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A fundamental challenge for understanding the structure and behavior of grain
boundaries is to establish physically meaningful links between the atomic-scale
interfacial configurations, which can often be described in terms of sets of characteristic
structural units [1], and the more macro-scale descriptors of the interfacial geometry, e.g.,
grain misorientation and boundary inclination. A useful approach for establishing such
linkages is to identify and characterize the sets of interfacial line defects that
accommodate departures from low-energy singular reference configurations [2].
Here, we consider such approaches in the
context of atomic resolution experimental
observations and theoretical calculations of the
structure of Σ=5 <001> tilt boundaries in BCC
iron, focusing in particular on the analysis of
facet junctions and grain boundary dislocations
present at the interface. Figure 1a shows a high
angle annular dark field (HAADF) scanning
transmission electron micrograph (STEM) of
such a boundary observed in a pulsed-laserdeposited thin film of Fe. Two symmetric
inclinations, {210} and {310}, are
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forming nanoscale facets aligned with these
two symmetric inclinations. As we will
discuss, a full description of this interface requires consideration of the geometric
incompatibility at the junctions, which can be represented by dislocation-like defects, as
well as the incorporation of additional dislocation content due to departure from the exact
Σ=5 orientation relationship. We will also discuss how the finite facet size affects the
structure relative to an unconstrained, planar geometry.
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Single crystalline Ni-base superalloys are key materials for turbine blades in modern gas
turbines. The microstructure of these alloys consists of cubic γ’-precipitates of Ni3Al in
the L12 crystal structure embedded in the fcc γ-matrix. The interaction of dislocations in
the γ-channels with the γ’-precipitates is a main factor for the superior strength of these
alloys even at high temperatures. Processes at the atomic scale govern the cutting of the
dislocations from the γ-channels into the precipitates. However, only few atomistic
simulations of the dislocation behavior at the γ/γ’-interface have so far been performed.
Up to date, all simulations made furthermore use of highly idealized simulation set-ups
with straight dislocation lines interacting with perfectly planar interfaces.
Here we report on a new method to create realistic three-dimensional atomistic samples
based on geometrical information and the local concentrations of chemical elements
obtained form atom probe tomography. We applied this method to recreate the γ/γ’microstructure of CMSX-4 and to study the influence of temperature and gradients in the
local Al and Re concentration on the structure of the γ/γ’-interface. Simulations of tensile
tests were subsequently used to study the influence of the interface and the misfit
dislocation network on the mechanical properties of realistic γ/γ’-microstructures.
Finally, the interaction of carefully inserted channel dislocations with the fully 3D
microstructure was studied in detail. The results of these studies are juxtaposed to
simulations performed using a classical, quasi-2D simulation set-up with planar interfaces
and straight dislocation lines and discussed in the framework of a multiscale modeling
approach to study the mechanical behavior and stability of Ni-based superalloys.
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Some chemical deposition processes of graphene can produce highly polycrystalline films
containing a high density of grain boundaries (GBs) [1]. The local structure and strain at
these boundaries can strongly affect their mechanical properties [2,3]. In this work, we use
a combination of high-resolution transmission electron microscopy (HRTEM) and molecular
dynamics (MD) simulations to measure and model the structure of high angle graphene GBs.
Exit wave reconstructions of graphene GBs were performed using the algorithms described
in [4], along with a new method for numerical aberration correction in crystal lattices. From
this data we can understand the local structure of high angle graphene GBs and measure
strain distributions, shown in Figure 1.

Figure 1 – Comparison of strain fields from HRTEM experiment and MD simulation.
We have used the measured atomic positions as inputs for MD simulations. We then
compare the strain distributions from the relaxed MD simulations and determine how the
local 3D structure of the boundary affects these distributions. Figure 1 shows a direct
comparison between the experimental and simulated strain distributions [5].
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The addition of even small amounts of solute is known to drastically reduce the mobility
of grain boundaries. This fact is widely made use of in order to control microstructure in
engineering alloys, where solute drag can be used to control the velocity of a migrating
grain boundary (see e.g. [1]). While atomistic simulations have provided new insight into
the mechanisms governing grain boundary motion, these studies have focused on pure
materials rather than technologically important alloys. Atomistic studies on the mobility
of solid-liquid interfaces have, on the other hand, shown significant effects arising from
solute trapping [2].
One factor that restricts studies of grain boundary migration by molecular dynamics in
the presence of solute is the large boundary velocities required relative to the typical
diffusivity of solute atoms. In the work presented here, we have sought to overcome this
limitation by studying the Fe-He system where He atoms diffuse rapidly at the
temperatures of interest. Moreover, He tends to form clusters, these clusters having a
different character at the boundary compared to within the bulk of a material. The effect
of such solute clustering is not well captured in
classical mean-field solute drag or precipitate
drag models. The mobility of select boundaries
in pure Fe was determined for a driven
boundary using a synthetic driving force
method [3] as well as for a stationary boundary
using a random walk analysis [4]. Following
this, the random walk analysis was used to
obtain the mobility of the boundaries in the
presence of He atoms. Results show that the
presence of solute and solute clusters lower the
mobility of the grain boundaries, in qualitative
agreement with experiments.
Figure 1: Cluster formation in
an incoherent 3 grain boundary in an
Fe-1at%He alloy
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The ability to model and ultimately predict the sub-picosecond atomistic dynamics in
laser-excited matter is an essential step in future structure and function control of
nanomaterials. We present state-of-the-art transmission ultrafast electron diffraction
(UED) measurements of laser-excited gold nanofilms. We have used relativistic electron
pulses (3.0MeV), which allowed us to perform single shot measurement without any
multiple diffraction or possible inelastic effects. We quantitatively combine the measured
temporal evolution of the Bragg peaks with the two-temperature molecular dynamics
(2T-MD) model and thereby directly expose the atomistic dynamics of gold nanofilms
during a photo-induced solid-to-liquid phase transition. Notably, the equivalent
spatiotemporal scales of the experiment and the model, which encompasses both ultrafast
changes in the interatomic potential and the electron-phonon relaxation process, have
enabled a direct prediction of the atomistic behaviour behind the UED signals. We used a
wide range of laser fluences and observed transition between slow heterogeneous
melting, rapid homogeneous melting and ultrafast non-thermal melting at very high
fluence, where electronic excitation effects on the interatomic potential are nonnegligible. We discuss the latter case in terms of a shift of equilibrium lattice volume
leading to rapid surface expansion accompanied by bond softening. An excellent
agreement between the 2T-MD model and experiment enables us, for the first time, to
expose the sub-picosecond timescale atomistic behaviour of the melting dynamics and
demonstrates that 2T-MD is a reliable characterisation tools for structure determination
from UED measurements.
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Ion implantation cascades in crystalline Si generate different damage configurations
going from isolated point defects and point defects clusters to amorphous pockets and
continuous amorphous layers if the implanted fluence is high enough. Schiettekatte´s
group has performed extensive experimental work on nanocalorimetry of ion implanted
thin films [1]. This technique provides information about the kinetics of damage
annealing by monitoring the rate of heat released during annealing of ion beam induced
defects [2]. However, since many different damage configurations may coexist it is
difficult to unravel the mechanisms and energetics controlling the process.
In this work we use a Kinetic Monte
Carlo atomistic model on defect
generation and annealing to follow the
evolution of ion beam induced defects at
temperatures, time and space scales of
experiments. The model includes the
energetics associated to self- interstitial
and vacancy clusters, and describe
amorphous regions as bond defect
agglomerates [3]. Some parameters are
obtained from fundamental calculations,
while others are obtained from indirect
experiments or interpolation. Although
the model simplifies the complex atomic
relaxation scenario by reducing the
number of possible defect
configurations to a small finite set, it
reproduces and disentangle the main
Figure 1: Heat release during damage annealing
features of experimental
nanocalorimetry scans under
after implantation at 10 keV for differents doses.
differentimplant conditions. Obtained
results are shown in Fig. 1. At low temperatures the heat is mostly released by small
amorphous pockets that recombine, while the peak that appears at higher temperatures is
associated to the regrowth of extensive amorphous regions, and eventually a full
amorphous layer when it is formed during the implantation.
This work was funded by Ministerio de Ciencia e Innovación under project TEC2011-27701.
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Grain boundary migration is determinant for numerous physical processes in materials
science such as recrystallization and grain growth. Despite extensive investigations on
grain boundaries, little is still known about the migration mechanisms of general grain
boundaries because most of the studies have been conducted in either pure tilt or twist
grain boundaries. In the present contribution, we present experimental findings of the
migration of tilt and mixed grain boundaries in pure aluminum. Additionally, we made
use of molecular-dynamics simulations to study comprehensively the migration
mechanisms and kinetics of these boundaries. The results showed that low angle grain
boundaries of mixed character are definitely more mobile than those of tilt character, a
fact that might change the way grain boundary mobility is considered in mesoscopic
models of phenomena controlled by grain boundary migration.

Figure 1. Dislocation structure of a cylindrical 5° low angle grain boundary of mixed character in
Al as revealed by the central-symmetry parameter.

This work was founded by the German Research Foundation within the framework of a
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Ion implantation and annealing are key
processing steps used for the fabrication of PN
junctions within the manufacturing industry of
Si electronic devices. Besides the introduced
dopant atoms, excess self-interstitials above
equilibrium conditions are generated in the
lattice. They form aggregates that, as sizes of
several hundred interstitials, become visible in
transmission electron microscopy (TEM)
images [1]. Among them, the so-called {311}
defects (311s) have received much attention
because they act as a reservoir of interstitials
that are slowly released during subsequent
thermal treatments, causing the unwanted
transient enhanced diffusion of interstitialdiffusing dopants [2].

Here we propose an atomistic model based on
chains of self-interstitials and bond defects,
able to describe the formation and structure of
311s. By the use of molecular dynamics (MD)
Figure 1: (a) Unprocessed HAADF STEM
simulations, we show that these chains
image of a planar {311} defect. (b)
spontaneously transform into planar 311s when
Structural units associated with the defect annealed. MD results are compared with
as obtained from the image (red squares)
experimental measurements obtained by highand from the MD simulations (blue circles). angle annular dark-field (HAADF) scanning
TEM images. Agreement between experiment and theoretical atomic positions is better
than ±0.05 nm. We find that the shape of five-, six-, seven- and eight-member rings in
311s varies as a function of position within the defect, and that is perfectly reproduced in
the simulations. This excellent agreement validates the simulation results and, at the same
time, it demonstrates that HAADF scanning TEM image analysis techniques can be used
to extract precise quantitative information at the atomic scale.
[1] A. Claverie, B. Colombeau, B. D. Mauduit, C. Bonafos, X. Hebras, G. B. Assayag, and F.
Cristiano, Appl. Phys. A 76, 1025 (2003).
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The interface of a single-walled carbon nanotube (CNTs) and an embedding metal is of
particular interest for the design of future mechanical sensors. Certain species of singlewalled CNTs exhibit very high intrinsic piezoresistive gauge factors and it is pursued to
integrate them as a new sensing material into macroscopic sensor devices [1]. To evaluate their
piezoresistivity, single- walled CNTs have to be connected to metal electrodes (e.g. palladium
[2]) to provide an electrical connection and a mechanical clamping. In application the CNT can
be elongated and its change in resistance be evaluated. In fact, the force to elongate the CNT is
also acting on its interface to the embedding metal electrode and the assessment of
interface strength and critical loading conditions is an important issue for the sensor design
and its layout to prevent damage or failure.
We investigated the interface of a single-walled CNT and a palladium matrix by means
of molecular dynamics and performed accompanying nano scale experiments inside a scanning
electron microscope. We set up a model in which one single-walled CNT is embedded in a single
crystalline matrix and a pull-out test can be simulated (see figure 1). With this model we
can obtain force-displacement relations and energy evolutions for a quasi-static
displacement controlled test. Furthermore, we are able to investigate the influence of CNT type,
embedding length, temperature, intrinsic defects and functional side groups on the interface
behaviour.
For defect free models of uncapped and chiral single-walled CNTs we found depending on the
CNT diameter pull-out forces in the nano to
tens of nano Newton range. Due to the
incommensurate interface of the CNT and the
metal, the embedding length has no influence on
the maximum pull-out force and the failure mode
is an interface fracture with the mechanism
of a dry sliding detachment. The situation is
different when alcohol groups are attached onto
the CNT. We found that alcohol groups act
as small anchors in the palladium matrix and
significantly enhance the resisting forces opposing
the pull-out. By comparing our computational
and experimentalresults of maximum pull-out
forces (also several tens of nano Newtons) and the
predicted failure mode we conclude a very good
agreement.
With this contribution we focus on the potential of molecular dynamics simulations (i) to
reasonable predict maximum pull-out forces of single-walled CNTs embedded in a
palladium matrix and (ii) to provide valuable input to understand the underlying mechanisms of
failure.
[1] C. Hierold, A. Jungen, C. Stampfer, T. Helbling, Sensor Actuat. A-Phys. 136, 51-61 (2007).
[2] A. Javey, J. Guo, Q. Wang, M. Lundstrom, H. Dai, Nature 424, 654-657 (2003).
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Low mobility twin boundaries dominate the microstructure of grain boundary engineered
materials and are critical to understanding their plastic deformation behavior.
Furthermore the presence of solutes, such as hydrogen, has a profound effect on the
thermodynamic stability of the boundaries. In order to develop a more complete
mesoscale model of the interfacial behavior, we are developing analytical expressions
modeling boundary energy and hydrogen segregation dependence on inclination and
misorientation from low energy singular configurations. We start by considering a
grain boundary at inclinations from
. The angle corresponds to the
)〈
〉 (coherent) into the (
)〈
〉 (lateral) twin boundary.
rotation of the (
To this end, atomistic models utilizing empirical potentials are applied to determine the
validity of modeling the inclination and misorientation of the boundary by incorporating
arrays of discrete 〈
〉and 〈
〉 disconnections. After establishing the model, this
study investigates the angular range of inclination and hydrogen concentration over
which the superposition of such disconnections may serve as an accurate representation
of grain boundary energy and interstitial segregation behavior. The predictions of this
model will be compared with detailed microscopy of inclined
grain boundaries.
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