
composite materials were investigated by using the ball-
on-disk configuration. The influence of normal load and 
reciprocating frequency on the friction coefficient and 
specific wear rate of all the above ceramic composites 
was studied. The friction coefficient of the all the four 
ceramics decreased in air and water when there is increase 
in the normal load and reciprocating frequency. The cotton 
fabric based Si/SiC ceramic composite shows very less 
wear rate. The debris formed from the free carbon present 
in the above ceramic may act as lubricant and thus leads 
to low wear rate. CVI treatment of this ceramic leads to 
improvement in wear resistance against alumina balls. 
The coated SiC spherical particles act as hard balls and 
easily chip off the alumina grains from the ball. The fine 
wood powder based Si/SiC ceramic also shows very less 
wear rate. The homogeneously distributed hard SiC grains 
are responsible for this less wear rate. On the other hand, 
the coarse wood powder base Si/SiC ceramic composite 
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has high wear rate than the other composites. The porous 
nature of this ceramic may be the reason for the high wear 
rate. Pores act as a stress raiser and so the nearby areas 
may be easily chipped off during the movement of alumina 
ball.

 A02043-03518 

Deformation Mechanism of Ultra-fine Crystalline 
Cu with Growth Nano-twins: an MD Simulations 
Study

Zhaoxuan WU1; Yongwei ZHANG2; 
David J. SROLOVITZ3 
1. NUS Graduate School for Integrative Sciences and 
Engineering, National University of Singapore, Singapore
2. Department of Materials Science and Engineering, 
National University of Singapore, Singapore
3. Department of Physics, Yeshiva College - Yeshiva 
University, New York, United States

Ultra-fine crystalline metals with growth nano-twins exhibit 
both ultrahigh strength and ductility. Crystal plasticity 
requires the following conditions to be satisfied in order to 
give the above two, often conflicting, properties: (a) a high 
density of dislocations; (b) barriers to moderate dislocation 
motion. It has long been recognized that twin boundaries, 
just like general grain boundaries, strengthen materials 
through the Hall-Petch mechanism. Hence the property 
of ultrahigh strength can be satisfactorily explained by 
nano-twin induced strain hardening. What remain unclear 
are: (a) the mechanisms of twin formation in the synthesis 
stage; (b) the origin of ultrahigh ductility. In the current 
work, we reveal the origin of the ultrahigh ductility 
through Molecular Dynamics (MD) simulations with Cu 
EAM potential and provide atomistic resolution of various 
defects involved in the plastic deformation. This includes 
partial dislocation, 1/3<111> disconnection, intrinsic & 
extrinsic stacking fault, stacking-fault tetrahedron and their 
interactions. We also show the sequence of dislocation 
activities in the initiation of plastic deformation. Shockley 
partial dislocations having slip-plane coincident with the 
twin interface migrate first under applied stresses. Along 
with the moving partial dislocation a step is formed on 
the twin interface, which in turn becomes the source of 
partial dislocation nucleation site. Extrinsic stacking 
fault can be formed at a twin step by emitting two partial 
dislocations with Burgers vector of opposite direction on 
next-neighboring {111} planes. These two partials are 
blocked by the coherent twin interface on the opposite 
side. Grain boundaries are found to be another dislocation 
nucleation sites which can emit dislocation at the early 
stage of plastic deformation. Upon impingement of various 
dislocations from those easy sources, the initially coherent 
twin interfaces become rough and serve as new dislocation 
nucleation sources for subsequent deformation to further 
relieve strains. In addition to the conventional twin 
interface strengthening, we also found other mechanisms 

providing the ultrahigh strength. There is a high density 
of stacking fault plane when the inter-twin spacing is 
of a few tens nanometer or below. Stacking fault planes 
provide similar blocking effect as twin interfaces. Stair-
rod dislocations and stacking-fault tetrahedrons, known as 
locking-mechanism  preventing dislocation propagation,  
are observed in the simulations as well. We also performed 
MD simulations at different temperatures (10 K ~ 600 K) 
and strain rates (10^8 ~ 10^10). Strain rate sensitivity is 
more pronounced at low temperatures, which is consistent 
with experimental studies. We attribute the controlling 
mechanism for strain rate sensitivity and temperature-
dependent plastic deformation in ultra-fine crystalline 
metals with growth nano-twins to nucleation of partial 
dislocations.

 A02049-04489 

Synthesis and Nanosoldering of Silver Nanowires 
on Atomic Force Microscopy (AFM) Cantilevers 
for Tip-Enhanced Raman Spectroscopy (TERS): 
A New Technique for Submicrometer Stress 
Analysis

Pierre BRODARD; Mikhael BECHELANY; 
Laetitia PHILIPPE; Johann MICHLER 
Laboratory for Mechanics of Materials and 
Nanostructures, EMPA Swiss Federal Laboratories for 
Materials Testing and Research, Thun, Switzerland

Raman spectroscopy is a non-destructive optical technique 
which provides detailed information on the structure of 
materials by probing their vibrational modes. Surface 
enhanced Raman spectroscopy (SERS) is based on the 
absorption of light by nanometer-sized metal particles 
added to the sample, resulting in large enhancement of 
the Raman signal. By replacing the metal particles by a 
metallic nanotip, the enhancement can be localized. The 
resulting tip-enhanced Raman spectroscopy (TERS) is 
capable of measuring Raman spectra with high spatial 
resolution, effectively overcoming the diffraction limit. 
In fact, the spatial resolution is limited by the size of 
the tip apex only. Hence, a successful TERS experiment 
depends heavily on the ability to fabricate tips of a definite 
metal with the appropriate shape and size, which is still a 
challenging process.

We show that silver nanowires attached to atomic force 
microscope (AFM) cantilevers produce a strong, localized 
enhancement of the Raman spectroscopy intensity. The 
nanowires are synthesized by electrochemical deposition 
inside the pores of an alumina membrane. By subsequently 
dissolving the alumina membrane, freestanding nanowires 
are obtained, with an approximate diameter of 200 nm. In the 
next step, the silver nanowires are mechanically collected 
onto a razor blade mounted on a piezoelectric slip-stick 
robot arm with three directions of motion. The AFM tip 
itself is mounted on a x,y,z piezo stage with sub-nanometer 
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resolution. The whole setup is mounted inside a scanning 
electron microscope (SEM) for nanomanipulation. When 
the AFM tip is in contact with the nanowire, the electron 
beam is used to perform localized electron impact-induced 
dissociation and deposition of the gases present in the 
chamber, a process which we refer to as nanosoldering. 
A subsequent treatment by focused ion beam (FIB) can 
be carried out for bending and/or cutting the attached 
nanowire with precision.

We tested these functionalized probes with our homemade 
TERS setup, based on the combination of a unique ultraflat 
atomic force microscope in dynamic mode fitted in a high-
resolution, triple-monochromator and reflective-type 
Raman spectrometer. We obtained TERS enhancement 
factors up to 300 with Malachite Green deposited on 
silicon. The topographic imaging capability of these 
nanowire-modified AFM tips is shown to be at least similar 
to unmodified, commercial cantilevers. TERS tips made 
of other metals (gold, copper) and of smaller dimensions 
(down to 50 nm) can be produced with our technique. These 
probes could improve the feasibility and reproducibility of 
the TERS technique, helping its application in nanoscale 
material science. As such, the ultimate goal is to use our 
TERS spectrometer for nanoscale stress analysis.

 A02078-03586 

Improved Mechanical Properties of Hydroxyapatite 
Nanorods Reinforced with Polyethylene

Joseph NATHANAEL1; Mangalaraj DEVANESAN2; 
Nataraj DEVARAJ1; Chen PAO CHI3 
1. Department of Physics, Bhararthiar University, Tamil 
Nadu, India
2. Department of Nanoscience and Technology, 
Bhararthiar University, Tamil Nadu, India
3. Department of Physics, Bhararthiar University, Tamil 
Nadu, India
4. Department of Chemical and Materials Engineering, 
Lunghwa University of Science and Technology, Taoyuan, 
Taiwan

Using a simple hydrothermal method, we synthesized 
hydroxyapatite (HAp) ceramic nanorods. The synthesized 
HAp nanorods have the aspect ratio of about 8-10. 
A closer inspection of the nanostructure of a single 
nanorod revealed a highly regular and defect-free lattice 
with unique crystallographic plane orientations. X-ray 
Diffraction (XRD) pattern shows the highly crystalline 
nature of the product. The particle size was calculated 
by Scherrer’s formula. The Field Emission Scanning 
Electron Microscopy (FESEM) image shows the rod like 
morphology with uniform size distribution with 100-150nm 
of length and a diameter of about 15-20nm. Transmission 
Electron Microscopic analysis (TEM) and High-Resolution 
TEM (HRTEM) images provide further insight into the 
microstructure and morphology of the product and the 

observed results are in agreement with SEM and XRD 
results. The material obtained retains the compact crystal 
structure of apatite. The interplanar distances measured in 
segments (fringes) of the HRTEM micrograph were ~0.35 
nm, corresponding to the interplanar spacing of the [002] 
plane of the hexagonal hydroxyapatite. The SAED pattern 
conforms that the nanorods are single crystal in nature. 
SAED patterns on different nanorods or different positions 
of a given single nanorods are essentially identical, thus 
indicating that all the nanorods are of single-crystalline. 
Fourier-Transform Infrared Spectroscopy (FTIR) also 
clearly shows the formation of hydroxyapatite. The 
nanorods were then reinforced with High Molecular 
Weight Polyethylene (HMWPE). The mechanical strength 
of the hydroxyapatite reinforced polyethylene was studied. 
Effect of particle size on the properties of the composites 
was studied by the evaluation of abrasion resistances and 
tensile strengths. It clearly shows that the mechanical 
properties of the nanorods are high when compared to that 
of bulk HA. Finally the composites were characterized by 
means of thermal analysis including thermogravimetry 
analysis and differential scanning calorimetry (TGA-DSC) 
in order to study the thermal stability of the composite and 
the effect of filler in HMWPE.

 A02093-03604 

Numerical Investigations into the Tensile 
Behaviour of TiO2 Nanowires

VBC TAN1; L DAI1; WCD CHEONG2; CT LIM1; 
CH SOW3 
1. Department of Mechanical Engineering, National 
University of Singapore, Singapore
2. Institute of Materials Research and Engineering, 
Singapore
3. Department of Physics, National University of 
Singapore, Singapore

The mechanisms governing the tensile behavior of 
TiO2 nanowires were studied by molecular dynamics 
simulations. Nanowires below a threshold diameter of about 
10 angstroms transformed into a completely disordered 
configuration after thermodynamic equilibration, 
whereas thicker nanowires retained their crystalline core. 
Initial elastic tensile deformation was effected by the 
reconfiguration of surface atoms while larger elongations 
resulted in continuous cycles of Ti-O bond straightening, 
bond breakage, inner atomic distortion, and necking until 
rupture. Nanowires below the threshold diameter have 
much better mechanical properties than bulk TiO2; they 
exhibit extraordinarily high stiffness and toughness. 

This work is supported by funding from the Science and 
Engineering Research Council (SERC, A*STAR) and Institute 
of Materials Research and Engineering (IMRE, A*STAR), 
Singapore.
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 A02093-03608 

Molecular Mechanics Simulations of 
Nanoindentation of Crystalline and Amorphous 
Silicon

YK YEW; TE TAY; KM LIM; VBC TAN 
Department of Mechanical Engineering, National 
University of Singapore, Singapore

Numerical experiments of nanoindentations on silicon 
(Si) substrates were performed using molecular mechanics 
simulations with the aim of comparing the underlying 
deformation mechanisms of crystalline and amorphous 
Si. Kinks on the force versus indentation depth curves 
are correlated with the evolution of atomic coordination 
numbers to identify any or lack of phase transformations 
associated with the pop-ins. By suppressing thermal 
atomic vibrations, the simulations also reproduced kinks 
on the unloading curves sometimes observed in physical 
nanoindentation experiments. Such pop-outs are predicted 
for crystalline but not amorphous Si substrates. It is 
shown that although the loading curves of crystalline and 
amorphous Si substrates bear similar characteristics, the 
strain distribution within the substrates are distinctly 
different. Crystalline Si were found to transform from 
diamond cubic to body centred cubic structures before 
becoming amorphous in the load-unloading process 
whereas amorphous Si simply changes in density.

This work is supported by funding from the US Airforce Asian 
Office of Aerospace Research and Development (AOARD), 
Japan.

 A02102-03620 

Correlation between Structure and Mechanical 
Properties of CVD Grown CNT Using RAMAN and 
AFM

Pratima SINGH1; Seema SHARMA2; 
Barkha AWASTHI2; Saloni SHARMA2; R S YADAV1 
1. Physics, DAV (PG) College, UP, India
2. Chemical Engineering, Indian Institute of Technology 
Kanpur, UP, India

Highly purified CVD synthesized carbon nanotubes were 
characterized for their structure using FESEM and RAMAN. 
Elastic modulus of individual CNT was measured using 
AFM. Tungsten tip with perfect hemispherical termination 
was fabricated on AFM cantilever using FIB to obtain 
force distance curve of single strand CNT. CNTs were 
dispersed on prepared pattered surface to obtain bridge 
of single strand. Degree of graphitization was calculated 
using Raman analysis. A correlation is drawn between the 
elastic constant and its degree of graphitization.

 A02118-03651 

Simulation of Deformation Fields underneath 
Vickers Indenter: Effects of Power-Law Plasticity

Nuwong CHOLLACOOP1; Upadrasta RAMAMURTY2 
1. National Metal and Materials Technology Center, 
Pathumthani, Thailand
2. Department of Metallurgy, Indian Institute of Science, 
Bangalore, India

The effects of power-law plasticity (yield strength and 
strain hardening exponent) on the plastic strain distribution 
underneath a Vickers indenter was systematically 
investigated by recourse to finite element simulation, 
motivated by the experimental macro- and micro-
indentation on heat-treated Al-Zn-Mg alloy.  For meaningful 
comparison between simulated and experimental results, 
the experimental heat treatment was carefully designed 
such that Al alloy achieve similar yield strength with 
different strain hardening exponent, and vice versa.  On 
the other hand, full 3D simulation of Vickers indentation 
was conducted to capture subsurface strain distribution.  
Subtle differences and similarities were discussed based on 
the strain field shape, size and magnitude for the isolated 
effect of yield strength and strain hardening exponent.

 A02227-03801 

Nanolubrication of Si and Polymers Using Self-
assemled Monolayers (SAMs) and Polymeric 
Films for MEMS Applications

Sujeet K. SINHA 
Department of Mechanical Engineering, National 
University of Singapore, Singapore

This presentation will show a few methods of producing 
only few nanometer thick wear resistant coatings on Si and 
polymer surfaces by methods such as solution dip-coating 
and O2 plasma treatment. Depositions of SAMs with 
perfluoropolyether (PFPE) or functionalized polyethylene 
have shown remarkable increase in the wear life of the 
substrate. Similarly, a simple treatment of O2 plasma on 
a poly(methyl methacrylate) (PMMA) film followed by 
PFPE deposition increased the life of the PMMA film by 
orders of magnitude. Film performances were evaluated 
on ball-on-disk tribometer and scratch tests at contact 
conditions (load and sliding speed) much above those 
encountered in microsystems applications. 

Our studies have shown that surface mechanical property 
enhancement, surface texturing coupled with appropriate 
polymer film deposition can provide lubrication at nano-
scale for Si or polymer substrates. These nanolubricants 
will have applications in microsystems such as MEMS if 
the method of lubrication is suitably integrated with the 
component fabrication methods.
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 A02250-03837 

Instability Pathway of Programmed Hydrogels 
under Inhomogeneous Swelling

Xiaoxin ZHANG1; Yongwei ZHANG1;2 
1. Materials Science and Engineering, National 
University of Singapore, Singapore
2. Large-scale Complex Systems, Institute of High 
Performance Computing, Singapore

The emergence of patterns is one of nature’s most 
amazing phenomena. Artificial materials like hydrogels 
can also exhibit elaborate pattern formation during 
growth and deformation. Such pattern formation often 
involves bifurcation and instability. Here we investigate 
‘programmed’ hydrogels undergo inhomogeneous swelling, 
leading to mechanical buckling instability. Inspired by 
recent experiment discovery, we simulate flat hydrogel 
sheets that are designed with polymer concentration varying 
laterally undergo swelling in water. Differential swelling of 
the flat hydrogel sheets can produce nonuniform stress field 
within the hydrogel medium. When the stress is sufficient to 
induce shape instability, the initial flat hydrogel sheets tend 
to form three-dimensional wavy periodic patterns. In this 
work, hydrogels are modeled to be hyperelastic materials 
subjected to inhomogeneous and anisotropic swelling. 
Finite element simulations are systematically conducted 
through parametric study of the polymer concentration 
profiles. The swollen hydrogel sheets are characterized 
by large scale buckling and small scale wrinkling. The 
swollen modes are shown to be sensitive to the polymer 
concentration gradients along the radius. The stability of 
the flat sheets is further studied in the framework of linear 
elasticity using Föppl-von Kármán’s plate theory. The flat 
state is found to become unstable above a critical swelling 
ratio and the computed wave numbers are confirmed 
by the finite element simulations. Our work reveals the 
richness of nontrivial shapes that thin hydrogel sheets can 
manifest during swelling. This work may also shed light 
on investigation of the differential growth of soft living 
tissues and impact a wide range of fields such as adhesion 
surfaces, medical devices and actuator development.

 A02277-03887 

Texture, Electrical and Mechanical Properties of 
TiN/NiTi Heterostructures

Ashvani KUMAR1; Devendra SINGH2; Davinder KAUR1 
1. Department of Physics and Center of Nanotechnology, 
Indian Institute of Technology Roorkee, Roorkee, India
2. Metallurgy and Materials Engineering Department, 
Indian Institute of Technology Roorkee, Roorkee, India

Nanocrystalline TiN/NiTi thin films have been grown on 
silicon substrate by dc magnetron sputtering to improve 
the surface and mechanical properties of NiTi based shape 
memory alloys without sacrificing the phase transformation 

effect. Interestingly, the preferential orientation of the 
TiN films was observed to change from (111) to (200) 
with change in nature of sputtering gas from 70% Ar + 
30% N2 to 100% N2. In present study the influence of 
crystallographic orientation of TiN on texture, electrical 
and mechanical properties of TiN/NiTi thin films was 
investigated systematically. A series of nanoindentations 
was made on NiTi and TiN/NiTi thin films at millinewton 
loads with a Berkovich indenter at different temperatures. 
TiN (200)/NiTi films were found to exhibit high hardness, 
high elastic modulus, and thereby better wear resistance 
as compared to pure NiTi and TiN (111)/NiTi films. In 
addition the presence of TiN (200) improves the top 
surface quality of NiTi films while retaining the phase 
transformation effect.

 A02290-03917 

Importance of the Composite Design for the 
Drawing Deformation of Internal Tin Nb3Sn 
Superconducting Wires

Vikas SHABADI1; Roland TAILLARD2; 
Rajashekhar SHABADI2; Adi RABHI2 
1. Department of Metallurgical and Materials 
Engineering, National Institute of Technology Karnataka, 
Karnataka, India
2. Laboratoire de Metallurgie Physique et Genie des 
Materiaux, Universite des Sciences et Technologies de 
Lille, Villeneuve-D’Ascq, France

With the development of science and technology, the 
demand for magnets of ever-increasing magnetic field 
is growing strongly. For instance, Very Large Hadron 
Collider (VLHC), the next generation accelerators, as 
well as the International Thermonuclear Experimental 
Reactor (ITER) require fields exceeding 10 Tesla. Over the 
last ten years much attention has been paid to high-field 
superconductors in order to meet the magnet requirements. 
Multi-filamentary Nb3Sn wire is one of the most practical 
cryogenic superconductor materials because of the interest 
in both - its cost of fabrication and its combinations of 
superconducting properties, i.e. of critical temperature 
(Tc), upper critical field (HC2) and critical current 
density (Jc). Due to both these properties and reduced 
energy losses, the magnetic confinement facility of a 
fusion system which needs large high-field magnets is 
made with Nb3Sn superconducting wire. Production of 
such a type of wire is not simple as several factors may 
degrade the performance of Nb3Sn strand such as plastic 
deformation during drawing and cabling, pre-compression 
during magnet fabrication and Lorentz Forces during the 
operation at high fields. The present work aims at studying 
the deformation that occurs during the drawing process, 
and to evaluate ways and methods to minimize the effects 
of non-uniform deformation on the ultimate microstructure 
of the filaments and therefore improve the superconducting 
properties of the wire. 
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In this study, several samples of composite wires with 
different arrangements of either the filaments or the sub-
elements and at different stages of manufacturing were 
analysed to understand the effects of the type of design 
and magnitude of drawing on the deformation patterns. 
Variation in the design of the sub-elements can be made to 
ensure better diffusion, reduce duration of heat treatment, 
obtain a uniform the chemical composition and grain size 
but this may also lead to a compromise on the mechanical 
strength of the design. So, this research work was aimed at 
identifying the best design that would lead to the optimized 
properties. A unique method of image analysis was 
adopted to reach this goal. The optical microscopic images 
were subjected to various mathematical measurements 
by means of the “ImageJ” software in order to conclude 
the best sub-element design. It was demonstrated that the 
best design was one which preserves the circularity of the 
wire components along the manufacturing process. Micro-
structural analysis of the internal tin sources of the sub-
elements in the assembled billets was further carried out 
in order to investigate the variation of deformation along 
a billet radius. 
 

 A02297-04254 

Microstructural Healing with Interfacial Reaction 
Layers on the Adhesive Strength Enhancement 
of Plasma-Sprayed Hydroxyapatite Coatings

Chung-Wei YANG; Truan-Sheng LUI; Edward CHANG 
Department of Materials Science and Engineering, 
National Cheng Kung University, Tainan, Taiwan

The effect of hydrothermal crystallization and adding 
reinforced intermediate layers on the mechanical 
characteristics of plasma-sprayed HA coatings (HACs) was 
investigated. The experimental results show that the index 
of crystallinity (IOC) and phase purity of hydrothermally-
treated HACs (HT-HAC) can be effectively increased 
with the low-temperature hydrothermal treatment. The 
microstructural healing effect with nano-size HA crystallites 
is significant to diminish the coating defects and prevent 
mechanical strength degradation for the HT-HAC. XPS 
analysis demonstrates that the hydrothermal crystallization 
helps to promote the interfacial Ti-OH chemical reaction, 
which also improves the increase of adhesive strength. The 
HA composite coatings with CP-Ti and ZrO2 intermediate 
layers shows a different strengthening effect from the 
hydrothermal-heating methods. The inter-diffusion of Ca 
elements results in a chemical bonding between the HA/
ZrO2 interface, which results in further strengthening 
the adhesive strength of the composite coatings. From 
the fractographic observations, the fracture behavior is 
different between the crystallization-induced HACs and 
the composite coatings. The HT-HAC remains in tack 
on the substrate with an intra-coating failure, and the 
fracture occurred at HA/intermediate layers interface for 

the composite coatings. In addition, it is recognized that 
fractures with less percentage area of interfacial fracture 
are indicative of a higher strength of a coating. 

 A02307-04060 

Mechanical Behaviour and Wear Studies of 
Hyper Eutectic Al-Si Alloy/ Graphite Particulate 
Reinforced Composites

Rajaram G.; Kumaran S.; Srinivasa Rao T. 
Metallurgical and Materials Engineering, National 
Institute of Technology Tiruchirappalli, Tiruchirappalli / 
Tamilnadu, India

There is an increasing demand to improve the performance 
of sliding components of automobiles. Today Sciences in 
finding new materials superior than the conventional ones 
have an increasing demand. In these studies, aluminum 
matrix composites (AMCs) have gained great attention 
especially in the industries. Like all composites, aluminum-
matrix composites are not a single material but a family of 
materials whose stiffness, strength, density, and thermal 
and electrical properties can be tailored. With increasing 
stringent environmental regulations and emphasis on 
improved fuel economy, use of AMCs in transport sector 
will be inevitable and desirable in the coming years. Among 
various aluminum matrix composites, Al-Si alloy with 
graphite reinforcement composite is a potential candidate 
for automotive and general engineering applications. 

This research work deals with hyper eutectic Al-Si alloy/
graphite reinforced particulate composite which was 
fabricated through stir casting route in order to understand 
the mechanical behavior and wear properties.  Al-Si alloy 
was considered for matrix material and melted in a furnace 
at 760°C. The treatment of molten metal was carried out 
by using standard fluxes, modifiers, degasses and grain 
refiners to obtain sound casting. Before adding graphite in 
to the molten aluminium alloy, weighed mixture of graphite 
(3 wt. %) powder with nickel (2 wt. %) was preheated at a 
temperature of 400ºC. 

The microstructural analysis of cast samples revealed a 
uniform distribution of graphite particle in the Al-Si matrix 
which played main role in offering good tribological 
properties. To study the mechanical behavior of produced 
composites the tensile strength and hardness tests were 
conducted and the results were compared with matrix 
alloy. The results reveal that, the value of elongation was 
increased in the case of addition of graphite reinforcement 
compared to matrix alloy. The hardness values of composite 
were less than that of matrix alloy. There is no much 
significance of graphite addition for the improvement 
of the composite hardness. The wear performances of 
produced composites were analyzed by using Pin on Disc 
(ASTM-G99) wear testing machine. The tribological 
behavior of the composite found to be better than that of 



Symposium U - Mechanical Behavior of Micro - and Nano-Scale Systems     49

the unreinforced alloy. The experimental result revealed 
that the wear loss increased with increasing applied load 
and sliding distance. 

 A02315-03956 

Molecular Dynamics Study of Shear Localization 
in Amorphous Alloys

Murali PALLA1; Huajian GAO2; Yong-Wei ZHANG1;3 
1. Large Scale Complex Systems, Institute of High 
Performance Computing, Singapore
2. The Division of Engineering, Brown University, 
Providence, United States
3. Department of Materials Science and Engineering, 
National University of Singapore, Singapore

The deformation mechanisms in amorphous alloys 
(metallic glasses) are different and far less understood 
than the polycrystals due to the lack of well defined defect 
structures viz. dislocations, grain boundaries etc. We 
have conducted molecular dynamics simulations to study 
the deformation mechanisms in amorphous alloys.  Our 
study reveals that the process of shear banding occurs 
in a hierarchical manner with the nucleation of shear 
transformation zones and the coalescence of these zones 
into the intermediate slip zones which merge to form more 
dominant shear bands under certain favorable conditions.  
We seek to identify the governing parameters (both 
interatomic interactions as well as structural features) that 
favour predominant shear banding in amorphous alloys

 A02373-04133 

Wear Behavior of NiTi Thin Film at Micro-scale

Kwok Leung NG1;2; Sun QING PING2; 
Shuichi MIYAZAK3; Masanari TOMOZAWA3 
1. Science and Technology, Hong Kong Community 
College, Hong Kong
2. Department of Mechanical Engineering, Hong Kong 
University of Science and Technology, Hong Kong
3. Institute of Material Science, University of Tsukuba, 
Japan

This paper reports experimental study on the hardness and 
wear behavior of NiTi Thin Film Shape Memory Alloy 
(SMA) at micrometer scales. A triboindenter (Hysitron 
Inc., Minneapolis, USA) was used to conduct a series 
of indentations under various loads (the corresponding 
maximum indentation depth from 18.52nm to 333.53nm) 
and wear by scanning scratch method at temperatures 
from 25°C to 120°C. It was found that with increasing 
temperature, the hardness of NiTi thin film increased while 
its wear resistance decreased. The observed anomalous 
variation of wear resistance with hardness value is 
further analyzed by the interplay of phase transition and 
plasticity. 

 A02423-04138 

Edge Ripples of Free Standing Finite Graphene 
Sheets

Chilla Damodara REDDY1; Vivek SHENOY2; 
Yong Wei ZHANG1;3 
1. Large-scale Complex Systems, Institute of High 
Performance Computing, Singapore
2. Division of Engineering, Brown University, 
Providence, United States
3. Department of Materials Science and Engineering, 
National University of Singapore, Singapore

The edge stresses introduces the intrinsic ripples at the 
edges of free standing graphene sheets caused by the 
terminated atoms from the regular honeycomb lattice. 
The atomic structure of free standing finite graphene is 
strongly influence their electronic properties of graphene 
based devices. The study of edge ripples of the finite 
graphene sheets is an importance in the graphene based 
nano-devices. We present the basic structural modes of free 
standing graphene sheets based on the size and type of edge 
terminations. Atomistic simulations and analytical models 
are used to study these ripples of the graphene structures. 
The results show each edge type have particular nature 
of stress, either tensile/compressive depend on the edge 
terminations. The ripples of larger sheets are different with 
short size graphene sheets. The longer sheets with narrow 
width is seen twisted modes and out of phase modes on the 
two edges of sheet. The edges stresses also quantified for 
various edge terminations based on the proposed model.              

 A02502-04285 

The Application of Tapanuli Clay for High 
Performance Epoxy Layered Silicate 
Nanocomposites

Ariadne JUWONO1; Riwandi SIHOMBING2; 
S SUTARNO3; Handoko SUBAWI3; Nidya 
CHITRANINGRUM1 
1. Physics, University of Indonesia, Depok, Indonesia
2. Chemistry, University of Indonesia, Depok, Indonesia
3. Indonesian Aerospace Ltd, Bandung, Indonesia

Clay-epoxy nanocomposites are one group of innovative 
materials and have a high potential to replace plastics and 
conventional plastic composites. The advantages of these 
materials are light weight, high stiffness and good heat 
resistance. This paper presents the stiffness and the heat 
deflection temperature of an epoxy with a dispersion of 
modified layered silicates in the polymer matrix. Organo 
layered silicates were successfully synthesized from 
Tapanuli clay through an intercalated ultrasonic method 
using hexadecyltrimethylamonium as a cation exchange 
agent. Tapanuli clay – epoxy nanocomposites were also 
successfully synthesized with an in-situ polymerization.
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Further, the effect of different contents of Tapanuli clay 
with different epoxy resin systems was analyzed. XRD and 
TEM results demonstrated a pattern of clay morphology 
typically found in nanocomposite systems. Although 
the diffractogram did not show any distinguish order of 
the clay layers in the nanocomposites, the TEM findings 
confirmed that both intercalated and exfoliated structures 
could be observed on the materials. Tensile and heat 
deflection temperature tests were carried out according to 
their standards. It is found that the presence of Tapanuli 
organo clays in the epoxy systems provides higher stiffness 
and higher heat deflection temperature.  

 A02511-04304 

Defects in Strained Silicon Heterostructure

Tongda MA; Hailing TU 
General Research Institute for Nonferrous Metals, China

Strained silicon heterostructure has been extensively 
studied as promising material system. Many kinds of defects 
such as misfit dislocations, threading dislocations as well 
as precipitate were observed previously. However, some 
novel defects often occurred in the same heterostructure 
once different thermal treatments were performed. Our 
work shows that stacking faults and misfit dislocation 
dipoles appeared in the strained silicon heterostructure 
besides of some normal defects. The formation mechanism 
of misfit dislocation dipoles was discussed according to 
the distribution of composition and strain around mismatch 
interface. Additionally, the thermal behavior of defects in 
the strained silicon heterostructure was traced by in-situ 
TEM observation. 

 A02566-04383 

Buckling of a Heteroepitaxial Film with Periodic 
Connections to a Substrate

Ping LIU1; Zhuangjian LIU1; Yongwei ZHANG1;3; 
Frederick F. LANGE2 
1. Large Scale Complex Systems, Institute of High 
Performance Computing, Singapore
2. Materials Department, University of California Santa 
Barbara, United States
3. Department of Materials Science and Engineering, 
National University of Singapore, Singapore

A buckling criterion for a heteroepitaxial film with period 
connections to a substrate was proposed. Systematic 
finite element simulations were performed to confirm the 
validity of the buckling criterion. The predicted critical 
crack length was compared favorably with experimental 
measurement. Its implications on the film failure during 
lateral epitaxy overgrowth were discussed. 

Thin film presents a key element in many mechanical and 
electronic devices such as integrated circuits, magnetic 
storage media, thermal sensing elements, protective 
anticorrosion coatings, etc. Stresses arise within films 
due to lattice mismatch and/or thermal mismatch.  Driven 
by these stresses, the interface between a film and its 
substrate may delaminate, and a film may buckle. Hence 
the performance and reliability of thin film/substrate 
structures are determined to a large extent by the strength 
and fracture resistance of thin films and/or interfaces. 

A rich body of literature exists for the analysis of the 
cracking and buckling conditions of a film grown on a 
substrate. Recently a novel film growth technique, namely, 
lateral epitaxy overgrowth (LEO) has been proposed 
to grow epitaxial films. LEO enables epitaxial growth 
only on defined areas called windows. By controlling 
parameters that favor lateral growth rates, the growth can 
start from the window regions and spreads laterally to 
form wings. The lateral growth of wings then leads to the 
zip-up of the wings from the neighboring windows and 
forms a continuous film.   Interestingly, it was found that 
the stability of the film against buckling was significantly 
enhanced by the LEO procedure. 

So far, the mechanics underlying this large enhancement 
has not been well understood. A critical issue is: what 
is the criterion for the buckling of a film with periodical 
connections to a substrate?  Since controlling the film 
buckling is of great importance in lateral epitaxial 
overgrowth and coating adherence, it is of both scientific 
value and practical interest to determine the failure 
criterion.

We propose a buckling criterion for a film with periodic 
strip connections to a substrate. This criterion incorporates 
both mechanical properties of the film, the LEO geometry 
and the role of strain relaxation. Systemic finite element 
simulations were performed to validate the criterion. A 
comparison between experimental result and the model 
prediction has been made and a good agreement is 
observed. 
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 A02637-04569 

Cross-Sectional Deformation of Multiwalled 
Carbon Nanotubes under Hydrostatic Pressure

Hiroyuki SHIMA; Motohiro SATO 
Department of Applied Physics, Hokkaido University, 
Sapporo, Japan

An important mechanical feature of carbon nanotubes is 
their high flexibility in the radial direction. It has been 
found that the magnitude of radial stiffness of an isolated 
carbon nanotube is considerably less than that of axial 
stiffness, which allows a reversible change in the cross-
sectional shape on applying a hydrostatic pressure. Such 
a pressure-induced radial deformation yields significant 
changes in electronic and optical properties, indicating 
the relevance of radial deformations in carbon nanotube 
applications.

Thus far, many experimental and theoretical studies have 
been carried out on radial deformations of carbon nanotubes 
induced by hydrostatic pressures, most of which have 
focused on single-walled nanotubes (SWNTs) and their 
bundles. Successive investigations have revealed flattening 
and polygonalization in the cross section of SWNTs under 
pressures of the order a few GPa. As compared to the 
intensive studies carried on SWNTs, those on multiwalled 
nanotubes (MWNTs) are lagging behind. Intuitively, the 
core-shell structure of MWNTs is thought to enhance the 
radial stiffness of MWNTs. However, when the number 
of concentric walls is much greater than unity, outside 
walls have large diameters so that external pressure leads 
to a mechanical instability in the outer walls. The latter 
fact implies the possibility of a new cross-sectional shape 
transition of MWNTs induced by hydrostatic pressure.

In this presentation, we demonstrate theoretically a novel 
radial deformation, called the radial corrugation, of 
MWNTs under hydrostatic pressure. Theoretical analyses 
based on the continuum elastic theory have revealed that 
MWNTs consisting of a large number of concentric walls 
undergo elastic deformations at critical pressure pC ~ 1GPa, 
above which the cross-sectional circular shape becomes 
radially corrugated. We found various corrugation modes 
can be obtained by tuning the innermost tube diameter D 
and the number of constituent walls N, which is a direct 
consequence of the core-shell structure of MWNTs. A phase 
diagram has been established to obtain the requisite values 
of N and D for observing a desired corrugation mode. It is 
remarkable that in all corrugation modes, the cylindrical 
symmetry of the innermost tube is maintained even under 
high external pressures. This persistence of the cylindrical 
symmetry of the innermost tube of MWNTs is completely 
in contrast to the pressure-induced collapse of SWNTs. We 
hope that the present results provide useful information for 
developing nanofluidic or nanoelectrochemical devices 
whose performance depends on the geometry of the inner 
hollow cavity of nanotubes.

 A02659-04563 

Finite Deformation Behavior of a Soft Polymer 
Coatings Adhering to Titanium Alloy (Ti6Al4V)

Boonyong PUNANTAPONG 
Faculty of Applied Science, King Mongkutâ€™s 
University of Technology, Bangkok, Thailand

Medical devices often have complex architecture, dissimilar 
materials, and small features.  Their long-term reliability 
relates to inelastic, time-dependent mechanical behavior 
of such structures.  This article presents the experimental 
methodology which elucidates the stress-state dependency 
of the deformation behavior of a soft polymer coating 
adhering to titanium alloy (Ti6Al4V).  The methodology 
includes in situ observations of the evolution of the 
deformation behavior of elastic film and a rigid substrate 
under a micro-indenter.  The tip of indenter is driven to the 
polymer film coating at constant displacement rate until 
interfacial fracture is observed.  However, the stress and 
strain fields which develop in the coating during penetration 
have been calculated using finite element analysis.

For the experimental results, the interfacial stresses are 
found to be strongly affected by the constraint of the rigid 
substrate.  When the crack is constant, the region in which 
the stress field increases with time.  Then it found to be 
consistency independent of the indenter radius and in close 
agreement with the uniaxial yield values.  In addition, 
the maximum shear stress occurs at the perimeter of the 
indenter and the initiation of the interfacial crack occurs in 
this region.  Furthermore, the high interfacial shear stresses 
are distributed over a large radial distance, which lead to 
the fracture initiation in the region of interface.   

 A02663-04573 

Pseudo-Steady Indentation Creep

Hidenari TAKAGI1; Ming DAO2; Masami FUJIWARA1 
1. Division of Applied Physics, Nihon University, 
Fukushima, Japan
2. Department of Materials Science and Engineering, 
Massachusetts Institute of Technology, Massachusetts, 
United States

Theoretical analysis and computational modeling have 
been carried out for a constant specific load rate (CSLR) 
indentation creep test. Results show that, after a transient 
period, both the representative stress and the indentation 
strain rate become constant. Moreover, the finite element 
(FE) simulation reveals that the contours of equivalent stress 
and equivalent plastic strain rate underneath the indenter 
evolve with geometrical self-similarity. This confirms 
that pseudo-steady indentation creep occurs in the region 
beneath the indenter. We define the representative points in 
the region as the ones with the equivalent stress equal to the 
representative stress.  During the pseudo-steady indentation 
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creep of a power law material, the proportionality between 
indentation strain rate and equivalent plastic strain rate 
is maintained at these representative points. A control 
volume (CV) beneath the indenter, which governs the 
indenter velocity, is identified. The size of the CV at the 
indented surface is approximately 2.5 times the size of the 
impression. The stress exponent for creep can be extracted 
from the pseudo-steady indentation creep data. These 
results demonstrate that the CSLR testing technique can be 
used to evaluate creep parameters with the same accuracy 
as conventional uniaxial creep tests.

 A02663-04575 

Mechanics of Biomaterials at the Nanoscale

Ming DAO 
Department of Materials Science and Engineering, 
Massachusetts Institute of Technology, Massachusetts, 
United States

Mechanical properties of nanoscale microstructures 
often play important roles in biological cells and tissues. 
Recent advances in experimental apparatus as well as 
computational methodology had enabled us to study the 
nano-mechanics of these systems, track disease states in 
parasitized human red blood cells (RBCs), and understand 
nanoscale energy dissipation mechanisms in bone. In this 
presentation, detailed examples are given to analyses 
of nanoscale heterogeneity in bone and the evolution of 
disease states in RBCs. Discussions are given in an effort 
to link superior mechanical performances to nanoscopic 
structural characteristics identified in these biomaterials.

 A02668-04606 

Determination of the Interfacial Adhesion 
Properties by Wedge Indentation: Finite Element 
Simulation and Experiment 

Lei CHEN; Kaiyang ZENG 
Department of Mechanical Engineering, National 
University of Singapore, Singapore

In this study, finite element simulation (FEM) was performed 
to simulate the interfacial delamination processes induced 
by wedge indentation experiments, and to determine the 
interfacial strength and energy for soft-film-on-hard-
substrate (SFHS) systems. During the FEM simulation, a 
traction-separation law is used to describe the interfacial 
adhesion properties due to the large-scale yielding during 
indentations. The effects of main parameters in the 
traction-separation law, i.e., interfacial strength (σstrength) 
and interfacial energy (Γ0), to the initiation and propagation 
of the interfacial delamination are studied by parametric 
studies. An interface energy-strength contour, which can be 
used to determine the interfacial adhesion properties of the 
thin-film/substrate systems based on a wedge indentation 

experiment, is developed from the outcomes of the FEM 
simulation of the indentations using two wedge tips 
with the inclusion angles of 90° and 120°. Based on this 
interface energy-strength contour, the interface adhesion 
properties are determined for a BlackDiamond® (BD) film 
on Si substrate and a Methylsilsesquioxane (MSQ) film on 
Si substrate, For the BD/Si system, interface toughness, 
Γ0 = 5.58 – 8.49 J/m2 and interface strength, σstrength = 0.71 
- 0.78 GPa, whereas for the MSQ/Si system, Γ0 = 2.13 – 
2.61 J/m2 and σstrength = 0.24 - 0.29 GPa, respectively. The 
simulated results are then compared with the previous 
experimentally derived interfacial fracture toughness 
values and some further discussions are given.

 A02682-04613 

Measurement of Fracture Toughness of Anode 
Used in Solid Oxide Fuel Cell

Kais HBAIEB 
Institute of Materials Research and Engineering, 
Singapore

Reliability prediction and design of multi-layered structure 
necessitates the knowledge of the mechanical properties of 
the individual layers, in particular fracture toughness. To 
measure fracture toughness of typical anode, composed 
of 60wt% NiO and 40wt% 3YSZ (60:40 Ni-YSZ) used 
in Solid Oxide Fuel Cell (SOFC), controlled buckling test 
was used. A simple set-up was made where a compressive 
strain was applied on a thin substrate supporting the anode. 
Both curvature and film strength are calculated from the 
applied strain, elastic modulus and geometric dimension 
of the sample. The fracture toughness is calculated to be 5 
± 0.28MPa√m .

 A02689-04624 

Effect of Trace Addition of Scandium and 
Zirconium on the Fracture Toughness of 
Aluminium-Magnesium Alloy 

Rituparna SEN1; Manojit GHOSH2; Malay BANERJEE2 
1. Ceramic Engineering, Government College of 
Engineering & Ceramic Technology, West Bengal, India
2. Metallurgical and Materials Engineering, Bengal 
Engineering and Science University, West Bengal, India

Al-Mg alloys are suitable for structural applications where 
corrosion resistance is important. Trace scandium addition 
to this alloy system leads to the formation of nano sized 
precipitates of Al3Sc which influence the mechanical 
properties of the alloy. Zirconium can substitute scandium 
in part and is known to produce Al3Sc1-xZrx precipitates of 
higher thermal stability. Since introduction of ternary and 
quaternary elements in traces (scandium and zirconium) 
leads to an improvement in resistance to fatigue crack 
nucleation, it is anticipated that the trace added alloys will 
posses improved plane strain fracture toughness. 
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Al-Mg-Sc and Al-Mg-Sc-Zr alloys of varying compositions 
were subjected to annealing at different temperatures 
within 100 to 400°C. Microhardness and yield strength 
of the annealed alloys were measured and the detailed 
microstructural characterization was made by employing 
transmission electron microscopy.

Fracture toughness values were obtained by using Compact-
Tension (CT) specimens in an Instron testing machine 
by following the methods laid down in ASTM-E399-90 
corrected in 1992. Microstructural and fractographic 
studies of FT samples were made by a JEOL scanning 
electron microscope.

It has been found that scandium modifies the microstructure 
of Al-Mg alloy and considerably improves the fracture 
toughness property of the alloy at higher temperature when 
deformation becomes homogeneous due to coarsening of 
Al3Sc precipitates.

However planer slip bands are formed in plenty with 
increase in precipitate density caused by ageing. The slip 
bands have adversely affected the fracture toughness of the 
alloys.

Zirconium improves the fracture toughness of Al-Mg-Sc 
alloy quite considerably. However, Zirconium in Al-Mg-Sc 
alloy brings about the improvement in fracture toughness 
by assisting the attainment of smaller size of sub grains. 
The Al3Sc1-xZrx precipitates are found to be thermally 
more stable and insure more effective pinning of sub 
grain boundaries. As a result a fine sub grain structure is 
obtained. It is further observed that the influence of the fine 
precipitates of Al3Sc1-xZrx on the improvement the fracture 
toughness of the experimental alloys is not significantly 
high.

 A02689-04629 

Positron Lifetime Studies to Asses the Influence 
of Scandium and Zirconium on the Phase 
Decomposition Behavior of Al-6Mg Alloys

Rituparna SEN1; PMG NAMBISSAN2; 
Malay BANERJEE3 
1. Ceramic Engineering, Government College of 
Engineering & Ceramic Technology, West Bengal, India
2. Nuclear and Atomic Physics, Saha Institute of Nuclear 
physics, West Bengal, India
3. Metallurgical and Materials Engineering, Bengal 
Engineering and Science University, West Bengal, India

Al-Mg alloys are suitable for structural applications where 
corrosion resistance is important. Trace scandium addition 
to this alloy system leads to the formation of nano sized 
precipitates of Al3Sc which influence the mechanical 
properties of the alloy. Zirconium can substitute scandium 
in part and is known to produce Al3Sc1-xZrx precipitates of 

higher thermal stability. Since introduction of ternary and 
quaternary elements in traces (scandium and zirconium) 
leads to an improvement in resistance to fatigue crack 
nucleation, it is anticipated that the trace added alloys will 
posses improved plane strain fracture toughness. 

Al-Mg-Sc and Al-Mg-Sc-Zr alloys of varying compositions 
were subjected to annealing at different temperatures 
within 100 to 400°C. Microhardness and yield strength 
of the annealed alloys were measured and the detailed 
microstructural characterization was made by employing 
transmission electron microscopy. 

Fracture toughness values were obtained by using Compact-
Tension (CT) specimens in an Instron testing machine 
by following the methods laid down in ASTM-E399-90 
corrected in 1992. Microstructural and fractographic 
studies of FT samples were made by a JEOL scanning 
electron microscope.

It has been found that scandium modifies the microstructure 
of Al-Mg alloy and considerably improves the fracture 
toughness property of the alloy at higher temperature when 
deformation becomes homogeneous due to coarsening of 
Al3Sc precipitates.

However planer slip bands are formed in plenty with 
increase in precipitate density caused by ageing. The slip 
bands have adversely affected the fracture toughness of the 
alloys.

Zirconium improves the fracture toughness of Al-Mg-Sc 
alloy quite considerably. However, Zirconium in Al-Mg-Sc 
alloy brings about the improvement in fracture toughness 
by assisting the attainment of smaller size of sub grains. 
The Al3Sc1-xZrx precipitates are found to be thermally 
more stable and insure more effective pinning of sub 
grain boundaries. As a result a fine sub grain structure is 
obtained. It is further observed that the influence of the fine 
precipitates of Al3Sc1-xZrx on the improvement the fracture 
toughness of the experimental alloys is not significantly 
high.

 A02785-04757 

Coarse-grained Molecular Dynamics Modeling of 
the Deformation and Breakup Behavior of Single-
layer Membrane Vesicles 

Yong-Wei ZHANG1;2; Chen ZHENG1; Ping LIU2 
1. Department of Materials Science and Engineering, 
National University of Singapore, Singapore
2. Large-scale Complex Systems, Institute of High 
Performance Computing, Singapore

A coarse-grained molecular dynamics model was 
employed to study the deformation and breakup behavior 
of single-layer membrane vesicles.  The bending stiffness 
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of the membrane was extracted through membrane 
thermal fluctuation. Parametric studies were performed 
to obtain a phase diagram of the vesicle subject to the 
change of temperature and across-membrane pressure 
difference, and various vesicle shapes were obtained.  
Wrapping of a nanoparticle by the single-layer membrane 
vesicle mediated van der Waals interaction at different 
temperatures was also simulated. It is shown the wrapping 
process was temperature-dependent and an optimal 
temperature was observed to lead to the shortest wrapping 
time. The breakup of vesicles driven by the change of 
spontaneous curvature was also studied and the breakup 
phase diagrams were also obtained. A breakup criterion 
based on Griffith fracture mechanics was proposed and 
predicted the breakup condition. 

 A02836-04858 

A Comparative Study of Two Surface Modification 
Processes for Better Adhesion and Tribological 
Properties of UHMWPE Film Deposited on a Si 
Substrate

Abdul Samad MOHAMMED; Satyanarayana NALAM; 
Sujeet Kumar SINHA 
Department of Mechanical Engineering, National 
University of Singapore, Singapore

Ultra High Molecular Weight Polyethylene (UHMWPE) 
film is coated onto piranha and air plasma treated silicon 
substrates, to study the effect of surface pre-treatment 
on the adhesion strength and the tribological properties 
of the film. After the pre-treatment, water contact angle 
measurements were conducted and the surface-free energy 
of the Si substrate was calculated. It is observed that the 
air plasma pre-treatment reduced the water contact angle 
considerably when compared to that of piranha pre-
treatment which resulted in an increase of the surface 
free energy of the Si substrate. Besides, scratch tests for 
adhesive property of UHMWPE coated Si substrate were 
conducted. It was found that the plasma pre-treatment 
enhanced the adhesion between the UHMWPE film and 
the Si substrate remarkably when compared to the piranha 
pre-treatment. AFM, XPS, FESEM and EDS analysis were 
used to characterize and evaluate the surface morphology. 
Wear tests were conducted to study the effect of pre-
treatment on the tribological properties of the UHMWPE 
film. Coefficient of friction and wear life were evaluated 
by using a ball-on-disk configuration in which a 4 mm 
diameter Si3N4 ball was slid against the coated sample. A 
considerable increase in the wear life was observed after 
the air-plasma pre-treatment of the Si substrate prior to the 
coating. This improvement was attributed to the increase in 
the adhesion strength between the film and the substrate.  

 A02861-04892 

Nano-lubrication of Si Surface Using Dendrimer-
mediated Perfluoropolyether Films for Micro-
electro Mechanical Systems Applications

Satyanarayana NALAM; Minn MYO; 
Sujeet Kumar SINHA 
Department of Mechanical Engineering, National 
University of Singapore, Singapore

Tribological properties such as friction, wear, adhesion 
and lubrication are some of the reliability issues limiting 
the applicability of micro-electro mechanical systems 
(MEMS) components. Ultra-thin organic films such as self-
assembled monolayers (SAMs), polymer films and ionic 
liquid films are some successful methods of improving the 
tribological properties of MEMS surfaces. However, further 
research in this area is essential to provide very reliable 
lubrication methodology to the MEMS components. In 
the present study, we explored the use of dendrimer film 
as an intermediate layer between perfluoropolyether 
(PFPE) films and Si surface in improving the over-all 
tribological properties of PFPE films. The dendrimer films 
have molecules in the form of tree structure and hence 
the overcoated PFPE molecules have to either penetrate 
into the empty spaces between various arms of dendrimer 
molecules or chemisorb on to the dendrimer molecules and 
both these conditions have greater effect on the coefficient 
of friction and wear durability. Therefore, in the present 
work, an ultra-thin layer of PFPE was overcoated onto 
chemisorbed dendrimer layers (amine-terminated poly 
(amidoamine), PAMAM) onto Si surface. Dendrimers with 
different generations were used to evaluate the effect of the 
geometry of dendrimer molecules on the final tribological 
properties of the PFPE coated dendrimer films. A micro-
tribometer (ball-on-disk configuration) was used for the 
evaluation of coefficient of friction and wear-life of the 
films coated surface by sliding against a 4 mm diameter 
Si3N4 ball at a normal load of 50 mN and a rotational speed 
of 100 rpm. The results have shown that the dendrimer as 
an intermediate layer had greatly increased the wear life 
after PFPE overcoating by several times when compared 
to the surfaces of Si/PFPE and Si/SAMs (APTMS1[*] and/
or GPTMS2[†])/PFPE. 

1 [*] APTMS stands for 3-aminopropyltrimethoxysilane SAM

2 [†] GPTMS stands for 3-glycidoxypropyltrimethoxysilane SAM



Symposium U - Mechanical Behavior of Micro - and Nano-Scale Systems     55

 A02861-04896 

Tribology of Perfluoropolyether Films on 
Hydrogen-terminated Si Surface

Minn MYO; Satyanarayana NALAM; 
Sujeet Kumar SINHA 
Department of Mechanical Engineering, National 
University of Singapore, Singapore

Silicon (Si) is a main-stay material used for fabricating 
micro-electro-mechanical systems (MEMS). Surface 
related properties such as friction, adhesion and wear are 
very important for MEMS because of their high surface-
to-volume ratios. But, Si is a poor tribological material 
with high friction, high adhesive force and high wear in its 
pristine state. Perfluoropolyether (PFPE) films on Si have 
reduced the frictional force and adhesive force to a greater 
extent and reduce the wear to some extent. Therefore, 
methods have to be developed to further improve the wear 
durability of Si surface. In the present study, we have 
investigated the tribological properties of PFPE films 
on H-terminated Si (Si-H) surface. Two types of PFPE 
were used: one with OH-terminal groups (PFPE-OH) and 
another with COOH-terminal groups (PFPE-COOH). The 
results were compared with those of PFPE films on OH-
terminated Si (Si-OH). The results obtained in the present 
work have shown that PFPE films on Si-H have shown 
higher wear durability (when tested at a normal load of 40 
mN and a sliding velocity of 0.021 m/s against to 4 mm 
diameter Si3N4 ball) when compared to on Si-OH. Further, 
among two PFPEs, PFPE-COOH has shown higher wear 
durability than PFPE-OH on both surfaces of Si-H and Si-
OH, respectively. The associated wear mechanisms will be 
explained. 

 A02867-04905 

Elastic Behaviour of CoNiAl Ferromagnetic Shape 
Memory Alloy Melt-spun Ribbon

Rajini Kanth BHOGOJU1; Pratip Kumar 
MUKHOPADHYAY1; Ramarao N.V.2; Gopalan R.G.2; 
Bhaskar MAJUMDAR2 
1. Materials Science, S.N.Bose National Center for Basic 
Sciences, Kolkata, India
2. Advance Magnetics Group, DMRL Hyderabad, 
Hyderabad, India

Melt-spun ribbon of CoNiAl alloy with the composition 
Co37Ni35Al28 was prepared by melt spinning technique. The 
sample was well characterized by XRD and SEM. From 
these studies it was found that the sample has two phase 
structure at room temperature. The composition of the 
sample was confirmed by the EDAX measurements. From 
the susceptibility studies the martensitic transformation 
was observed near 225 K and similar results were found 
from the magnetization versus temperature measurements. 
The Curie temperature of the sample was found to be 

around 340 K. The elastic properties of this ribbon were 
studied by using the vibrating reed apparatus in the vicinity 
of martensitic transformation temperature. It was found 
that the sound velocity and internal friction curves were 
modified with the application of stress. These studies have 
an impact on the structural transformations of the CoNiAl 
alloy ribbon. 

 A02927-05003 

Characteristics of Instrumented Indentation 

A. C. FISCHER-CRIPPS 
Fischer-Cripps Laboratories Pty Ltd, Forestville, NSW, 
Australia

Instrumented indentation, particularly on the nanometer 
scale, is an increasingly popular method of test for thin 
films and small volumes of materials. The analysis of the 
recorded load displacement curve has received significant 
attention in the literature. The fitting of the unloading curve 
is usually described by a power law exponent. Despite there 
being a good understanding of the geometrical reasons for 
the value of the power law exponent, the physical reasons 
for the nature of the unloading data for different materials 
is not all that well-understood. The present work seeks 
to explain the physical significance of the power law 
exponent in terms of materials properties for a range of 
structural materials.
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