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1. Project Execution 
 
Executive summary of NANOMESO 
 
NANOMESO is a multidisciplinary team of leading EU and USA experts in modelling and 
experiments. Driven by recent striking experimental observation of size dependent plasticity 
demonstrating the inappropriateness of current plasticity theories, the team had as its main 
objectives: 
 

 the development of knowledge and understanding of experimentally observed size 
dependent plasticity by exploiting synergies between simulations and experiments.  

 the development and validation of a computational tool that allows simulation of meso-scale 
phenomena in micron-sized objects while capturing the important atomistic aspects of 
dislocation nucleation at interfaces and free surfaces under loading conditions.   

 
NANOMESO proposed a multi-scale modelling approach spanning multiple time and length-scales 
that brings into play internal (structural) and external (sample’s dimensions) length-scales. The 
research effort concentrates on fcc metals such as Cu, Ni, Al and Au, metals that are frequently used 
in micro-electronics and MEMS devices, but the resulting knowledge is not limited to these 
materials. 
 
Contractors Involved 
 
The project coordinator is Prof. Helena Van Swygenhoven who is situated at the Paul Scherrer 
Insitute, Switzerland. The EU and USA principle investigators of the NANOMESO consortium are 
listed in table 1. 
 

Partic. 
Role* 

Partic 
 no. 

Participant name Participant short name Country

CO 1 Prof. Helena Van Swygenhoven 
Paul Scherrer Institute 

PSI CH 

CR 2 Prof. Erik van der Giessen 
University of Groningen 

RUG NL 

CR 3 Prof. Peter Gumbsch 
University of Karlsruhe 

UniKarl D 

CR 4 Prof. Oliver Kraft 
Forschungszentrum Karlsruhe 

FZK D 

Partner 5 Prof. P.M. Anderson 
Ohio State University 

OSU1 USA 

Partner 6 Prof. J. Li 
Ohio State University 

OSU2 USA 

Partner 7 Dr. D. Hoagland 
Los Alamos National Laboratory

LANL USA 

Partner 8 Prof. W. Nix 
Stanford University 

SU USA 

Table 1: Participating members of the EU/USA NANOMESO consortium 
 
The NANOMESO consortium consisted of a modelling team of two groups coming from two 
institutions from the European community (NL; D), one group coming from an institution in an 
associated country (CH) and three modelling groups of the United States. Additionally, at each side 
of the Atlantic, a leading edge experimental group was incorporated to optimize the possible 
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synergies between simulation and experiments. The experimental programs had national funding 
and NANOMESO financed mainly travel expenses for attending the meetings. 
  
Project Organization and Objectives  
 
The central goal of the NANOMESO consortium was to close the gap between experimentally 
observed size effects in mechanical behaviour and current theoretical knowledge by developing a 
computational guidance. To achieve this, the choice and structure of the NANOMESO consortium 
work packages attempted to integrate as best as possible computational models and experimental 
measurements. Figure 1 displays the associated work plan as defined by the seven work packages of 
NANOMESO.  
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Figure 1: NANOMESO work package organisation  

 
Using an extensive “Knowledge Base” exchange (work package 1) located in the center-ring of 
figure 1, computational parameters and experimental data are exchanged among the five supporting 
activities (work packages 2-3-4-5-6) and optimally disseminated via work package 7. 
 
The central physical idea that has helped shape the simulation work packages 2-5 is that the 
mechanical properties of the materials studied are controlled by the fundamental carriers of 
plasticity – the dislocation line defect. In particular it is how dislocations interact between them 
selves and with their microstructural surroundings (interfaces and external surfaces) that determines 
a material’s yield and flow stress. Indeed the length scales associated with the internal and external 
microstructure strongly affect the response of dislocations to an applied load, forming the 
fundamental origin of the aforementioned size affected mechanical properties.  
 
The investigation of these phenomena requires an inherently multi-scale approach. Understanding 
how dislocations move through a material requires an atomistic description to describe the local 
kinetic barriers that the defect must overcome within the perfect undistorted lattice or in the vicinity 
of a grain boundary where the crystalline lattice can be strongly distorted. More generally how a 
dislocation interacts with a grain boundary either via absorption at the interface and possibly 
transmission to a neighbouring crystal orientation requires in the first instance atomic resolution to 
model the problem. The information gained at this level can then be used at a higher length scale in 
which dislocations are modelled as idealized line defects with corresponding rules that define their 
mutual interaction, interaction with interfaces and their mobility. Such modelling is at the 
mesoscopic scale and is referred to as discrete dislocation dynamics (DDD) simulations and allows 
for the simulation of several thousand interacting dislocation structures at a length scale of up to 
several microns. A central goal of the NANOMESO project was to develop a DDD methodology 
that takes into account the presence of interfaces in which dislocations can directly and realistically 
interact with the grain boundaries and have the possibility of transmission to neighbouring grains. 
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From the above perspective, the NANOMESO work packages associated with the consortium’s 
simulation activities are 
 

WP2 – the use of accurate quantum mechanical calculations (ab initio methods) to 
understand the fundamental origin of dislocation nucleation and propagation in highly 
distorted regions of the underlying crystal lattice. This work will give accurate microscopic 
information on the origin of the Peierls barrier behaviour for the FCC metals as a function of 
lattice distortion. 
 
WP3 – the use of semi-empirical atomistic simulations to study the interaction of 
dislocations with the local atomic configurations available at grain boundaries. At the 
atomic scale the structure of most grain boundaries can vary strongly within the interface 
and how dislocations interact (absorption/transmission) with these different regions is 
therefore strongly dependent on where the dislocation impinges. This work will give 
fundamental insight how higher length scale empirical rules may be formulated for use in 
DDD. 
 
WP4 – the development of DDD modelling strategies to include the possibility of a 
dislocation being absorbed and transmitted at the interface. This work will develop 
fundamental rules based on the knowledge gained at the atomistic level and test them within 
the frame work of 2D and 3D DDD methods. 
 
WP5 – simulations using 3D DDD methods of finite sized structures that have both internal 
and external length scales and microstructural features similar to that seen in experiment. It 
is intended that this work will be able to simulate the experimentally observed size effects in 
mechanical properties (WP6). 

 
The project objectives in terms of these work packages and their collective organisation are: 
 

 Use ab-initio calculations (WP2) to populate the NANOMESO knowledge base with defect 
energies under high tensile or compressive stresses: WP2 requires input from WP3 and WP6 
defining important parameters, and will provide data needed to improve the atomistic 
simulations (WP3) and the formulation of a Peierls-type nucleation criterion (WP4).  

 Pin-down the configurational and kinetic pathways for dislocation nucleation and interaction 
with grain boundaries/planar interfaces using atomistic simulations (WP3-WP2) and 
formulate a Peierls-type nucleation criterion (WP4) that can be implemented in 2DD/3DD 
simulation techniques (WP4+WP5). 

 Simulate with DDD (WP5) entire metallic micron-sized components that approach a one-to-
one length-scale correspondence with experiment, revealing the scaling laws (for internal 
and external length-scales) in mechanical strength that are validated in experiments (WP6) 

 
Figure 1 also contains two additional work packages (WP6 and WP7) that facilitate experimental 
contact and dissemination efforts for the NANOMESO modelling activities: 
 

WP6 – to facilitate contact between the NANOMESO modelling activities and that of 
ongoing externally funded experimental programs investigating the fundamental origins of 
size effects in plasticity. Such experiments also provide a means of validation for the 
computational studies of the effects of internal/external confinements on deformation 
mechanisms and basic dislocation processes.  
 
WP7 – for optimal dissemination of the consortium’s activities this work package has as its 
goal the collection and proactive solicitation of creative ideas from all team members 



07/04/2009 NANOMESO- Final Report    5 

concerning the potential use and impact of their results (see section 2 of this final activity 
report). 

 
Activity undertaken to achieve project objectives 
 
The description and summary of the simulation work undertaken during the three year lifetime of 
the NANOMESO project will be divided into an atomistic part and a DDD part in which work 
packages will be individually addressed. Finally, a brief description of the activity undertaken in the 
experimental WP6 will be given in relation to the one-to-one simulations performed in WP5. The 
assessments of the work packages’s activities with respect to the original objectives are given in 
italic. 
 
Atomistic Simulations 
 
The goal of WP2 and WP3 has been to use atomistic methods to study the interaction between 
dislocations – the mediators of plastic shear – and grain boundaries in a bulk nanocrystalline 
environment. The work spans the fundamental properties of dislocation mediated slip; the 
nucleation, propagation and absorption of dislocation content at grain boundaries; and an 
investigation of the environmental dependence of such processes through a statistical analysis of a 
deforming interface-dominated environment. Together these investigations have directly resulted in 
the formulation of new empirical rules that are now used in the modelling performed in the other 
NANOMESO work packages as well as in the higher length scale models of the US partners of this 
consortium 
 
Work package 2 - Ab-Initio:  Defect Energies in Stressed Systems  
 
Slip mediated plasticity arises from the propagation of dislocations. How these dislocations are 
nucleated at the grain boundary and in what form they propagate is known to depend on material 
type. From the perspective of simulation, whether dislocations are nucleated as single partial 
dislocations that propagate across the grain leaving behind a planar stacking fault defect or as full 
dislocations was found to depend greatly not only on material type, but also on the semi-empirical 
potential used for the particular material. Past work resolved these issues via an analysis of the 
generalized-stacking-fault energy (GSFE), which represents the energy dependency of rigidly 
shearing a crystal at a (111) plane along a (−1−12) slip direction and may be simply characterized 
by two energy quantities representing the extrema of these curves: the stable and unstable stacking 
fault energy. Given the nucleation of a leading partial, the probability that a second trailing partial is 
nucleated depends on the stable and unstable stacking fault surface energy density for the empirical 
potential used. If the stable to unstable stacking fault ratio is close to unity, then the likelihood of 
observing full dislocations within the nanosecond time frame of a classical molecular dynamics 
simulation is high. If the ratio is low, the likelihood of seeing a full dislocation in a simulation is 
minimal. 
 
The work performed in WP2 investigated the stress dependence of such planar defect GSFE curves 
via more accurate quantum mechanical calculations. It was found that the form of the GSFE curves 
in terms of the stable to unstable stacking fault ratio was relatively insensitive to an isotropic 
volume change and a volume conserving simple shear. In the context of past work this is an 
important result since nucleation of a dislocation in the vicinity of a grain boundary will be in a 
region of high local stress. Since the GSFE curve is relatively insensitive to such stresses the logical 
arguments of past work – which assumed a perfect stress free crystal – remain valid even in the 
strongly strained environments of an interface dominated system. Moreover such ab initio work 
allowed for the study of the how the bonding at the planar fault changes under rigid displacement, 
giving insight into the electronic origin of the Peierls barrier to dislocation motion. Figure 2 
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displays the valence electron density in FCC Al that is rigidly sheared at a (111) plane along the [-1-
12] slip direction. It can be clearly seen that the inter (111)-plane bonding is substantially altered. 
This alteration corresponds to the maximum energy configuration in the GSFE curve displayed in 
figure 2b, where the unstable stacking fault is indicated by a black arrow.  

 
Figure 2: (a) Al fcc (face-centered cubic) electronic charge density map of a (111) plane that intersects a rigidly sheared 
(111) plane along the [-1-12] slip direction. (b) The energy dependence as a function of normalized rigid displacement – 
the generalized stacking fault energy (GSFE) curve. In (a) the configuration is taken at the maximum energy of (b), the 
unstable stacking fault energy. 
 
The results of WP2 demonstrate that the GSFE concept which formally is valid only for a perfect 
lattice may be extended to strongly distorted environments such as that near a grain boundary. This 
is important for the understanding of dislocation nucleation at grain boundaries (WP3). The 
resulting ab initio calculated GSFEs as a function of lattice distortion give quantitative material 
parameters for use in coherent zone models of dislocation transmission at interfaces which was 
originally necessary to achieve the goals of WP4. It also allows for the quantitative assessment of 
the inter-atomic potentials used in the atomistics of WP3. In both regards, the objectives of WP2 
were fulfilled. 

 

Work package 3 - Molecular Dynamics: Energies and Stresses for GB/Interface and Dislocation 
Processes 

 

With the knowledge that the local grain boundary structure plays a crucial role in the nucleation of a 
dislocation, its propagation and eventual absorption in the surrounding grain boundary network, the 
first part of WP3 was to develop a computational tool to build tailor made grain boundary networks 
containing user selected distributions of special and general interfaces. It is known that the presence 
of special kinds of grain boundaries (e.g. boundaries characterized by low Σ values according to the 
coincidence site lattice (CSL) model) can have a significant influence on the degree of dislocation 
activity nucleated from grain boundaries in polycrystalline materials. Indeed past simulation work 
has shown that certain missorientations can lead to grain boundaries that can efficiently nucleate 
dislocations and also lead to the transmission of slip across the interface.  

 
Using such a tool molecular dynamics simulations where undertaken to investigate how tailor made 
networks and the presence of special grain boundaries can affect the mechanical response of bulk 
nanocrystalline materials – the length scale regime currently accessible to atomistic simulation of 
polycrystalline materials. It was found that certain types of boundaries are less able to accommodate 
strain via (say) grain boundary sliding processes and therefore deformation by the nucleation of 
dislocations at that boundary sets in. Observation on the atomic scale showed that the dislocation 
assisted motion of these special grain boundaries might be an additional reason for the increased 
dislocation activity in samples with many such special grain boundaries. Figure 3 visualises only 
those grains that have slipped for a constant-strain atomistic simulation containing 100 randomly 
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orientated grains (approximately 1.2 million atoms in total). At 4% strain only a few grains have 
undergone slip and by 6% most grains have experienced slip. The grain undergoing the most slip 
(coloured red in figure 3b) contains a low Σ value CSL boundary that is known to act as an efficient 
nucleation source of dislocations. 
 

 

 
(a) 

 
(b) 

Figure 3: Snapshots of the evolution of slip by dislocations as a function of strain: a) 4% and b) 6% for a 100 grain 
sample. Only grains which have slipped are shown with their colour indicating the amount of accumulated slip – see 
associated strain colour bar. 
 
With the knowledge that grain boundary structure can vary strongly as a function of 
missorientation, a statistical analysis of dislocation activity was then undertaken with the aim to 
elucidate the atomistic pathways that may be associated with the absorption/nucleation/transmission 
of dislocations in such grain boundaries. In doing so, all dislocation mediated slip events which 
involved significant propagation across grains were identified and the resolved shear stresses at the 
onset of the slip events were determined. Figure 4a displays a typical configuration in which a 
dislocation is pinned at the grain boundary. In this figure a grain is shown sliced across the slip 
plane of the pinned dislocation where atoms are coloured according to their local crystal symmetry 
(grey FCC, red HCP, green other 12-coordinated and blue non 12-coordinated). The analysis at the 
atomic scale of the nature of the slip events showed that in most of the cases reductions in shear 
strain could be associated with the depinning of existing dislocations from pinning points at the 
grain boundaries and not the nucleation of new dislocation content. 
 
Detailed analysis at the atomic scale of the slip events during the deformation showed that during 
the deposition of dislocation segments at the grain boundary screw dislocations can circumvent 
local unfavourable GB structures by cross-slip. Moreover during deformation, many new stress 
intensities are built up because of the difficulty in relaxing the GB structure within the timeframe of 
the simulation after the absorption of a dislocation. The resulting stress-strain response 
demonstrates however that the accumulation of such stress intensities with increasing strain does 
not lead to an increase in the flow stress with increasing strain. This can be expected when 
dislocations are able to avoid these regions via cross-slip. The transmission of dislocations through 
grain boundaries was observed in only a few cases. One interesting attempt of dislocation 
transmission through a general high angle grain boundary was studied in detail revealing that nearly 
coherent regions can exist within a high angle grain boundary through which lattice slip can be 
transmitted. This observation points to the further importance of the internal grain boundary 
structure for the transmission of slip, which can only be captured in 3D models of dislocation/grain 
boundary interaction. 
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(a) 

 

 
(b) 

Figure 4: (a) A cross section of a grain within a computer generated nanocrystalline environment in which the atoms are 
coloured according to their local crystal symmetry (grey FCC, red HCP, green other 12-coordinated and blue non 12-
coordinated). The pinned full dislocation has dissociated into a leading and trailing partial dislocation (identified by 
their Thompson tetrahedron notation) connected together by a red stacking fault defect (b) The shear stress response as 
a function of the applied shear strain in the plane defined by the Burgers vector and slip normal of (a). Here the arrow 
indicates the critical shear stress at which the dislocation depins and propagates into the grain interior. 
 
Following this statistical work a quantitative analysis of the energetics and stress dependence for 
most important pathways leading to dislocation activity within the nanocrystalline environment was 
undertaken. This was performed using two approaches, the first being a repetition of the above 
statistical analysis as a function of applied strain rate. It was found that with increasing strain rate 
the onset of dislocation propagation was delayed resulting in an overshoot in the stress strain curve 
that could be entirely removed by reducing the strain rate. For a decreasing strain rate, the critical 
grain averaged resolved shear stress needed for dislocation propagation was observed to decrease 
pointing towards a more important contribution of thermal assistance even in the high strain rate 
regime of atomistic simulation. Such a temperature dependence was verified by repeating the 
simulations at different temperatures. 
 
As a second method to investigate quantitatively the stress dependence of dislocation propagation, 
two dislocation propagation events found to occur in finite temperature molecular dynamics 
simulations where studied in detail at zero temperature using an iterative loading scheme. With the 
thermal component removed in these simulations, the pure stress dependency can be studied, and 
the shear stresses required for propagation to occur was determined. Figure 4a displays one such 
dislocation segment that is pinned to the surrounding grain boundaries. Figure 4b displays the 
resulting stress dependence as a function of an applied shear strain. At a critical shear strain of 
~750MPa the dislocation depins and propagates across the grain interior with a corresponding 
reduction in shear strain. 
 
Finally, to allow for a more controlled study of dislocations interacting with grain boundaries in a 
realistic three-dimensional grain boundary network a new method to introduce dislocation glide 
loops in nanocrystalline samples was developed. This method allows studying the repeated 
interaction of the same type of dislocation with the same grain boundaries. Such a dislocation loop 
creation method is intended to aid in the systematic study of the dislocation/grain boundary 
interaction within a fully 3D grain boundary network geometry, and will also facilitate the atomistic 
study of the pile-up phenomenon as a function of grain boundary missorientation. 
 
 
The work done in WP3 constitutes a significant quantitative advancement in our knowledge of the 
interaction of dislocations with grain boundaries in materials that have a high interface density. 
The pinning-down of the configurational and kinetic pathways for dislocation nucleation and 
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interaction with grain boundaries/planar interfaces using atomistic simulations is the central 
objective of this work package and has been achieved through the quantitative measurement of 
representative critical shear stresses needed for dislocation propagation to occur. Indeed the strong 
role of the local environment has now been elucidated by a statistical analysis of an entire 
deforming nanocyrstalline sample, and is reflected quantitatively in the measured distribution of 
grain averaged critical resolved shear stresses needed for dislocation propagation to occur. This is 
an important result since such information can be integrated into mesoscopic and constitutive 
modelling methods for nanocrystalline plasticity. For example a collaborative effort between the 
Paul Scherrer Institute and Ohio State University (an NSF Partner of the NANOMESO consortium) 
has applied a constitutive modelling technique (the quantized crystal plasticity model) to the regime 
of nanocrystalline deformation. In this model, the idea of a distribution of critical resolved shear 
stresses derived from the molecular dynamic simulations is used to generate nanocrystalline stress-
strain curves similar to that seen in experiment.  
 
Discrete Dislocation Dynamics Simulations 
 
With few exceptions for special applications, metallic products are polycrystalline: that is, they 
consist of an aggregate of grains or crystallites, each having a specific orientation and therefore a 
distinct anisotropy. Crystallites are separated by grain boundaries, which are the boundary between 
two crystalline orientations. They can have a strong effect on the anisotropic behaviour of the 
neighbouring grains and, thus, on the overall response. However, in describing crystal plasticity, the 
effect of grain boundaries was so far restricted to defining the plane of discontinuous change from 
orientation to another. In DDD, grain boundaries play a more significant effect since, in general, 
they affect the dislocation structure through mechanisms such as dislocation transmission through 
the boundary; reflection against the boundary; storage of dislocations in the boundary; and emission 
of new dislocations from the boundary. Until the start of the project, however, the few simulations 
reported on polycrystals had considered the grain boundaries to simply be strong obstacles against 
dislocation motion.  
 
Work Package 4 - Peierls Methods: Bridging Molecular Dynamics and Dislocation Dynamics 
 
The objective of WP4 was to develop a method by which the first of the above-mentioned 
mechanisms – dislocation transmission – could be incorporated into DDD. This requires a transition 
from the atomic scale to that of the DDD scale. At the latter scale, the atoms are averaged out to an 
effective elastic continuum and only the dislocations – defects in the crystalline order – are retained. 
The relevant atomistic information is re-introduced in the form of constitutive rules. The idea was to 
perform the scale transition from the atomistics of dislocation transmission to constitutive rules in 
two steps; first, to adopt a Peierls approach developed by P. Anderson at OSU for the energy 
landscape of a dislocation crossing a grain boundary on the basis of generalized stacking fault 
energies computed atomistically in WP2; and secondly, to derive from this a constitutive rule for 
transmission. The resulting constitutive rule draws heavily on the similarity between transmission 
into the outgoing grain and the generation of dislocations from a Frank–Read source. It contains a 
parameter —the transmission strength— that depends on the stacking fault energies and on the line 
tension. 
 
The constitutive rule for transmission has been applied to the simulation of thin films containing 
columnar grains, with thicknesses of the order of 1 micrometer. The model is 2D, with plastic 
deformation in rectangular grains of d by w being carried solely by edge dislocations. Studies 
assuming impenetrable grain boundaries have demonstrated that there is a size effect in the tensile 
response that is caused by the presence of the grain boundaries. In particular, there appears to be an 
almost linear correlation between the predicted 0.2% yield strength y and the density of grain 
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boundaries, defined by wd /1/1gb  . These findings change somewhat when dislocation 

transmission is allowed across boundaries that represent a misorientation less than 10º. 
 
Figure 5a shows the typical effect of transmission on the tensile response of the simulated material. 
The deviation from elasticity occurs slightly earlier and the early-stage hardening is less; as a 
consequence, the yield strength is slightly lower than if transmission does not occur. Closer 
examination of the simulation results reveals that the reduction in strength is mainly due to a 
difference in slip pattern: while impenetrable grain boundaries tend to result in rather diffuse slip 
activity on many slip systems, the possibility of transmission gives rise to stronger localization in 
fewer slip bands that cross multiple grains. The predicted values of the yield strength y as a 
function of grain size are gathered in figure 5b. The black line shows that the yield strength scales 
linearly with the density of grain boundaries to a fair accuracy, as mentioned before. In the presence 
of transmissible grain boundaries, this scaling appears to be piece-wise linear. At sufficiently low 
grain boundary density, the boundaries are too far away to have a significant overall effect. When 
the grain boundary density is higher, the slip pattern changes as mentioned above, yet the yield 
strength still scales linearly with grain boundary density, albeit at a lower level.  

 

(a)

 

(b)
 

Figure 5: (a) Effect of dislocation transmission on the uniaxial stress ()–strain () response of a thin film with square 
grains of 1 micrometer, at a transmission strength of 3x the bulk source strength. (b) The tensile yield strength predicted 
by DDD as a function of density of grain boundaries, with and without grain boundary transmission. 
 
Quite remarkably, figure 5b also reveals that the grain boundary strength against transmission has 
hardly any effect on the yield strength, as long as it has a finite value. Grain boundary transmission 
is like a switch: either it happens or it does not; and when it does, the boundary acts like a gate: 
once the first dislocation has passed, the next ones glide through almost without any resistance. 
Hence, it appears from these simulations that the precise value of the transmission strength is rather 
unimportant for the overall properties. 
 
The central goal of WP4 was to provide the necessary DD computational tool that contains all 
ingredients necessary for the simulation of size effects in GB/interface dominated submicron-sized 
metallic structures. In the original plan this was to be achieved via an implementation of the Peierls 
approach into DDD by means of the cohesive zone methodology. However, at the end of the second 
year reporting period it was decided to switch to the development of constitutive rules. This has 
been successful for 2D DDD and constitutes the basis of the aforementioned work. At present, 
similar constitutive rules have not yet been implemented in 3D DDD codes for use in WP5. In the 
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following summary of work done in WP5 3D DDD simulations involving interfaces have therefore 
treated the grain boundary as being impenetrable. 
 
Work Package 5 – Dislocation Dynamics: A Computational Counterpart to Physical Experiments 
 
One objective of WP5 was the investigation of plastic behavior of small samples, using DDD 
simulations adapted to single and polycrystalline structures, supplemented with realistic dislocation 
nucleation and transmission criteria at grain boundaries and surfaces, as formulated in WP4. A 
second objective was the investigation of the possible origins of the size effect observed in the 
deformation of micro-specimens under compression, tension and bending. In this study, both the 
external dimensions of the sample, e.g. absolute scale and the aspect ratio in the case of the pillar 
geometry as shown in figure 6 and internal parameters, characterizing the initial dislocation 
microstructure were systematically varied. 
 

d = 2.0 µm

d 
=

 2
.0

 µ
m

h = 6.0 µm

 
(a) 

 
(b) 

 
Figure 6: (a) Micro-sample geometry with superimposed snapshots of dislocation microstructures at different levels of 
deformation; The dense green “planes” represent localized slip on the primary slip system (here loading along a single 
slip orientation) (b) FEM of a different pillar – color according to displacement in tensile direction—indicating the slip 
distribution. 
 
The most important findings from the discrete dislocation dynamics simulations within the Project 
NANOMESO are the characterization of the size effect by quantifying the flow stress Rp0.2 at a 
fixed plastic strain for uniaxial loading cases and non-uniaxial loading (bending or torsion). The 
simulation results can be characterized by a power law relation between the flow stress Rp0.2 and the 
sample width, with an exponent close to the experimental observations. For non-uniform loading 
cases, e.g. bending or cases with constraint deformation due to a low aspect ratio of the sample, the 
formation of pile-ups within the structure is found to control the observed size dependency, which is 
more pronounced compared to the samples with high aspect ratio under nominally uniaxial loading. 
 
The internal dislocation structure is accessible in such DDD simulations, contrary to the 
experiments, and extensive analysis of the occurring reactions gave new insight to possible 
stabilization mechanisms and dislocation source formation schemes. In most simulations, the choice 
of the initial dislocation microstructure has been deliberately artificial, by distributing isolated 
Frank-Read sources of fixed length and random position and orientation, in order to explore if a 
new internal characteristic length will occur during the deformation and if so, if this characteristic 
length (called pinning distance) scales with the a characteristic length of the samples outer 
dimensions. The found dependencies are shown in figure 7. 
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Figure 7: Size effect and the statistical scatter for uniaxial loading of pillars (aspect ratio width:length=1:2)  with 
different widths (diameter). A transition at d=1µm of a so-called “reaction controlled” regime for values smaller to a 
multiplication controlled regime for larger values is observed. In all samples, “pinning distances” larger than the 
initially prescribed source length (dotted line) are found to develop naturally, which accounts for part of the size effect. 
 
Stress strain measurements in small scale structures are not smooth as usually expected from bulk 
materials, but show sudden strain bursts or stress drops, related to depinning events in the 
dislocation microstructure. These events lead to plastic slip and stress/strain relaxation and 
redistribution. The sizes of these events are found to occur not at random, but to follow a truncated 
power law distribution with an exponent around -1.5 in agreement with experimental observations 
and statistical two dimensional models for single slip configurations. This distribution, normalized 
appropriately, is found to be fulfilled also for non-uniform loading – bending – or polycrystalline 
geometries (tri-crystal). 
 
To address the question on the role of pre-defined pinning points within a dislocation 
microstructure, a relaxation procedure of an initially pinning point-free dislocation microstructure 
was developed. A detailed microstructural analysis of dislocation reactions of these structures after 
relaxation and during subsequent reloading, revealed a new type of combined dislocation reaction, 
leading naturally to immobile – pinned – reaction nodes within the dislocation structure. These 
pinned nodes are always end-nodes of Lomer reactions and serve as endpoints of different sources, 
(i) Frank Read sources or (ii) spiral sources, which can be activated multiple times. 
 
A central goal of WP5 has been to simulate using 3D DDD single crystalline and polycrystalline 
thin films and µm sized pillars with and without internal interfaces. This has been achieved. The 
simulations have clearly shown that external and internal constraints, e.g. pile-up formation, 
influence the global overall response of the material in a measureable way. The statistical 
variations in mechanical properties are found to be important and have to be considered when 
small scale devices are dimensioned by mechanical engineers.  
 
Experimental Validation (Work Package 6) 
 
The aim of WP6 was to support the modeling effort of NANOMESO with externally funded 
dedicated experiments. To achieve this goal, compression experiments on micro-pillars prepared 
from large grained polycrystalline Cu were performed in order to investigate the effect of individual 
grain boundaries. Using a focused ion beam microscope (FIB), microcolumns were milled into 
different regions of the polycrystalline material and either single crystalline or bicrystalline columns 
were produced. In particular, after selecting a region in the vicinity of a grain boundary, micro 
columns with a diameter of roughly 1µm and a height of about 3µm were produced at different 
locations. Some of the pillars were placed inside both grains and several pillars were ion beam 
milled along the grain boundary – see figure 8a.  
 



07/04/2009 NANOMESO- Final Report    13 

Both the single and bi-crystal columns were mechanically tested under compression using a 
nanoindenter equipped with a special tip having the shape of a flat punch. The morphology before 
and after the compression experiments was observed by SEM and FIB. For the configurations that 
were investigated, the measurements demonstrate a significant effect of the grain boundary on the 
mechanical behaviour of the column. Compared to the single crystalline material on both sides of 
the grain boundary, the bi-crystalline columns show higher strengths and enhanced work hardening 
– see figure 8b. The deformation morphology suggests that multiple slip is active in the bi-
crystalline columns whereas single slip is active in the neighbouring single crystalline columns.  
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Figure 8: (a) FIB machined microcolumns within both grains and along the grain boundary. (b) Results from 
microcompression experiments and SEM images of the deformed columns (yellow single crystal from grain I, blue 
single crystal from grain H, and red bicrystal from grains I and H).  
 
The prepared single and bi-crystal samples and corresponding compression tests performed in 
WP6 have provided a form of validation for analogous simulations performed in WP5 using 
computer generated samples. As in experiment, the inclusion of grain boundaries within the micron 
sized pillar resulted in increased flow stresses. Although not foreseen within NANOMESO, in situ 
deformation experiments performed at the Swiss synchrotron Light Source (SLS) funded by the 
Swiss National Science foundation (Coordinated by Helena Van Swygenhoven) were a constant 
theme within the frame work of WP6 during the official NANOMESO meetings over the past three 
years. Such experiments offer a dynamical and non-destructive probe to the dislocation dynamics 
during compression. Samples from WP6 NANOMESO consortium members (from the groups of 
Kraft and Nix) where supplied via NANOMESO to the PSI group for in situ investigation. Thus the 
central goals of WP6 – to perform validation experiments for simulations performed in WP5 and to 
promote dialogue between modellers and experimentalists within the consortium – has been 
achieved. 
 
Overall Assessment of the NANOMESO project 
 
Relation to state-of-the-art 
 
The successful completion of nearly all deliverables and milestones has resulted in number of new 
developments and simulation applications that constitute the current state-of-the-art in the materials 
modeling of interface dominated microstructures. These are: 
 

 The computational tools to: 
o construct polycrystalline structures of user-selected grain boundary content and 

missorientation connectivity 
o insert dislocation loops within a grain embedded in a nanocrystalline medium 

constitute state-of-the-art tools for the construction of atomic resolution microstructures. 

20
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 The nanocrystalline molecular dynamic simulations performed as a function of strain rate 
are themselves state-of-the-art in which the lowest strain rate constituted a considerable 
amount of computing resources and represents an exploitation of advanced computing 
facilities in the time scale rather than the more common length scale domain of molecular 
dynamics simulation. 

 The detailed analysis of the finite temperature atomistic simulations of deforming 
nanocrystalline materials constitutes the first attempt to derive a global picture of the 
plasticity occurring in such simulations. In this sense, the work constitutes the state-of-the-
art in that rather than studying a few isolated cases of atomic scale plastic processes, a 
thorough statistical analysis was performed of the entire sample as a function if strain 
leading to the important conclusion that it is dislocation propagation rather than dislocation 
nucleation that is the rate limiting process in atomistic simulations of deforming 
nanocrystalline structures. 

 Until now grain boundaries within the context of DDD have been modelled as impenetrable 
boundaries. The work performed in WP4 and WP5 has made fundamental progress in going 
beyond this limitation. Indeed as a result of NANOMESO, it is now possible to consider 
also the possibility of transmission of slip within the DDD modelling scheme. An 
achievement that clearly defines the state-of-the-art in DDD modelling of interface 
dominated materials. 

 
Impact to the international research community 
 
The simulation work undertaken by the NANOMESO consortium has lead to a number of important 
advancements at both the atomistic and discrete dislocation dynamics level, which will influence 
similar work done in the international research community.  These are: 
 

 The computational tools for construction of atomistic nanocrystalline samples will allow for 
future systematic investigations of dislocation mediated plasticity as a function of user-
selected microstructure and dislocation content. This overcomes one limitation of past 
simulations of nanocrystalline materials - the stochastic nature of dislocation nucleation 
during deformation that makes it difficult to predict when and where a dislocation event will 
take place. This aspect also precluded the simulation of multiple dislocations to study the 
effect of pile up and dislocation transmission within the nanocrystalline environment. With 
the aforementioned tools, it now becomes possible to perform a systematic analysis in order 
to extract the important dislocation/GB interaction physics for the development of the 
necessary empirical laws for use in mesoscopic DDD. 

 The atomistic simulations of deforming nanocrystalline samples as a function of strain rate, 
temperature and as a function of applied shear strain have demonstrated that the plastic 
deformation processes seen are indeed close to the athermal limit. This demonstrates that a 
quantitative extrapolation of simulated stress-strain curves towards experimental strain rates 
is not possible. This is an important result since much published simulation work is 
compared too easily with experiments performed at strain rates ten orders of magnitude 
slower than that seen simulation. Despite this, the work emphasizes once more that much 
knowledge can be gained by studying the fundamental atomic processes contributing to 
interface dominated plasticity. 

 The new developments in DDD in which dislocations are now able to be absorbed at grain 
boundaries with the possibility (depending on the local stress conditions) of transmitting slip 
to the neighbouring grains opens up an entirely new regime of DDD simulations in which 
micro-structure can be realistically treated. While impenetrable grain boundaries tended to 
result in rather diffuse slip activity on many slip systems across the sample, the possibility of 
transmission gives rise to a stronger localization of plasticity – a phenomenon that is known 
to be fundamentally important in interface dominated materials. 
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The impact to the international research community is ensured via the dissemination efforts of the 
NANOMESO consortium through the various publications in high-impact journals, invited talks at 
conferences and workshops – see the following section 2. 
 
EU-US Contact 
 
Contact with the NSF funded US partners of the NANOMESO consortium was constant throughout 
the three year lifetime of the project and resulted in a number of collaborative publications. In 
particular, conference calls were used often and meetings were arranged usually as satellite 
meetings associated with conferences either within Europe or the US. Table 2 documents such 
meetings. 
 

Date Nature of contact Location 

2 December 2005 General Meeting  Fall MRS Meeting, Boston, USA 

21 April 2006 General Meeting  Spring MRS Meeting, San Francisco USA 

30 July – 26 
August, 2006 

Visit by C. Brandl & E. Bitzek (PSI) 
to the group of Ju Li (OSU) 

Ohio State University, USA 

15 September 
2006 

Visit of P. Anderson (OSU) to PSI 
for collaborative discussions 

PSI, Switzerland 

19 September 
2006 

Review Meeting MMM06, Freiberg, Germany 

1-2 December 
2006 

General Meeting  Fall MRS Meeting, Boston, USA 

3-4 September 
2007 

Review Meeting  
 

Hotel Alpenblick-Braunwald, Switzerland 

5-7 September 
2007 

General Meeting  
 

Hotel Alpenblick-Braunwald, Switzerland 

January 2008 Visit of Erik van de Giessen to the 
group of Julia Greer 

California Insitute of Technology, USA 

26 March 2008 General Meeting  Spring MRS Meeting, San Francisco, USA 

27 July-1 Aug 
2008 

Small Group Meeting  Gordon Research Conference on Thin Films and Small 
Scale Mechanical Behavior Colby College, Maine, USA 

28 September 
2008 

Small Group Meeting  International Workshop on Plasticity of Nanocrystalline 
Metals Lake Bostal, Germany  

Table 2: List of meetings and visits between EU and US NANOMESO consortium members.  
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2. Dissemination and Use 
 
The objectives of WP7 were the exploitation of the outcomes of the project in form of new 
materials, new principles for application of materials and new design principles in small scale 
systems. In particular: 
 

 Work package leaders solicit and collect exploitation ideas from WP members  
 Theoretical and experimental outputs of WP2-5, regarding stability, nucleation and 

confinement of materials defects, temperature and stress dependent materials behaviour 
have formed the basis for new design rules for small scale systems (WP6).  

 [new] Theoretical and experimental outputs of WP2-5, regarding stability, nucleation and 
confinement of materials defects, temperature and stress dependent materials behaviour 
have been actively launched into the scientific community via specific workshops and 
symposia and through targeted publications. 

 
Section 1 - Exploitable knowledge and its Use 
 
Not applicable 
 
Section 2 – Dissemination of knowledge 
 
The joint EU/NFS research project NANOMESO reached successfully the scientific and industrial 
community, concerned by the fascinating and new properties of nanostructured materials. The 
NANOMESO website http://mse.osu.edu/~andersonp/NANOMESO.html, located in the USA at the 
Ohio State University, presents the gathered information of the project to the world, within the 
restrictions imposed by the editors of scientific journals. 
  
Highlights in the dissemination effort are the workshops and symposia organizations and 
contributions of the NANOMESO group within Europe and in the US:  
 
 Industry workshop, held together with the Marie Curie project SizeDepEn (which ended in 

2007) on size effects in engineering mechanics in Freiburg (15.+16.03.2007). Industrial contacts 
have been strengthened during this workshop. 

 International workshop at Braunwald, CH: (http://smallscalep.web.psi.ch)  
The NANOMESO consortium organized an international workshop on small scale plasticity. 
This workshop was well received within the scientific community and new ideas on dislocation 
nucleation or preexisting dislocation sources at grain boundaries were developed. 

 The “International Workshop on the Plasticity of Nanocrystalline Metals” 
 Seehotel Weingärtner, Lake Bostal, Germany, 28.09 -01.10.2008, was organized by the FZK 
partner within the DFG - FOR714 project www.nanoplasticity.de/workshop2008.  
The workshop allowed presenting the results of the NANOMESO activities to a broad 
international audience.  

 MRS Fall 2009 Symposium GG: 
Plasticity in Confined Volumes: Modeling and Experiments 
Lead organized by NANOMESO members of EU/USA: (P. M. Derlet, PSI, Switzerland, D. 
Weygand, UniKarl, isbs, Germany, Ju Li, University Of Pennsylvania, USA, M. Uchic, Air 
Force Research Laboratories, Wright-Patterson Air Force Base, USA, E. Le Bourhis, University 
of Poitiers, France) 

 A high profile review article entitled “Atomistic simulations of dislocations in confined 
volumes” has been accepted for publication in the March 2009 edition of the MRS Bulletin in 
which members of both the EU and US of the NANOMESO consortium have participated 
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(MRS Bulletin 34, 184-189 (2009)).  
 
The NANOMESO consortium also interacted quite intensively with industry, both small and 
medium sized business and big companies, e.g. Bosch, Daimler for increasing the awareness of new 
approaches to describe and analyze the defects in small scale materials. The project shed more light 
on the fact, that many properties, e.g. mechanical properties, of small scale materials show a 
dramatic statistical scatter, beyond the “normal “ size effect, which has to be emphasized to 
engineers responsible for the design of mechanical devices at these scales. Even though the 
NANOMESO consortium agreed on the fact, that it is not possible to directly address industrial 
challenges with the tools developed and used in the project, these contacts were rather fruitful and 
new projects emerged from these contacts.  
 
The final plan for using and disseminating the knowledge gained from the NANOMESO effort is 
contained in the document detailing deliverable 7.3. Publishable results of the final plan for using 
and disseminating the knowledge is given in the overview table (table 3) below. Table 4 gives an 
overview table of conference participation and presentations. 
  
Planned/ actual 
date 

Type Type of 
audience 

Countries 
addressed 

Size of 
Audience 

Partner responsible / 
involved 

2006 Conference 
Proceeding 
[WP1-3/7] 

research World wide  PSI 

2006 Conference 
proceeding 
[WP5/8] 

research World wide  UniKarl 

2007 Publication [WP1-
3/11] 

research World wide  PSI/FZK 

2007 Publication [WP1-
3/12] 

research World wide  PSI 

2007 Publication [WP1-
3/13] 

research World wide  PSI 

2007 Publication [WP1-
3/14] 

research World wide  PSI 

2007 Publication 
[WP5/1] 

research World wide  UniKarl 

2008 Publication [WP1-
3/3] 

research World wide  PSI/OSU1 

2008 Publication [WP1-
3/4] 

research World wide  PSI/FZK/OSU 

2008 Publication [WP1-
3/5] 

research World wide  PSI 

2008 Publication [WP1-
3/6] 

research World wide  PSI 

2008 Publication [WP1-
3/8] 

research World wide  PSI 

2008 Publication [WP1-
3/9] 

research World wide  PSI 

2008 Publication [WP1-
3/10] 

research World wide  PSI 

2008 Publication 
[WP4/1] 

research World wide  RuG 

2008 Publication 
[WP5/2] 

research World wide  UniKarl 

2008 Publication 
[WP5/3] 

research World wide  UniKarl/FZK 

2008 Publication 
[WP5/4] 

research World wide  UniKarl/FZK 

2008 Publication 
[WP5/5] 

research World wide  UniKarl 
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2008 Publication 
[WP5/6] 

research World wide  UniKarl 

2008 Publication 
[WP5/7] 

Research World wide  UniKarl 

2009 Publication [WP1-
3/1] 

research World wide  PSI 

2009 Publication [WP1-
3/2] 

research World wide  PSI 

2009 Publication 
[WP4/2] 

research World wide  RuG 

2009 Publication 
[WP5/8] 

Research World wide  UniKarl 

2009 Publication 
[WP6/1] 

research World wide  UniKarl 

2009 Publication 
[WP6/2] 

research World wide  UniKarl 

2009 Publication 
[WP3&5/1] 

Research World wide  PSI/UNIKARL 

Table 3: Overview table of written documents – publications in peer reviewed journals and conference proceedings. In 
the “Type” column, the actual title and authorship of the publication can be found in the final plan for using and 
disseminating the knowledge (deliverable 7.3) 
 
Planned/ 
actual date 

Type Type of 
audience 

Countries 
addressed 

Size of 
Audience 

Partner 
responsible / 
involved 

2006 Workshop [WP1-3/T1] Research EU / India 100 PSI 
2006 Conference [WP1-3/T2] Research World wide 3000 PSI 
2006 Seminar [WP1-3/T3] Research EPFL 50 PSI 
2006 Conference [WP1-3/T4] Research World wide 500 PSI 
2006 Conference [WP1-3/T5] Research World wide 500 PSI 
2006 Conference[WP1-3/T6] Research World wide 4000 PSI 
2006 Symposium [WP1-3/T7] Research World wide 80 PSI 
2006 Workshop [WP1-3/T8] Research EU / China 100 PSI 
2006 Conference [WP1-3/T9] Research World wide 4000 PSI 
2006 Symposium [WP1-3/T10] Research World wide 100 PSI 
2006 Workshop [WP1-3/T11] Research World wide 50 PSI 
2006 Conference [WP1-3/P5] Research World wide 4000 PSI 
2006 Workshop [WP1-3/P6] Research CH 50 PSI 
2006 Conference [WP1-3/P7] Research World wide 300 PSI 
2006 Conference [WP4/T1] Research World wide 300 RuG 
2006 Conference [WP4/T2] Research World wide <300 RuG 
2006 Invited seminar 

[WP5/T1] 
Research MPA Stuttgart >20 UniKarl 

2006 Conference [WP5/T2] Research World wide >100 UniKarl 
2006 Conference [WP5/T3] Research World wide >100 UniKarl 
2006 Invited seminar [WP6/T1] Research Erich Schmid 

Institute 
>50 FZK 

2006 Conference, invited talk  
[WP6/T2] 

Research World wide >50 FZK 

2006 Conference  [WP6/T3] Research World wide >100 FZK 
2006 Conference [WP6/T9] Research World wide <200 PSI/FZK 
2006 Conference [WP6/T10] Research World wide <200 PSI 
2006  Workshop [WP6/T12] Research World wide <200 PSI 
2006  Invited lecture [WP6/T13] Research MPI/Stuttgart >50 PSI 
2006 Workshop [WP6/T14]  Research World wide <200 FZK 
2006 Conference [WP6/T15]  Research World wide  <200 FZK 
2006 Workshop [WP6/T16] Research World wide <200 FZK 
2006 Invited lecture [WP6/T17]  Research Chinese 

Academie of 
Science 

40 FZK 

2006 Seminar [WP6/T18]  Research University >30 FZK 
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Erlangen,  
2006 Conference [WP7/T8] Research Belgium 60 UniKarl 
2007 Lecture [WP1-3/T12] Research Max Planck 

Institute 
Stuttgart 

80 PSI 

2007 Seminar [WP1-3/T13] Research University 
Brussels 

50 PSI 

2007 [WP1-3/T14] Research World wide 50 PSI 
2007 Workshop [WP1-3/T15] Research  

Industry 
SizeDepEn-
Group / industry 

50 PSI 

2007 Conference [WP1-3/T16] Research World wide  PSI 
2007 Conference [WP1-3/T17] Research World wide 200 PSI 
2007 Conference [WP1-3/T18] Research World wide 500 PSI 
2007 Seminar [WP1-3/T19] Research CH 50 PSI 
2007 Conference [WP1-3/T20] Research World wide 500 PSI 
2007 Symposium [WP1-3/T21] Research CH 100 PSI 
2007 Seminar [WP1-3/T22] Research CH 50 PSI 
2007 Seminar [WP1-3/T23] Research USA 50 PSI / OSU2 
2007 Seminar [WP1-3/T24] Research CH 50 PSI  
2007 Conference [WP1-3/T25] Research World wide 500 PSI 
2007 Seminar [WP1-3/T26] Research CH 50 PSI 
2007 Conference [WP1-3/P3] Research World wide 500 PSI 
2007 Conference [WP1-3/P4] Research World wide 100 PSI 
2007  Conference [WP5/T4] Research World wide 50-200 UniKarl/FZK 
2007  Conference [WP5/T5] Research World wide 50-200 UniKarl/FZK 
2007  Conference [WP5/T6] Research World wide 50-200 UniKarl/FZK 
2007 Workshop [WP5/T7] Research World wide / 

NANOMESO 
100 UniKarl 

2007  Conference [WP5/T8] Research World wide 50-200 UniKarl 
2007  Conference [WP5/T9] Research World wide 50-200 UniKarl/FZK 
2007  Conference [WP5/T10] Research Germany 50-200 UniKarl/FZK 
2007 Workshop [WP5/P1] Research World wide 

NANOMESO 
>200 UniKarl 

2007 Workshop [WP5/P2] Research World wide 
NANOMESO 

>200 UniKarl 

2007 Conference [WP5/P3] Research World wide >200 UniKarl/FZK 
2007 Invited seminar [WP6/T4] Research IMM/Aachen >30 FZK 
2007 Invited seminar [WP6/T5] Research World wide >30 FZK 
2007 Invited seminar [WP6/T6] Research World wide <200 FZK 
2007 Conference [WP6/T7] Research World wide <200 FZK 
2007 Conference [WP6/T8] Research World wide <200 FZK 
2007 Conference [WP6/T11] Research World wide <200 PSI 
2007 Conference [WP6/T19]  Research World wide  <200 FZK 
2007 [WP 6 / T20] Research World wide <200 FZK 
2007 Conference [WP6/T21]  Research World wide <200 FZK/UniKarl 
2007 Conference [WP6/T28] Research World wide 150 PSI 
2007 Conference [WP6/T29] Research World wide 50 PSI 
2007 Conference [WP6/T30] Research World wide 50 PSI 
2007 Conference [WP6/T31] Research World wide 4000 PSI 
2007 Workshop [WP7/T1] Research Lawrence 

Berkeley Nat. 
Lab. 

<200 SU 

2007 Conference [WP7/T2] Research World wide 1000 SU 
2007 Conference [WP7/T3] Research World wide 1000 SU 
2007 Workshop [WP7/T4] Research World wide 50 RuG 
2007 Conference [WP7/T5] Research World wide <200 RuG 
2007 Workshop [WP7/T6]  Research Lawrence 

Berkeley Nat. 
Lab. 

50 PSI 

2007 Meeting [WP7/T7]  Research Germany 200 UniKarl 
2007 Seminar [WP7/T11] research University of 40 UniKarl 



07/04/2009 NANOMESO- Final Report    20 

Michigan 
2007 Seminar [WP7/T12] Industry Exxon 40  UniKarl 
2007 Seminar [WP7/T13] Research& 

industry 
international 60 UniKarl 

2007 Seminar [WP7/T14] research  Shenyang 
university 

50 UniKarl 

2007 Seminar [WP7/T15] research ETH 
Zuerich,CH 

40 UniKarl 

2007 Seminar [WP7/T17] research INP Grenoble 30 UniKarl 

2008 Seminar [WP1-3/T27] Research FR 50 PSI 
2008 Conference [WP1-3/T28] Research World wide 500 PSI 
2008 Seminar [WP1-3/T29] Research DE 50 PSI 
2008 Conference [WP1-3/T31] Research World wide 80 PSI 
2008 Conference [WP1-3/T32] Research World wide 500 PSI 
2008 Seminar [WP1-3/T33] Research CH 100 PSI 
2008 Conference [WP1-3/T34] Research World wide 500 PSI 
2008 Workshop [WP1-3/P1] Research CH 50 PSI 
2008 Workshop [WP1-3/P2] Research CH 50 PSI 
2008 Workshop [WP1-3/P8] Research World wide 500 PSI 
2008 Workshop [WP1-3/P8] Research CH 100 PSI 
2008 Conference [WP4/T3] Research World wide 500 RuG 
2008 Conference [WP4/T4] Research World wide 500 RuG 
2008 Conference [WP4/T5] Research World wide >100 RuG 
2008 Workshop [WP4/P1] Research World wide >80 RuG 
2008 Workshop [WP4/P2] Research World wide >80 RuG 
2008  Conference [WP5/T11] Research World wide 50-200 UniKarl 
2008  Conference [WP5/T12] Research World wide 50-200 UniKarl 
2008  Conference [WP5/T13] Research World wide 50-200 UniKarl 
2008  Conference [WP5/T14] Research World wide 50-200 UniKarl/FZK 
2008  Seminar [WP5/T15] Research 

Industry 
HLRS Stuttgart 50 UniKarl/FZK 

2008  Invited seminar 
[WP5/T16] 

Research 
 

Max Planck 
Institut 

50 UniKarl 

2008 Conference [WP6/T22] Research World wide <200 FZK/UniKarl 
2008 Conference [WP6/T23] Research World wide  <200 FZK 
2008 Conference [WP6/T24] Research World wide <200 FZK 
2008 [WP6/T25 ] Research World wide <200 FZK 
2008 Conference [WP6/T26] Research World wide  <200 FZK 
2008 Conference [WP6/T32] Research World wide 500 PSI 
2008 Seminar [WP6/T33] Research World wide 50 PSI 
2008 Conference [WP6/T34] Research World wide 500 PSI 
2008 Conference [WP7/T9] Research International 200 UniKarl 
2008 Workshop [WP7/T10] Research International 40 UniKarl 
2008 Seminar [WP7/T16] research London 30 UniKarl 
2008 Workshop [WP7/T18] Research World wide 200 PSI 

2008 Seminar [WP7/T19] Research World wide 100 PSI 

2008 Seminar [WP7/T21] Research World wide 100 PSI 

2009 Conference [WP1-3/T30] Research World wide 300 PSI 
2009 Conference [WP6/T27] Research World wide <200 FZK 
2009 Conference [WP7/T20] Research World wide 2000 PSI 

Table 4: Overview table of conferences and presentations given and attended by NANOMESO consortium members. In 
the “Type” column, the actual title and authorship of the conference or presentation can be found in the final plan for 
using and disseminating the knowledge (deliverable 7.3) 
 
Section 3 - Publishable results 
 
Not applicable 


