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The majority of analytical and numerical models for the thermomechanical and 

thermophysical behavior of particle reinforced composites have been based on spherical or 

ellipsoidal inhomogeneities. The present contribution aims at expanding this envelope by 

studying materials consisting of a matrix reinforced by identical, randomly oriented, 

equiaxed, convex polyhedral particles. This is done by using the Finite Element method for 

evaluating the microscopic and macroscopic responses of idealized volume elements that take 

the form of periodic unit cells containing multiple, randomly positioned inhomogeneities 

embedded in a linear elastic or a thermoelastoplastic matrix. Because each of the unit cells 

contains only some 20 particles, the volume elements are too small to be representative of 

random matrix-inclusion materials. This is countered by ensemble averaging over a number of 

statistically equivalent phase geometries for each particle shape considered, viz., spheres, 

tetrahedra, cubes, octahedra and tetrakaidekahedra. Because the resulting ensemble averaged, 

homogenized elastic tensors deviate to some extent from the required macroscopic isotropy, 

the closest isotropic elasticity tensors are extracted. The evaluation of the macroscopic 

responses to elastoplastic loading cycles and of the microscopic stress fields are also based on 

the ensemble concept. 

 

The predicted responses are compared to analogous results obtained for spherical particles 

and to the pertinent bounds for the macroscopic behavior. Noticeable particle shape effects 

are found both for the thermoelastic and the for conduction behavior. Simulations of load 

controlled cycles under macroscopic, uniaxial tensile and shear loading in the elastoplastic 

regime show a clear influence of the particle shape on the macroscopic responses, whereas 

hydrostatic and thermal cycles in ductile-matrix composites are hardly affected. Thermal 

residual stresses tend to increase particle shape effects under subsequent mechanical loading 

in the elastoplastic regime. The microstress fields in the matrix display a clear, but limited 

sensitivity to the particle shapes, and much stronger effects are predicted for the stress fields 

in the particles, where polyhedral inhomogeneites tend to induce marked intra-particle and 

inter-particle fluctuations. These effects show a clear ordering by shape, becoming more 

marked in the sequence spheres–tetrakaidekahedra–octahedra–cubes–tetrahedra.  



3 

 

Plenary 2 

 

Metal-ceramic nanolaminates: a new paradigm in metal-ceramic 

composites 
 

Y. Lingwei
1
, S. Lotfian

2
, J. M. Molina-Aldareguía

1
, J. LLorca

1,3
 

 
1
IMDEA Materials Institute, 28906 Getafe, Madrid, Spain 

2
Max-Planck-Institut für Eisenforschung, 40237 Dusseldorf, Germany 

3
Department of Materials Science, Polytechnic University of Madrid, 28040 Madrid, Spain 

javier.llorca@imdea.org 

 

Keywords: Nanoscale multilayers, nanomechanics, modeling, metal-ceramic composites.  

 

Metal-ceramic nanolaminates are two-dimensional nanocomposites made up by alternating 

metallic and ceramic layers with a thickness in the range 2 nm to 100 nm. They are 

manufactured by physical vapor deposition in the form of coating with thicknesses up to 

several µm and present a combination of mechanical and functional properties that a very 

appealing for many engineering applications. From the mechanical viewpoint, metal-ceramic 

nanolaminates show a dramatic increase in strength as compared to standard metal-ceramic 

nanocomposites. This is due as a result of strengthening of the ceramic and metallic 

nanolayers because of the limited flaw size in the former, the constraint induced by the 

ceramic on the plastic deformation of the metallic layer and the enhancement of the metal 

yield stress due to size effects [1-3]. Moreover, it has been recently reported an increase in 

both strength and toughness with decreasing layer thickness [4]. 

 

This contribution is focused in the analysis of the deformation and failure mechanisms of a 

model Al/SiC metal-ceramic nanolaminate by means of a combination of nanomechanical 

experiments and simulations. In particular, instrumented nanoindentation and micropillar 

compression tests were carried out in different orientations as a function of strain rate and 

temperature (25ºC to 400ºC) and compared with numerical simulations in which the 

nanolayered structure was explicitly taken into account. As a result, the role played by the 

plastic deformation of the matrix, the constraint imposed by the ceramic layers and the metal-

ceramic interfaces on the deformation and fracture of the nanolaminates was elucidated as a 

function of the volume fraction and layer thickness of each constituent for different strain 

rates and temperatures.  This information is critical for the design of novel metal-ceramic 

nanolaminates with enhanced mechanical properties under different regimes [5]. 
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Experiments on micro-specimens have shown that the deformation behavior of materials can 

be size dependent. The size dependence for some materials is, for example, reflected in a 

stiffer elastic response on the sub-microscale. A quantitative understanding of the size effect 

is important during the design phase of micro- and nanosize systems which, for example, is 

accompanied by finite element (FE) simulations. In our research project higher-order theories 

of elasticity will be presented and used for the description of the bending behavior of micro-

beams and micro-plates. These theories include additional material parameters in order to 

describe the size effect. Thus they go beyond the limits of the classical Boltzmann continuum. 

Special attention is paid to such non-local theories as the strain gradient- and the couple stress 

theory of linear elasticity. The latter is based on the ideas of E. and F. Cosserat (1909) by 

introducing an independent degree of freedom intrinsic to the material, named rotation. 

We interpret the material points of a body as rigid particles. As a consequence we require only 

one material length scale parameter for connecting the rotation vector to the mathematical 

rotation of the displacement gradients. The objectives of the research project are to determine 

the material length scale parameter by analyzing experimental data obtained from force-

displacement measurements on extremely small cantilever beams or plates with analytical as 

well as numerical analysis tools based on higher gradient theory. In particular, deflection 

measurements were performed and force data was recorded for submicron beams made of 

silicon and silicon nitride and for micro plates made of the polymer BCB. Simple beam 

bending and plate bending experiments were performed with decreasing thicknesses of the 

beams and plates. This is in line with the corresponding “method of size effect” from Lakes 

(1995). Bending rigidities and effective strains will be measureable in our labs with the help 

of atomic force microscopy and Raman spectroscopy, respectively. 

The analytical solutions of Euler-Bernoulli beam theory or Kirchhoff plate theory 

incorporating the terms of higher gradient theory are presented. In contrast to existing work 

on the implementation of the superior strain gradient theory in terms of a finite element 

solution the crucial differential equation used here is consistently based on the balance of 

linear momentum and on the uncoupled balance of angular momentum. The resulting 

analytical formulae, the obtained data from the numerical modeling and the obtained data 

from the experiments could be used for evaluation of higher gradient coefficients. The 

developed variational formulation of the couple stress theory is implemented into an open-

source finite element code, FEniCS
©

, using equidistantly distributed tetrahedral and 

continuous Lagrange elements with a polynomial degree of two in observance to the rank of 

the resulting elliptical partial differential equation. This novel open-source FE-software 

provides a collection of open-source packages for automated, efficient solutions of various 

differential equations. The experiments were performed by using a highly sensitive atomic 

force microscope (MV-1000 from Nanonics Imaging Ltd.). In addition, Raman spectroscopy 

was used for recording strains (Renishaw
©

 RS). Raman spectroscopy takes advantage of the 

morphic effect in opaque materials: The spectroscopic detection of a modification in the 

characteristic phonon frequencies can be attributed to mechanical strains. These strain data 

could be used to fit the solutions of strain gradient theories.  
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In this paper, we develop constitutive models for the macroscopic response of particle-

reinforced composites consisting of an elastoplastic, metallic matrix and a random distribution 

of linear-elastic, ceramic particles. The proposed model makes use of the variational 

homogenization technique [1] to approximate the effective behavior of the nonlinear 

composite by means of that of a linear comparison composite (LCC) consisting of a linear 

viscoelastic matrix with a suitably chosen viscosity constant and the same particle phase as in 

the actual nonlinear composite. By making the approximation that the elastic strains in the 

LCC are uniform-per-phase, the homogenization problem for finding the effective behavior of 

the LCC becomes mathematically equivalent to the corresponding problem for 

“thermoelastic” composites with constant-per-phase thermal strains. This problem is solved 

by means of appropriate estimates [2] for the LCC, and an explicit time-discretization scheme 

is used to integrate the evolution equations describing the macroscopic constitutive response 

of the composite. For simplicity, we restrict our attention to the special case of incompressible 

composites consisting of an elastic-ideally plastic matrix and random distribution of aligned, 

ellipsoidal elastic particles. We propose an empirical modification of the model to improve its 

accuracy in the purely elastic regime, and we compare the results with recent results [3] for 

cyclic loading of particle-reinforced composites with spherical reinforcement. We then use of 

the model to investigate the effect of the particle shape, volume fraction and elastic modulus 

on the macroscopic response of the fiber-reinforced composites with spheroidal fibers 

subjected to general loading conditions.  
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The lecture will review a number of micromechanical studies for metal ceramic systems. 

Special focus will be given to cases where void growth in the metals is affected by the 

presence of a ceramic phase. This will include metals reinforced by short ceramic fibres, 

ceramics bonded by a thin metal layer, and ceramics reinforced by metal particles. 

When aluminium alloys are reinforced by short SiC fibres, final failure often occurs by the 

growth of voids to coalescence. Voids can develop from porosity present in the metal initially, 

from debonding at the matrix-fibre interface, or from fibre fracture. A great deal of insight can 

be obtained from numerical studies considering a characteristic volume element, containing 

only one or a few fibres. 

Brittle ceramics can be given increased toughness by adding ductile reinforcements. The 

effect of the reinforcements is that when bridging a crack in the brittle matrix, they will 

provide some of the properties of a ductile material. However, during the deformation of the 

ductile particles the surrounding ceramic will give a high constraint on plastic flow, which 

will result in a high stress triaxiality that has a strong effect on void growth. Studies of this 

type of behavior will be discussed, both for a modelled ductile particle and for a laboratory 

model of this type of material. Similar constraint on plastic flow will occur in thin metal 

layers used to bond two ceramic blocks. Also for such configurations the effect of the high 

stress triaxiality on void growth will be discussed. 
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Fatigue crack initiation in metallic alloys generally occurs at the surface of the material. The 

process is then linked with intrusion-extrusion phenomena produced by slip planes, this is 

why the purpose of most of the numerical studies at a microscale deal with crystallographic 

aspects. The question is to know in what extent stress and strain fields differ at the surface and 

in the bulk, how they are affected by grain size, or grain shape. The effect of grain clusters is 

also critical, since the local stress state can be influenced by the  neighboring grains. 

Nevertheless, free surface effect depends also on the local geometry, and roughness comes 

into play, by introducing local stress concentrations that can be more critical than 

crystallographic effects. This presentation will provide a synthetic view on several studies that 

have characterized the local stress and strain fields in metallic polycrystals. 

 

The main results are the following: 

- It has been shown that the primary crystallographic orientation of a grain remains the most 

critical parameter for the evaluation of local fields, but there is a non negligible influence of 

the relative grain size and the shape of the surface grain: a “full”, or “closed” grain in a 

polycrystal behaves like an isolated grain, meanwhile a “open” grain, cut by the surface, will 

take its state from the surrounding grains [1]. 

- A new indicator characterizing intrusion/extrusion steps gives information on the initiation 

sites, and is compared with in-situ test results [2]. 

-  The hydrostatic pressure is an interesting indicator in polycrystal aggregate computations. 

- A full characterization of the local 3D fields allows us to exhibit the local patterns inside a 

material element, and to characterize the heterogeneity. The analysis involves surface maps 

and transparent volumetric views. 

- The roughness effect is predominant in the first layer of surface grains even if the asperities 

are small with respect to grain size. A study of the competition between crystallographic 

influence and roughness effect is quantified by means of a new parameter. The way this 

parameter decreases gradually under the surface is shown [3]. 
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[1] Y. Guilhem, S.  Basseville, F. Curtit, J.-M. Stephan, G. Cailletaud, G., Investigation of the effect of 

grain clusters on fatigue crack initiation in polycrystals, Int. J. Of Fatigue, 32, 2010, pp.1748-1763. 

[2] Y. Guilhem, S. Basseville, F. Curtit, J.-M. Stephan, G. Cailletaud, Numerical investigations of the 

free surface effect in three-dimensional polycrystalline aggregates, Computational Materials Science, 

70, 2013, pp.150-162. 
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A non-linear history-dependent cohesive zone model of crack propagation in linear elastic and 

visco-elastic materials is presented. The viscoelasticity is described by a linear Volterra 

integral operator in time. The normal stress on the cohesive zone satisfies the history 

dependent yield condition, given by a non-linear Abel-type integral operator presented in [1]. 

The crack starts propagating, breaking the cohesive zone, when the crack tip opening reaches 

a prescribed critical value. A numerical algorithm for computing the evolution of the crack 

and cohesive zone in time is discussed along with some numerical results obtained in [2]. 

 

References 
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The mechanical behaviour of complex materials, characterised at finer scales by the presence 

of heterogeneities of significant size and texture, strongly depends on their microstructural 

features. By lacking in material internal scale parameters, the classical continuum does not 

always seem appropriate for describing the macroscopic behaviour of such materials, taking 

into account the size, the orientation and the disposition of the heterogeneities. This often 

calls for the need of non–classical continuum descriptions obtained through multiscale 

approaches aimed at deducing properties and relations by bridging information at proper 

underlying micro–level via energy equivalence criteria. 

Firstly, focus will be on physically–based corpuscular–continuous models as originated by the 

molecular models developed in the 19th century to give explanations ‘per causas’ of elasticity 

[1]. Current researches in solid state physics as well as in mechanics of materials show that 

energy–equivalent continua obtained by defining direct links with lattice systems are still 

among the most promising approaches in material science [2]. The aim is then to point out the 

suitability of adopting discrete–continuous Voigt–like models, based on a generalization of 

the so-called Cauchy–Born rule used in crystal elasticity and in classical molecular theory of 

elasticity, in order to identify continua with additional degrees of freedom (micromorphic, 

multifield, etc.) which are essentially non–local models with internal length and dispersive 

properties and which, according to the definition in [3], are called ‘non–simple’ continua. It 

will be shown as microstructured continuous formulations can be derived within the general 

framework of the principle of virtual powers that, on the basis of a correspondence map 

relating the finite number of degrees of freedom of discrete models to the continuum 

kinematical fields, provides a guidance on the choice of the most appropriate continuum 

approximation for heterogeneous media, allowing us to point out in particular when the 

micropolar description is advantageous [4]. Some applications of the mentioned approach to 

fibre reinforced composite materials, ceramic matrix composites and masonry–like material 

will be reported and discussed. 
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[1] P. Trovalusci, Molecular approaches for multifield continua: origins and current developments, in 

T. Sadowski, P. Trovalusci (Eds.), Multiscale Modeling of Complex Materials: 
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2014, pp. 211-278. 
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microstructure. Arch. Appl. Mech. 79 (2009), pp. 981–997. 
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Structure-heterogeneous materials and their reaction onto external loadings (being applied 

nonuniformly or in localized manner) are traditionally the objects of investigations within the 

concept of physical mesomechanics of materials. It is defined by hierarchy of stress 

concentrators to originate at their numerous interfaces under loading. "Coating-substrate" 

compositions are by definition objects of the inquiry of the physical mesomechanics that is 

related not only to wide practical interest of their design but also to possibility of physical 

modeling of the processes to occur in heterogeneous materials under loading. 

From the materials science point of view there are two main directions of design coatings 

intended for operating under severe loadings: 1)  protection against intensive mechanical 

affects which can consist of wear, impact loading, etc. (this problem can be successfully 

solved at the expense of formation of composite materials with a ductile matrix reinforced by 

(ultra)fine-dispersed phases (inclusions)); 2) protection against the thermal flows causing 

thermally induced degradation of the structure and properties of a coating as well as 

origination of discontinuities due to difference of the thermal expansion coefficients of 

coating and substrate materials (this problem can be solved by the development of new 

thermally stable materials of thermal-barrier coatings, as well by formation (deposition) of 

additional damping sublayers). 

In the present work a representing set of results of theoretical and experimental investigations 

are described in order to illustrate the possibility of using the approach of the physical 

mesomechanics for design of the coating of these types. As the main statements used in the 

paper, it is necessary to note the following:  

1) formation of nonflat "coating-substrate" interfaces is an effective way of redistribution of 

stress concentrators and allows to eliminate origination of adhesive and thermal fatigue 

cracks; 

2) multiple cracking of coatings is the undesirable phenomenon, but in some cases allows to 

avoid the formation of the main through macrocracks and catastrophic fracture of composites;  

3) formation of multilevel (hierarchical) structure in a coating under mechanical or thermal 

loading allows to involve in plastic deformation the significant amount of scale (structural) 

mailto:svp@ispms.tsc.ru


12 

 

levels, that, in the certain extent is related to the concept of adhesive-cohesive strength 

balance discussed in the literature;  

4) formation of multilevel (hierarchical) structure in the "coating-substrate" compositions can 

be realized due to the high-frequency modulated mechanical effect or the radiation initiating 

the processes of mutual penetration, mass transfer and a "chess-like" distribution of stresses 

and deformations at internal interfaces. 

A multi-level model of energy propagation along interfaces between the various structural 

elements of a solid with taking into account mutual energy transformations of various kinds 

was developed. An algorithm for calculating the local moments of forces is offeed for the case 

of material rotation and torsion. The relationship for the accumulated elastic energy is 

supplemented with a dissipation term. Numerical experiments were carried out on high-

energy impact on polycrystalline copper specimens with different grain sizes. It is shown that 

during the nanostructuring of material surface layer, the dissipation of elastic energy gives 

rise to the rotation of structural elements. This makes it possible to prevent the occurrence of 

stress concentrators with peak values typical of coarse-grained specimens and reducing their 

mechanical properties. 

The deformation behavior of thermal barrier coatings was investigated. The mechanism of 

occurring instabilities in such coatings based on their representation in the form of a plate 

located on an elastic foundation was studied. Loss of stability manifests itself in the form of a 

doubly periodic system of intrusion and extrusion zones that is qualitatively consistent with 

the well-known experimental results. Typical features of stability loss and its dependence on 

the properties of conjugated materials have been investigated by the example of the thermal 

loading simulation of the copper specimen with a protective ceramic coating. The influence of 

the thermo-mechanical properties anisotropy of the coating material on the character of the 

emerging instability has been estimated.  
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Defects, cracks or voids are occurring very frequently in magnetoelectroelastic ceramics. The 

presence of voids affects material properties and functionality of these elements in smart 

structures. Modern smart structures made of piezoelectric and piezomagnetic materials offer 

certain potential performance advantages over conventional ones due to their capability of 

converting the energy from one type to other. For determination of influence of voids on 

material properties in a simplified case with uniform distribution of voids, it is efficient to 

analyze the representative volume element (RVE). This technique is frequently utilized in 

fiber reinforced composites. The same technique has been applied for determination of 

effective material properties in voided piezoelectric materials by Wang et al. [1]. 

The scaled boundary finite element method (SBFEM) developed by Song and Wolf [2] has 

emerged as a promising technique for analyzing general boundary value problems. It 

combines the main advantages of the finite element method and the boundary element method 

(BEM). In this method, only the boundary is discretized with elements leading to a reduction 

of spatial dimension by one and sparing the human and computational efforts in mesh 

generation. In contrast to the boundary element method, no fundamental solution is required, 

which permits to analyze general boundary value problems, where the conventional BEM 

cannot be applied due to missing fundamental solution. In this method, a scaling center O is 

selected at a point from which the whole boundary is directly visible. By scaling the boundary 

S in the radial direction with respect to the scaling center O with a scaling factor x which is 

smaller than 1 for bounded domain and larger than 1 for unbounded domain, the whole 

analyzed domain is covered. Applying either the weighted residual technique or virtual work 

principle for finite-element approximation along the boundary, the governing partial 

differential equations can be transformed into ordinary differential equations for 

displacements in elasticity with the radial coordinate x as an independent variable. Recently, 

Li et al. [3] have applied the SBFEM to crack analyses in piezoelectric composites. In the 

present paper the SBFEM is extended to problems of voided magnetoelectroelastic solids. 

 

References 
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[3] C. Li, C. Song, H. Man, E.T. Ooi, W. Gao, 2D dynamic analysis of cracks and interface cracks in 

piezoelectric composites using the SBFEM, Int. J. Solids Struct. 51 (2014) 2096–2108. 
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The behavior of a polycrystal is much commonly described using the empirical Hall–Petch 

equation s = s0 + kd
–1/2

 1Classic interpretation of the Hall–Petch equation fits the single-

scale approach in which the grain boundary in a 3D crystal is treated as a planar defect being 

a barrier to intragranular plastic dislocation motion 2.  

The authors propose a multiscale model of deformed polycrystals according to which the 

basis for self-consistent deformation of grains is rotational wave flows of planar structural 

transformations at their boundaries. This approach to the description of a deformable solid 

treats grain boundaries in a polycrystal as an autonomous planar functional subsystem. At the 

grain boundaries, planar structural transformation flows develop generating strain-induced 

defect sources into the 3D crystal subsystem 3. Such nonlinear planar structural 

transformation flows give rise to rotational moments and associated rotational deformation 

modes in the deformed polycrystal. Proposed multiscale excitable cellular automata method 

[4] allows simulating relay-race transfer of perturbations from one scale to another through 

explicitly accounting for local moments of forces and angular velocities of flows. 

Computer-aided engineering of grain boundaries reveals two types of rotational wave flows 

defined by the misorientation angle of adjacent grains. Grain boundary flows of the first type 

develop at low-angle boundaries and feature low curvature. These flows generate dislocations 

in the grain bulk and the Hall–Petch equation for them has the form s = s0 + kd 
–1/2

. Grain 

boundary flows of the second type develop at high-angle boundaries and feature high 

curvature. These flows generate curvature bands in the grain boundary and inject them into 

the grain bulk, resulting in fragmentation of grains and breakdown of translation invariance. 

For such self-consistency of grains in a polycrystal, the Hall–Petch equation has the form  

s = s0 + kd 
–1

. Experimental data in support of the proposed multiscale model are presented. 

 
The work was supported by projects of the Russian Foundation for Basic Research (Nos. 14-01-00789, 

13-01-00403 and 13-08-90402) and Grant of the President of the Russian Federation for Support of 

Leading Scientific Schools (No. NSh 2817.2014.1). 
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Ceramic coatings are commonly used to improve the wear or heat resistance of many 

technical components. But due to their application process, i.e. plasma or high velocity 

oxygen fuel spraying, rather high residual stresses can build up within the coating and 

underneath. In order to determine these stresses it is possible to drill a hole into the 

component and measure the occurring deformations, which can be recalculated to get the 

governing residual stress. [1] 

 

Normally these holes are drilled stepwise by a mechanical drill. But this procedure leads to a 

slow overall determination process and a direct contact between the drill and the specimen is 

unavoidable. To overcome these disadvantages, the mechanical drill shall be exchanged by a 

laser driven process. To investigate quality determining features, like the resulting surface 

topologies, a numerical solution of this specific laser-matter-interaction is required. 

Furthermore, aspects like heat expansion due to laser impact are, if at all, only measurable at 

great efforts.  

 

The hereby presented numerical model allows the calculation of the laser induced surface 

heating, resulting ablation speed and temperature distribution. Therefore, a finite difference 

approach for an adaptive mesh is used while the model also considers temperature dependent 

material properties, the intensity absorbance which is related to the changing surface angle 

and the different material properties of coating and substrate. [2] 

 

With the imposed model it will be possible to investigate influencing factors, i.e. the laser 

intensity distributions or material properties, and their effects on the evolving cutting hole 

geometry and temperature distribution during the cutting process. Hence, the cutting process 

can be optimized and possible sources of errors during the measurement of surface 

displacements can be excluded. 
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There are many interesting mechanical properties that can be achieved with metal/ceramic 

multilayers especially if they are defined more broadly to include structures such as MAX 

phases. However, the deformation mechanisms, such as hysteresis, can be complex. To 

simplify the problem, in this work we have concentrated on the effect of a single metal 

interlayer within a ceramic bi-crystal. The samples were produced by sputtering Niobium on 

to sapphire substrates and then diffusion bonding the two coated crystals together. This 

allowed the production of sapphire micropillars with containing a ~50-200 nm niobium layer. 

These were then loaded in situ within a microbeam laue set up. By varying the layer thickness 

the measured strength of the pillar could be varied along with the magnitude of the hysteresis. 

This hysteresis was tracked by the load-displacement trace along with the movement and 

elongation of diffraction spots associated with the interlayer. 
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Friction Stir Welding (FSW) is increasingly used in industry. A tool stiring the workpiece by 

generating heat and transferring mechanical forces is shown in Fig. 1. This solid-state welding 

process works also for pairs of dissimilar materials like copper and aluminum. Due to large 

deformations and complex interdependencies of different physical effects, FSW is a 

challenging process to be modeled and, thus, gains more and more attention in engineering 

science. The program package Pasimodo is developed, which provides the particle-based 

simulation method Smoothed Particle Hydrodynamics (SPH). The SPH method is not limited 

by a mesh. However, for the simulation-based analysis of the FSW process, there is a need for 

modifications. For example, friction and plasticity as well as heat generation caused by 

dissipation have been enhanced and validated. Furthermore, adaptive discretization schemes, 

as shown in Fig. 2, were developed, used for the improvement of applications with high local 

stresses or discontinuities, typical characteristics of multi-phase composite materials and 

components influenced by material failure [1]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: SPH simulation of a Friction Stir Welding process Figure 2: Notched tensile specimen  

with adaptive discretization [2] 
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Lower-scale structures determine the macro-scale fracture toughness of materials through the 

activation of different fracture and dissipation mechanisms. To tailor the fracture toughness 

through microstructure design, it is important to establish relations between microstructure 

and fracture toughness. To this end, systematic characterization of microstructures, explicit 

tracking of crack propagation process and realistic representation of deformation and fracture 

at different length scales are required. We present a cohesive finite element methods (CFEM) 

based multi-scale framework for predicting the fracture toughness of brittle materials such as 

ceramic composites and ductile materials such as alloys as a function of microstructure and 

basic material attributes. The framework does not involve curve fitting and accounts for the 

effects of microstructural heterogeneity, phase morphology, constituent behavior and 

interfacial bonding between constituents in materials. The approach uses the J-integral to 

calculate the initiation/propagation fracture toughness, allowing explicit representation of 

realistic microstructures and fundamental fracture mechanisms. Based on the CFEM results, a 

semi-empirical model is developed to provide a quantitative relation between the propagation 

toughness and statistical measures of microstructure, fracture mechanisms, and constituent 

and interfacial properties. The model provides deeper insights into the fracture process as it 

quantitatively predicts the proportion of each fracture mechanism in the heterogeneous 

microstructures. For example, to enhance the fracture toughness of two-phase ceramic 

composites, fine microstructure size scale, rounded reinforcement morphology and 

appropriately weak bonding strength should be introduced to promote interface debonding 

and discourage particle cracking. Another insight is that there are optimal levels of interfacial 

stiffness/toughness that maximize the fracture toughness. The relations and conclusions can 

be used in the selection of materials and the design of new materials with tailored properties. 
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In this paper, the Rousselier damage model is used to investigate the fracture behavior of an 

Al6061 laser welded butt joint. Hardness test across the welded joints are performed at four 

different positions. The dimensions of different weld regions are fixed according to the 

hardness profile across the welded joint. Tensile tests of flat specimens extracted from the 

base material (BM), from the fusion zone (FZ) and from the heat affected zone (HAZ) are 

made. The mechanical properties of the different weld regions will be used as finite element 

model input in the simulation work. Metallographic investigations on the BM, the FZ and the 

HAZ are performed respectively and the initial void volume fraction (f0) and the average void 

distance (lc) are determined. Fracture toughness tests are performed on compact tension 

specimens (C(T)25 with reduced thickness B=6 mm) with the initial crack located in the BM 

(C(T)-BM), in the center of the FZ (C(T)-FZ) and at the interface between the FZ and the 

HAZ (C(T)-HAZ), respectively. The tensile test results of C(T)  specimens are shown in the 

form of Force vs. Crack Opening Displacement (COD) and fracture resistance (JR) curves.  

 

Based on the metallographic information from the BM, the FZ and the HAZ, the Rousselier 

parameters (lc, f0, σk) are calibrated on the notched round specimens extracted from the BM, 

the FZ and the HAZ respectively. The same Rousselier parameter set is used to predict the 

crack propagation of C(T) specimens from the welded joints. Simulation results are compared 

to the experimental F-COD and JR curves and very good agreement is found. The Rousselier 

model is also adopted to describe the strain variation and to predict the damage of the flat 

specimen under tensile test. In order to monitor the strain variation on the surface of the flat 

specimen extracted from Al6061 laser welded joints, the ARAMIS system is used during the 

tensile test process.  
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Many modern materials are composites with engineered properties, because theproperties of a 

single component are not sufficient for the given task. Quite often composites consist of a 

matrix material to which other phases are added. When improving the properties of a matrix 

material, the addition of short fibers has become very popular, there are many examples from 

glassfiber plastics over ceramics to building materials. The addition of short fibers often leads 

to anisotropic and sometimes inhomogeneous material properties, when the fiber orientation 

distribution is anisotropic and nonhomogeneous. 

 

The fiber orientation distribution can influence mechanical properties like the Young's 

modulus or fracture toughness, and also thermal properties. In most cases, in the theoretical 

modeling, the fibers are considered to be straight (rodlike), if the actually used fibers have a 

different shape, like hooked ends or undulating, this is still approximated by a straight fiber. 

However, the influence of the, e.g., hooked ends can be noticeable, as will be demonstrated. 

This leads to the conclusion, that a different theoretical model is needed. Possible approaches 

will be discussed in the presentation. 
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Important classes of structural components within mechatronic devices made of Functionally 

Graded Materials (FGM) are beams and rods. A functionally graded material shows an 

arbitrary continuous or discontinuous variation of material properties in order to achieve 

specific functions and applications. Frequently, numerical analyses are carried out in a multi-

physical regime such as thermo-elasticity or electro-thermo-elasticity, and many procedures 

and solution strategies are proposed by Murin and co-workers (see e.g. [1]). Superior 

algorithms can be found in literature (see [1] and references therein) to evaluate global 

solution variables such as deformations within beam structures made of FGMs. However, the 

analysis of a three-dimensional thermal stress state in constrained cross-sections like 

axisymmetric (see Fig. 1a)) or box-shaped cross-sections (see Fig. 1b)) is still an issue, if 

constitutive parameters like Young’s modulus E  and thermal expansion   show continuous 

or discontinuous (layer-wise) variations.  

 
 

Fig. 1: Constrained cross-sections with continuous or discontinuous varying properties 
 

In order to resolve that open question, here, a two stage algorithm is proposed. Within the first 

step global solution variables (displacements ( )zu x , bending angles ( )y x  and axial strain 

fields ( , )xx x z ) are evaluated using beam elements. This rather classical step [1] incorporates 

suitable homogenization procedures to deal with specially varying constitutive parameters. 

The resulting axial strain field 0( , )xx x z z     in connection with temperature elevations 

T   is the applied onto a finite element model of the cross-section causing internal loads. 

There, axial or planar symmetry conditions can be used in order to establish an effective 

analysis strategy. The solution of this second model delivers a three dimensional stress state 

which is in good agreement compared to three dimensional continuum approaches.  
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In this contribution a multi-scale finite element model of mechanical and thermal properties of 

silicon particle reinforced aluminium is presented.  

 

In a first step macroscopic thermal and elastic properties of a metal matrix composite (MMC) 

are determined from a micro-scale model by homogenization. Therefore a representative 

volume element (RVE) is designed for a homogeneous distribution of silicon particles inside 

an aluminium matrix. For both phases of the composite temperature dependent material 

properties are available from the literature. For the composite material properties are only 

available at room temperature. After a verification of the numerically determined elastic and 

thermal properties at room temperature, these can also be numerically determined for a large 

temperature range. The elastic and thermal behaviour is only dependent on the volume 

fraction of both components and not on the size of a single particle.  

 

In a second step also the plasticity of the MMC is investigated. In contrast to the elastic and 

thermal behaviour, the plasticity depends not only on the volume fraction of the particles but 

also on their size. The conventional homogenization approach cannot consider those size 

effects. One approach to account for size effects on the microscopic scale has been presented 

in [1] for nonlinear elasticity. This approach is transferred to plasticity. The surfaces of the 

microscopic features, in this case the silicon particles, are endowed with their own (energetic) 

structure. The thereby defined surface energy causes a scale effect when homogenizing the 

microscopic stress response in order to determine the macroscopic stress response with a Hill-

type averaging condition. The surface energy provides the possibility to adjust the 

numerically calculated yield stress to experimentally determined yield stresses of MMCs with 

various particle sizes.  

 

In a third step the plasticity properties could be numerically extrapolated to high temperatures 

and high strain rates. At high strain rates almost adiabatic heating through dissipation takes 

place and consequently temperature dependent thermal properties are required. 
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One of the features of the metal ceramic composites is randomness of the geometrical and 

physical parameters of their internal microstructure. In general, this random distribution as 

well as such parameters as volume fraction of particles, orientation, shape, size and spatial 

distribution of inclusions can affect the indentation response of composites [1, 2]. 

 

One of the analytical methodology for investigation of the non-periodic randomly reinforced 

composites is based on statistical methods and the theory of random functions [3]. It implies 

that mechanical properties of microstructural components are defined with conventional 

phenomenological equations and criteria while the effective properties of composite and 

characteristics of its microscopic deformation fields are computed using the solutions of 

boundary value problems with piecewise constant coefficients equations. As the 

characteristics of the deformation processes for the components of the material, the multipoint 

statistical moments of the stochastic stress and strain fields are being used. 

 

This work is devoted to development and implementation of such approach regarding to 

multicomponent metal ceramic composites. The 3D models of materials’ representative 

volume elements (RVE) were built. Their microstructure was characterized with multipoint 

correlation functions. The approximated solutions of the boundary value problems in elastic 

and elastoplastic cases were obtained with the Green’s functions method. These solutions 

along with the moment functions were used for deriving the analytical expressions for such 

statistical characteristics as mean values and dispersions (or first and second order moments) 

of stress fields in different components of composites. These moments were used for 

calculation of failure probability of the composites’ phases under specified load. 

 

The numerical results for the statistical characteristics were calculated for several specific 

types of composites’ microstructure. 
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Plastic deformation of metals is known to be accompanied by free surface roughening 

developing through all length scales. Comprehensive classification of the multiscale 

roughness patterns and pertinent mechanisms involved is given by Raabe et al. [1]. A specific 

surface pattern develops on a meso scale where whole grain groups are involved in 

cooperative motion to form surface valleys and ridges. 

In the majority of engineering applications, surface roughening accompanied by multiscale 

plastic strain localization has an adverse effect on the material fatigue strength, wear 

resistance, adhesion, weldability, reflectability and other mechanical properties. It is a 

challenge, therefore, to develop efficient methods of roughening suppression, at least within 

certain scale range. 

Experimental studies have shown that surface roughening may be somewhat affected by 

preliminary surface treatment by means of coating deposition or severe surface hardening. 

Yet, the conclusions drawn from the experiments for different materals and surface treatment 

techniques are contradictory. In comparison to the unhardened materials, surface under 

deformation is smoother in some cases and more roughened in others. What is more, surface 

modification leading to roughness suppression on a certain length scale may intensify its 

growth on the other scales [2].  

While extensive experimental and theoretical studies along these lines have been done, the 

factors responsible for the resulting roughening patterns in surface-modified materials and 

pertinent mechanisms involved require to be explored yet. In this paper, we have numerically 

studied the surface hardening effect on the mesoscale surface roughening in uniaxial tension. 

Basing on the experimental findings, we have constructed three-dimensional microstructure-

based constitutive models of the unhardened and surface-hardened polycrystalline specimens 

which mechanical behavior is analyzed numerically by a finite-difference method. 
The results obtained suggest the following conclusions: 

(1) Grain boundaries are the sources of stresses directed perpendicular to the axis of tension. Acting 

from the inside across the free surface, these stresses give rise to the surface out-of-plane 

displacements in the form of ridges and valleys. 

(2) In the unhardened specimen, the surface roughness exhibits a well-defined pattern of two sets of 

folds. The finer surface folds are associated with the displacements of individual grains relative to 

each other and the larger ones referred to as mesoscale roughness are formed by grain ensembles 

involved in a cooperative motion. 

(3) The surface-hardened layer moves the grain structure away from the free surface, thus suppressing 

the low-scale surface displacements and smoothing out the mesoscale ones. The thicker is the 

hardened layer, the lower are the normal stresses near the surface and the smoother is the surface 

relief. 

(4) The presence of a hardened layer postpones roughness appearance and decreases its growth rate. 
This work is partially supported by the Russian Science Foundation (14-19-00766), the Russian Foundation for 

Basic Research (14-08-00277-А) and a program to increase the competence of Tomsk Polytechnic University. 
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The paper addresses analysis of free and forced vibrations of functionally graded plates made 

of metal-ceramic composites. Such composites are popular in engineering and used, for 

example, as a thermal coating. Within the framework of the linear first order shear deformable 

plate theory with rotatory inertia [1, 2] we discuss the effective properties of the plates that is 

effective tangential and bending stiffness parameters. Since the distribution of material 

properties across the cross-section of the plate is non-homogeneous, in general, the stiffness 

parameters include also the stiffness tensor describing the coupling between in-plane and out-

of-plane deformations. Here we restricted ourselves by isotropic material behaviour. The 

theory is supplemented by few examples of oscillations for rectangular and circular plates. 

The dispersion curves are obtained and analyzed for various boundary conditions and ceramic 

distribution law across the thickness of the plate.   

 

In addition, using technique of [3] we discuss bounds for the spectrum of eigenfrequencies for 

plates of general shape in plane. In particular, considering the Rayleigh quotient we estimate 

the least eigenfrequency using the eigenfrequancies obtained for homogeneous plates and 

plates with various distributions of metal-ceramic across the plate thickness. This bounds are 

useful for rapid estimation of eigenfrequencies and vibrations of plates with complex law of 

ceramic distribution across the cross-section.  
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Skin-to-core debonding that implies the partial separation between the constitutive layers of 

composite three-layered sandwich material can threaten the structural integrity of a whole 

composite structure [1]. Time varying loads may promote the onset and evolution of the 

debond growth along the skin/core interface [2]. Consequently, a clear motivation exists for 

examining the skin-to-core interface strength and dynamic fracture process in sandwich 

materials to ensure their reliability and endurance in engineering applications. 

 

Capacities available in commercial finite element analysis codes, such as ABAQUS
®
 [3], 

enable simulations of skin/core debonding. The accuracy, however, of such simulations 

depends significantly on the adequacy between the finite model developed and the real 

fracture process being studied. The goal of this research is to evaluate the strength and to 

analyze in details the dynamic fracture of the skin-to-core interface of three-layered sandwich 

plates by using the finite element analysis within the ABAQUS code. The damage mechanics 

approach, implemented in ABAQUS through cohesive elements is applied to predict 

debonding fracture. The bilinear traction separation law is used to evaluate the damage 

initiation and to describe the damage growth which degrades the stiffness of the cohesive 

element according to the linear softening assumption. Due to mixed-mode loading in the skin-

to-core interface, the criteria of debonding initiation and defending evolution are defined 

based on equivalent displacements. Herewith, the stress-based quadratic stress failure 

criterion specifies the onset and the energy-based Benzeggagh-Kenane fracture criterion 

governs the progression. Instead of time- and cost-consuming experimental tests to define 

interfacial strength and debond toughness used in fracture models of ABAQUS, virtual testing 

of standard fracture specimens for studied sandwich materials are carried out by using the 

finite element models of DCB, ENF and MMB standard fracture specimens. Two types of 

dynamic loading such as transient and harmonic forces were applied to sandwich plates with a 

pre-existing skin/core debond. The researches showed that debonding propagates in a stick-

slip manner. It jumps from one arrest position to another one depending on the existing 

dynamic stress state at the current instant of time. Herewith, the dynamic stress state 

combines incident and reflecting stress waves that are generated by both the external loads 

and due to intermittent contact between the detached skin and core. 
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Functionally graded media comprise a class of advanced materials because of 'smart' 

improvements over the more traditional ones such as those with layered structure. In general, 

wave motion in continuously inhomogeneous media with heterogeneities has multiple 

applications in fields such as seismic wave propagation in soils, sound waves in the ocean and 

ultrasonic non-destructive techniques for composite materials.  

The aim of the present work is to develop, validate and to conduct intensive numerical 

simulations using an efficient boundary integral equation method (BIEM) for the anti-plane 

strain dynamic problem involving a graded half-plane with multiple cavities. This 

heterogeneous continuum is subjected to either incident, time-harmonic SH waves or to body 

waves radiating from a point source. Two different types of material gradient are considered: 

(a) type A, where the material is pure elastic, but the density (x2) and shear modulus (x2) 

vary proportionally in quadratic way in respect to the depth, and in this case the phase 

velocity is constant, see Ref. [1]; (b) type B,  where the material is viscoelastic of Kelvin-

Voigt type with the shear modulus and density varying with respect to the spatial coordinates 

in arbitrary fashion, so that the phase velocity is both frequency and position–dependent, see 

Ref. [2]. For the above mentioned types of material gradient, two different frequency 

dependent BIEM schemes are developed based on (a) the Green’s function for quadratically 

graded half-plane in the case of material profile of type A; (b) fundamental solution for the 

full plane in the case of material profile of type B. The system of BIEs is solved in respect to 

displacements along all boundaries by using standard discretization and collocation 

techniques. 

In terms of results, we consider a number of anti-plane strain elastodynamic problems for a 

graded half-plane containing an arbitrary number of cavities with different shapes and 

location. These are solved via the frequency dependent BIEM. The results reveal the 

sensitivity of the elastic wave field to the following key factors: type and characteristics of the 

material gradient, type and characteristics of the applied load, shape, position and number of 

cavities, interaction between cavities and cavity-free surface interaction. 
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The work is devoted to the problem of thermal fracture of functionally graded coatings 

(FGCs) on a homogeneous substrate (semi-infinite medium). The specimen is under the 

influence of thermal loading (residual thermal stresses due to sudden cooling) and mechanical 

loading (tension). It is supposed that arbitrarily located cracks are placed in the FGC. In the 

present formulation we assume that the thermal and mechanical properties are continuous 

functions of the thickness coordinate and different models for FGMs are used, e.g., 

exponential function, power-law function and the rule of mixture based on the volume 

fraction of materials.  

 

The problem is formulated by means of singular integral equations. The solution of the 

equations is obtained numerically. Similar methods of singular integral equations were used 

for the study of thermal fracture of FGC/homogeneous structures due to residual stresses 

arising during the cooling process and caused by non-uniform coefficients of thermal 

expansion of the constituent materials (see, for example, [1]). These stresses were accounted 

as additional stresses on the crack surfaces. Some results for an FGC were obtained also in 

[2]. This method is applicable when the material gradation of the FGM is not steep.  

 

After the solution of the thermo-elastic problem the stress intensity factors at the crack tips are 

obtained as well as fracture angles (the direction of initial crack propagation). Then, the 

influence of geometry of the problem and material non-homogeneity on the stress intensity 

factors is analyzed. These models for functionally graded materials in combination with a 

detailed parametric analysis can help to optimize gradation of the FGC (material parameters) 

and structure (geometrical parameters) in order to improve the fracture resistance of 

FGC/homogeneous systems. Some examples of real material combinations for FGCs 

(ceramic/ceramic and ceramic/metal) are discussed. 
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In this presentation, a new cohesive zone model is proposed to study the inertia effect of 

cohesive zone which has not been considered in existing cohesive zone models. This new 

model predicts a terminal limiting crack speed comparable to the observed terminal crack 

speed of some ductile materials. On the other hand, a strain rate-dependent cohesive zone 

model and related finite element model (FEM) are developed to analyze speed-dependent 

dynamic fracture of pipeline steels observed in recent tests. The FEM results showed that the 

strain rate-effects could be largely responsible for the observed speed-dependent dynamic 

fracture phenomena of pipeline steels. The presented theoretical and numerical models can be 

used to simulate high speed fracture of pipeline steels especially when the related experiments 

are difficult or too expensive. 
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Mesomechanical numerical analysis [1] of the microstructure effect in deformation and 

fracture of a high-strength aluminum alloy with the friction stir weld is presented. The 

simulated polycrystalline microstructures (Fig.1) correspond to the microstructures found 

experimentally in different weld zones: weld nugget, thermo-mechanically affected zones 

(TMAZ) both at retreating and advancing sides (Fig.2). 

 
Fig.1 Model microstructures with different orientations observed in the nugget and TMAZ. 

 
Fig.2 Microstructure in the nugget and TMAZ at the advancing side of the weld [2]. 

 

Macromechanical strength of local mesovolumes in different zones and plastic strain 

localization and fracture patterns are shown to depend on the microstructure parameters. 
This work is supported by the Ministry of Education and Science of the Russian Federation (ID 

№RFMEFI57814X0045). 
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Stiff films on substrates are used in a wide range of technological applications such as 

electronic devices [1,2], thermal coatings [1], shield engine blades, among many others. These 

substrates can be coated with different typologies of thin films. In particular, Functionally 

Graded Materials (FGMs) with a heterogeneous composition are generally incorporated in 

such applications through a combination of metallic and ceramic phases. This metallic-

ceramic grading is particularly beneficial in case of heat-transfer barrier coatings that have to 

withstand severe thermo-elastic deformations [3]. However, delamination of thin films from 

the substrate to which they are attached to is one of the most prominent failure modes that 

remarkably affect their reliability and practicability. In this regard, to date, most of the studies 

on fracture mechanics of FGM coatings have almost been focusing on two-dimensional 

analyses under the assumptions of linear elasticity and small displacements, so that linear 

elastic fracture mechanics can be employed and, in some cases, semi-closed form solutions 

[1,4] or simple finite element schemes [1,2,5] can be proposed. 

In the present study, aiming at investigating the phenomenon of delamination of thin FGM 

layers from elastic substrates, we propose a general nonlinear computational framework that 

comprises nonlinear fracture mechanics based on a novel interface element formulation 

undergoing large displacements [6]. Due to the nonlinear character of the problem under 

investigation, in the three-dimensional setting, a large-displacement continuum shell element 

with grading of the elastic properties over its thickness is developed as a generalization of [7]. 

This shell element is then coupled with the nonlinear three-dimensional interface element for 

large displacement analyses, assuring a perfect kinematic compatibility between both element 

topologies. Through the use of the developed numerical tools, a comprehensive numerical 

investigation of such delamination problems is carried out, paying a special attention to the 

investigation of the potential postbuckling and wrinkling induced failures as in [2].  
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One novel approach to improve the apparent toughness of ceramics is to fabricate laminates 

promoting surface crack deflection in order to delay the final fracture of the whole structure. 

This can be achieved using weak interfaces by adding a material as a fuse (pyrocarbon, 

porous layer) or utilizing strong interfaces to create compressive residual stresses in 

embedded layers in order to trap or deflect these surface cracks.  

Four-point bending tests were conducted on V-notched 

laminates made of alumina-based ceramics to demonstrate the 

effect of the compressive layers on the propagation of surface 

cracks [1]. Depending on the v-notch depth, a crack was 

observed to initiate at the root of the notch either directly after 

cooling when processing the notch or later under the mechanical 

loading. In both cases, following this nucleation, the crack 

penetrates the compressive layer on a short length, then stops.  

The aim of this work is to show that the coupled stress-energy criterion [2,3] can predict these 

mechanisms in a fairly accurate way. This criterion states that crack onset occurs if two 

conditions are fulfilled simultaneously, the first one specifies that there is enough available 

energy to create a crack and the second that the tensile stress is greater than the tensile 

strength all along the expected crack path. A particular feature, derived from the theory and in 

agreement with observations, is that the crack appears abruptly and jumps a given length. 

According to this criterion, the role of the v-notch depth can be analyzed. It is shown that 

beyond a critical depth, crack nucleation occurs spontaneously after the cooling phase when 

processing the notch and is unstable: the crack passes entirely through the first layer. 

Moreover, it is possible to predict the crack penetration length in the next compressive layer.  
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We consider the elasticity problem in a heterogeneous domain with a periodic micro-

structure,  including multiple micro-contacts between the structural components. These 

components can be a simply connected matrix domain with open cracks or inclusions 

completely surrounded by cracks, which do not touch the outer boundary. The contacts are 

described by the Signorini and friction contact conditions. The Signorini condition is 

described mathematically by a closed convex cone, while the friction condition is a nonlinear 

convex functional over the interface jump of the solution on the oscillating interface. The 

difficulties appear when the inclusions are completely surrounded by cracks and can have  

rigid displacements. In this case, in order to obtain preliminary estimates for the solution in 

the periodic domain, the Korn inequality should be modified, first in the fixed context and 

then for the periodic case. Additionally, for all states of the contact (inclusions can freely 

move, or are locked/stuck to the interface with the matrix, or the frictional traction is achieved 

on the inclusion-matrix interface and the inclusions can slide in the tangential to the interface 

direction) we obtain estimates for the solution in the periodic domain uniform with respect to 

the small parameter, denoting the period of the structure. An asymptotic analysis for the 

nonlinear functionals over the growing interface is carried out, based on the application of the 

periodic unfolding method for sequences of jumps of the solution on the oscillating interface. 

This allows to obtain the homogenized limit elasto-plastic problem. The algorithm is 

illustrated by a numerical result (application to technical textiles). 
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In the work the dependence of the young's modulus and strength of aluminum-based metal-

matrix composites by volume fraction and size of carbide and oxide dispersed inclusions.  we 

consider the  metal-matrix composites reinforced by the micro/nanoscale inclusions of silicon 

carbide with a large volume fractions, as well as composites containing extremely low volume 

fraction of oxide inclusions (<0.15%) with the size of inclusions 1-100 microns. We 

simulated experimental non-monotonic dependences of the mechanical properties from the 

bulk contents and size of inclusions, which reflect the large-scale effects. 

We study the effective properties and stress state of the filled aluminum-based metal-matrix 

composites with spherical inclusions and  take into account  the the porosity and clustering 

capabilities inclusions. 

The generalized gradient theories are involved to describe the anomalous behavior of 

materials with rich internal structural heterogeneity [1]. It was used the accurate solution of 

the Christensen-Eshelby problem for gradient elasticity connected with definition of the 

effective characteristics of the composites reinforced with spherical inclusions. This solution 

was received on the basis of the Eshelby integral representation generalized for gradient 

models [2]. 

Modeling of the experimentally observed effects of scale amplification of strength 

characteristics of metal-matrix composites depending on the volume fractions of particles on 

the basis of gradient elasticity, self-consistent method of three and four spherical phases and 

the method of radial factors are given in the work.  

Also employed model of multilayer inclusions and finite element method for  modeling in the 

framework of classical theory of elasticity. We use simulation results to determine the size 

range of inclusions where it is possible to use the classical methods of modeling. Based on a 

comparison with experimental data the additional parameters non-classical models are 

determined that help to explain the impact of scale effects (the size of the inclusions) on the 

properties of composites. 
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According to physical mesomechanics, initial plastic flow in a deformed polycrystal is related 

to clustered nonlinear wave-like flows of atoms in surface layers and to grain boundary 

sliding [1]. The analytical theory of such flows [2] describes them as nonlinear waves of local 

structural transformations that strongly depend on curvature of flux. It is very important 

because curvature of grain boundary flow causes the generation of deformation defects at 

grain boundaries. Moreover, high curvature of grain boundary flow leads to a crack nucleation 

and material fracture. A new original method of excitable cellular automata (ECA) [3] is 

developed to describe the propagation of rotational-wave defect flows. The method is 

intended for the simulation of processes in which local moments of forces are taken into 

account and could not be described in the framework of classic methods. An essential feature 

of the proposed approach is that an active element describes not a discrete mesovolume of the 

material but a fixed region of space through which the material flows. This concept opens up 

new avenues for the numerical simulation of flows of matter and energy of different origin. 

A network of active elements that make up a specimen is divided into clusters, each of which 

models a grain with its own lattice orientation with the Eulerian angles, and grain boundaries 

are explicitly taken into account according to their misorientation angles. The developed 

algorithm for the simulation of mechanical energy transfer was supplemented with the 

procedure of calculating the vectors of moments of forces acting on a local mesovolume. 

Dynamics of matter and energy flows along grain boundaries is studied using ECA method.  

It is shown that these flows have a rotational-wave nature and depend on the loading 

conditions of a grain boundary. All theoretical investigations are in good agreement with 

experiment. 
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Schools (No. NSh 2817.2014.1). 
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Crack initiation at a crack tip, propagation direction, cracks tip elds and cracks interaction in 

static orthotropic plane linear elasticity are the main themes for mathematical modeling and 

simulation and represent important problems of Fracture mechanics. Assume that the 

admissible equilibrium states of the body are plane strain states relative to Ox1x2 plane. In 

this case the equilibrium states of the material can be represented by two complex potentials 

de ned in two complex planes. We shall use Guz's representation of the elastic state, without 

initial deformation, in a weakly modifed form due to Soos. 

Our first aim is to determine the elastic state produced in the body using complex potentials. 

We suppose that our material is unbounded and contains three equal and collinear cracks 

situated in the same plane Ox1x2. The cracks faces are acted by normal stresses, 

symmetrically distributed relative to the plane containing the cracks. We formulate and give 

the solution of the mathematical problem, assuming that the applied normal stresses have a 

given constant value. The elastic state produced in the body is determined using the theory of 

Riemann-Hilbert problem by complex potentials. 

Our second aim is to find which tip of the cracks will start to propagate first. To do this we 

determine singular parts of the elastic states near the cracks tips using the asymptotic method. 

Several fracture criteria have been suggested in the literature. Our third aim is to extend one 

of the first from these criteria, named maximum tangential stress criterion (MTS) due to 

Erdogan and Sih and to find which tip will propagate first. For doing this we consider as an 

example two configuration of three equal and collinear cracks in a Graphite-epoxy fiber 

reinforced elastic composite. Using numerical computations we determine that: 

 In the case when the distance between the cracks is much smaller than their length, i.e There 

exist a strong interaction between the cracks, first start to propagate inner tips of the cracks 

and cracks tend to unify;  

- In the case when the distance between the cracks is much greater than their length, i.e.there 

exist a weak interaction between the cracks and all cracks start to propagate almost    in the 

same time.  
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Mechanical properties and strength of materials can be enhanced by modifying the structures 

of the materials at micro- and nanoscales. One of the promising directions of the materials 

modification for the properties enhancement is based on the control and modification of 

interface properties. Interfaces, phase and grain boundaries represent often relatively instable 

and deformable regions of materials. The introduction of geometrical structural 

inhomogeneities (e.g., defects or nanoparticles) into instable phases allows to control the local 

stress concentration and to channels the deformation energy into the lower scale level. Thus, 

nanomodification of weak regions and structural defects can be used to influence the damage 

evolution and improve the damage resistance of the material. A series of computational 

micromechanical studies of the effect of nanostructuring and nanoengineering of interfaces, 

phase and grain boundaries of materials on the mechanical properties and strength of 

composite materials was carried at the DTU Wind Energy. We considered several groups of 

materials (composites, nanocomposites, nanocrystalline metals, wood) and explored (using 

numerical experiments [1-4]) how the interface structures influences the properties of the 

materials. Figure 1 shows an example of hierarchical FE model of a composite with 

nanoreinforced interphase/interface layer [1-2].  In the simulations, it was demonstrated that 

the availability of special structures in grain boundaries/phase boundaries/interfaces 

represents an important and promising source of the enhancement of the materials strength.   

 
Figure 1. Schema of the multiscale modelling of CNT reinforced hybrid composites 

 

References 

 
[1] L. Mishnaevsky Jr., G.Dai, Hybrid and hierarchical nanoreinforced composites, Composite 

Structures, 117 (2014) 156–168 

[2] L. Mishnaevsky Jr., Nanostructured interfaces for enhancing mechanical properties of materials, 

Composites Part B, 68 (2015)  75–84 

[3] G. M. Dai, L. Mishnaevsky Jr., Fatigue of multiscale composites with secondary nanoplatelet 

reinforcement, Composites Sci. Technol.91 (2014) 71-81 

[4] G.M. Dai, L. Mishnaevsky Jr., Graphene monolayer nanocomposites: 3D simulation of damage  

and fracture, Computational Materials Science, Vol. 95, 2014, pp. 684–692 

  

http://authors.elsevier.com/sd/article/S0266353813004600
http://authors.elsevier.com/sd/article/S0266353813004600


43 

 

S5-2 

 

Hydrogen enhanced slip plane fracture in alpha iron 
 

Shinya Taketomi
1
, Ryosuke Matsumoto

2
, Seiya Hagihara

1 

 
1 
Dept. of Mechanical Engineering, Saga University, 1 Honjo-machi, Saga, 840-8502, Japan 

2 
Dept. of Mechanical Engineering and Science, Kyoto University, Kyoto daigaku-katsura, 

 Nishikyo-ku, Kyoto, 615-8530, Japan 

taketomi@me.saga-u.ac.jp 
 

Keywords: Slip plane fracture, Hydrogen embrittlement, Molecular statics, Gilman crack 

 

Steel sometimes reveals trans-granular fracture surface in the presence of hydrogen which is 

known as typical feature of hydrogen embrittlement(HE). Molecular dynamics analyses for 

alpha iron also show that the crack propagation occurs at the slip plane[1]. However, the slip 

plane fracture enhancement due to hydrogen is still unclear. In this study, we investigated the 

effect of dislocation density and hydrogen concentration on the surface formation energy 

around the dislocation core using the Molecular statics method. EAM potential[2] is adopted 

as an interatomic potential. The results show that increasing the dislocation density, the 

surface formation energy decrease. This decrement mainly attribute to the increase of 

hydrogen concentration. Furthermore, the slip plane fracture model developed by Gilman[3] 

is also adopted to this study, and the critical dislocation pile-up distance for fracture is 

calculated.  
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Due to a very high local strength and a relatively regular interconnection of the nano-

constituents as well as a low mass density, nanocomposite with sub-micron metals are very 

good candidates for fest and light-weight structural materials. 

The modeling of a modern nanocomposite material is in the focus of the contribution. A 

gradient extended crystal plasticity theory is applied to the computation of the mechanical 

response of the metal part of the composite and an elastic-plastic continuum model is used for 

the simulation of the second material. The model of the sub-micron gold crystal with double 

slip system is applied for the computation. The gradient hardening contribution is included 

into the crystal plasticity model in order to study the influence of the ligament size.  

Numerical results of the deformation of the nanocomposite under compression loading are 

presented. The sub-micron gold ligament diameter is varied. The simulation results are 

compared with the corresponding experimental data. The influences of the gold solid fraction 

and the gold initial yield stress on the mechanical characteristics of the nanocomposite are 

discussed.  
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Molecular dynamics simulations are used to investigate the tensile strengths and failure 

mechanisms of aluminium nanopolycrystals of in average 8 nm grain diameter with dissolved 

Ni, Cu, Mg or Ti atoms. It is shown that tensile strengths are influenced by several factors 

such as stacking fault energies as well as types, concentrations and positions of the dissolved 

atoms. A strong strengthening was found in case of Cu whereas Ni or Ti lead to a moderate 

increase of strength, while Mg even lowers the tensile strength.  

 

It was found that both, dislocation processes as well as grain boundary dominated effects 

contribute to plastic failure mechanisms. Type and concentration of dissolved atoms possess a 

significant influence on these failure mechanisms. Whereas alloying with Ni, Cu or Mg 

supports grain boundary dominated failure processes, dissolved Ti atoms lead to an significant 

increase of stacking faults and dislocations. 
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Inspired by Nacre, the shiny layer in seashells, the authors reproduced this material 

artificially, by using a ceramic component and a connection component for the binding of the 

composite. A multiscale simulation approach of coupling molecular dynamics (MD) and 

finite element method (FEM) simulations was established to find a protein that shows the 

highest binding capabilities to a Zincoxide (ZnO) surface. MD simulations of a single 6-mer 

peptide (Fig. 1A) adsorbed on the polar ZnO(0001)-O surface were accomplished to define 

the adsorbed peptide conformations and their adsorption force parameters. The results were 

used in FE simulations with cohesive elements to define special properties of an artificial 

ZnO-peptide composite material. A parameter study was performed to analyze the influence 

of the Young’s modulus of the Peptide on the mechanical properties of the material in a three 

point bending test. One important finding in analyzing the Crack Opening Displacement 

(COD) (Fig. 1B) was that not only the binding capabilities of the protein should be considered 

as important for the fracture behavior of the nanocomposite, but also its Young’s modulus.  
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Fig. 1: A: Example conformation of the peptide on a ZnO surface. B: Comparison between different 

conformations of the protein [1].  

Reference: I. Schäfer, T.A. Do, J. Pleiss, G. Lasko, U. Weber, S. Schmauder, Peptide - Zinc oxide 

interaction: Finite Element Simulation using cohesive zone models based on molecular dynamics 

simulation, Computational Materials Science, 2014, accepted. 
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Dental enamel exhibits high fracture toughness and stiffness due to the hierarchical and 

graded structure. Up to 85 vol.% of enamel consist of the hydroxyapatite mineral, the rest 

being protein and water. Understanding the relationship between the hierarchical 

structure and the mechanical behavior can be helpful for developing a new high-

performance fiber reinforced composite with the desired mechanical properties. In this 

work, a representative volume element (RVE) is adopted to study the deformation and 

fracture mechanism of the microstructure. Neo–Hooke and Arruda–Boyce material models 

are used to simulate the non- linear elastic behavior for the hard and the soft phase, 

respectively. In addition, the large- deformation kinematics and softening at the first 

hierarchy level are taken into account in the computation. Breaking of the fiber and 

debonding of the interface between the fiber and the matrix are captured in this work by 

employing the cohesive zone model with different material parameters. The strategy of 

identifying material parameters is developed in consideration of physical interpretation. 

 
The computational results are verified by comparing with experimental data from 

bending and compression tests. A good agreement between computational and 

experimental results is achieved with respect to the stress-strain curve and stiffness. The 

dependence of the failure mechanism on the aspect ratio can be predicted reasonably 

well by the proposed micromechanical model. Furthermore, it is shown that twist angle 

reduces the strength of the column significantly. The present work provides an extensible 

computational approach including scale separation and bridging for modeling the fracture 

behavior of hierarchical materials, which can help optimizing the design of bio-inspired 

artificial fiber reinforced composite materials. 
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Fracture stress of brittle solids is predicted by fracture toughness: e.g. 𝜎𝐹 ≈ 𝐾𝑐 √𝜋𝑎⁄ .  Critical 

stress intensity factor of ceramics is usually lower than ~10 𝑀𝑃𝑎√𝑚, and therefore 

achievement of higher fracture toughness has been important research fields of structural 

ceramics.  Recently, carbon fiber/Si/SiC composites have been developed and used for severe 

environmental wear components, such as car brake disks.  Fracture toughness of the carbon 

fiber/Si/SiC composite is in the range ~5 𝑀𝑃𝑎√𝑚 with a typical tensile fracture stress ~50 

𝑀𝑃𝑎.  Although fracture toughness and tensile strength are quite low, this composite behaves 

tough and damage tolerant material and possible to use without failure.  Under 

tensile/compressive loading, formed micro-cracks in the composite are stably stored within 

the composite by some crack arrest mechanism.  In this case network of “local” crack arrest 

mechanism due to heterogeneous structure and dimension of the network play important role 

on tough and damage tolerant behaviors.  The presentation focuses micro-scale damage 

evolution behavior of short carbon/Si/SiC composite and evolution of micro-damage behavior 

under tensile and compressive loading modes.  Fracture strength prediction based on strain 

energy approach is compare with that of critical stress intensity factor approach.   
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Metal ceramics composites are formed by adding metallic reinforcement to the brittle ceramic 

matrix. Therefore they can be classified as brittle matrix - ductile fiber composites. Another 

example of this class of composites is fiber reinforced concrete (FRC). In this case the main 

advantage of the presence of ductile fibers is the increased ductility of the composite material. 

 

Most of commercially used FRC usually contains a small volume fraction (1-3%) of steel 

fibers (length ~ 50mm, diameter~1mm).  It is shown, that this type of reinforcement is 

effective only at relatively large crack opening displacements (COD) [1]. Alternatively, 

microscale fibers could be used for concrete reinforcement [2]. With this type of 

reinforcement, the fiber bridging would take place only during micrkocracking phase. For 

example, the addition of polypropylene microfibers to concrete matrix can increase composite 

ductility without significant improvement in the load bearing capacity [3]. By using both 

micro and macro scale reinforcement (hybrid fiber reinforcement), crack bridging 

effectiveness could be increased at all stages of cracking. The mechanical properties of hybrid 

fiber reinforced concrete cannot be explained by superposition of individual fiber 

contributions, therefore it can be concluded, that some synergetic interaction between fiber 

types is present [3-5]. In this work, steel fiber and hybrid fiber (steel and polypropylene 

fibers) reinforced composites were studied by performing four point bending, single fiber 

pullout and compressive tests. Additionally, analysis of porosity was conducted. 
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Due to the favorable properties of foam structures like lightness, high relative stiffness and 

strength, foam structure have wide utilization. For foams made of brittle material like 

ceramic, the structure will fail when the material reaches the local strength limit. The Kelvin 

cell is suitable model to simulate regular foam structures. Under multi-axial loading the struts 

of the Kelvin cell experience a complex stress state. Tension, compression, shear and bending 

may happen at the same time. It is investigated, how the variation of the cross section of struts 

influences the most stressed locations. Struts with constant cross section (CCS) and variable 

cross section (VCS) are used to describe the failure surface and discuss the weak position 

under multi-axial loading. The maximum principal stress criterion is used to evaluate local 

and global structural failure. It is assumed that the material has the same compression and 

tension strength. As results multi-axial failure limit surfaces are presented. 
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