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Interfaces and Interphases in Nanostructured Polymer Systems (PL-1)
L. C. Brinson
Mechanical Engineering, Materials Science and Engineering,

Northwestern University, Evanston IL, USA
The mechanical properties of polymers near interfaces are important in a number of different fields where nanostructured polymer systems are used.  For almost two decades, the local dynamics of thin polymer films have been studied in great detail.  However, development of an understanding of local mechanical properties has been hindered by complex in situ geometries and by the proximity of stiff substrates in simple thin film model systems: mechanical measurements are confounded by interaction with the substrate, convoluting polymer and substrate properties. Here we demonstrate new, simple approach to direct investigation of local, nanometer scale properties of soft materials, specifically applied to polymers, via nanoindentation experiments coupled with numerical simulations. A comprehensive set of both experimental and modeling results are presented for thin polymer films revealing separately the effects of substrate and interphase near attractive and non-attractive interfaces. Results demonstrate that both surfaces significantly affect the mechanical properties of the polymer up to hundreds of nanometers from the interface. Data also sheds light on the roles of confinement and chemistry on mechanical properties. We demonstrate that indentation data together with simple modeling can capture the local changes in mechanical properties of polymers interacting with surfaces. Our results open the doors to new fundamental understanding of interfacial and small-scale behavior in polymers and other soft materials as well as application advances in nanocomposites, microelectronics and biopolymers.
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 Surface eigendisplacement and surface eigenstress of solids (PL-2)
Tongyi Zhang
Department of Mechanical Engineering, Hong Kong University of 
Science and Technology, Hong Kong, China
Solid films are taken here as a typical example to study surface stress of solids. When a thin film is created by removing it from a bulk material, relaxation occurs inevitably because new surfaces are created. We separate the relaxation process into dimension-conserved normal relaxation, dimension-changed normal relaxation and parallel relaxation. The surface eigendisplacement is a critical surface strain at the equilibrium state after dimension-changed normal relaxation and thus an intrinsic surface property. Surface Poisson’s ratios are also intrinsic surface properties. Combining surface eigendisplacement and surface Poisson’s ratios with surface eigenstress and surface tangential elastic constants lays foundations of surface elasticity of solids. A surface eigenstress model was proposed to calculate the strain energy released during parallel relaxation. After parallel relaxation, a tensile (or compressive) surface eigenstress causes a compressive (or tensile) initial strain in the thin film with respect to its bulk lattice. Due to initial deformation, surface energy density and surface stress are both dependent on the film thickness, whereas surface elastic constants are independent of the film thickness. The nominal modulus of a thin film is determined by nonlinear elastic properties of its core and surfaces with initial strain. A tensile (or compressive) eigenstress makes the nominal modulus of a thin film lager (or smaller), resulting in the thinner-the harder (or softer) elastic behaviour in thin films. Atomistic simulations on Au (001), Cu (001), Si (001) and diamond (001) thin films verify the developed eigenstress model. The eigenstress model leads to the nonlinear scaling law for the thickness-dependent Young’s modulus under tension/compression and bending. 

* Mr. Zhijia Wang, Mr. Hang Ren, Mr. Sheng Sun, and Dr. Wing-Kin Chan are co-authors of the work.  
Modeling Damage Caused By Real Surfaces In Contact (PL-3)
L. M. Keer

Department of Mechanical Engineering, Civil and Environmental Engineering,
 Northwestern University, Evanston, Illinois 60208, USA
Real surfaces in contact are subject to damage such as wear and plastic deformation, which deteriorates surface performance and leads to material failure. Thus, prediction of surface damage is of critical importance in the design of advanced materials for aerospace, biomedical, and energy applications. In this talk a micromechanics theory is developed to predict surface damage by exploring the role of imperfections within a material, which is poorly understood. Imperfections are represented by inhomogeneous inclusions, which have different material properties, compared to the surrounding matrix and contain inelastic strain. Results are obtained for multiple inhomogeneous inclusions, which can be used, for example, to characterize the effects of cleanliness on performance. The approach takes into account inclusion-inclusion and inclusion-loading interactions to provide knowledge of the surface deformation and pressure and subsurface elastic field. The approach can also estimate effects of a layer or thin film and unifies the ability to model damage such as chipping wear and gradual wear and the competition among them. Some examples will be given showing the effects of such imperfections.

Eshelby’s Problem of Non-Elliptical Inclusions (PL-4)
Quanshui Zheng1,2, Wennan Zou2, Qichang He2,3
1 Department of Engineering Mechanics & Center for Nano and Micro Mechanics, 
Tsinghua University, Beijing 100084, China

2 Institute of Advanced Study, Nanchang University, China

3 Universite Paris-Est, MSME UMR 8208 CNRS, France
The Eshelby problem consists in determining the strain ﬁeld of an inﬁnite linearly elastic homogeneous medium due to a uniform eigenstrain prescribed over a subdomain, called inclusion, of the medium. This problem, which is of prominent importance to a large variety of mechanical and physical phenomena, was ﬁrst formulated and solved by Eshelby for an ellipsoidal inclusion in his seminal work (Eshelby, 1957). The salient feature of Eshelby’s solution for an ellipsoidal inclusion is that the strain inside the latter is uniform, so that Eshelby’s tensor ﬁeld relating the strain tensor ﬁeld of the medium to the uniform eigenstrain tensor is constant when evaluated inside the inclusion. The uniformity of the strain ﬁeld inside an ellipsoidal inclusion has the importance consequence that the solution to the fundamental problem of determination of the strain ﬁeld in an inﬁnite linearly elastic homogeneous medium containing an embedded ellipsoidal inhomogeneity and subjected to remote uniform loading can be readily deduced from Eshelby’s solution for an ellipsoidal inclusion upon imposing appropriate uniform eigenstrains. Resorting to Eshelby’s solution for an ellipsoidal inclusion and the resulting equivalent inclusion idea, most of the existing micromechanics schemes dedicated to estimating the effective properties of inhomogeneous materials have been nevertheless applied to a number of materials of practical interest where inhomogeneities are in reality non-ellipsoidal.
Aiming to examine the validity of the ellipsoidal approximation of inhomogeneities underlying various micromechanics schemes, we ﬁrst derive a new boundary integral expression for calculating Eshelby’s tensor ﬁeld in the context of two-dimensional isotropic elasticity. The simple and compact structure of the new boundary integral expression leads us to obtain the explicit expressions of the Eshelby’s tensor field and its average for a wide variety of non-elliptical inclusions including arbitrary polygonal ones and those characterized by the Laurent series. In light of these new analytical results, we show that: (i) the elliptical approximation of convex inclusions induces a small relative error and can be considered as acceptable; (ii) the elliptical approximation of non-convex inclusions may cause a large relative error and is in general not acceptable; (iii) the replacement of the generalized Eshelby tensor involved in various micromechanics schemes by the average Eshelby tensor for non-elliptical inhomogeneities is generally inadmissible. In view of these conclusions and with the help of our new analytical results, a class of non-elliptical inclusions of simple shapes for which Eshelby’s tensor ﬁeld admits explicit solutions are proposed to get a good approximation of inclusions of complex shapes. Extensions to thermal and electric transport phenomena, anti-plane elasticity, and cylindrical elastic inclusions have been given.
References
[1] Eshelby, J.D., 1957. The determination of the elastic ﬁeld of an ellipsoidal inclusion and related problems. Proc. Roy. Soc. London A 241, 376–396.

[2] Mura, T., 1982. Micromechanics of Defects in Solids. Martinus Nijhoﬀ Publishers, Dordrecht.
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Symmetry classes of flexoelectricity (I-1)
Q. C. He and H. Le Quang

Université Paris-Est, Laboratoire de Modélisation et Simulation Multi Echelle

UMR 8208 CNRS, 5 bd Descartes, 77454 Marne-la-Vallée Cedex 2, France

A dielectric material can exhibit piezoelectricity only if the microstructure of this material has no centrosymmetry. From the physical point de view, this is because electric polarization is induced or absent in a crystal undergoing a uniform strain according as the crystal has a non-centrosymmetric or centrosymmetric microstructure. From the mathematical standpoint, this can be explained by the fact that the third-order tensor characterizing piezoelectricity is necessarily null if it is invariant under inversion-center symmetry. Therefore, most of the dielectric materials such as Silicon and NaCl are usually considered to be non-piezoelectric while a limited number of dielectric materials such as NnO and GaAs are known to be piezoelectric.
However, all the dielectric materials can in principle produce electric polarization when non-uniform strains are involved. Physically, this is because non-uniform strain or non-zero strain gradients can destroy the centrosymmetry and give rise to electric polarization even in an dielectric material having a centrosymmetric structure. Mathematically, the fourth-order tensor, relating the polarization vector to the third strain-gradient tensor and referred to as the flexoelectric tensor, can be different from zero while satisfying inversion-center symmetry. The study and exploitation of flexoelectricity have recently gained an impetus due to the development of nanostructured materials and nanotechnologies where high strain gradients can be generated.
The work reported here aims at answering the following two fundamental questions of flexoelectricity:

· How many independent symmetry classes has flexoelectricity?

· How many independent parameters has the flexoelectric tensor belonging to a given symmetry class?

The theory of groups is applied to solve these two problems.
Reference
Le Quang, H., He, Q.-C. (2011), The number and types of all possible rotational symmetries for flexoelectric tensors, Proc. R. Soc. A. (published online).

(I-2)
Xiqiao FENG
Department of Engineering Mechanics, Tsinghua University, Beijing, China
In situ TEM on discrete plasticity in metallic nanowires(I-3)
Scott X Mao

Department of Mechanical Engineering & Materials Science, 
University of Pittsburgh, Pittsburgh, PA 15261,USA
Although deformation processes in submicron-sized metallic crystals are well documented, the direct observation of deformation mechanisms in crystals with dimensions below the sub-10-nm range is currently lacking. Here, through in situ high-resolution transmission electron microscopy (HRTEM) observations, we show that (1) in sharp contrast to what happens in bulk materials, in which plasticity is mediated by dislocation emission from Frank-Read sources and multiplication, partial dislocations emitted from free surfaces dominate the deformation of gold (Au) nanocrystals; (2) the crystallographic orientation (Schmid factor) is not the only factor in determining the deformation mechanism of nanometre-sized Au; and (3) the Au nanocrystal exhibits a phase transformation from a face-centered cubic to a body-centered tetragonal structure after failure. These findings provide direct experimental evidence for the vast amount of theoretical modelling on the deformation mechanisms of nanomaterials that have appeared in recent years. The talk will be focused on in-situ TEM investigation on discrete plasticity in gold nanowires based on the publication: H. Zheng, Ajing Cao, C. Weinberger, J. Y. Huang, K. Du, J. Wang, Y. Ma, Y. Xia,  S. X. Mao,  Nature Communication   (2010).

Uniaxial Transformation Ratchetting of Super-elastic NiTi Shape Memory Alloy: Experimental Observation and Constitutive Model (I-4)
Guozheng Kang, Qianhua Kan

Department of Applied Mechanics and Engineering, Southwest Jiaotong University, 
Chengdu 610031, PR China
The transformation ratchetting of super-elastic NiTi shape memory alloy was first observed by the uniaxial stress-controlled cyclic tests. It is shown that the NiTi alloy presents apparent cyclic accumulation of peak/valley strains, similar to the ratchetting of ordinary metals. Since it is collectively caused by the cyclic accumulation of residual martensite phase and the transformation-induced plastic deformation, the cyclic accumulation of peak/valley strains occurred in the super-elastic NiTi alloy is denoted as transformation ratchetting. Based on the experimental results, a cyclic constitutive model was constructed in the framework of general plasticity to describe the transformation ratchetting of super-elastic NiTi alloy. The proposed model simultaneously accounts for the evolutions of residual martensite phase and transformation-induced plastic strain during the stress-controlled cyclic loading by introducing an internal variable zc, i.e., accumulated martensite volume fraction. The dependence of transformation ratchetting on the applied stress levels and the transformation hardening of the NiTi alloy are also considered in the developed model. It is shown that the simulated results of transformation ratchetting obtained by the proposed model are in good agreement with the corresponding experiments, since the typical feature of transformation ratchetting are reasonably captured by the proposed model.

Keywords: NiTi shape memory alloy; super-elasticity; ratchetting; stress-induced transformation; transformation-induced plasticity; constitutive model.
Mechanics of Reversible Adhesion (I-5)
Yonggang Huang
Department of Mechanical Engineering, Civil and Environmental Engineering, 
Northwestern University, Evanston, Illinois 60208, USA
By pressure-controlled surface contact area, reversible adhesion can be achieved with strengths tunable by 3 orders of magnitude.  This capability facilitates robust transfer printing of active materials and devices onto any surface for the development of stretchable and/or curvilinear electronics.  The most important parameter in designs of the surfaces of stamps for this process is height of microtips of relief.: tall microtips may fail to pick up electronics from their growth substrate, while short ones may fail to print electronics on the receiver substrate.  Mechanics models are developed to determine the range of microtip height for successful transfer printing.  Analytical expressions for the minimum and maximum heights are obtained, which are very useful for stamp design.

A model of non-uniform distribution of reinforcements in composite materials (I-6)

B. Liu1, Z. Q. Zhang2,4 Huang2 K. C. Hwang1 and H. Gao3
1ML, Department of Engineering Mechanics, Tsinghua University, Beijing, 100084, China

2epartment of Civil and Environmental Engineering and Department of Mechanical Engineering, Northwestern University, Evanston, I L 60208, USA

3ivision of Engineering, Brown University, Providence, RI 02912, USA

4resent address: LCS, Institute of High Performance Computing, A*STAR, 138632, Singapore

In this paper, the analytical models on the stiffness, strength, failure strain and energy storage capacity of unidirectional platelet reinforced composites with arbitrary distribution are developed. Our study indicates that besides the volume fraction, shape, and the orientation of the reinforcements, the distribution also play a significant role in mechanical properties of composites, and its influence can be fully characterized via only four distribution factors. By contrast, classical homogenization mesomechanics methods can not include this distribution effect. It is also found that comparing with other distributions, stair-wise staggering and regular staggering microstructures may achieve overall good mechanical properties, which might be a key reason why these structure are widely observed in natural materials. This study might be useful for guiding the composite design.
Scaling of the ductility with yield strength in nanostructured Cu/Cr multilayers (I-7)
Gang Liu
School of Materials Science and Engineering, Xi’an Jiaotong University, Xi’an, China
Continuum modeling of piezoelectric nanobeams with surface effects (I-8)
Z. Yan, L. Y. Jiang
Department of Mechanical and Materials Engineering, The University of 
Western Ontario London, ON N6A 5B9 ,Canada
With the development of nanotechnology, diverse piezoelectric anostructured materials have been synthesized under different growth conditions. These advanced materials possess novel properties different from their bulk counterparts and hold a promise for a wide range of device applications in the nanoelectromechanical systems (NEMS).To fulfill the potential applications of these materials, it is important to quantitatively understand their physical and mechanical properties. Due to the inherently large surface area to volume ratio exhibited by typical nanoscale structures, surface effects are believed to be crucial in predicting the size-dependent properties of piezoelectric nanomaterials. In this work, a modified continuum model with the consideration of surface effects is proposed to investigate the bending, vibration and buckling behaviors of piezoelectric nanobeams. The modeling is based on the Euler-Bernoulli beam theory and the surface effects are incorporated by applying a surface piezoelectricity model and the generalized Young-Laplace equations. In the surface piezoelectricity model, the surface effects include the surface piezoelectricity as well as the surface elasticity and residual surface stress in the conventional surface elasticity model. Simulation results will show the influence of surface effects on the electroelastic fields, stiffness, resonant frequency and critical electric potential for the mechanical bulking of piezoelectric nanobeams with different configurations. This work is expected to provide more accurate prediction on the electromechanical coupling behaviors of piezoelectric nanstructures and is envisaged to be beneficial for the design and applications of beam based piezoelectric nanodevices in NEMS. 

Lateral buckling of interconnects in a non-coplanar mesh design for stretchable electronics (I-9)
Chi Chen and Jizhou Song
Department of Mechanical and Aerospace Engineering, University of Miami,
 Coral Gables, FL 33146, USA

A non-coplanar mesh design using semiconductor device islands and thin interconnects enables electronic systems to accommodate large deformation through buckling of interconnects. A mechanics model is established to understand the lateral buckling behavior of interconnects. The critical load and buckling mode are obtained analytically, which agree well with finite element simulations. The deformed configuration (i.e., after buckling) is also obtained analytically using an energy method. The predicted buckle amplitude agrees well with finite element simulations and therefore provides design guidelines in many applications ranging from stretchable electronics to micro/nano scale surface patterning and precision metrology.
Probing Size Dependent Mechanical Properties of Metallic Nanowires(I-10)
Jun Lou

Department of Mechanical Engineering and Materials Science, Rice University,
6100 Main St., Houston, TX 77005,USA
This talk presents some of our recent efforts to study the size dependent mechanical behaviors of metallic nanowires. We have developed a simple micro-device that allows in situ quantitative mechanical characterization of metallic nanowires, in scanning electron microscope (SEM) or transmission electron microscope (TEM) chamber equipped with a quantitative nanoindenter. The unique design of this device makes it possible to convert compression from nanoindentation to uni-axial tension at the sample stages. Finally, in situ results on deformation and fracture behavior of Ni and Au nanowires will be discussed. Also in this work, we performed in situ quantitative tensile tests on individual <111> single crystalline ultrathin gold nanowires (diameter ~7-15 nanometers) inside TEM. Significant load drop observed in stress-strain curve suggests the occurrences of dislocation nucleation. Corresponding high resolution TEM (HRTEM) imaging demonstrated that plastic deformation was indeed initiated and dominated by surface dislocation nucleation, mediating ultrahigh yield and fracture strength in gold nanowires. Different fracture modes observed were attributed to competitions between surface dislocation nucleation dominated and twin formation induced damage mechanisms. 

 Silicon Thin Films on Compliant Substrates as Anodes in Lithium Ion Batteries (I-11)
Hanqing JIANG
School of Mechanical, Aerospace, Chemical and Materials Engineering, 
Arizona State University, USA
 The development of high-energy storage devices has become a research area of top-most importance in recent years, and rechargeable batteries are anticipated to be the primary sources of power for modern-day requirements. There is a great deal of interest in developing next generation Li-ion batteries with higher energy capacity and longer cycle life for applications in portable electronic devices, satellites, and potentially electric vehicles. Silicon is an attractive anode material being closely scrutinized for use in Li-ion batteries because of its highest-known theoretical charge capacity of 4,200mAh/g. However, the development of Si-anode Li-ion batteries has lagged behind because of the large volumetric change (400%) upon insertion and extraction of Li, which results in pulverization and early capacity fading. Thus, how to release the stress due to the large volumetric change has become one of the most challenging problems in the development of the promising Si-anode Li-ion batteries to date.
    This talk will present an approach to resolve the stress issues in Si-anode Li-ion batteries by utilizing Si nano thin films as anodes on compliant substrates as a means to release the stress induced by Li ion diffusion during charge-discharge cycles, thus realizing high-performance (~4,000 mAh/g) andcyclic stability (> 500 cycles). The mechanics basis of this approach isthat the lithiation-induced stress in Si is released by the elastomeric substrate through the out-of-plane deformation, i.e., buckling.
Mechanics of semiflexible polymer chains under confine ments (I-12)
Jizeng Wang

School of Civil Engineering and Mechanics, Lanzhou University, China
Physical properties of macromolecules and polymers in complex environments are usually influenced by external conditions such as geometrical confinements and applied forces. Polymers in geometrical confinements that are smaller than their unconfined molecular sizes are of great significance in fields from polymeric liquid crystals to biological structures including cytoskeleton, stress fibres, nucleosomes and viruses. In this study, we use the wormlike chain model to theoretically investigate the force-extension relations of semiflexible polymer chains constrained by a) a slab-like confinement, where the polymer chain is sandwiched between two parallel impenetrable wall, or the two ends of the chain are tethered to the opposing walls; b) a tube-like confinement, which is realized when the polymer is bounded along two directions; c) a full 3D confinement, which refers to a fully-bounded subspace of R3 such as a box or a sphere. Brownian dynamics simulations, based on a recently developed generalized bead-rod model (Wang and Gao, J. Chem. Phys., 2005, 123: 084906), are performed to verify the theoretical results of force-extension behavior of confined polymer chains. Applications in modelling the mechanical behaviors of F-actin bundles, such as stress fibers, and modelling the stability of molecular adhesion mediated by polymer repellers and ligand-receptor bonds are discussed.

Analysis of Plane Strain Compression of Magnesium Single Crystals (I-13)
Huamiao Wang1, Y.Wu2, P. D. Wu1 and K. W. Neale3
11Department of Mechanical Engineering, McMaster University

Hamilton, Ontario L8S 4L7, Canada 

2State Key Laboratory for Geomechanics and Deep Underground Engineering, 

China University of Mining and Technology, 

Xuzhou, Jiangsu 221008, China

3Faculty of Engineering, University of Sherbrooke,

Sherbrooke, Quebec J1K 2R1, Canada
The orientation dependant mechanical behavior and deformation mechanism activity have been studied by re-examining and simulating the plane strain compression experiments Kelley and Hosford (1968) on magnesium single crystals. The plastic deformation is attributed to four slip modes (Basal, Prismatic, Pyramidal <a> and Pyramidal <c+a>) and two twinning modes (Extension Twin and Contraction Twin). Various deformation modes show different contributions at different orientations of magnesium single crystal. For orientations E and F, where extension twin is dominated up to deformation of 6%, the grains are reoriented to significantly different orientations after the extension twinning activities have been completed. The new orientations favor different deformation modes and induce significantly different mechanical responses. In addition, the effects of boundary condition, mis-alignment on the mechanical behavior of magnesium single crystal have been discussed. We found that the experimental results can be more reasonably explained by considering boundary condition and mis-alignment. 

Post-Buckling Bahavior of Island-Bridge Structure in Stretchable Electronics (I-14)
K.C. Hwang1, Y. Huang2Y .W. Su1   J. Wu2, Z.C. Fan1

1AML Department of Engineering Mechanics, Tsinghua University, China

2Northwestern Universityy , USA

The technology of stretchable electronics requires the solution of many complex buckling and post-buckling problems of elastic structures. The fundamental work by Koiter (1945) on buckling and initial post-buckling behavior of elastic structures has spawned a considerable amount of research, for example, Budiansky (1974), Sewell (1968) and Thompson (1969) of British school. The starting point of the energy approach is the power series expansion of the potential energy in terms of displacement components at the neighborhood of the critical bifurcation point. Besides, in the general theory the displacement is often represented collectively by one symbol, and different orders of various displacement components are not distinguished.    

In this paper the expressions of the deformation components which are work conjugate to the internal force and moments of Bernoulli-Euler beams are re-examined, and their expansions in terms of displacement components are found up to 4th order terms. All non-linear field equations for post-buckling behavior are solved by a systematic perturbation procedure. This enables distinguishing different orders of magnitude of various displacement components in terms of a chosen small parameter (post-buckling increment of loads or deflection).

Three typical examples are presented, namely: the Euler buckling under different end restraints, lateral buckling of beams, buckling of island-bridge structure in stretchable electronics. It is noted that the conventional 2nd order expressions for deformation in terms of displacements, for example,  
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by Budiansky (1974) for plate, and by von Karman & Tsien (1941) for cylindrical shells, are not enough for post-buckling behavior. For flat structures (prismatic straight beams and plates) 3rd order expressions are needed for the study of post-buckling behavior.

References
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[2] Koiter,W.T., Over de stabilitet van het elastisch evenwicht. Thesis, Delft. English transl: (a) NASA Tech. Transl. F10,833 (1967), (b) AFFDL-TR-70-25 (1970).

[3] Von Karman,T., and H.S.Tsien, Journal of Aeronautical Sciences, 1941,8:303.
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[5] Thompson,J.M.T.and G.W.Hunt, General Theory of Elastic Stability. John Wiley & Sons, London, 1973.
Hierarchical Failure Analysis and Optimal Toughness Design of Carbon Nanotube-Reinforced Composites (I-15)
Y.L. Chen,1* B. Liu,2 Y. Huang3 and K.C. Hwang2
1 Institute of Solid Mechanics, Beihang University, Beijing, China 100191

2AML, Department of Engineering Mechanics, Tsinghua University,
 Beijing, China 100084
3Depts.of Civil and Environmental Eng. and Mechanical Eng.,
 Northwestern  Univ., 
Evanston, IL 60208
Hierarchical analysis of the fracture toughness enhancement of carbon nanotube (CNT)-reinforced composites is herein carried out on the basis of atomistic simulation, shear-lag theory and facture mechanics. It is found that neither longer reinforced CNTs nor stronger CNT/matrix interfaces can definitely lead to the better fracture toughness of these composites. In contrast, the optimal interfacial chemical bond density and the optimal CNT length are those making the failure mode just in the transition from CNT pull-out to CNT break. To verify our theory, an atomic/continuum finite element method (FEM) is applied to investigate the fracture behavior of CNT-reinforced composites with different interfacial chemical bond densities. Our analysis shows that the optimal interfacial chemical bond density for (6,6) CNTs is about 5%~10% and that increasing the CNT length beyond 100 nm does not further improve fracture toughness, but can easily lead to the self-folding and clustering of the CNTs. The proposed theoretical model is also applicable to short fiber reinforced composites.

Keywords: CNT-reinforced composites; fracture toughness; bridging effect; multi-scale simulation.

The Nonlinear Thickness-shear Vibrations of a Quartz Crystal Plate under a Strong Electric Field (I-16)

Ji WANG , Rongxing Wu, Jianke Du, Dejin Huang, Wei Yan
Piezoelectric Device Laboratory, Department of Engineering Mechanics and Materials Science,School of Engineering, Ningbo University,China
The linear plate theories for vibrations of crystal resonator have been successfully studied by Mindlin, Tiersten and Lee et al. and yielded many useful results. However, with higher frequency and miniaturization of piezoelectric resonators, many nonlinear phenomena such as derive level dependency (DLD) and activity dip have emerged and needed to be systematically analyzed. Our earlier studies shown neither kinematic nor material nonlinearities are the main factor of frequency shifts and performance fluctuation of quartz crystal resonator. Naturally, we then studied nonlinear thickness-shear vibrations of a quartz crystal plate driving by a high electrical voltage and obtained electrical current amplitude-frequency behavior near resonance.  With the consideration of material and kinematic nonlinearities, a nonlinear system of two-dimensional equations for the coupled thickness-shear and flexural vibrations of piezoelectric plates is established by expanding the mechanical displacements and the electrical potential into power series in the plate thickness coordinate. The nonlinear equation of thickness-shear vibrations in a strong electric field have been solved by combination of Galerkin approximation and successive approximation method.  By successive approximation method, we can obtain nth-order electrical current amplitude-frequency relation. We found the higher-order solutions only improve limited accuracy of solutions while it is extremely complicated to solve directly. The first-order electrical current amplitude-frequency relation is accurate enough to give some nonlinear characteristics of thickness-shear vibrations of quartz crystal plates.  The curves of nonlinear amplitude-frequency behavior with different electrical voltages in Fig. 1 are parabolas which are similar with results from three-dimensional equations. With the increase of driving electrical voltages, the nonlinear frequency shift will become stronger and unstable. Fig. 2 shows that nonlinear frequency of thickness-shear vibrations not only depends on thickness and length of plates but also related to amplitude ratios between thickness-shear and flexural vibrations, which is quite different from the linear solution. The electrical field has a strong effect on nonlinear frequency compared with other factors.
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Fig.1 Frequency shifts vs. voltages    Fig.2 Frequency shifts vs. plate configuration       
Anisotropic size effect on strength in coherent nanowires with tilted twins (I-17)
Yujie Wei
State Key Laboratory of Nonlinear Mechanics, Institute of Mechanics, 
Chinese Academy of Sciences, Beijing 100190, P.R. China

When materials are deformed plastically via dislocations, a general finding is that samples with smaller dimensions exhibit higher strengths but with very limited amount of plasticity in tension. Here we report that one-dimensional coherent nanostructures with tilted internal twins exhibit anisotropic size-effect: their strengths show no apparent change if only their thicknesses reduce, but become stronger as the sample sizes are reduced proportionally. Large-scale molecular dynamics simulations show that such NWs deform primarily through twin migration mediated by partial dislocations in one active slip system, and a large amount of plasticity could be achieved in such nanowires via twin migration. The unique structure shown here is suitable to explore strengthening mechanisms in metals when plasticity is controlled by a single dislocation slip system. This study also suggests a novel approach to modulate strength and ductility in one-dimensional coherent nanostructures. 
Deformation of anodic aluminum oxide nano-honeycombs under axial loading (I-18)
Yuan Lin
Department of Mechanical Engineering, The University of Hong Kong, Hong Kong, China
Micro-pillars of anodic aluminium oxide with nano-sized honeycomb channels along the pillar axis exhibit compressive stress-strain response with large excursions corresponding to discrete, inhomogeneous deformation events. Each excursion is found to associate with the severe distortion of a material layer at the pillar’s head, whereas the remaining of the pillar remains intact. The stresses at which these excursions occur do not exhibit any significant dependence on the pillar size. A simple model is proposed to describe the response of pillars under compression, which energetically, as well as kinetically, explains as to why the localized deformation always takes place at the pillar head. Predictions on the occurrence of instability events from this model also quantitatively agree with the experimental observations.
Discrete Dislocation Plasticity under Multi-Asperity Contact Loading: a Boundary Integral Approach (I-19)

Honghui YU
Department of Mechanical Engineering, The City College of New York, USA
Plastic deformation of crystalline metal is the consequence of the motion of large number of dislocations.  Modeling the behavior of large number of dislocations in a finite solid body is a computationally intensive task, involving repeatedly solving evolving stress fields.  In this talk, a discrete dislocation plasticity model based on boundary integral equations will be presented.  The boundary integral kernel has very weak singularity and allows the accurate and direct calculation of the driving forces on dislocations in a finite solid body, without involving any superposition technique.  The corresponding numerical scheme was developed to study near-surface micro-plasticity due to contact loading, which is the key in understanding various mechanical surface treatments.  Multi-asperity indentation of surface was simulated to study the evolution of dislocation structure and the mutual interactions among neighboring asperities.  Simulation results also show the size effect where it is relatively harder to yield small size asperities.  Various interesting dislocation behaviors will be shown.  Dislocations nucleated from bulk behave differently from those nucleated from surface; dislocations nucleated from surface are also different among themselves depending on the asperity width and spacing.  The effects of these dislocation motions on stress field development and material pileup near the surface will be discussed.      
Stretchable and Flexible Ferroelectrics: Fabrication, Characterization and Theory (I-20)
Xue Feng

Department of Engineering Mechanics, Tsinghua University,Beijing,China

Lead zirconate titanate (e.g., PZT) is one of the most widely used ferroelectric materials, due to its excellent piezoelectric and ferroelectric properties.  Many classes of sensors, actuators and memory elements, for use in diverse sectors of industry, ranging from aerospace, automotive, to medicine and microelectronics, rely on PZT.  A key disadvantage of this material is that it, like most other ceramics, is brittle, and usually fractures at strains that are substantially less than 1%.  As a result, devices built with PZT, in conventional layouts and processed using established, high temperature techniques, can only be subjected to small strain deformations, and can be integrated only with narrow classes of substrates.  These limitations frustrate many potentially interesting applications, particularly those that require integration with the curvilinear, elastic surfaces of the human body for energy harvesting or health monitoring.  We report a strategy for integrating nanoribbons of PZT, the ferroelectric ceramics, in ‘wavy’ geometries, on soft, elastomeric supports to achieve reversible, linear elastic responses to large strain deformations (i.e. stretchable properties), without any loss in ferroelectric or piezoelectric properties.   Piezoresponse Force Microscope (PFM) is used to characterize the piezoelectricity and ferroelectricy of stretchable PZT ribbons.  Theoretical and computational analysis of the mechanics accounts for these characteristics and also shows that the amplitudes of the waves can be continuously tuned with an applied electric field, to achieve a vertical (normal) displacement range that is near one thousand times larger than is possible in conventional planar layouts.  The results suggest new design and application possibilities in piezo/ferroelectric devices.
On the plastic wave propagation in SHPB test (I-21)
Z. G. Wang, L. J. Han, Z. H. Li, M. X. Sun, G. T. Feng and X .H. Liu
Drilling Technology Research Institute, Shengli Petroleumbn Administration,
SINOPEC, Dongying, Shangdong, China
To observe the plastic wave propagation, an experimental setup is designed with a SHPB facility and a high speed digital camera. Two types of OFHC copper were selected as specimen materials: in the cold work condition and after total annealing, which represent non strain hardening and strain hardening material respectively. The rise time of incident impulse in the SHPB test is relevant to bar’s radius. A maximum allowable specimen length and a maximum allowable impact velocity (MAIV) of striker are proposed for the SHPB test. The propagation of plastic waves is observed along specimen length at the beginning of specimen’s plastic deformation in SHPB test. However, for both types of material, no plastic wave motion is caught along specimen length for large plastic strain level. Side confinement effect of friction is found to be significant, even with lubricant in the experiment.
Pseudo-Elasticity of Double-Network Gels (I-22)
Wei Hong
Department of Aerospace Engineering, Iowa State University, Ames, IA 50014, USA
This work presents a theoretical study on the non-linear deformation and failure of double network (DN) gels. A DN gel consists of an interpenetrating network of a cross-linked polyelectrolyte (1st network) and a neutral polymer (2nd network). The toughness of a DN gel is orders of magnitude higher than a single-network gel of either polymer. To explain the toughening mechanism, non-linear behaviors of DN gels such as Mullin’s effect need to be addressed. When a DN gel undergoes large deformation, a hysteresis accompanied by significant softening is observed for the first loading cycle, indicating an irreversible structural change due to partial fracture of the 1st network. We introduce a continuous function to describe the gradual damage of the 1st network, and incorporate it in the free-energy function, through which the constitutive relation is derived. The theory is capable of capture the stable necking of a DN gel under uniaxial tension. The fracture energy of a DN gel is also estimated by calculating the area between the loading and unloading curves. The dependence of the fracture energy on various material parameters, e.g. the volume fractions and the stiffness of the two polymers, is studied using the model, and the results agree with existing experimental observations.

Microstructurally faithful modelling of particulate composites (I-23)

Henry Tan1,2, Steve R. Reid1, Shaoxing Qu2, Qiyang Li2, Philip J. Withers3, 
Cheng Liu4, Yonggang Huang5
1 School of Engineering, University of Aberdeen, Fraser Noble Building, 
King’s College, Aberdeen AB24 3UE, UK

2 Department of Engineering Mechanics, Zhejiang University, Hangzhou 310027, China

3 Henry Moseley X-ray Imaging Facility, School of Materials, University of Manchester, Grosvenor Street, Manchester M1 7HS, UK

4 Materials Science and Technology Division, Los Alamos National Laboratory, 
Los Alamos, NM 87545, USA

5 Department of Civil and Environmental Engineering, Department of Mechanical Engineering, Northwestern University, Evanston, IL 60208, USA

The talk is on a collaborative effort to study the behaviour of Highly Packed Particulate Composites (HPPCs) such as sedimentary rocks, brick and mortar biomimetic bones, pharmaceutical tablets, concretes, asphalts, explosives, solid propellants, and structured food such as biscuits. The mechanical behaviour of HPPCs is controlled mainly by interfaces debonding (intergranular fracture) and/or particle cracking (transgranular fracture) depending on the competition between the cohesion of the local interface and particle toughness. Constitutive modelling of HPPCs has progressed slowly due to lack of information about the local material properties (such as interface cohesive strength and cohesive energy) and the interior behaviours (such as the percolation of debonded interfaces and cracked particles). The networking of debonded interfaces and cracked particles can be gradual or sudden. In some cases sudden networking needs to be avoided for safety reasons, for example in earthquakes and in solid propellants of a rocket booster. In some other cases it is beneficial such as for a crispy biscuit, during rock drilling, and for slow-fast release control in pulsatile drug delivery. In this presentation we explore an innovative approach, microstructurally faithful modelling, which combines Material Point Method simulation with the in situ X-ray microtomography to construct constitutive and refine models for HPPCs.
Effect of hydrogen charging on tensile properties of B-modified Ti-6Al-4V (I-24)
Gaurav Singh and U. Ramamurty
Department of Materials Engineering, Indian Institute of Science, Bangalore 560012, India
Trace addition of boron to Ti and its alloys leads to a marked reduction in grain size and colony size, which in turn lead to enhanced tensile and fatigue properties. The refined microstructure can be particularly advantageous in applications wherein cast Ti alloys are used and the components are exposed to hydrogen and hence susceptible to hydrogen embrittlement. This possibility is investigated in this work. Cast Ti-6Al-4V-xB alloy with varying B (x=0.0, 0.04, 0.09, 0.30 and 0.55 wt %) were subjected to hydrogenation treatment at 700 °C for different time intervals and the microstructures and room temperature tensile properties are evaluated. Detailed structural characterization shows that the high temperature hydrogen charging leads to the formation of titanium hydride (δ TiH2). For short duration of charging (t < 30 min.), a marginal increase in strength with hydrogen charging was noted, which is attributed to the solid solution strengthening by hydrogen. However, longer periods of charging lead to severe embrittlement of all the alloys due to complete dislocation pinning by the hydrides that form in the matrix. On relative terms, the boron containing alloys fare better with the loss in strength being comparatively lower. Details and implications of these results will be discussed.
Magnetoelectric Coupling in Terfenol-D/P(VDF-TrFE)/Terfenol-D laminates (I-25)
Fei FANG
Department of Engineering Mechanics, School of Aerospace, 
Tsinghua University, Beijing, China
(I-26)

Baohua Ji

Department of Applied Mechanics, Beijing Institute of Technology, Beijing, China
30 m
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