Scientific Report
2009 / 2010 MAX-PLANCK-GESELLSCHAFT

Max-Planck-Institut
fiir Eisenforschung GmbH







Max-Planck-Institut ftr Eisenforschung GmbH

Scientific Report 2009/2010

November 2010
Max-Planck-Institut ftr Eisenforschung GmbH
Max-Planck-Str. 1 - 40237 Dusseldorf
Germany



Front cover

Nanometer-scale analysis of a recrystallised, initially
amorphous steel (Fe, Cr,.Mo,,C, B.). The Scanning
Auger Microprobe (SAM) image in the background
exhibits the chemical composition of the recrystallised
surface with a high resolution of 10 nm. Red shows
Mo-rich, blue Cr-rich, and green Fe-rich regions. The
chemical composition of the bulk of the material is
evaluated by Atom Probe Tomography (APT) with a
nearly atomic-scale precision. Shown in the figure is the
Mo-rich part of the sample. The detailed analysis of the
lateral variations in composition enables to understand
macroscopic phenomena like corrosion behaviour (see
p. 97).

Imprint

Published by

Max-Planck-Institut fiir Eisenforschung GmbH
Max-Planck-Str. 1, 40237 Disseldorf, Germany
Phone: +49-211-6792-0

Fax: +49-211-6792-440

Homepage: http://www.mpie.de

Editorship, Layout and Typesetting
Rebekka Loschen
Frank Stein

Printed by

Bonifatius GmbH
Druck-Buch-Verlag
Paderborn, Germany

© November 2010 by Max-Planck-Institut fur
Eisenforschung GmbH, Dusseldorf
All rights reserved.



PREFACE

This report is part of a series summarising the scientific activities and performance of the Max-Planck-
Institut fir Eisenforschung. In particular, this volume covers the years 2009 and 2010.

The MPI fur Eisenforschung is worldwide one of the largest institutes devoted to fundamental research in
steels and related structural materials, including their functional and surface properties, processing, and
design. Projects are characterized by a highly interdisciplinary approach including close interfacing between
experiment and theory.

The institute currently has three fully operative departments, namely, Computational Materials Design (J.
Neugebauer), Interface Chemistry and Surface Engineering (M. Stratmann), and Microstructure Physics and
Metal Forming (D. Raabe). The three groups reflect the broad scientific span that is covered in the institute
ranging from quantum mechanics to electrochemistry and further to microstructure-property oriented process
design of complex structural materials such as steels. The departments jointly pursue a number of cross-
disciplinary research branches covering materials design (simulation, synthesis, combinatorial materials
design), materials analysis (structure, chemistry, defects), materials processing (forming, joining, coating),
and materials properties (mechanical, stability, function).

The institute hosts about 260 people, the majority being scientists. To a large part the scientists working at
the institute are supported by extramural sources. The strong contribution of third-party funds and its bal-
ance between fundamental and applied science gives the institute a singular position within the Max Planck
Society.

The strategic and structural development of the institute during the past two years was strongly influenced by
the retirement of G. Frommeyer and the appointment of A. Pyzalla as manager of the Berlin Helmholtz Centre
for Materials and Energy at the end of the year 2008. These two changes in the institute’s leadership were
in part compensated by pursuing a set of interim projects on alloy design and joining of complex structural
materials. Profound strengthening of the institute’s scientific profile was achieved by the recruitment of R.
Kirchheim (materials physics and atom scale characterization) as an external scientific member of the Max
Planck Society and G. Eggeler (high temperature alloys and energy-related materials) as a fellow of the Max
Planck Society. With both colleagues a number of fruitful joint projects were initiated (exploring the limits of
strength, creep in superalloys, atomic scale analysis of interfaces in superalloys).

This report consists of the following parts:

- Part | deals with the organization of the institute including a short section on recent scientific developments,
new scientific groups, large network activities, and new scientific laboratories at the institute.

- Parts Il and Il cover the research activities of the institute. Part Il provides a description of the scientific
activities in the three departments and Part Ill contains selected papers which summarise major recent
scientific achievements in the four areas of common interest of the institute New Structural Materials,
Microstructure-Related Materials Properties, Stability of Surfaces and Interfaces, and Scale-Bridging Simu-
lations of Materials.

- Part IV summarises the statistically relevant information of the institute.

o

Dierk Raabe
Disseldorf, November 2010
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IN COMMEMORATION OF
Prof. Dr.-Ing. Georg Frommeyer

Prof. Dr. Georg Frommeyer, former head of the Department of Materials Technology at the Max-Planck-
Institut fir Eisenforschung, Germany, unexpectedly passed away on February 7, 2010 at the age of 66.

Prof. Dr. Georg Frommeyer was born on December 24, 1943, in Georgsmarienhutte near Osnabruck,
Germany. After finishing school he did an apprenticeship in mechanical engineering, and two years later
he started studying mechanical engineering and materials technology at the University of Applied Sciences
Osnabrick. From 1966 to 1968 he was head of the materials testing laboratory of the Kldckner AG steel plant
in Georgsmarienhdtte. In 1968 Georg Frommeyer began studying material science and metal physics at the
technical universities in Aachen and Clausthal. After graduation (Diplom) he worked as a scientific assistant at
the Institute for Material Science and Metal Physics at TU Clausthal. During this period he worked for a short
time at the University of Liverpool. In 1973 Georg Frommeyer earned his doctoral degree (Dr.-Ing.) with the
thesis "Mechanical and physical anomalies of highly deformed Ag-Cu compound alloys with extremely thin
nano-structured fibres®. Afterwards, as a junior scientist, he was project leader of the collaborative research
centre “Solid state reactions in the bulk and at surfaces” of the Deutsche Forschungsgemeinschaft (DFG)
at the universities Goéttingen and Clausthal. Georg Frommeyer earned his habilitation in metal science and
metal physics on the topic ,Properties of highly deformed fibre- and layer-structured composites® in 1977.
Between 1978 and 1980 he worked as a department head at the Fraunhofer Institute for Applied Materials
Research in Bremen in the field of surface science and technology. In 1981 Georg Frommeyer was awarded
a prestigious Heisenberg fellowship by the DFG which he spent with Prof. O.D. Sherby at the Department
of Materials Science and Engineering at Stanford University, California. He came back to Germany in 1983



when he was appointed group leader and since 1990 head of the Department of Materials Technology at
the Max-Planck-Institut fur Eisenforschung in Disseldorf. Here his main interests were the development
and characterisation of steels and titanium alloys, the superplastic behaviour of materials, alloy design of
novel light-weight high-temperature materials based on intermetallic phases, the analysis of atomic defects
and ordering in intermetallic phases through atom probe field ion microscopy, rapid solidification of met-
als, and near net-shape casting. Since 1985, he was appointed as a professor at the Technical University
Clausthal.

Particularly for the development of novel light-weight high-strength steels, Georg Frommeyer earned
international recognition. His work is documented by more than 250 publications and 20 patents. In honour
of his scientific achievements, Georg Frommeyer obtained numerous international awards, among them
the Masing Gedéachtnispreis of the Deutsche Gesellschaft fir Metallkunde DGM (1974), the steel innovation
award (1991 and 2000), the VDI award for innovative material applications 2008, the Vanadium Award of
the Institute of Materials and Vanitec, London (1992) and the Materials Science Award 1996 of the Korean
Institute of Metals and Materials, Seoul.

After reaching the age of 65 and instead of completely retiring from science, he continued his scientific
activities and initiated the foundation “Mensch und Materie GmbH” where he was not only managing partner
but also chairman of the scientific advisory board. He still had a lot of plans for future work.

On June 25, 2010, the Max-Planck-Institut fir Eisenforschung organized a commemorative colloquium at
the Steel Institute VDEh in honour of Georg Frommeyer, who has not only been an excellent and enthusi-
astic scientist but also an always optimistic and positive thinking, warm-hearted friend and mentor. We will
always keep his honourable memory.

On behalf of the executive board and all employees at the Max-Planck-Institut flir Eisenforschung

L

Dierk Raabe

Chairman of the Executive Board



PART I.

THE INSTITUTE

Management of the Institute
Scientific Organization
Recent Developments

New Research Groups

A.A. Auer: Atomistic Modelling
P. Choi: Atom Probe Tomography
A. Dick: Precipitation and Kinetics

H. Fabritius: Biological Composites
K.J.J. Mayrhofer: Electrocatalysis
R. Spatschek: Mesoscale Simulations

New Scientific Laboratories and Facilities

Atom Probe Tomography Labratory

New High-Resolution Scanning Auger Microprobe

Inductively-Coulped-Plasma Mass Spectrometry coupled with a
Scanning Flow Cell

High-Performance Computer Cluster

Large-Scaled and Networking Projects

International Max Planck Research School SurMat
Center for Electrochemical Sciences — CES
Interdisciplinary Centre for Advanced Materials Simulation — ICAMS

Steel — ab-initio: Quantum Mechanics Guided Design of New
Fe-Based Materials

Active Coatings for Corrosion Protection — ASKORR
Northern Alliance for Competence — German Research Priorities in
Electrochemistry with the Focus on Electromobility

Aachen Institute for Advanced Study in Computational Engineering
Science — AICES

Computational Mechanics of Polycrystals — CMC"

The Nature of Laves Phases — An Inter-Institutional Research
Initiative of the Max Planck Society

Ab initio Description of Iron and Steel — ADIS

11

12

14

15

15
16
17

18
19
20

21

21
22

23

24

25

25
27
28
29

30
31

32

33
34

35

m I —

mACH——=0nzZ—







Management of the Institute

The Max-Planck-Institut fir Eisenforschung (MPIE)
is a joint venture between the Max Planck Society and
the Steel Institute VDEh. Since half of the institute’s
budget is supplied indirectly through industry, this
institute is unique within the Max Planck Society.

The institute was founded in 1917 by the Verein
Deutscher Eisenhittenleute (VDEh) and incorporated
into the Kaiser Wilhelm Gesellschaft, the predecessor
of the Max Planck Society. The institute was first
located in Aachen and was associated with the
Technical University of Aachen. Later, in 1934/35,
the institute moved to its present location on a site
donated by the city of Dusseldorf.

In 1946, the institute’s heavily damaged buildings
were reconstructed, work resumed and the institute
was integrated into the newly formed Max Planck
Society in 1948. The institute rapidly expanded and
new laboratory buildings were built in the early 1960s.
Following the appointment of H.J. Engell as director in
1971, a complete reorganization of the institute was

carried out. Until 2002, the institute was headed by
a chief executive director (1971-1990: Prof. Engell,
1990-2002: Prof. Neumann) and an associated
administrative director.

Since June 2002, all scientific members of the
institute form an executive board of directors. The
position of a managing director will be filled, in
rotation, by one of the board members. A board,
which supervises the institute’s activities, consists
of representatives from the federal government, the
state of Northrhine Westfalia, the Max Planck Society
and the Steel Institute VDEh. A Scientific Advisory
Board comprised of prominent scientists assists
the institute in balancing fundamental research and
technological relevance.

From 1971 until the present, the institute has opera-
ted on the legal basis of a limited liability company
(GmbH) and its budget is equally covered by the Steel
Institute VDEh and the Max Planck Society.

Max-Planck-Institut fir Eisenforschung GmbH
Management and Organization (2010)

Members of the Limited Company

Max-Planck-
Gesellschaft
(MPG)

50 %

Stahlinstitut
VDEh

50 %

Company’s Committee

ff Supervisory Board &
nominated
1 by Fed. Gow. ( a7 h
1 by State Gov. MPI fiir Eisenforschung GmbH
4 by MPG ) Administration
[ 6 by Stahlinst.VDEh ) i’“-’:‘;‘“’nes- .
rof. J. Neugebauer " )
[ Scientific T Prof. D. Raabe (vice-chief executive) RIPL-RAY: t: Wilk
Advisory Board Prof. M. Stratmann (chief executive)
14 external members Bipt-ida: He Wil
1 represent. of 5 4
Stahlinst.VDEh
1 represent. of MPG |
1 1 1 1
Computational Interface Chemistry Microstructure M:fé"g@;ﬁéggsj.?ﬁ
Materials Design and Physics and Pt
Surface Engineering Metal Forming N. N. Max Planck
: Research Group:*
| Prof, J. Neugebauer Prof. M. Stratmann Prof. D. Raabe N. N. =planned

m I —

I
N
s
T
[
T
U
T
E




m I —

mACcH——40nz—

Scientific Organization

The institute devotes its research to iron, steel and
related materials. In addition to the development of
new materials, the institute focuses on the physical
and chemical processes and reactions which are
of importance for material production, processing,
materials characterization and properties.

The institute is divided into the following depart-
ments:

e Computational Materials Design (Prof. J. Neuge-
bauer): description of materials properties and
processing based on ab initio (parameter free)
multiscale simulation techniques

¢ Interface Chemistry and Surface Engineering
(Prof. M. Stratmann): aspects of environmen-
tally accelerated degradation of surfaces and
interfaces like corrosion and deadhesion and
the engineering of new and stable surfaces and
interfaces

e Microstructure Physics and Metal Forming (Prof.
D. Raabe): mathematical modelling of micro-
structures and properties during processing and
their experimental investigation using microscopy
and diffraction methods

The main scopes of the departments are sum-
marized in the figure below.

Each department is subdivided into research
groups which are typically managed by group heads.
The figure on the right side shows the organization
of the groups within the departments. Each research
group has its own specific focus and research
activities. Part Il of this report contains the summaries
of the scientific concepts of the departments and brief
descriptions of the research done in the different
groups.

In addition to departmental research, certain
research activities are of common interest within the
institute. These central research areas are highly
interdisciplinary and combine the experimental and
theoretical expertise available in different depart-
ments. In concerted activities, scientific and techno-
logical breakthroughs in highly competitive research
areas are achieved. Selected scientific highlights
including such inter-departmental research activities
are described in Part lll which is divided into the four
topics

e New Structural Materials

e Microstructure-Related Materials Properties

Scientific Scopes of the Departments

Computational

Prof. J. Neugebauer

Interface Chemistry
Materials Design and
Surface Engineering

Prof. M. Stratmann

Microstructure
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Metal Forming

Prof. D. Raabe

'é ) '
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and Interfaces

Dynamics Processing
Biological Materials
Processes for the noi0g o
Alloy Design Controlled Production
e of Surfaces and Lpmesan
\ J o J

Yy 'd '

Mechanics of
Materials

Microstructure and
Texture

Alloy Design and
Thermomechanical




e Stability of Surfaces and Interfaces
e Scale-Bridging Simulation of Materials

For each of these four central research areas, se-
veral short papers on selected scientific topics are
provided in Part Il giving an overview of the results
obtained during the last two years.

In summary, the research within the institute is
organized vertically in highly specialized departments
and research groups and horizontally in inter-
departmental research activities. We believe that
this form of organization encourages a high level
of individual scientific work within the departmental
framework of research groups as well as the develop-
ment of new materials with complex properties com-
bining e.g. high mechanical strength with high surface

functionality. In a typical university setting, research
activities such as metallurgy or surface science
are carried out in different university departments.
In contrast, these research activities are linked
through the institute’s research structure leading to
a more efficient use of the scientific equipment and
a homogeneous research profile.

Service groups provide the scientific departments
with valuable experimental expertise. These services
include the production of materials, chemical analysis
of metallic substrates, metallography, a mechanical
workshop equipped for the handling of unusually
hard and brittle materials, facilities to build scientific
equipment, an electronic workshop, a library and a
computer network centre.

Scientific Groups and Departments (2010)
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Recent Developments

In the reporting period 2009/2010 the institute has
been working with three departments: Computational
Materials Design, Interface Chemistry and Surface
Engineering, and Microstructure Physics and Metal
Forming. In order to further develop the institute's
expertise in complex materials we are currently
identifying one or even two new directors for the
institute. Areas of particular interest are advanced
alloy design and synthesis as well as the structure
and properties of novel complex materials.

The institute has recently significantly strengthened
its scientific profile by recruiting internationally leading
experts in the field of physical metallurgy. Prof. R.
Kirchheim from the University of Géttingen accepted
the offer to become an external scientific member
of the Max Planck Society. He is well known for his
achievements in fundamental aspects of materials
science and in atom probe microscopy. Prof. G.
Eggeler from the University of Bochum became a
fellow of the Max Planck Society and established a
research group on High Temperature Materials at
our institute. The appointment of both colleagues
allowed to initiate a number of highly active joint
projects, which explore strength limits and creep in
superalloys or interfaces in superalloys employing
atomic scale analysis.

In the past two years a number of new scientific
groups and topics have been established giving the
institute a further bias towards covering an increasing
variety of materials, systems, and properties of
complex engineering materials. To accomplish this
aim the institute was able to identify and hire top
experts in internationally highly competitive areas
and to establish new scientific working groups on
atom probe tomography, precipitation and kinetics,
mesoscale simulations, electrocatalysis, and atom-
istic modeling. The topics covered by these groups,
their vision and the scientific background of the group
leaders are presented in detail on pp. 15-20.

The combination of these new scientific activities
with the already existing and well established expertise
allowed the institute to even further strengthen the
collaborations in house and to establish new external
links and projects. For example, these develop-
ments further promoted our academic network with
other Max Planck and Fraunhofer institutes (Max
Planck Multiscale Modeling Initiative, Max Planck -
Fraunhofer Initiative on Smart Surfaces, Max Planck -
Fraunhofer Initiative on Polycrystal Mechanics) and
with our neighbour universities RWTH Aachen (SFB
761) and Ruhr University Bochum (Max Planck
graduate school SURMAT, Interdisciplinary Center
of Advanced Materials Simulations (ICAMS), and
Center for Electrochemical Sciences).

The increasing number of cooperations with key
industry partners has provided further extramural
momentum to the dynamic growth of the institute
during the past two years. Besides the well estab-
lished links to companies in the fields of structural
alloy design (bulk and surface), advanced charac-
terization methods in steel development, surface
functionalization, and computational materials
science, new exiting industrial cooperations are
currently being developed in the fields of electro-
mobility (soft magnetic steels for electrical engines
and generators), battery research, and ab initio based
methods for alloy design and damage tolerance
predictions.

The new project directions will be highly valuable for
the institute's further development from a materials-
oriented laboratory towards a system-driven institute
that deals with complex materials in a more holistic
context of including complicated engineering system,
loading, and environmental conditions into advanced
materials science and engineering projects. New
areas of growth including strong interactions with new
industry partners are envisaged in the fields of steels
and related materials for automotive electro-mobility,
energy storage, renewable energy conversion, and
health.



New Research Groups

Atomistic Modelling

Group Head: A.A. Auer

Department of Interface Chemistry and Surface Engineering

The new atomistic modelling group in the
department of Interface Chemistry and Surface
Engineering has been set up in October 2009
by appointing Alexander A. Auer as new group
leader (W2). A. Auer was formerly Juniorprofessor
at the TU Chemnitz, where he is now appointed
as Honorarprofessor. Besides the application of
standard quantum chemical methods and algorithms
to problems like the oxygen reduction reaction
(see p. 57) or novel reactions in material science
(see p. 61), work in the new group is focussed on
the development and application of high-level first
principles methods.

In the realm of their applicability, quantum chemical
methods not only allow to interpret experimental
data but also to predict molecular structures and
properties. As a consequence, post-Hartree-Fock
methods like Coupled Cluster (CC) or perturbation
theory have achieved growing popularity during the
last decades. The big challenge in the development of
these approaches is to overcome the steep scaling of
computational effort with system size that limits their
applicability to smaller molecular systems.

The work in our group is focused on different
aspects in the development of novel post-HF ab-
initio approximations. This includes work on a refined
local CC algorithm that incorporates an 'on the fly'
screening of all wavefunction parameters based on
sparsity estimates from perturbation theory. This
way, low scaling of computational effort and smooth
convergence of the energy as a function of the input
thresholds can be achieved [1]. Another aspect is the
application of decomposition techniques from applied

By using local orbitals (top) instead of delocalised
canonical orbitals (middle) sparsity is introduced into the
wavefunction parameters that can be exploited in local
approximations.

mathematics (cooperation with the MPI-MIS Leipzig)
to large dimensionality tensors as they appear in CC
theory [2].

The high complexity of the working equations
in post-HF methods renders method and code
development very time demanding and error prone. A
remedy for this problem is automatic code generation.
One example for such a tool is the tensor contraction
engine (TCE), which we have extended and applied
to generate local CC methods and massively parallel
implementations [3,4]. Current development is
aimed at new embedding techniques based on
local correlation methods that make highly accurate
methods applicable to problems in surfaces science
and electrochemistry.

b+ b:
= G ¥y
Ci [+ G

Tensor decomposition techniges offer the possibility to
overcome the curse of dimensionality by expressing
multidimensional tensors as a series of lower dimensional
objects.

The application of high-level ab-initio methods is
focussed on the quantitative prediction of energetics
and parameters in spectroscopy. Here, detailed
studies have been carried out in order to evaluate
the potential of state-of-the-art methods for the
calculation of NMR parameters [5]. Furthermore, high
level ab-initio methods have been applied in order
to resolve questions from experimentalists in several
recent studies [6,7].

References

1. Auer,AA; Z. Phys. Chem. 224 (2010) 293-309.

2. Benedikt, U.; Auer, A.A.; Espig, M.; Hackbusch, W.: J.
Chem. Phys., submitted (2010).

3. Baumgartner, G.; Auer, A.; Bernholdt, D.E. et al.: Proc.
IEEE 93 (2005) 276.

4. Auer, AA,; Baumgartner, G.; Bernholdt, D.E. et al.:
Mol. Phys. 104 (2006) 211.

5. Prochnow, E.; Auer, A.A.: J. Chem. Phys. 132 (2010)
064109.

Bucher, G.; Grimme, S.; Huehnerbein, R. et al : Angew.
Chem. Int. Ed. 48 (2009) 9971.

7. Auer, AA,; Mansfeld, D.; Nolde, C. etal.: Organome-
tallics 28 (2009) 5405.
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Atom Probe Tomography

Group Head: P. Choi

Department of Microstructure Physics and Metal Forming
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The research group for Atom Probe Tomography
(APT) was established in May 2009. Its mission is
to study changes in complex materials exposed to
mechanical and thermal treatment and to understand
structure-property relationships of advanced struc-
tural and functional materials at the nanoscale. A
state-of-the art local electrode atom probe (Cameca
LEAP 3000X HR), which yields three-dimensional
elemental maps with sub-nanometer resolution, has
been installed for this purpose.

Current research projects of the APT group deal
with the investigation of precipitation, partitioning
and segregation phenomena in high-strength alloys
such as Mn-containing maraging TRIP steels and
Ni-based superalloys as well as the mechanically
and thermally induced changes in nanostructured
materials such as cold-drawn perlitic steel wires and
nitride multilayer hardcoatings. Functional steels
under investigation are high strength softmagnetic
FeSi alloys for electrical motors, which contain Cu
nanoprecipitates. The changes in nanostructure
upon thermo-mechanical treatment are related to
the development of the mechanical properties of
these systems. Besides structural materials, the
APT group studies complex semiconductor devices
for functional applications, namely thin-film solar
cells and light-emitting diodes. With respect to these
devices, the role of possibly existing dopants on
the device performance is of primary interest. Local
chemical fluctuations such as dopant clustering
and segregation or partitioning to internal interfaces
are investigated in systematic, site-specific APT
analyses. Site-specific interface characterization
(e.g. misorientation) can be conducted via Electron
Backscatter Diffraction (EBSD) measurements in a

o Ni
eCo
B

MasCe/Y'

interface

20nm

Three-dimensional elemental map of a Ni-based superalloy
annealed at 700°C for 100 h.

dual-beam Focused-lon-Beam (FIB) instrument that
is used for APT sample preparation.

An important approach of our group towards
a better understanding of the APT data is the
correlation between experiment and theory. For
instance, partitioning phenomena observed by APT
in Mn-containing steels and Ni-based superalloys
have been analyzed in terms of thermodynamic
and kinetic calculations based on the Calphad
method, using Thermo Calc and Dictra. Furthermore,
comparative studies on nanoscale precipitation
and Ostwald ripening phenomena based on first-
principles calculations (Density Functional Theory)
and statistical atomistic simulations (e.g. kinetic
Monte Carlo method) are in progress.

One of the recent research highlights of the APT
group is presented in the figures below. On the left
side, the three-dimensional elemental map of a Ni-
based superalloy (annealed at 700°C for 100 h),
designed for the application in next-generation 700°C
power plants, is shown. The sample contains several
secondary M,,C, carbide particles near the grain
boundaries, as confirmed by transmission electron
microscopy. A plate-like M,,C, particle is resolved in
the APT map. Furthermore, the ordered y’ phase has
been formed at this carbide. Additions of boron that
lead to a strong increase in the creep-rupture strength
of this alloy are found to be segregated atthe M,,C /y
and M_.C /vy interfaces as shown in the composition
profile. No boron segregation can be detected at the
vly' interface presumably due a small lattice mismatch
between y and y‘. Both boron segregation and the
formation of y' particles are believed to inhibit the
growth of M_,C, particles and to be related to the
superior creep properties of this alloy at 700°C.
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Composition profile across the y'IM,,C, interface marked

by the black arrow in the figure on the left side.



Precipitation and Kinetics

Group Head: A. Dick

Department of Computational Materials Design

The research objective of the group "Precipitation
and Kinetics" initiated and headed by Dr. Dick in
August 2010 is to provide accurate theoretical
description on the time- and temperature-evolution
of microstructure and phase transformations in
multi-component multi-phase alloys based on first-
principles calculations. The ultimate aim of the group
activities is to develop methodology for calculating
ab initio time-temperature-transformation (TTT) and
time-temperature-precipitation (TTP) diagrams for
industrially relevant materials, with the main focus
on steels.

The evolution of micro-

due to large gap both in length and time scales.
The group will therefore analyze and employ
combinations of molecular dynamics simulations
for processes happening on the time-scale of lattice
vibrations, and Metropolis and atomistic kinetic
Monte Carlo schemes for time-scales characteristic
for actual diffusion processes. Since realistic alloys
are characterized by a huge configurational space,
deriving all required parameters from explicit
DFT calculations is not feasible. Therefore, the
development and optimization of schemes which
allow a mapping of DFT-derived parameters onto

structure upon thermo- -
mechanical treatment
is on the most funda-
mental level related to
single moves of indivi-
dual atoms. Therefore,
knowledge-based tai-

loring of material pro- SUE=E|Y>
perties will in the future

more and more relay on

our capability to theore- ab initio (DFT)

tically predict the under-

Cluster Expansion
Interatomic Potentials
Genetic Algorithms

Neural Networks

Kinetic Monte Carlo
Metropolis Monte Carlo
Molecular Dynamics

lying physical processes
and events over a wide
range of temperatures
and stresses with high
precision. Ab initio based
techniques, being free of
any adjustable parameters or experimental input
data, in combination with simulation techniques to
cover large length and time scales, promise an ideal
starting point to achieve this goal.

The head of the group, Dr. Dick, is a leading expert
in extending ab initio techniques to address complex
materials and materials science problems. Making
his PhD in 2008 on the development of ab initio
simulation techniques to describe and understand
magnetic probes with atomic resolution, he started
a new research topic in the collaborative research
center “Steel — ab initio”. In this project, focused on
description of extended defects in high-Mn steels
at finite temperatures, he developed strategies to
overcome the accuracy limits inherent to presently
available conventional DFT methods and to achieve
an improved accuracy needed for actual engineering
applications (see p. 129).

The description of the microstructure evolution
based on ab initio input is extremely challenging

“Bottom-up” strategy to calculate time-temperature-transformation (TTT) and time-
temperature-precipitation (TTP) diagrams from ab initio.

computationally efficient models such as, e.g., (spin)
cluster expansion, genetic algorithms, interatomic
potentials, will be one of the key tasks. A critical and
not yet solved part is the inclusion of long-range strain
effects (as induced, e.g., by lattice mismatch of the
precipitates, extended defects or residual strain) into
kinetic Monte Carlo simulations without compromising
computational efficiency. The developed algorithms
will be implemented employing the S/PHI/nX ab
initio library package of the Computational Materials
Design department.

First scientific projects in the group will be focused
on investigating early stages of precipitation in
maraging steels, studying the influence of the
alloying elements on the thermodynamic properties of
cementite precipitates in ferritic steels, and describing
segregation and out-segregation of alloying elements
at grain boundaries and stacking faults in high-Mn
steels.
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Biological Composites

Group Head: H. Fabritius

Department of Microstructure Physics and Metal Forming

From a materials science point of view, biological
materials represent organic/inorganic composites
with a hierarchical organization spanning over
several levels from the nano- to the macro-scale.
What makes these materials interesting study
objects is that they have been optimized through
evolution to perform vital functions within the specific
eco-physiological constraints imposed on living
organisms. These functions are very diverse and
can be e.g. of mechanical, mobile, optical, or sensory
nature. This diversity of physical properties is caused
by structural and chemical alterations at different
hierarchical levels.

The newly established research group Biological
Composites is a multi-disciplinary group whose objec-
tive is to study the relationship between structure,
composition and the resulting physical properties
of biological materials in order to understand how
nature designs structural materials with specific
functions. The emphasis is on chitin-based materials,
particularly the exoskeletons of Arthropoda and, to a
minor extent, collagen-based materials such as bone.
The Arthropod exoskeleton, the cuticle, consists of
chitin and protein molecules that are organized in at
least seven hierarchical levels (see figure below).
It forms skeletal elements that all have in common
the so-called twisted plywood structure, which is
built by stacks of planar arrays of complex chitin-

multilayered bulk
cuticle

twisted plywood of chitin-protein planes

protein fibres. In some groups like the Crustacea,
the organic material is combined with inorganic nano-
particles. These particles are arranged according to
the organisation of the chitin-protein fibres making
the cuticle to a hierarchical composite material of
high functional versatility. The aim of this research
is to understand how and at which hierarchical
level structural and chemical variations can lead to
diversification of physical properties, with particular
focus on the mechanical properties and behaviour of
mineralized cuticles of different Crustacea and the
optical properties of beetles (Insecta). Understanding
and eventually applying the structure/property
relations and the underlying design principles of
cuticle in bio-mimetic approaches bears the potential
for realization of a completely new generation of man-
made structural materials.

This is achieved through a combination of ex-
perimental analysis and theoretical modelling.
Experimental analysis is the core competence of
the group and comprises characterization of micro-
structure, chemical composition and determination
of the mechanical properties on all accessible length
scales. Theoretical modelling is performed in a series
of intra- and extramural collaborations and comprises
ab-initio calculations for the molecular scale and
hierarchical multi-scale modelling for the higher
hierarchical levels of the materials.

chitin-protein fiber plane

skeletal element acetyl-glucosamine

molecules

Structural hierarchy
of organic matrix in
Arthropod cuticle

..10A\”‘“ s #

chitin-
protein

chitin nanofibrils
wrapped with proteins

a-chitin chains

Hierarchical organization of chitin and proteins in Arthropod cuticle. Acetyl glucosamine molecules (1) form anti-parallel
chains of a-chitin (11). Chitin chains wrapped with proteins form nanofibrils (1) which aggregate forming chitin protein
fibres (V) that are arranged parallel in horizontal planes (V). Stacked planes form the twisted plywood structure (VI) of
the three-layered bulk cuticle (VII) which is used to build skeletal elements.



Electrocatalysis

Group Head: K.J.J. Mayrhofer

Department of Interface Chemistry and Surface Engineering

The electrocatalysis group was founded as
part of the Department of Interface Chemistry
and Surface Engineering in 2010. In general our
research interests are electrochemical reactions at
the solid-liquid interface, both without utilization of
the released energy (corrosion) and with electrical
energy conversion (batteries, fuel cells). The main
focus of the group is placed on the concerted
investigation of the activity, stability and selectivity
of electrode materials for such heterogeneous
reactions. This is achieved by a versatile combination
of electrochemistry with complementary techniques
for surface characterization and reaction product
determination, as well as by the investigation and
comparison of the behaviour of well-defined and real
material surfaces.

The investigation of the properties of materials for
electrocatalytic applications must be reliable, efficient,
fast and inexpensive. The testing of catalysts in real
systems or in conventional electrochemical setups,
however, requires large amount of catalytic material
and/or too much time for electrode preparation.
Therefore high-throughput combinatorial screening
tools play a major role in the installation of the
modern electrochemical methodologies of the group.
Moreover, the complementary techniques are
incorporated effectively by utilizing sophisticated
automatization and synchronization of the experi-
mental setup, as well as advanced methods for
data evaluation and processing. With this approach,
a large number of samples can be systematically
investigated in shorter time; while the reliability and
reproducibility also increases. So for instance even
the conventional Rotating Disc Electrode setup
(RDE) is installed with automatic control of the
experimental conditions such as the gas purging, in

Gas purging oA

Catalysis

Temperature

ECat Team: K.J.J. Mayrhofer, |. Katsounaros, H. Venzlaff,
N. Hodnik, J. Meier, S. Klemm, A. Karschin, A. Topalov, and
A. Mingers (not on photo)

order to provide faster and more accurate results.
Additionally, the excellent previous development
of the Scanning Droplet Cell is further refined
and combined with for example reaction product
determination by Inductively Coupled Plasma Mass
Spectrometer (ICP-MS, see p. 23). Synchronization
of the methods and sophisticated data evaluation is
indispensable for the high-throughput approach in
this case. All of this should provide the basis for the
thorough investigations of various material classes
reaching from noble metals to steel samples, from a
fundamental as well as applied point of view. Together
with the departmental and institutional research
groups and their competencies regarding surface
characterization techniques and theoretical modeling,
we thus hope to successfully address some of the
key questions in interfacial electrochemistry.

Catalysis

e

Temperature

ICP-MS Gas purging

Automatization and synchronization of various techniques and experimental parameters as the foundation of the

electrocatalysis group.
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Mesoscale Simulation

Group Head: R. Spatschek

Department of Computational Materials Design

The behavior of materials is strongly influenced
by the internal microstructure, which exists on a
wide range of lengthscales, starting from individual
defects and ranging up to complex grain structures.
The formation of these inhomogeneities involves not
only a large number of atoms but also takes place
on timescales, which are much larger than typical
atomistic timescales. The purpose of this newly
established W2-group headed by Dr. R. Spatschek
is therefore to extend the activities in the Department
of Computational Materials Design to larger scales
(both in space and time). Furthermore, the activities
shall establish additional links to the Department of
Microstructure Physics and Metal Forming concerning
activities on macroscopic scales.

Displacement

Plastic regime

Sketch of activities in the mesoscale simulation group, which
include plastic effects on the kinetics of phase transitions,
monotectic reactions, morphological instabilities of nanowires,
crack growth, dislocation and grain boundary dynamics.

R. Spatschek joined MPIE August 2010, and is
currently installing a new research group. Before, he
was group leader at the Interdisciplinary Centre for
Advanced Materials Simulation (ICAMS) at the Ruhr-
University Bochum. The appointment shall further
strengthen collaborations with this institute, and
includes contributions to teaching activities in the new
Master course “Materials Science and Simulation”.
R. Spatschek has a profound background in various
aspects of mesoscale phenomena, including frac-
ture mechanics, nonequilibrium interfacial pattern
formation, solid-state transformations, elasticity, grain
boundary premelting and coarsening phenomena. In
the group various theoretical and numerical methods
are available, including phase field models, Ginzburg-
Landau descriptions, finite element approaches,

Green’s function and boundary integral methods.
Many of the underlying codes developed by him are
designed to run on platforms ranging from single PCs
up to massively parallel supercomputers. Further-
more, analytical methods are frequently used.

A selection of activitities, which have already been
launched, is mentioned below:

The embrittlement of steels through hydrogen
is of highest relevance for many technological
applications. Together with the atomistic activities
in the Department of Computational Materials
Design, mesoscale descriptions based on amplitude
equation approaches will be developed. This new
description, which has been recently developed by
the head of the group (R. Spatschek), goes
beyond conventional phase field models
by including an atomic resolution including
lattice distortions and defect formation [1].
This allows to model the hydrogen distribution
and dynamics of dislocations for investigation
of the hydrogen enhanced local plasticity
(HELP) mechanism on time scales relevant
for this process, but not accessible with
conventional atomistic (molecular dynamics)
simulations. This activity is intended to be
integrated into the SFB “Stahl ab initio”.

Further activities are embedded into the
DFG priority program 1296 “Heterogeneous
nucleation and microstructure evolution”,
as a joint project with Prof. H. Muller-
Krumbhaar, Research Center Jilich. The
focus of the activities is related to elastic
effects, as solid-state transformations in
the presence of grain boundaries and
interfaces, monotectic reactions, dissipative
crack growth mechanisms and polycrystalline
solidification.

Nanowires exhibit interesting physical properties
and are promising e.g. for opto-electronic applica-
tions. Furthermore, on a continuum level, they
are conceptually linked to whiskers, which cause
difficulties in lead-free soldering. The understanding,
controlled growth and suppression of these almost
one-dimensional objects will be investigated. This
project is performed in collaboration with Prof. A.
Karma, Boston and ICAMS.

References

1. Spatschek, R.; Karma, A.: Phys. Rev. B 81, 214201
(2010).



New Scientific Laboratories and Facilities

Atom Probe Tomography Laboratory

P. Choi

The new Max Planck Laboratory for Atom Probe
Tomography (APT) was established in February
2010. APT is a characterization technique enabling
spatially resolved chemical analyses of materials
at sub-nanometer resolution (in-plane: Ax = Ay =
0.2 nm; in-depth: Az = 0.1 nm). The new instrument
(Imago Scientific Instruments, LEAP 3000X HR)
is equipped with a local electrode, a wide-angle
reflectron, a high-speed delay line detector system
as well as an ultrafast laser with a pulse width of
10 ps and wavelength of 510 nm. Such an instrument
design has numerous advantages over conventional

Local Electrode Atom Probe (Imago LEAP 3000X HR)

atom probes, particularly regarding the analysis
of alloys with complex chemical composition. The
local electrode enhances the electric field at the
specimen and allows fast pulsing (max. 200 kHz)
at low voltage. A high-speed delay line detector
system provides fast data acquisition rates of up to
2 Mio ions/min. Due to the proximity between the
specimen and the detector, the field of view can be

as large as 200 nm. As a result, large volumes, which
can contain up to several hundred millions of atoms,
can be probed within a few hours. The wide-angle
reflectron substantially enhances the mass resolution
of this instrument to a value of Am/m=1100 (FWHM
at m/n = 27). Complex multi-component systems
can therefore be analyzed at high compositional
accuracy. Furthermore, impurity concentrations as
low as few tens of ppm can be detected. The ultra-
fast laser extends the applicability of this technique
to materials having low electrical conductivity such
as semiconductors and ceramics.

T ;V 10 nm

e Cr —

APT map of a TIAIN/CrN multilayer hardcoating annealed at
1000°C for 1h. Nitrogen atoms are not displayed for clarity.
Fe and V impurities stemming from the steel substrate can
be detected as well.
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New High-Resolution Scanning Auger Microprobe

M. Rohwerder, S. Borodin, P. Keil

Scanning Auger microscopy is a powerful
tool for investigating the chemical composition
of surfaces, interfaces and thin films. A JEOL
JAMP-9700F scanning Auger microprobe (SAM)
was recently installed in the UHV laboratory of
the GO department. Itis equipped with a Schottky
field emission gun, an electrostatic hemispherical
analyzer with a multi-channel detector, an Ar-
sputter gun, a neutralizer, a focused ion gun
(FIB), a CCD camera to detect EBSD patterns,
and an in-situ fracture stage.

Features of the JAMP-9700F include highest
spatial resolution with probe diameters of down
to 3 nm and 8 nm for SEI and Auger analysis,
respectively. Additionally, a hemispherical
analyzer type of electron spectrometer provides
highest energy resolution allowing chemical state
analysis of areas less than 10 nm. The installed
scanning Auger microprobe system is ideally
suited for studying chemical processes at the
surface. The first projects with this new device
include detailed investigations of the structure
and corrosion of iron-based metallic glasses
during crystallization and the selective dissolution
of Cu,Au on an almost atomistic level (see
corresponding pages 97 and 62). Additionally, the
installed system allows the investigation of grain
boundaries und buried structures making use of
the FIB (figure on the right) and/or the cleavage
device (figure below).

SAM map of a laid open grain boundary by means of FIB
of Fe,Al. The segregation of Al to the grain boundary and
its selective oxidation due to the annealing in a forming gas
atmosphere can be seen.

a) SEM photograph of Ni/Cr steel grade cleaved along grain boundaries. b) Auger spectra with 10 nm spatial resolution.
The segregation of alloying elements like P or Mo can be demonstrated by sputter etching (black curve: after sputter

etching of 5 nm, blue curve: before sputter etching).



Inductively-Coupled-Plasma Mass Spectrometry coupled with a
Scanning Flow Cell

A. Mingers, A. Topalov, J. Meier, S. Klemm, |. Katsounaros, K.J.J. Mayrhofer

One of the main work horses in the newly founded
electrocatalysis group in the Department of Interface
Chemistry and Surface Engineering will be the
combination of electrochemical experiments with
an online multi-elemental analysis of the electrolyte.
Therefore a commercially available Inductively-
Coupled-Plasma mass spectrometer (ICP-MS) has
been installed and is currently put into operation.
The work principle of the ICP-MS is based on
connecting inductively coupled plasma, as a method
of generating isolated ions at 5.000 — 10.000 K, with
a mass spectrometer that can subsequently separate
and detect the ions depending on their mass to
charge ratio. The ICP-MS is a fast multi-element
analysis technique with low detection limits and
high sensitivity for the determination of the sample
composition. One spectrum over a range of 200
masses can be accomplished as fast as 0.05 sec;
while with a recording speed of 0.1 s per mass a
detection limit of even down to ppt can be obtained.
Moreover it has a linear range of operation of up to 8
orders of magnitude, which enables a straightforward
quantification of the amount of each component in
the sample. In general and also in this specific setup
the sample introduced into the plasma is in the liquid
form, however also gaseous and solid samples could
be analysed by this technique.

Due to these excellent properties of the ICP-MS it
is a very suitable extension for simultaneous multi-
element monitoring of dissolution processes during

1,E+05

corrosion of bulk materials or degradation of noble
metal catalysts for energy conversion. By coupling
an electrochemical scanning flow cell (SFC; see
highlight article on p. 121) to the ICP-MS the dissolved
elements in the product stream are directly analyzed
online. The integrated micro peristaltic pump of the
ICP-MS is thereby utilized to suck the electrolyte
through the SFC capillary over the working electrode
surface and disperse it into the plasma. When the
SFC is placed in close distance to the analyzer, the
concentration of the elements in the electrolyte can
be related almost in real time to the current-potential
characteristics of the electrochemical experiment.
Thus for instance the contribution of each individual
element of an alloy material to the corrosion current
density can be evaluated at different potentials, which
can help to improve our understanding of passivation,
surface segregation, and leaching effects. Of course
the handling of the ICP-MS will be again automatized
as far as possible and synchronized with the
complete SFC setup, in order to incorporate it into
the high-throughput material screening approach
already from the beginning (see p. 19). Since the
ICP-MS by itself and in particular in combination with
the electrochemical measurements creates a flood
of data, also the data evaluation will be designed to
cope with that issue. This will significantly simplify
the characterization of material libraries and the
evaluation of corrosion properties in future.

7 pbb

cps —Cr =

—Mn oy

Ni 1pbb
16404
M
01ppb  blank 0.1 ppb 0.1ppb  blank 0.4 ppb
1,E+03 | Im ‘ ’l 1 l
1.E+02 | I ! I | | m
1.0E400 208402 4.0E402 5.0E+02 time /s

left: NexionTM 300 ICP-MS; right: First un-optimized calibration measurement for Cr, Ni and Mn; integration time 1 s;

matrix 0.1 mol I'* NaCl; dispenser PFA 20 pl/s.
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High-Performance Computer Cluster

A. Dick, W. Vogt, U. Wellms

The ab initio based simulation tools developed and
applied in the Department of Computational Materials
Design (CM department) and simulation activities
in the other departments require a powerful high-
performance computing (HPC) centre. To provide
the necessary compute power, in the past years a
state-of-the-art computer centre has been built based
on concepts that combine flexible administration of
heterogeneous compute architectures. It provides
a flexible environment for the end-user, supporting
simultaneously efficiency and flexibility with high
security measures.

In February 2009 a new computer cluster had
been installed in the CM HPC centre, increasing
the number of CPU cores from 320 to 2216 and
boosting the performance by a factor of roughly
10. The cluster has been optimized for time critical
routines of the currently used simulation packages,
which heavily rely on matrix-matrix operations (BLAS
Level 3 calls) and fast inter-node communication via
message passing interface (MPI). The estimated
maximum theoretical performance of the cluster
is 22.3 TFlop/s. Its actual performance has been
measured with 19.34 TFlop/s (R ), which is a site
efficiency of 87%. Such a high efficiency could be
accomplished by careful analysis and selection of
the hardware components and by fine tuning critical
kernel drivers. The cluster achieved rank 355 in the
world-wide Top500 6/2009 list of high performance
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supercomputers and rank 24 in Germany. The
current memory capacity of the CM Computer centre
comprises approx. 5 TB RAM, 60 TB scratch space
and 20 TB storage with backup.

In order to meet the increasing demands of compute
power the Compute centre will be shortly upgraded:
The number of CPU cores will be increased from
2216 CPU cores to approximately 7000 CPU cores.
Since CPU performance and memory are tightly
connected, the new cluster will be equipped with
approx. 7 TB of RAM. In order to reduce the power
consumption by the cluster, the cluster upgrade
is performed using state-of-the-art energy-saving
techniques, which allows constraining the required
cooling capacity to less than 90 kW.

The huge amount of processes running simulta-
neously on a large-scale compute centre requires fast
response times and high stability of all relevant network
services. A traditional centralized administration
approach utilized in the CM HPC so far will not be
capable to achieve this on a setup of about 7000
CPU cores due to the scaling problems. Hence,
the concepts behind the system are being updated
to configure all services in a load-balancing and
thus scalable and fully decentralized administration
environment.

The storage services of the CM HPC centre will
be upgraded accordingly in order to comply with the
increased compute power. Therefore, a new 40 TB
NetApp file server will be implemented. Scalable
cluster storage is provided with a new 15 TB Panasas
filer. It provides a parallel-access file system which
will be connected to the cluster via the fast network
interconnects (20 or 40 GBit/s via IP-over-1B).

500

CERTIFICATE

MEGWARE MiriQuid X5400 Cluster, Xeon 3GHz, Infiniband, Megware
Max-Planck-Gesellschaft MPI/Eisenforschung, Germany

is ranked

No. 355
among the world's TOP500 Supercomputers with
19.32 TFlop/s Linpack Performance

The 33rd TOP500 list was published at ISC'09 in Hamburg, June 21st, 2009

Congratulations from The TOP500 Editors
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University of Mannheim NERSCBerksleylab  University of Tennessee  NERSC/Berkeloy Lab

Part of the computer cluster of the CM department and TOP500 cetrtificate.



Large-Scaled and Networking Projects
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The International Max Planck Research School for Surface and
Interface Engineering in Advanced Materials:

Successful Evaluation and Extension for Further Six Years

R. Loschen, A. Erbe, E. Gattermann

Introduction. The International Max Planck
Research School for Surface and Interface Engineer-
ing in Advanced Materials (IMPRS-SurMat) is an
international graduate school which attracts students
from all over the world. It is a joint project involving
the Max Planck Institutes in Dusseldorf (MPIE) and
Mulheim (MPI-KF) and the Ruhr University Bochum
(RUB). In addition, three Chinese universities in
Xiamen, Beijing and Shanghai are involved. The most
important eventin the IMPRS-SurMat of the past two
years was the evaluation. For this reason, the SurMat
programme was in a transition period over the last
two years, resulting in fewer new fellowships.

Evaluation and extension. In April 2009 the
SurMat was evaluated by four independent reviewers
and a delegate from the Max Planck Society. They had
to evaluate the scientific achievements as
well as working conditions for participating 45 -
students. The reviewers were “extremely 40

MPIE in Dusseldorf. Rebekka Loschen remains
the Administrative Director, while Andreas Erbe
replaces Achim W. Hassel as Scientific Director,
following A.W. Hassel's move to Johannes Kepler
University Linz. Both directors are jointly responsible
for the recruitment and the quality management of
the school. Elke Gattermann joined the coordination
office as assistant in 2009 and became a valuable
member of the team assisting the board and the
directors in all respects.

Students. The Research School aims at attracting
talents from all over the world. The coordination office
receives several hundreds of applications each year.
Only a few percent of the applicants are admitted.
Since the beginning in 2004 more than 60 students
from 23 different countries joined the programme.

impressed by the enthusiasm of the
graduate students and by the scientific 35

success of the school” and thus strongly 30
recommended the extension for further six

number

years of the programme. After the end of
the first funding period in December 2009,

40
25 24
20
24 students had finished their PhD thesis, ~ 1° 5
four of which with distinction. There are far 10 7
more than 100 scientific articles published 5 2 . .
in peer-reviewed journals (see diagram 0 N , , : :

on the right). Following the successful
extension, two interview sessions were
held in 2010, and a number of new
students are in the process of joining the
programme.

Organisation. Spokespersons of the IMPRS-
SurMat remain Martin Stratmann (MPIE) and Gunther
Eggeler (RUB). Together with three further members
of the SurMat board they decide the direction of the
programme. Organisational matters are handled
by the coordination office, which is placed at the

14|
t
1

2004 2005 2006 2007 2008 2009 2010

year

Publications by SurMat students since the start of the school in
2004.

More than 90% are from abroad (see figure on the
next page).

Each student has two supervisors, usually from
different fields. Thus good scientific communication
and supervising is ensured, and the interdisciplinarity
of the school is reflected.
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Origin of SurMat students by countries.

Some new features were introduced to improve the
study experience. Annual reports will ensure a proper
supervision. Additionally, the 2"-year discussions
allow for a well planned third year and thus shorten
studying times.

Scientific Scope. The scientific expertise of the
SurMat received a big boost by a number of partners
from the field of theory and computer experiments.
Starting from 2010, RUB's Interdisciplinary Centre

for Advanced Materials Simulation

= Egypt (ICAMS) has become a new valuable
':'rg;:;na partner of the SurMat. The MPIE's
Ethiopia Department of Computational Mate-
mBangladesh  rials Design, which was not present at
:gh'"a the time the SurMat was established,
E:J:;"r" became a full partner. These new
= India members complement the expertise
* Indonesia from areas such as metallurgy,
120 surface chemistry, corrosion and
m Cameroon .
= Colombia catalysis.
e Outlook. Scientific collaborations
Nigeria with the Chinese partners will be
» Poland rearranged in order to enhance the
Bomanka mutual student exchange.
Taiwan
L‘;”‘?Y Avery important basis for improving
[ ] . . .
Be,':nr_:: cooperation is the new cooperation

contract between the RUB, MPI-KF

and the MPIE. Within this contract

the position of junior scientists, who
often are theses supervisors, are strengthened.
Furthermore the involved departments agree that the
logo of the Max Planck Society will be made visible
on the PhD certificate after successful completion of
the complete SurMat curriculum.

The changes made on the basis of the previous
successful evaluation should be a sound basis for a
fruitful second 6-year period of the SurMat.

Group photograph taken during the annual retreat in April 2010, Meschede.



CE

Center for Electrochemical Sciences

Center for Electrochemical Sciences

S. Seisel*, K.J.J. Mayrhofer, A. Auer, A. Erbe, F. Renner,
W. Schuhmann*, M. Stratmann

* Ruhr-Universitat Bochum

As one winner of the HighTech.NRW competition
the Center for Electrochemical Sciences (CES) of
the Ruhr-Universitdt Bochum has been founded in
October 2009 by the Ruhr-Universitat Bochum and the
Max-Planck-Institut fir Eisenforschung Disseldorf,
with additional financial support by ThyssenKrupp
Steel. CES is regarded as a Center of Excellence
with the task to ensure international competitive
research in all aspects of modern electrochemistry
at the highest standard. The key missions of the
center are the coordination of large-scale research
projects of its members, establishing cooperations
with external partners from industry as well as other
research institutions, and the promotion of young
researchers by funding their research activities
and offering training courses in electrochemistry on
different levels.

From the beginning on the founding members of
CES, Ruhr-Universitat Bochum, Analytische Chemie
— Elektroanalytik & Sensorik, Max-Planck-Institut
fur Eisenforschung, Abteilung Grenzflachenchemie
und Oberflachentechnik, and DOC Dortmunder
OberflachenCentrum have intensified their collabo-
ration. To date the CES has already completed its
first successful year, which was mostly coined by
building a strong foundation for future research.
Therefore a modern electrochemistry laboratory
has been built up and equipped with various
potentiostats including different electrochemical cells,
an electrochemical quartz micro balance, impedance
spectroscopy, scanning electron microscopy, atomic
force microscopy, surface plasmon resonance,
Raman spectroscopy and dynamic light scattering.
This central laboratory is open to all members and
associated members. In addition, three junior research
groups working on “Molecular Nanostructures”,

o & Sep
T

Elekboa
\“’

&
. o
Haun ¥

Investition in unsere Zukunft

% EUROPAISCHE UNION
» Européischer Fonds
& fiir regionale Entwicklung

“Semiconductor Electrochemistry”, and “Adsorption
and Electrocatalysis” have been established by
three young experts in their fields, who have been
selected from a large international list of applicants.
Their research topics complement very well the work
at the MPIE and RUB and therefore will enrich and
broaden the existing expertise in electrochemistry.
Various research projects have already been initiated
by the CES members and they are as extensive as
electrochemistry itself, however a vigorous synergy
on certain hot topics like lithium ion batteries, the
oxygen reduction reaction, biosensors, instrument
development as well as theoretical electrochemistry
is obvious.

The CES also aims at establishing a strong
initiative of theory in Electrochemistry. Coordinated
by A. Auer (MPIE) and R. Schmid (RUB) several
projects are currently being initiated that include
the applications of theoretical methods to problems
from electrochemistry as well as the development
of novel approaches for treating charged surfaces.
In February and August 2010 two minisymposia on
perspectives and challenges for electronic structure
methods have been organised at the RUB and at
the MPIE. More common initiatives and events are
planned in future to further enhance the outcome of
this promising networking project.

Official Speakers:
Prof. Dr. W. Schuhmann (RUB, Bochum)
Prof. Dr. M. Stratmann (MPIE, Diisseldorf)

Scientific Coordination:
PD Dr. Sabine Seisel (RUB, Bochum)

Official internet address:http://rub.de/ces

Ziel2. NRW
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The idea and concept of ICAMS was developed
several years ago by the MPIE and the Ruhr Area
Initiative chaired at that time by the ThyssenKrupp
Steel AG, in order to strengthen the long-standing
competence in advanced materials in the Rhine-
Ruhr area and to boost the already existing and
foster new expertise in materials simulation. In
March 2007 ICAMS was founded at the Ruhr-
University Bochum (RUB). It is now supported by a
consortium led by ThyssenKrupp Steel Europe AG,
Salzgitter-Mannesmann Forschung GmbH, Robert
Bosch GmbH, Bayer Materialscience AG and Bayer
Technology Services GmbH, Benteler Stahl/Rohr AG
together with the MPIE, the RWTH Aachen University
and the state of North Rhine Westphalia.

The objective of ICAMS and its partners like the
MPIE is to develop the next generation of simulation
tools for materials modeling and to transfer these
simulation tools into industrial research and product
development. As materials with specific properties
become increasingly important for the development
of new products, the goal of ICAMS is to guide
the design of novel materials using computer
simulations.

Since its foundation in 2007, ICAMS had focused
on setting up infrastructure and on starting to
fill the visions with life. The current structure of
ICAMS with its three departments at the Ruhr-
University Bochum and its three Advanced Study
Groups (ASG) reflects the hierarchical multiscale

J. Neugebauer, T. Hickel,
R. Spatschek, M. Stratmann

Interdisciplinary Centre for Advanced
Materials Simulation — ICAMS

B+ rRwWH

structure of materials: Understanding bond for-
mation, the electronic structure of a material and
the time evolution of the re-arrangement of the
atomic constituents are the main objectives of the
Department Atomistic Modeling and Simulation (Prof.
R. Drautz). The research of the Department Scale
Bridging Thermodynamic and Kinetic Simulation
(Prof. 1. Steinbach) is focused on equilibrium and
dynamic behavior of multiphase materials, linking
the atomistic nature to the macroscopic scale. The
Department Micromechanical and Macroscopic
Modeling (Prof. Alexander Hartmaier) aims at
deriving microstructure-property relationships to
predict mechanical properties of materials.

The MPIE strongly supports these
activities by running the ASG Modelling of
ICAMS. This ASG, which is mainly situated
in the Department of Computational
Materials Design at the MPIE, is the
organizational unit which combines the
theoretical materials simulation activities
in the institutes collaborating with ICAMS.
It ensures a strong interaction and collabo-
ration between the institutions and is
actively involved in the research of ICAMS
with individual projects, which aim at a better
understanding of the properties of structural and
functional materials at the atomistic scale by the
means of ab initio methods.

The MPIE is also strongly involved in the teaching
activities of ICAMS, being integrated in the faculties
of Mechanical Engineering, Physics and Astronomy
and the Masters Course Computational Engineering.
The new international ICAMS Masters Course
‘Materials Science and Simulation’, which was
setup and launched in fall 2010, covers modelling
and simulation as well as experimental aspects
of materials science. Members of the MPIE (Prof.
Neugebauer, Dr. Hickel, Dr. Spatschek) are in charge
for several modules belonging to the course.



Steel — ab initio:

Quantum Mechanics Guided Design of
New Fe-Based Materials:

Deutsche
Forschungsgemeinschaft

OFG

[@7 RWTH

A Joint Initiative between MPIE and RWTH

T. Hickel, S. Zaefferer, F. Roters, D. Raabe, J. Neugebauer

In 2007 the Max-Planck-Institute in Dusseldorf
(MPIE) and RWTH Aachen University jointly initiated
a new collaborative research center (Sonder-
forschungsbereich, SFB 761) on the quantum
mechanics guided design of new Fe-based materials.
The initiative is funded by the German Research
Foundation (Deutsche Forschungsgemeinschaft
DFG). Speaker and chairman of the project is Prof.
Wolfgang Bleck (Institute of Ferrous Metallurgy,
RWTH Aachen University) and vice-chairman is Prof.
Dierk Raabe (MPIE), Fig. 1.

The key idea of the SFB 761 is to develop a new set
of methods for material- and process-design based
on ab initio calculations in conjunction with advanced
characterization and metallurgical alloy development
tools. To achieve this goal 16 projects, organized in
three research fields (Theory, Processing, Characte-
rization), have been established. Scientists from the
departments of Prof. Raabe and Prof. Neugebauer
at the MPIE are currently responsible for four of
these projects

The current phase of the project concentrates on
the ternary Fe-Mn-C system, forming the basis of
high manganese steels. Such alloys are prominent
examples of next-generation high-strength steels,
which exploit the TRIP and the TWIP effects for
excellent forming and strain hardening characteristics
(TRIP: transformation-induced plasticity; TWIP:
twinning-induced plasticity). However, a better
understanding of the fundamentals of thermodynamic,
kinetic, and mechanical mechanisms is urgently

needed. Further, this class of structural materials is
well suited for this project as its thermodynamics and
mechanical properties are sensitively influenced by
the chemical composition. The obtained results reveal
that these chemical as well as thermodynamic depen-
dencies can efficiently be predicted and analyzed by
ab initio studies. Accordingly, main thermodynamic
properties such as the structure, stacking fault
energies, and elastic properties have already been
provided by the ab initio projects and are directly used
in phenomenological plasticity models (see p. 129)
and optimized thermodynamic data bases (see p.
131). In addition, experimental validation (see p. 107)
and process technology developments are crucial
for exploiting the extraordinary potential in terms of
strength and ductility of high manganese steels.

Inspired by these successful results, SFB 761 will
continue in the manufacturing and characterization
of Fe-Mn-C-steels of different compositions, the
use of ab initio methods for the prediction of key
thermodynamic parameters (relevant, e.g., for TWIP,
TRIP, shear band formation), and the quantification of
the effects of chemical composition, strain rate and
temperature on the occurrence and interaction of
different strengthening mechanisms. The long-term
perspective lies in the development of predictive
and quantitative multiscale models of materials and
processes that are based on ab initio simulations and
the establishment of a new class of structural steels
based on the Fe-Mn-C system.

More details on SFB761 are on http://www.stahl-
abinitio.de.

Scientists collaborating in SFB 761.
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MAX-PLANCK-CESFLESCHAL

Cooperation between
Max Planck Society and
Fraunhofer Society:

\

~ Fraunhofer

Active Coatings for Corrosion Protection —
Aktive Schichten fiir den Korrosionsschutz (ASKORR)

M. Rohwerder

Within the framework of the research alliance
between the Max Planck Society and the Fraunhofer
Society a joint research project on active coatings
for corrosion protection started in may 2010. Be-
sides MPIE the partners in this cooperation are the
Max-Planck-Institut fir Polymerforschung (MPIP) in
Mainz (Prof. Landfester), the Fraunhofer Institut fir
Silicatforschung (ISC) in Wrzburg (Dr. Schottner)
and the Fraunhofer Institut fur Angewandte Polymer-
forschung (IAP) in Golm (Dr. Jobmann). The exper-
tise in this team ranges from electrochemistry and
corrosion over synthesis of nano- and micro-capsules
to organic-inorganic hybride coatings. The main
target of this project is to develop coatings that
contain self-repair agents stored inside suitable
nano-capsules. Only in case of corrosive attack

these capsules should release the active agents
and stop the corrosion as well as repair the defect
in the coating that was the cause for the corrosion.
This requires that a suitable trigger signal can travel
through the coating or along the interface and acti-
vate a sufficient number of the stored capsules.
Furthermore, similar to the electrochemical working
mechanism of chromate, the process needs to be site
selective, i.e. focused on the defect itself, otherwise
there would be no chance to repair larger defect sites.
The realization of this ambitious project will involve
cutting edge experiments on the fundamentally
underlying mechanisms such as how to optimize the
directed transport of the active agents and the site
selectivity of the repair action.

| AP || IsC |

nano/micro-capsules

nano composite
coating

mechanisms of
\ corrosion/protection,

metallic coating

Cooperation partners and their main working fields within the ASKORR research project.



Northern Alliance for Competence (Kompetenzverbund Nord, KVN) —

German Research Priorities in Electrochemistry with the Focus on
Electromobility:

Studies on Model Interfaces for Li lon Batteries

F.U. Renner, M. Rohwerder, P. Bach, A. Seemayer, N. Sathirachinda, M. Stratmann

The general background for these
activities is the world-wide need

Value-added Chain: Electromablbty with Batteries

for alternative mobility schemes.
On energy balance (well-to-wheel),

) —

electric drives are already more

efficient compared with the internal |

Electrochemical part of the chain ]

combustion engine under today’s
power station mix and can thus

b

contribute to a reduction in CO,

Scientific access: Electroch emlstry

emissions. The electrification of drives Potential Electrodes
is crucial to the future of mobility. Capacity Electrolyte ))
There is, however, still tremendous Chemistry // Separator

need for research, improvement and

networking at many points in the
supply chain. Greater efforts must be

Implementation of methods to gain expemse|

made in the key technology of storage

batteries.

The German Federal Government’s
2009 Economic Stimulus Package I
includes measures to foster electro-

Research

Materials ))

chemistry with an electromobility

focus. The Center for Electrochemical |

Network focusses

Studies (CES), with its partners of

the Max-Planck-Institut fir Eisen-

forschung (MPIE) and the Ruhr-
Universitat Bochum (RUB), contribute
in this framework to activities (Fig.1)

Focus 1:
Transport
roperties

Experimental access: Methods ]

within the “Northern Alliance for
Competence” (Kompetenzverbund
Nord, KVN), which is a project in
line with the Federal Government'’s
National Electromobility Development
Plant. Projectleader is the Forschungszentrum Julich
(FZJ) and further partners are the universities of
Aachen (RWTH), Munster (WWUM), and Hannover
(LUH). Among the goals are an establishment of
applied research priorities in electrochemistry at
universities and non-academic research institutions,
and the development of joint curricula for promotion
of junior scientists.

New concepts are needed to meet the requirements
of areal fleet of vehicles in terms of electrochemical
functional parameters, safety and economy.

The figure shows the main fields of activities of
the project on the basis of the value-added chain for
electromobility. The MPIE is contributing studies on
model interfaces and focuses thus on fundamental
guestions. The main aspect is the preparation of
model interfaces and their characterisation using

Value-added chain and project outline of the Northern Alliance for
Competence (Kompetenzverbund Nord, KVN).

modern surface analytical equipment, such as
atom probe tomography (APT), scanning Auger
microscopy (SAM), and scanning Kelvin probes
(SKP). Furthermore in-situ surface X-ray diffraction
employing synchrotron light facilities will be used.

Simple model interfaces are single crystalline
(like thin film systems), polycrystalline or amorphous
substrates in contact with Li-containing ionic liquids
and polymers. Within the project a new PLD chamber
will be installed and used for the creation of model
interfaces. The focus is set on a basic geometrical
and chemical characterisation and the description of
surface reactions and transport phenomena which
occur on these model systems.

Y http://www.bmvbs.de/SharedDocs/DE/Anlage/Verkehr
UndMobilitaet/national-electromobility-development-plan.
html

m I —

mACH——=0nzZ—

w
=



m I —

mACH—-——40nz—

ALl
ClelS

Aachen Institute for Advanced Study in
Computational Engineering Science —
AICES

Deutsche
Forschungsgemeinschaft

P. Eisenlohr, M. Friak, D. Raabe, J. Neugebauer

The Aachen Institute for Advanced Study in
Computational Engineering Science (AICES) is a
graduate school that has been established within
the framework of the Excellence Initiative of the
German federal and state governments in 2006. The
Max-Planck-Institut fur Eisenforschung GmbH is,
together with the Research Centre Julich, the leading
academic partner of RWTH Aachen in this initiative
(for details see http://www.aices.rwth-aachen.de).

The AICES program provides a multi-disciplinary
training at the interface of classical engineering,
materials science, applied mathematics, and
computer science. The focal issues are method-
oriented challenges within the simulation-based

0eV

-2eV

Visualization of ab initio calculated total energies of
C-containing Al matrix for different C positions with respect
to a vacancy in Al. The larger spheres indicate Al atoms,
smaller ones schematically represent a set of possible C
positions with a color-coded total energy of the system
(relative to the energy of the state with the C atom located
in the centre of the vacancy).

engineering science, as e.g. multi-scale problems
bridging the gap between the atomistic and
macroscopic properties and phenomena. The AICES
Graduate School complements and extends existing
research activities at both RWTH Aachen and
MPIE. Dr. Philip Eisenlohr (department of Prof. D.
Raabe) and Dr. Martin Friak (department of Prof. J.
Neugebauer) became junior research group leaders
associated with the AICES program during 2007.

Dr. Eisenlohr’s research activities in connection
with AICES deal mostly with aspects of interfaces in
crystal plasticity, specifically the incorporation of slip
resistance exerted by high-angle grain boundaries
into crystal plasticity finite element (CPFEM)
simulations and the identification of grain boundaries
and associated mechanisms that are susceptible to
nucleate damage (cracks or voids) upon localized
plastic deformation.

Since early 2010, Dr. Fridk and Dr. Hickel co-
supervise the master thesis of one AICES-student,
B. Sc. Nima Hamidi Siboni. The thesis entitled “Effect
of interstitials on vacancy formation and mobility
in metals” is focused on analyzing the impact that
interstitial atoms (particularly industry-relevant
elements such as hydrogen, boron, nitrogen or carbon)
have on the concentration of vacancies (see figure)
and, consequently, mechanical properties of metals.
Due to the fact that an experimental study of the
influence of impurities on the vacancy concentration
is rather difficult and quite demanding, the method
of choice for this investigation is a combination of
theoretical parameter-free calculations based on
fundamental quantum mechanics with statistical
thermodynamics.



C/M
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Metallic materials of technical relevance are
mostly polycrystalline and contain a large number
of individual crystallites. During the manufacturing
process the orientations of those constituting
single crystals are altered and a non-random distri-
bution typically evolves. Due to the anisotropic
mechanical properties exhibited by single crystals,
the polycrystalline aggregates also respond an-
isotropically to mechanical loading. Predicting the
combined response of aggregated grains, which as
a rule will experience non-uniform boundary con-
ditions, is a challenge. However, research in this area
has seen substantial progress in the last decade,
such that combining modern continuum mechanical
concepts with associated numerical solution strate-
gies now opens the possibility to transfer funda-
mental metallurgical insights to industrially relevant
problems in, for instance, the forming of multiphase
sheet steel.

In this spirit, the Max-Planck-Gesellschaft and the
Fraunhofer Gesellschaft in 2006 established their
first-ever joint research initiative dealing with the
topic “Computational Mechanics of Polycrystals —
CMC™ and having two strategic aims of accelerating
knowledge transfer from fundamental sciences to
applications and in parallel to build a long-term alliance
between the Max Planck Institut fur Eisenforschung
(MPIE, Dusseldorf) and the Fraunhofer Institut fir
Werkstoffmechanik (IWM, Freiburg). The initial start-
up phase of six years is supposed to fade into two
tightly connected self-supporting working groups,
one at each institute. Hence, acquisition of third party
funds is integral to the initiative and currently well
ahead of the anticipated amount of external funding.
During 2009/10, the MPIE secured a new three-year
PhD research project with the DFG, so that currently
four full-time researchers are associated with the
CMCr initiative at the MPIE and six at the IWM.

The scientific goals of this initiative are set along two
parallel lines: (i) a deeper metallurgical understanding
of mechanical twinning, deformation induced phase
transitions and multi-phase microstructures, and
(ii) the optimization and acceleration of existing
simulation methods both in Taylor-based and self-
consistent texture modeling as well as in finite
element method (FEM) based homogenization
schemes. The four project leaders involved are
focusing on the physical mechanisms of crystal
plasticity (P. Eisenlohr), aspects of homogenization

Computational Mechanics of Polycrystals — CMC"

P. Eisenlohr, D.Tjahjanto, F. Roters, D. Raabe

and numerical coarse-graining (D. Tjahjanto),
efficient models of texture evolution (A. Prakash), and
industrial demonstration and applicability (D. Helm)
all of which have substantial mutual overlap.

Color map:
Principal strain

Finite element sample: '\,
A quarter of a circular disc
with svmmetric b.c.

Material p

An important achievement during the last two
years was the implementation of a flexible material
point model as a user subroutine. With this, arbitrary
combinations of material constitutive laws and
spatial detail from resolving individual grains up to
a homogenized scale are possible within a single
geometrical setup. This user subroutine is now used
at both institutes and in different commercial FEM
solvers. Another highlight was the application of a
newly developed homogenization scheme based on
a grain cluster model, which shares key features with
the discontinuous Galerkin method, to cup drawing
of ferritic—martensitic steel (see Figure) featuring
computation times of less than an order of magnitude
higher than standard iso-strain homogenization but
with much improved predictability.

Current work in progress comprises on the side of
improved physical understanding the development of
a constitutive law that explicitly treats the dislocation
advection, which is relevant in grain-scale plasticity
and important to address questions of plastic
accommodation in deformation-induced phase trans-
formations / mechanical twinning and with regard to
the micromechanics of grain boundaries. On the side
of numerical efficiency, the extension of a spectral
method that, as an alternative to FEM, solves static
equilibrium in periodic domains, i.e., representative
volume elements, towards finite strains and arbitrary
material constitutive laws indicates prospective
speed-ups by one to two orders of magnitude.

Undeformed

int model:
Relaxed arain cluster (RGC) scheme
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The Nature of Laves Phases —

An Inter-Institutional Research Initiative of the
Max Planck Society

F. Stein, O. Prymak, S. Vol3, C. He, M. Palm, G. Frommeyer, D. Raabe

In 2006, the inter-institutional research initiative
“The Nature of Laves Phases” was established as
an interdisciplinary project among four Max Planck
institutes. The MPI for Chemical Physics of Solids
in Dresden, MPI for Metal Research and MPI for
Solid State Research, both in Stuttgart, and the MPI
fur Eisenforschung GmbH are closely collaborating
within this research initiative to perform experimental
and theoretical, interdisciplinary investigations of
complex intermetallic phases. The physical metallurgy
of intermetallic phases such as the Laves phases is
much more complex than that of other established
alloys, but has to be understood in greater detail as
these phases are promising candidates for the design
of new metallic materials with the intermetallic phase
as the matrix phase or as hardening precipitates,
e.g. in damage-tolerant high-strength steels for light-
weight engineering applications or high-temperature
alloys with good creep resistance for CO,-reducing
energy converting technologies.

The ternary systems TM—Nb-AIl (TM = Cr, Fe,
Co) were chosen as model systems as their phase
diagrams are characterized by extended phase fields
of the cubic C15 and the hexagonal C14 and C36
Laves phases. Within the last two years, isothermal
sections of the ternary phase diagrams were
determined by detailed experimental investigations
of equilibrated alloys heat-treated at temperatures
ranging from 800 to 1450°C [1-4]. The crucial role of
structural defects and distortions in the crystal lattices
of the different Laves phase polytypes has been
investigated both experimentally and by quantum-
mechanical calculations [5]. Site occupancies of
the different atom types in the ternary C14 Laves
phase lattice were studied by Rietveld refinements
of powder XRD patterns in order to discuss the
stability of the hexagonal vs. cubic crystal structures
[1,4]. Based on the experimentally obtained phase
equilibria and invariant reaction temperatures,
isothermal sections of the ternary phase diagrams
can be thermodynamically modelled by the CALPHAD
method for experimentally inaccessible temperatures
enabling a detailed discussion of stability and
transformation of the different Laves phase polytypes
[6,7].

Another topic is the mechanical behaviour of Laves
phases in dependence on structure and composi-
tion (see also p. 93). For mechanical testing, bulk
single-phase bars (15 mm in diameter and at least
120 mm in length) with stoichiometric and various
non-stoichiometric compositions were synthesized
by a modified levitation melting technique [8]. Devi-
ations from the stoichiometric composition are
compensated by defects of the anti-site atom type

in case of transition metal Laves phases. Whereas
the introduction of defects in metals and certain
intermetallic phases like the well-investigated B2
compounds FeAl and NiAl typically results in a
hardening of the material, yield strength and hardness
measurements of single-phase Laves phase alloys
indicate that significant defect softening takes place
when lowering the Nb content from the stoichiometric
composition [9].

More information on the research initiative “The
Nature of Laves Phases” can be found on the project
website http://Laves.mpie.de.

Nb 1150 °C

. Ml
Co PR Al
Isothermal section of the ternary Co-Nb-Al phase diagram
showing the extended phase fields of the C14, C15 and

C36 Laves phases [1].
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Ab initio Description of Iron and Steel (ADIS):
An International Workshop Series

T. Hickel, M. Friak, J. von Pezold, J. Neugebauer

Since the opening of the Department of Compu-
tational Materials Design in 2005, the vision of
a solely computer-based materials design (with
steels particularly in mind) using ab initio methods
became one of the driving forces of active research
at the MPIE. It is further the fundamental idea
behind the SFB “Stahl — ab initio” (p. 29) and
ICAMS (p. 28), which are both strongly linked to
the MPIE activities. Being a rapidly developing and
highly competitive and rewarding field of research,
several other research groups worldwide follow a
similar vision. However, the complexity of realistic
iron-based materials with respect to chemical,
magnetic and micro-structure is a challenge for
every ab initio approach. Consequently, there
is not just a single well paved road of method
development. Instead — to have success — a
wide array of approaches and algorithms needs

Ab initio Description of Irofiar|es
Magnetism and Phase diag -

to be implemented, evaluated, and carefully
checked with respect to their predictive power.
This challenge is well appreciated in the materials
science community and can only be tackled in a
combined multi-disciplinary effort.

To catalyze this effort the Department of
Computational Materials Design established a
series of international scientific seminars starting
in 2006. The “Ab initio Description of Iron and
Steels (ADIS)” workshop series provides the
required platform for the leading experts in ab
initio metals research to discuss and exchange
recent results and scientific developments. The
meetings are characterized by Gordon style,
tutorial-like one hour talks, intensive discussions
and, last but not least, the inspiring cooperation-
promoting atmosphere of Ringberg castle (the

LR EFIR M Status and future challenges

Ieurnatsonal Warkshop
#i Ringbary Castle
February 19-34, 2008

conference centre of the Max Planck Society
at lake Tegernsee). In October 2010 already
the third seminar of the ADIS series has been
performed. Although the ab initio description
of iron and steel remains the main goal, each
of these events has its own focus on a specific
topic: The ADIS2006, for example, was mainly
about the combination of density functional
theory with thermodynamic concepts. The focus
of ADIS2008 was on approaches to complex
magnetic phenomena and the latest meeting
was devoted to mechanical properties, including
dislocation related mechanisms. This change
of specific focus resulted in a stimulating and
highly productive exchange of experts, who —
often coming from communities with little or no
overlap — quickly grasped the chances of working
together in such an interdisciplinary field. The
series is now an established and integral part in
the community.
\ Ab initio bescription

of Iron and Steel:
hanical properties

H.Abas  R.Demutz RWS'MEWM Lleonov  C. FargeeT.
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Department of

Computational Materials Design

J. Neugebauer

Scientific Concept

The objective of the department “Computational
Materials Design” is the development, implemen-
tation and application of quantum mechanical based
simulation techniques to reliably predict properties
and mechanisms in modern engineering materials.
A major challenge in developing accurate and
at the same time numerically feasible simulation
techniques is the structural and chemical complexity
inherent to virtually all materials of technological
interest. This complexity is a direct consequence of
the hierarchical nature in length and time scale, but
also in the physical mechanisms involved and must
be included to predict and understand materials
properties relevant to the engineer.

The inherent complexity renders any direct brute
force quantum mechanical approach unfeasible.
Therefore, well controlled approximations and efficient
numerical formulations are of utmost importance both
at the quantum mechanical level — a direct solution
of the exact Schrodinger equation is out of reach
for any realistic system — as well as for bridging
the gap between the electronic/atomistic and the
macroscopic/engineering scale. Consequently, the
department follows three major research routes:

(i) Analyze and quantify the accuracy of presently
available ab initio techniques

In any ab initio based multiscale scheme the
finally achievable accuracy will be limited to the one
at the most fundamental (ab initio) scale, since the
numbers generated at this level enter all subsequent
higher levels. For density functional theory, which
is the dominant ab initio technique employed for
materials science questions, the one and only not
systematically improvable approximation is the
choice of the exchange-correlation (xc) functional.
All other approximations at this level are controllable
and can be made arbitrarily small, however, at the
price of rapidly increasing computational costs. By
carefully analyzing the underlying physics we were
able to systematically develop numerical approaches
that guarantee an accuracy that is only limited by
the accuracy in the xc-functional. To accomplish
this aim a completely new level of accuracy had to
be achieved with error bars being one to two orders

of magnitude smaller (i.e. with errors in the total
energy of often 1 meV and below) than what has
been attempted in most previous studies. Examples
are given in the highlight on p. 131 and in the group
reports of T. Hickel (computation of thermodynamic
quantities at finite temperatures) and C. Freysoldt
(description of point defects in a supercell approach).
The availability of these approaches helped not only
to address the question of accuracy, but opened
completely new research routes to address long
standing fundamental materials science questions
that were out of reach for existing theoretical and
experimental tools [1,2], to unravel hitherto not dis-
covered relationships [3,4], or to systematically test
the reliability of commonly employed approximations
[5]. Often, these results lead to a complete revision of
well established concepts (such as e.g. the neglect
of spin quantization in computing thermodynamic
properties) thus initiating the development of a new
set of simulation strategies.

(if) Bridging the gap between quantum mechani-
cal and engineering scale

While the quantum mechanical calculations
provide an important first step in the multiscale
hierarchy, the calculation of the relevant properties
on the engineering scale requires in most cases
additional simulation techniques. To be more specific,
the ab initio codes do not allow to directly compute
the various excitation mechanisms entering the
free energy (such as anharmonic contributions or
finite temperature magnetism), properties of poly-
crystalline and/or multiphase materials or fracture
mechanisms to name only a few. In the last two
years we have therefore acquired expertise in a wide
range of simulation techniques helping to overcome
parts of the scaling gaps. Examples are advanced
molecular dynamics methods to efficiently sample
high-dimensional configuration spaces [1,6], various
flavors of statistical approaches such as kinetic
Monte Carlo to access long time scales as relevant
for diffusion [7] or spin Quantum Monte Carlo to
describe magnetic excitations [3], microscopic
elasticity theory to describe long range elastic
interactions in martensitic transitions [8,9], cluster
expansion [10] and the concept of quasi random
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structures (SQS) [11] to include chemical alloys, or
various homogenization schemes [12-14]. For many
of these techniques we had to develop own computer
programs, often implemented in our highly modular
and object oriented SPHINX multiscale library [15,36].
Having this set of state-of-the-art tools available
allowed the department to design optimum multiscale
strategies for a wide range of problems: Concurrent
approaches where parameters are passed through
all scale (e.g. to identify mechanisms behind delayed
fracture [6]), scale jumping approaches where the
guantum mechanical information can be directly
used at the macroscopic scale [4,12-14,16, and the
highlight on p. 133], or multi-physics approaches to
predict quantities that intrinsically connect several
physical mechanisms (such as e.g. free energies
consisting of vibronic, electronic, and magnetic
excitation mechanisms) [1,3,5,9,17].

(iii) Translating industry-relevant materials sci-
ence questions into formulations accessible by
ab initio

The translation of industry relevant materials
science questions into models that are accessible
by ab initio based multiscale approaches often turns
out to be highly non-trivial and challenging, requiring
in many cases the exploration and development of
methodological concepts. Examples concern the
understanding of the microscopic origins causing
delayed fracture (H embrittlement) in modern high-
strength steels [6], identifying correlations (mechanism
maps) between chemical composition and active
deformation mechanisms in TWIP/TRIP steels
[10], or preventing oxidation/corrosion mechanisms
at metal surfaces [1]. In close collaboration with
industrial partners and experimental groups and often
stimulated by concrete and pressing technological
bottlenecks we explored and developed a wide range
of new methodologies. Challenges we had to face
were related to incomplete experimental knowledge
concerning microstructure and/or local chemical
composition in complex engineering materials, noise
in the experimental data particularly when going
to extreme conditions such as near the melting
temperature, but also limitations in the principal
accuracy of present days ab initio techniques. A
substantial amount of work had therefore been
devoted to identify and carefully quantify sensitivity
and error bars and to develop robust schemes
allowing to obtain qualitative insight and numerical
models even when working with noisy input data.
Examples are our high precision tools to predict
thermodynamic data (e.g. heat capacities) with an
accuracy well beyond experimental scatter providing
a completely new route to reassess experimental data
[1,17,18], or our “divide and conquer” approaches
that seamlessly connect well established empirical
approaches such as e.g. CALPHAD that provides
bulk free energies with an accuracy presently not
achievable by any available ab initio technique with

guantum mechanical concepts to compute critical
engineering parameters such as e.g. stacking fault
energies with an accuracy well beyond what was
previously possible (see p. 129). Although these
developments are still in their first stages, the physical
insight obtained already now indicates the potential
these methods will have in the future.

While the development of these major research
routes had been largely separated in the previous
two periods and individually pushed by the scientific
groups in the department, the tremendous progress
made in this period opened the possibility to connect
these activities. As outlined in the group reports
and highlight articles, this opportunity has been
intensively used resulting in many new inter-group
and inter-departmental activities yet strengthening
at the same time the individual scientific expertise
in each group.

The availability of this large set of actively de-
veloped, cutting edge simulation tools for the multi-
scale study of materials properties allowed us to
address a wide range of materials science questions
with the main focus on steel but also to cover key
technological problems in semiconductor lighting,
photovoltaics, nanostructures, and bio-inspired
materials. Many of the publications received special
attention from the journal editors such as the label
“editors choice” [19-21], the new level of accuracy
in ab initio computed thermodynamic properties
achieved [1] was commented by a viewpoint article
with the provocative title “Turn off the lab furnace
and boot up the mainframe” [2], and members of
the department received numerous invitations and
keynote talks. Also, members of the department
received prestigious awards such as C. Freysoldt,
who received the Psi-k Volker Heine Young Investi-
gator Award for “excellence in research involving
electronic structure calculations” at the largest
electronic structure conference taking place only
every 5 years, or B. Grabowski who became a
member in the DFG “Nachwuchsakademie” together
with grant money to perform his own research.

The department was also actively involved in
shaping and developing this new field by organizing
and co-organizing international workshops such as
the ADIS2008 and ADIS2010 meeting (see p. 35) and
“Excitement in Magnetism” all at Ringberg Castle,
a CECAM Summer School in San Sebastian on
“Computational Materials Sciences” and symposia
at key conferences e.g. on “Multiphysics Modeling
in Materials Design” at the 2009 MRS meeting in
Boston, on “Structural Materials and Steels” jointly
with the DGM at the 2010 Spring DPG meeting in
Regensburg, on “Alloy theory” at the Psi-k 2010
electronic structure conference in Berlin, on “Multi-
Scale Computational Materials Design of Structural
Materials” at the ASIA Steel conference 2009 in
Korea, or on “Ab initio modeling” at the EUROMAT
in Glasgow. The strong activities in developing new



Fig. 1: B. Grabowski (right) explains the shape-memory
effect at one of the highlight stations to visitors of the MPIE
at the open day event.

simulation techniques and in identifying novel areas
for applying these methods stimulated a large number
of national and international collaborations and
helped attracting a large number of research funds.
In this period, important research collaborations
could be initiated with leading research institutions on
steel research in the USA, Sweden, Russia, Korea,
and China by exchanging scientists, organizing joint
meetings or jointly applying for funding. Major projects
the department is involved in are the SFB “Steel —ab
initio” (see p. 29), DFG focused projects and research
groups e.g. on magnetic shape memory alloys and
bio-nanocomposites, several BMBF (federal ministry
of education and research) projects on novel high-
temperature steels (Ferrit950), on high-brightness
energy efficient light emitters (VEKTRA), and on

photovoltaics (EPR-Solar), an international RFCS
project on hydrogen embrittlement (HYDROMICROS)
and EC projects on nitride semiconductors.

Strong links and collaborations have been estab-
lished with the recently founded Interdisciplinary
Center of Advanced Materials Simulations
(ICAMS) at the University of Bochum (see p. 28).
The department is actively involved with the center
by heading the Advanced Study Group “Modeling”
(director — Prof. J. Neugebauer, speaker — T. Hickel)
and establishing several joint projects on key topics
such as e.g. H embrittlement or the ab initio descrip-
tion of finite temperature magnetism. To foster strong
collaborations and interaction between the scientists
in the two institutions from the very beginning
several joint workshops have been organized by
our department (Ebernburg 2009, Imst 2010) or by
ICAMS (Attendorn 2010).

Members of the department were also highly
active in training young scientists and students.
Lectures on various issues of computational materials
science were given at the University of Bochum and
the RWTH-Aachen to engineers and physicists. In
the reporting period one Bachelor, three Master and
six PhD theses have been successfully finished. The
department also actively participated at the open
day event (p. 190) showing with great enthusiasm to
the public how basic research can help to address
“hot” technological questions (Fig. 1). Due to the
large increase in third party funding the department
grew substantially totaling in more than 30 scientists
(Fig. 2). To ensure sufficient computer power for such
a large group the high-performance computer cluster
had to be constantly upgraded (see p. 24).
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The growth of the department, the opening of
new research topics, and the leave of key personal
required changes in the group structure. The head
of the Algorithmic Design and Modeling group and
head of the computer center, S. Boeck, used his
rich expertise acquired in setting up supercomputer
centers and in developing large scale scientific
software projects to found his own company
“Gemmantics IT Consulting”. As a consultant, he
will continue to assist the department with setting
up high performance computer clusters. Due to his
new position, the coordination of the development of
our multiscale library SPHINX has been transferred
to C. Freysoldt who has been also one of the key
developers over the last years (see p. 48).

The large methodological progress achieved
allows us to tackle critical metallurgical questions
that were out of reach a few years ago. To provide
a platform for these activities the former group of S.
Boeck has been replaced by the group “Precipitation
and Kinetics” headed by A. Dick (see p. 17). The
aim of this group is the development of multiscale
techniques that allow an accurate description of
kinetic processes in the nucleation and time evolution
of precipitates and of extended defects. Collaboration
with theoretical and experimental groups from other
departments (e.g., experimental characterization of
precipitate patterns with the atom probe tomography

group, P. Choi), as well as other institutions (phase
field simulations using multi-component multi-phase
phase field (Prof. I. Steinbach, ICAMS, Germany),
precipitation kinetics (Prof. E. Kozeschnik, Vienna
University of Technology, Austria)) will strengthen
the expertise of this group.

The ability of the department to link the electronic
scale to actual technological questions will be also
significantly strengthened by another key appoint-
ment. In August 2010 R. Spatschek, an internationally
renowned expert on phase field and mesoscale
simulations, accepted a W2 group head position and
initiated a new group “Mesoscale Simulations” (see
p. 20). This group will be also instrumental to further
strengthen the link to the macroscale simulations in
the department of Prof. Raabe and to open additional
connections to the mesoscale activities at ICAMS.
Both new research groups will significantly strengthen
existing activities in the department by opening
new links between the ab initio thermodynamics
activities (groups “Computational phase studies”,
T. Hickel, and “Ab initio thermodynamcs”, M. Friak)
and microstructure characterization (“Microstructure”
group headed by L. Lymperakis).

In the following a brief description of the activities
and recent developments of the scientific groups is
given.

Scientific Groups

Computational Phase Studies (T. Hickel)

The research in the group “Computational Phase
Studies” is devoted to the physics of (meta)stable
thermodynamic phases in metals and transitions
between them. A major aim is the prediction of
thermodynamic bulk phase diagrams, due to their
direct relation to many technologically relevant
properties and processes in metals. The group aims
at a full ab initio derivation of these properties, mainly
making use of density functional theory (DFT). In
this context, many of the methods developed by the
group in the last period have been extended, applied
to advanced material systems, and supplemented
by additional tools. This applies in particular to the
following fields of research:

e The continuous improvement of ab initio
based methods to calculate the relevant
contributions to the free energy of metals,
their application to industrially important
materials, and the combination of the results
with thermodynamic databases.

e The description and prediction of tempera-
ture and stress induced phase transitions
and/or structural changes in shape memory
alloys, steels and related materials.

e The energetics and kinetics of alloying
elements, impurities and defects, and their
relevance for embrittlement phenomena,
precipitation and ductility of materials.

In the following some of the key activities in
these fields will be briefly discussed and resulting
collaborations will be mentioned in selected cases.

In order to derive free energies from first prin-
ciples, one needs to combine DFT with thermo-
dynamic concepts. In previous works we have
particularly concentrated on the performance of the
quasiharmonic approximation, including electronic
excitations and achieved remarkable agreement with
experimental data for non-magnetic unary metals.
These concepts have been extended (B. Grabowski)
towards the consideration of anharmonic lattice
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Fig. 3: Thermodynamic properties of steels derived from first principles. In the background the pearlitic microstructure
of a 0.8%C steel containing ferrite and cementite phases is shown. Upper right inset: The experimental magnetization
of ferrite (red symbols) is compared with our Quantum Monte Carlo approach (green line). Lower left inset: The free
energy of cementite (experiment: dashed line) is compared with our combined ab initio approach including contributions

from vibronic, electronic and magnetic excitations.

vibrations, of entropically stabilized vacancies [1,35],
and of thermodynamically unstable phases [22]. The
availability of such a large set of precise tools to study
free energy contributions is a characteristic feature
of the group and enabled us to address and solve
a wide array of materials science questions. Many
of our contributions, such as the one on the (for a
long time highly controversially discussed) question
about the dominant free energy contributions of
a material close to the melting temperature [1],
received considerable attention in the community [2].
Presently the developed methods are generalized
—in a combined effort with CALPHAD evaluations —
to chemical alloys. For the prototype system of Al
alloys (A. Glensk), relevant for light-weight materials
design, this work is performed within a DFG project
with several partners in Germany.

For steels, the magnetic excitations form the
most challenging contribution for a computational
materials design, both with respect to methodological
and numerical concepts, due the long range
interactions and spin-quantization. After having
derived analytical approaches to obtain the magnetic
heat capacity of bcc iron up to the Curie temperature
[5], several schemes based on classical and quantum
Monte Carlo (MC) simulations have recently been
developed, carefully explored [3] and finally used
(F. Kérmann). The discovered universality of the
new MC-based approaches made an application to

various magnetic phases including the paramagne-
tic state (relevant e.g. for many austenitic steels)
possible. The methods have successfully been
applied to various magnetic materials [23], including
relevant phases in steels such as e.g. cementite
[18], Fig. 3. Whereas the experimental investigation
of its heat capacity resulted in a large scatter, our
fully ab initio approach allowed to identify the correct
temperature trends [17], nicely demonstrating the
power of the approach. Recently, in a joint project
with the RWTH Aachen we succeeded in combining
the ab initio computed magnetic free energies with
CALPHAD assessments (see p. 129).

For the simulation of martensitic phase transitions
in the magnetic shape memory alloy Ni,MnGa (A. Al-
Zubi), it turned out again that the consideration of
temperature dependent magnetism is decisive. Only
by considering the delicate interplay of vibrational
and magnetic excitations we were able to correctly
describe the sophisticated sequence of phase
transitions in this alloy [22]. We have now succeeded
in using these methods for a prediction of chemical
trends in the phase stabilities (Fig. 4, next page). Our
part within a large scale DFG project on this subject
has recently been extended by two years.

High manganese steels form another class of
materials, where martensitic phase transitions in-
fluence the plastic behavior considerably. Depending
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Fig. 4: Ab initio prediction of the phase diagram of Ni,, Mn, Ga [22]. Upper panel: The free energies of the martensite
(green line - reference), austenite (red line) and premartensite (blue line) have been determined for different values of x
(here: x=0). Only the solid lines take magnetic excitations into account, whereas this is not the case for the dashed lines.
Lower panel: The transition temperatures derived from the intersections of the free energies are plotted as a function of
x. The colored regions in the phase diagram indicate the thermodynamic stability of the respective phases. The crystals
structures (blue: Ni, red: Mn, green: Ga) belong to the different phases and chemical compositions.

on the stacking fault energy (SFE), the transition
might compete with the twinning of the material
under stress. We (A. Dick, A. Abbasi) have therefore
performed intensive investigations on chemical
and thermodynamic trends for the SFE [10,37],
gaining remarkable insights into its dependence on
temperature, pressure and carbon content. Within
the collaborative research center SFB 761 “Stahl —
ab initio” our calculations where in particular helpful
to systematically determine parameters in empirical
approaches to the SFE, which one would need to
guess otherwise (see p. 129).

In order to consider diffusion processes on an
atomistic scale, as for instance done for hydrogen,
kinetic Monte Carlo simulations in combination with
transition state theory are typically used. Apart from
the hydrogen problem, we have used this tool for
several other applications in the group. For example,
self-diffusion is systematically investigated in Fe-Al
(N. Sandschneider), incorporating sophisticated
jump cycles (Fig. 5) and combining it with large
scale simulations in a joint project with a Chinese
partner. Another example are diffusion processes
related to precipitate formation in steels (N. Tillack),
which are compared with atom probe experiments at

the MPIE (see p. 103). Some of these aspects will
be continued more intensively in the newly founded
group “Precipitation and Kinetics”, headed by A.
Dick.

The effect of hydrogen in particular in the context
of embrittlement mechanisms, is a key topic to the
entire department. In this group we therefore made
intensive and systematic investigations on the
solubility and diffusion of hydrogen in metals [24] and
steels [7], including also the effect of superabundant
vacancy formation due to hydrogen (R. Nazarov, U.
Aydin , N. Hamidi) [25, see also highlight on p. 113].
These activities resulted in an RFCS project on
the relation between microstructure and hydrogen
embrittlement, coordinated by the head of the group
(T. Hickel).

Ab initio Thermodynamics (M. Friak)

The group is focused on the development and
application of theoretical approaches allowing
scale-bridging simulations of materials properties.
Employing them, a theory-guided design of materials
intended for specific industrial applications is per-
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Fig. 5: Triple defect mechanism for the self-diffusion in FeAl. The minimum energy path has been determined using
the nudged elastic band method. The relevant jump processes are indicated by arrows in the crystal structures. Red

spheres correspond to Al, blue spheres to Fe.

formed (see highlight on p. 133). Due to the complex
multi-scale nature of most of the studied problems, the
applied strategies are intrinsically multi-disciplinary
and multi-methodological. Cooperating closely
with scientists from different fields from both inside
and outside the MPIE, one of the key objectives
of the group is the development of ab initio based
theoretical/computational tools that provide data not
accessible by experiment and a systematic screening
and design of alloys with tailored macroscopic elastic
properties.

The range of materials studied in the group covers
single-phase and double-phase metallic alloys as
well as multi-phase hierarchically organized bio-
composites. Aiming at exploring new metallurgical
concepts and extending the limits of materials design,
novel alloys with extreme but technologically highly
relevant properties were searched for. For example,
a systematic search for an optimum composition of
biocompatible Ti-Nb implant alloys that matches the
elasticity of human bones resulted in nearly two-fold
reduction of the Young’s modulus [26].

Using a similar concept we presently study dual-
phase high-strength ductile eutectic Fe-Ti alloys
within a DFG-funded project performing ab initio
calculations (L.-F. Zhu, see p. 133), phase-field
modelling (Prof. H. Emmerich, Bayreuth University),
and experimental techniques (Prof. J. Eckert, Institute
for Complex Materials at the Leibniz-Institute for Solid
State and Materials Research in Dresden).

Quantum mechanical calculations have also been
used to provide key parameters for classical solid-
solution strengthening concepts applied to Al in
order to increase its strength and obtain a deeper

understanding of fundamental processes responsible
for such a strengthening (in a cooperation with J.
von Pezold, T. Hickel, D. Ma and Prof. D. Raabe).
Applying this strategy helped not only to identify
alloys with tailored properties but also to reveal
fundamental materials-design limitations. Examples
are Mg-Li-base alloys where a simultaneous increase
of stiffness and ductility was shown to be principally
impossible [4,12,13,27] (see also p. 133).

A strong focus has been also on iron-based
materials, where e.g. the long-range elastic inter-
actions in a ferritic matrix containing C interstitials
have been studied combining microscopic elasticity
theory (MET) with atomistic models (A. Udyansky
and J. von Pezold). This novel multiscale approach
provided a deeper understanding of the role played
by C in phase transitions between ferritic, martensitic
and austenitic s