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J. Neugebauer

Department of 
Computational Materials Design

Scientific Objective and Department Structure

One of the major challenges to simulate ad-
vanced materials such as steels is their structural, 
chemical and thermodynamic complexity together 
with the fact that they are in realistic scenarios not 
isolated but in an (often reactive) environment. 
Most of the presently available simulation techniques 
address only a small part of this complexity and are 
restricted to a specific length scale. The objective of 
the department is the development of computa-
tional tools and strategies that are capable to deal 
with realistic materials and processes, the applica-
tion of which allows a close link to the experimental 
activities in house and of collaborators worldwide.

Achieving this goal requires novel scale bridging 
multi-scale approaches that link fully parameter-
free ab initio calculations with technologically relevant 
materials properties as well as strategies to push the 
predictive power and the computational efficiency 
of existing methods to their limit. These methodo-
logical developments and applications in the CM are 
performed in six groups headed by internationally 
highly visible scientists. The specific topics of the 
groups have been chosen such that their respective 

methods, expertise and investigated materials are 
complementary and can be linked in order to ad-
dress material classes and questions that escape 
a single method. The availability of these methods 
opened a very productive route to study for example 
the complex phenomena that control the mechani-
cal behaviour of ultra-high strength, TWIP (twinning 
induced plasticity), TRIP (transformation induced 
plasticity) or pearlitic steels (see p. 183). 

It further provided a close link to interpret or 
guide experimental activities such as, e.g. electron 
microscopy (department of Structure and Nano-/Mi-
cromechanics of Materials (SN) and the independent 
research group Nanoanalytics and Interfaces (NG)), 
atom probe tomography (department of Microstruc-
ture Physics and Alloy Design (MA)) or Kelvin probe 
technique (department of Interface Chemistry and 
Surface Engineering (GO)) (see p. 149). In this way 
industrially relevant material science questions such 
as electrochemistry (see p. 161), tribology (see p. 
179), grain boundary embrittlement (see p. 173) and 
hardening in Mg alloys (see p. 141)  have been ad-
dressed in collaboration with the other departments.

Fig. 1: The CM (summer 2015).
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The synergy between the groups within the CM 
is important to solve multi-scale problems such as 
hydrogen embrittlement (see p. 39), an effect that is 
strongly hampering the application of modern ultra-
high-strength steels. Here, a complete picture of the 
detrimental effects of hydrogen (Fig. 2) could only 
be achieved by combining (i) the systematic and 
extensive ab initio study on its interaction with micro-
structure features such as vacancies, grain bounda-
ries, precipitates in T. Hickel’s group (Computational 
Phase Studies) with (ii) the atomistic description of 
plasticity related processes such as the hydrogen 
impact on dislocations and dislocation loops in B. 
Grabowski’s group (Adaptive Materials) and (iii) the 
continuum investigations on the role of surface or 
interface strains on the solubility of hydrogen in R. 
Spatschek’s group (Mesoscale Simulations). Linking 
these activities and results provided a unique insight 
into the various stages of hydrogen embrittlement 
and delayed fracture and allowed highly productive 
collaborations with experiments in house (MA, GO), 
with industry (e.g. projects funded by the European 
Commission such as HYDRAMICROS coordinated 
by T. Hickel), large scale research projects such as 
the DFG Collaborative Research Centre (see p. 52) 
or with other theory groups (see p. 53).

A key to successfully addressing this wide range 
of scientific questions was the strong methodological 
expertise that has been built up in the department 
over the last reporting periods. Only the availability 
of this expertise on advanced and highly accurate 
electronic structure calculations and their combina-
tion with thermodynamic, mechanical or chemical 
concepts enabled novel approaches and strategies 
that include contributions and mechanisms relevant 
in real materials, but that so far were impossible to 
compute with existing ab initio approaches [1]. One 

Fig. 2: The spectrum of microstructure features that can 
interact with hydrogen and are therefore considered in the 
simulation of hydrogen embrittlement performed in the CM.

such example is a new formalism (see p. 177) for a 
fully ab initio description of magnon-phonon coupling, 
i.e., the effect magnetic excitations have on atomic 
vibrations and thermodynamic stability at higher 
temperatures [2]. By combining Spin-Quantum-
Monte-Carlo methods with the spin-space-averaging 
(SSA) approach developed by the department in the 
previous reporting period, it became possible to un-
derstand this mechanism and to achieve an accuracy 
that agrees well with experiment. Since this effect is 
the major cause of the high temperature softening 
of ferritic steels, our insights can support the efforts 
in the MA to improve the mechanical properties of 
such steels. Other examples of novel methodologi-
cal approaches that have been achieved based on 
the systematic developments of the last years are a 
highly efficient concept of computing anharmonic free 
energy contributions [3] that opens the route towards 
routinely including them in ab initio calculations or a 
generalization of the widely used Arrhenius concept 
to describe point defect concentrations [4]. The latter 
revealed that previously accepted and in compilations 
listed defect formation energies have to be revised 
by 10-20%. These methodological developments 
have been achieved by combining the expertise of 
T. Hickel’s and B. Grabowski’s group and have been 
published in top journals in the field (Phys. Rev. Lett., 
Phys. Rev. X).   

Next to the long term development of ab initio 
based thermodynamic approaches, a major strat-
egy in the last period was to use the broad materi-
als expertise of the department, ranging from steel 
related systems over oxide/semiconductor topics to 
biomimetic materials, to link fields that so far were 
methodologically not connected. An example in this 
respect is the transfer of defect concepts that are 
well established in the semiconductor community to 
electrochemistry in the group “Electrochemistry and 
Corrosion Sciences” headed by M. Todorova. This 
“translation” made the concepts useful for both com-
munities and allowed to use extensive sets of point 
defect calculations performed in semiconductor phys-
ics to understand corrosion of protective oxide layers. 
For example, this approach revealed that neutral 
oxygen vacancies rather than charged vacancies as 
always assumed in electrochemistry are relevant for 
the growth of the protective oxide layer [5]. Another 
example for a successful link of two different fields 
is the development of an analytical approach with 
atomistic resolution by G. Leyson (Humboldt Fel-
low) that connects mechanical and thermodynamic 
concepts and allowed to derive phase diagrams for 
defect-induced nanostructure phases [6]. Further, 
C. Freysoldt’s and L. Lymperaki’s groups combined 
statistical mechanics concepts and growth simula-
tions [7, 8].

To keep the expert knowledge despite the rapid 
and desired fluctuations of key scientists in the de-

- THE DEPARTMENTS -
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partment, we continued the development of a Python 
based workbench called “PyIron” that combines all 
aspects of setting up complex simulations, perform-
ing accurate convergence tests and error analysis, 
handling large amounts of computer runs with ad-
vanced databases and visualization. This toolset 
allows to “conserve” the methodological expertise 
of the various groups by generating automatized 
simulation protocols and by guaranteeing the tar-
geted high numerical accuracy. A new generation of 
Bachelor, Master and PhD students in the department 
used PyIron to handle projects consisting of several 
104…105 jobs that would have been hard to control 
and analyze with existing methods. Examples where 
the tool has been successfully used are the identifi-
cation of chemical trends of interstitials in metals by 
using concepts of machine learning [9] or the cal-
culation of TTT (Time-Temperature-Transformation) 
phase diagrams, which are crucial for the control of 
precipitates in steels and whose complete derivation 
with atomistic concepts has not been reported in the 
literature before [10].  

The scientific results were also made available to 
the community by many publications in high-ranking 
journals. In the reporting period the H index of the 
department has increased by 66% (15 à 25). Here, 
our review papers, e.g., on first-principles calculations 
for point defects in solids [11] or lambda-transitions in 
materials [12], as well as our interdepartmental col-
laborations, e.g., on TWIP-steels [13] and Mg alloys 
[14] encountered the greatest interest in the field.

To further stir and disseminate these develop-
ments in the scientific community, the scientists in the 
department have been very active in organizing and 
co-organizing key conferences and symposia. One 
highlight was the now 5th ADIS (Ab initio Description 
of Iron and Steels) symposium which was organized 

by T. Hickel and attracted again the international top 
experts to Ringberg Castle. He also successfully co-
organized the Unary Workshop (Fig. 3) that brought 
together the CALPHAD and the ab initio community 
[15]. The department further organized symposia at 
leading materials science and physics conferences 
(see p. 219). The CM also successfully run small and 
highly focused meetings in emerging fields that were 
very well received by the community: For example, 
S. Hadian and B. Grabowski organized a meeting 
on grain boundary migration in Günzburg and M. 
Todorova and C. Van de Walle (UCSB) a meeting 
on bridging electrochemistry with semiconductor 
defect chemistry in Santa Barbara. Members of the 
department are also actively involved in represent-
ing the community: J. Neugebauer has been elected 
head of the division Metals and Materials in the DPG 
and as representative (Fachkollegiat) in the Theo-
retical Chemistry Division of the German Research 
Foundation (DFG) and became editor of a newly 
established Journal of the Nature Group (Computa-
tional Materials). We are also closely connected to 
the neighbouring universities in Bochum, Aachen, 
Duisburg-Essen and Paderborn by large scale joint 
projects and activities such as the Interdisciplinary 
Center of Advanced Materials Simulations (ICAMS; 
see p. 53), the International Max Planck Research 
School SurMat (see p. 47 (with J. Neugebauer as 
speaker) or teaching duties (see p. 230). 

The high scientific reputation that members of the 
department receive is reflected by the large number 
of invited and keynote talks at the major international 
conferences in the field. Members of the department 
also received prestigious prizes: B. Grabowski got an 
ERC starting grant, B. Lange the Otto-Hahn medal 
for an outstanding PhD thesis or G. Leyson and S. 
Hadian a Humboldt research fellowship. It is also 
reflected in changes in the group structure since 

Fig. 3: The Ringberg Unary Workshop 2013 was one of several workshops organized 
by the CM in the reporting period. It was devoted to fundamental concepts of compu-
tational thermodynamics.

- DEPARTMENT OF COMPUTATIONAL MATERIALS DESIGN -
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leading scientists got prestigious offers at institu-
tions worldwide. M. Friák, who from the beginning 
of the department had headed the very successful 
group “Ab initio thermodynamics”, is now the leader 
of a large experimental and theoretical group at the 
Academy of Sciences of the Czech Republic. R. 
Spatschek, has built up over the last five years a 
highly productive group on Mesoscale Simulations 
that linked many of the atomistic concepts of the 
department to experimental activities. He accepted 
an offer on a joint professorship position at the 
Research Center in Jülich and the RWTH Aachen, 
which he started October 1st, 2015. The scientific 
expertise is kept up by maintaining strong links with 
these and other leaving scientists via joint projects 

and publications. Furthermore, a new research group 
“Electrochemistry and Corrosion” has been created 
and is headed by M. Todorova starting October 1st, 
2015 (see p. 28). This group will provide a strong link 
to the activities in the GO, particularly to the groups of 
S. Wippermann, M. Valtiner and A. Erbe, but is also 
connected to the semiconductor/oxide activities in C. 
Freysoldt’s group as well as to the thermodynamic 
sampling concepts in T. Hickel’s and B. Grabowski’s 
groups. L. Lymperakis became a project leader 
in a large EU project and heads the project group 
“Growth Modeling” that addresses a wide range of 
semiconductor related activities. In the following the 
group activities are briefly summarized:

Research Groups

Computational Phase Studies (T. Hickel) 

This group is devoted to the physics of (meta)
stable thermodynamic phases in metals as well as 
transitions between them. Its major vision is an ab 
initio based prediction of thermodynamic properties 
and bulk phase diagrams, being directly related to 
many technologically relevant mechanisms in met-
als. According to the spirit of the whole department 
outlined above, the group made in the reporting pe-
riod substantial progress developing methods for an 
application to advanced material systems such as:

•	 The improvement of ab initio based methods to 
calculate anharmonic contributions to the free 
energy of metals caused by the interaction of 
phonons and of lattice and magnetic degrees of 
freedom. [2, 3]

•	 The comparison of ab initio determined thermo-
dynamic properties with experiments and their 
combination with thermodynamic databases. 
[4, 16]

•	 The description and prediction of temperature 
and stress induced phase transitions and/or 
structural changes in shape memory alloys, 
steels and related materials. [17, 18]

•	 The energetics and kinetics of alloying elements, 
impurities and defects, and their relevance for 
embrittlement phenomena, precipitation and 
ductility of materials. [19, 20]

All these activities are characterized by strong 
collaborations with other groups in the CM, with 
other departments of the MPIE, as well as with aca-
demic and industrial partners in various research in-
stitutions. The Ringberg Unary workshop 2013, which 
was organized by T. Hickel, U.R. Kattner (NIST, USA) 
and S.G. Fries (ICAMS, Bochum), is a consequence 

of the world-wide interaction in computational ther-
modynamics (Fig. 3). It addressed the most promis-
ing concepts to improve the accuracy and physical 
fundament of thermodynamic databases regarding 
crystalline phases, liquid phases, lambda transitions 
in materials, effects of pressure and stress, and point 
defect thermodynamics [15]. As outlined in five large 
review articles (e.g., [12,21]), which came out of this 
workshop, the recent progress in combining ab initio 
calculations with thermodynamic concepts pushed 
the insights and achievements substantially forward 
for each of these topics. The group has continuously 
contributed to this development. 

Anharmonic lattice vibrations, for example, 
form a particular challenge for the description of the 
crystalline state of materials at finite temperatures. 
We revealed that the asymmetric nature of the local 
potential for the nearest-neighbour atomic interaction 
provides the underlying physics for these excitations 
(A. Glensk, see also p. 171). Based on this insight, a 
highly efficient approach was developed and bench-
marked for an extensive set of unary fcc metals [3]. 
Astonishingly, this study revealed that anharmonic 
heat capacity contributions can be of the same order 
as the quasiharmonic corrections due to thermal 
expansion. 

Consequently, anharmonic lattice vibrations have 
also been taken into account for the Gibbs energy 
of vacancy formation in Al and Cu (A. Glensk). The 
resulting highly nonlinear temperature dependence in 
the Gibbs formation energy naturally explains experi-
ments and shows that nonlinear thermal corrections 
are crucial to extrapolate high-temperature experi-
mental data to T = 0 K [4, 11, 21]. The findings are 
related to the observation that the formation entropy 
of vacancies is not constant as often assumed, but 
increases almost linearly with temperature.

- THE DEPARTMENTS -
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The treatment of magnetic 
excitations within the scope 
of phase studies is another 
field of central interest, since 
its complexity and numerical 
challenge requires non-trivial 
solutions. We have developed a 
set of analytical and numerical 
methods, how in particular the 
quantum-mechanical character 
of this free energy contribution 
can be taken into account [22] 
and have applied them to mag-
netic elements, including Cr 
[16]. It is typically assumed for 
the computation of phase stabili-
ties that an adiabatic decoupling 
of entropy contributions is pre-
sent [12]. In the last years we 
realized, however, the impor-
tance of a magnetically driven 
modification of lattice vibrations 
not only in the paramagnetic 
limit, but already close to the 
ferro- to paramagnetic transition (F. Körmann, see 
also p. 177). Our developed temperature-dependent 
spin-space averaging (SSA) technique has led to 
phonon spectra that are in perfect agreement with re-
cent sophisticated experimental findings [2]. Related 
approaches have also been developed to describe 
the magnetic influence on structural parameters such 
as stacking fault energies (I. Bleskov) [23]. In an al-
ternative approach based on the itinerant coherent 
potential approximation, we additionally checked the 
impact of magnetic fluctuations on these results and 
found them to be small [24]. 

The investigations on Heusler alloys underline 
the need for accurately determined free energies. In 
the reporting period the presence of intermartensitic 
transformations in Ni-Mn-Ga alloys was a key ques-
tion, due to the major importance for shape memory 
and magnetocaloric effects that make the material 
class interesting for applications (B. Dutta). Here, 
tiny energy differences between structures that only 
differ in small modulations are present. The success-
ful clarification of experimental uncertainties not only 
about the chemical trend, but also about the physical 
origin of such transformations, is therefore a highlight 
of the present research activities (Fig. 4) [25]. The 
investigations of martensitic phase transformations 
have meanwhile even been extended to quaternary 
Heusler systems [17]. In collaborations with experi-
mental partners within the DFG priority programme 
SPP1599, also other interesting phenomena of this 
material class have been explained by ab initio in-
vestigations [26, 27]. A rather surprising outcome was 
the identification of Heusler phases as precipitates 
in steels [28]. 

The free energy of formation of certain phases has 
besides cementite in steels (F. Körmann) [29] been 
further investigated for various structural materials 
with high-potential for applications, including the 
Q phase in Al alloys for light-weight constructions 
(A. Zendegani) [30], Laves-phases in Fe-Nb alloys 
for high-temperature energy applications (A. Zende-
gani), and various phases in Nd-Fe-B and Ce-Fe-Ti 
for hard-magnetic materials (H. Sözen).

In these studies we realized that a pure thermo-
dynamic argumentation is often not sufficient to 
explain the experimentally observed formation of 
secondary phases. In particular in steel microstruc-
tures the interfaces to the matrix material can be 
of key importance for the precipitate structure and 
chemical composition. In the case of κ carbides (see 
p. 149), for example, we revealed that the elastic 
energy due to misfit strain explains a substantial 
deficiency of carbon in the precipitate phase (P. 
Dey) [31]. The situation is even more complicated in 
the case of cementite, when it forms at the interface 
between austenite and ferrite in a coupling process 
(X. Zhang). This is because three phases and a 
combination of the martensitic rearrangement of Fe 
atoms and a diffusion-driven separation of C atoms 
are simultaneously present. We have shown that a 
metastable intermediate structure (MIS) in the spirit 
of complexions can serve as a natural link between 
these phases and can explain the atomic process 
during decomposition (Fig. 5) [18].

Treating the interplay of nanodiffusion and struc-
tural properties was also decisive for the simulation 
of mechanical properties in high-Mn steels (I. 
Bleskov). The stacking fault-carbon interaction in 

Fig. 4: Ab initio calculated phase diagram of Ni2Mn1+yGa1-y. The martensitic trans-
formation TM (thick red line) separates the austenite from different martensitic 
phases. The theory predicts an intermartensitic transformation TIM (thick blue 
line) between the 5M phase (blue-coloured area) and the L10 phase (orange). 
For comparison the experimental results are shown by thin lines and in the inset. 
The stability region of the commensurate 7M is indicated by a purple dashed line. 
Figure adapted from [25].

- DEPARTMENT OF COMPUTATIONAL MATERIALS DESIGN -
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The role of hydrogen for the stability of structural 
materials remained to be another important topic of 
the group that was triggered by various projects, 
primarily with industrial partners (see p. 39, see p. 
163). In the last reporting period the investigations 
were focussed on a possible H enhanced decohesion 
of the interface between precipitates such as κ car-
bides (P. Dey), TiC (R. Nazarov) [33], and cementite 
(E. McEniry) [34] and the Fe matrix in steels. Further 
activities cover the interaction of H with vacancies 
(R. Nazarov) [19], chemical trends for the H solubility 
[35] and the understanding of the thermal desorption 
spectroscopy (E. McEniry).

the resulting time-temperature-transformation (TTT) 
diagrams, including the relation between the nose 
temperature for the fastest precipitate formation and 
the asymptotic temperature for the entropically-driven 
dissolution of all atoms in the matrix [10]. The fast 
determination of such trends would not have been 
possible without our Python based workbench 
PyIron discussed above. It is currently also used to 
identify fundamental rules for the solution of interstitial 
elements by analysing the results of high-throughput 
investigations (U. Aydin) and for running automated 
calculations with a prescribed error convergence (J. 
Jansen), which we consider as future challenge in 
the framework of integrated computational materials 
engineering (ICME).

these steels is characterized by an anti-Suzuki effect, 
i.e. the interstitial C atoms will diffuse away from the 
planar defect. Since the relevance of this process 
depends on the temperature imposed by the experi-
mental conditions, we were able to explain different 
chemical trends observed in experiment [20]. These 
insights into atomic mechanism are decisive for an 
ab initio based prediction of deformation behaviour, 
e.g. the crash performance of modern steels [32] and 
have contributed to the success of the collaborative 
research centre SFB 761 “Stahl – ab initio” and its 
extension by another funding period starting in 2015.

A kinetic investigation of the precipitate forma-
tion has been performed for Al-Sc using kinetic 
Monte-Carlo simulations (A. Gupta) within the 
DFG priority programme SPP1713. The highlight of 
this work was the prediction of general features in 

Fig. 5: Representation of the atomistic mechanism of 
austenite decomposition including the effect of interfaces. 
Large spheres refer to Fe atoms in austenite (gold), the 
metastable intermediate structure, MIS (red), ferrite (blue) 
and cementite (green). Small dark spheres refer to C 
atoms. Dashed lines visualize the formed nano-twins during 
decomposition. The energy paths between the phases have 
been obtained by nudged elastic band calculations. Figure 
adapted from Ref. [18]

Adaptive Structural Materials (B. Grabowski)

The general aim of the group is the design of ad-
vanced, next-generation structural materials based 
on innovative concepts driven by state-of-the-art 
simulation tools. To achieve this goal, also this 
group is focusing on further advancing the methods 
developed in the CM over the past years. These 
methods are rooted in accurate ab initio approaches 
and they extend to large scale molecular dynamics 
(MD) simulations based on empirical potentials and 
also to analytical approaches based on continuum 
theory. The group has a strong collaborative network 
within the MPIE (e.g., experimental ASM group in the 
MA) and with external partners from academia (e.g. 
Imperial College London or KTH Stockholm) and in-
dustry (Sandvik, Sweden). The projects investigated 
in the ASM group are ranging from simpler mate-
rial systems, where the accuracy of the developed 
methods can be validated against experiment, to 
complex multiscale problems, where the focus is on 
understanding the atomistic mechanisms responsible 
for the experimental observations.

A core effort of the group is the development of 
efficient ab initio methods for highly accurate free 
energy determination at finite temperatures. This 
work is done in close collaboration with T. Hickel’s 
group. A thermodynamic software package is being 
jointly developed that already allows to routinely em-
ploy previously developed methods such as the up-
sampled thermodynamic integration using Langevin 
dynamics (UP-TILD) method. We presently focus on 
computing phase stabilities of arbitrary structures, 
i.e. dynamically unstable solids, multicomponent 
systems, and liquids.

An important step in this direction has been re-
cently taken with the introduction of the two-stage up-
sampled thermodynamic integration using Langevin 
dynamics (TU-TILD) method [36]. This development 
is based on a collaboration with A. Duff (former mem-
ber of CM) and M. Finnis (Imperial College London), 
who are experts in the field of interatomic potentials. 
Combining their knowledge with our expertise in 
describing vibrational free energies, the TU-TILD 

- THE DEPARTMENTS -
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method was invented providing a large reduction in 
computational time (Fig. 6). The key idea is the intro-
duction of an intermediate step based on optimized 
interatomic potentials. These potentials are fitted to 
ab initio MD trajectories at a specific volume and 
temperature. With this fitting procedure the transfer-
ability of the potentials is lost — a requirement in 
the usual construction of empirical potentials — but 
transferability is not needed for the TU-TILD method, 
since the potentials are only used as an optimized 
reference for thermodynamic integration. With this 
method we have enabled not only highly accurate and 
efficient calculations of the full vibrational spectrum, 
but also a very versatile approach allowing us to treat 
arbitrary structures.

Several projects within the ASM group are pres-
ently focused on exploiting the full power of the de-
veloped thermodynamic approaches: One of them 
is devoted to a highly accurate description of the 
temperature dependent phase stabilities in Ti (D. 
Korbmacher). This is a non-trivial task because the 
high temperature bcc phase is dynamically unstable 
and thus previously established rules fail to apply. A 
particularly important point is to understand the finite 
size constraints on the bcc to hexagonal (w) phase 
transition, which we study with TU-TILD potentials. 
In another project, we further transfer and extend 
the knowledge gained for pure Ti to the binary Ni-Ti 
system (S. Maisel), which is technologically important 
its shape memory effect. The challenge in this project 
is to couple the vibrational excitations responsible for 
the stabilization of the dynamically unstable phases 
with the configurational entropy, which we tackle by 
integrating the cluster expansion method into our pre-
vious developments. Another exciting thermodynamic 
for development in the ASM group is the calculation 
of ab initio free energies of liquids (L. Zhu). The dif-
ficulty in determining the thermodynamics of liquids 
is that, in contrast to solid phases, no fixed lattice is 
available which could be used as a starting point. Our 
solution to this problem employs several intermediate 
thermodynamic integration steps between solid and 
liquid including also TU-TILD potentials.

Several collaborative projects broaden our spec-
trum of thermodynamic activities. A recently started 
project on temperature dependent stacking-fault-
energies establishes a collaboration with R. Sahara 
(NIMS, Japan) who received a grant to stay for one 
year in our group. In another project we investigate 
the impact of lattice vibrations on local magnetic 
moments together with B. Alling (Linköping Univer-
sity, Sweden), who is presently a guest researcher 
under the Swedish International Career Grant. In a 
collaboration with A. Ready (Imperial College Lon-
don) we apply our knowledge on bulk Ti and extend 
it to the description of defects (vacancies, impurity 
atoms, and their interactions), in order to understand 
the industrially relevant problem of low temperature 

creep in Ti alloys. Another problem of industrial 
relevance is tackled in collaboration with B. Kaplan 
and A. Blomqvist (Sandvik, Sweden). The goal is to 
establish an accurate thermodynamic database for Cr 
carbides which are a critical component in tool steels.

The projects described so far are based on stand-
ard approximations to the exchange-correlation 
functional within density-functional theory (DFT). 
For a wide range of materials these approximations 
provide an excellent description of finite temperature 
properties up to the melting point. However, for some 
materials such as Au severe discrepancies are found 
in comparison to experiment. In collaboration with S. 
Wippermann from the GO, we have recently extended 
the UP-TILD method allowing now to compute finite 
temperature properties, in particular anharmonicity, 
at a level beyond the standard approximations [37]. 
Applying the new method to Au we could show that 
the severe discrepancies introduced by the standard 
functionals disappear (see p. 171).

In addition to the efforts relating to thermody-
namic properties, projects are carried out where we 
apply and extend our finite temperature expertise 
to kinetic processes. One example is the investiga-
tion of grain boundary migration using large scale 
MD simulations (S. Hadian), which is essential to 
predict microstructure evolution and thereby the 
mechanical properties of materials. The present 
knowledge of grain boundary migration is limited 
and discrepancies between theory and experiment 
exist. We could recently show that, by overcoming 
the limits of state-of-the-art simulations and extend-
ing the simulations to fully 3D supercells and grain 
boundaries deviated from the symmetric case, new 
and unforeseen atomistic mechanisms occur, the 

- DEPARTMENT OF COMPUTATIONAL MATERIALS DESIGN -

Fig. 6: Example of the performance increase in computing 
ab initio free energies for ZrC by the newly developed TU-
TILD method. Good statistical convergence can be now 
reached within a few hundreds of atomic configurations 
(red solid curve, inset) whereas several thousands of con-
figurations were needed previously (blue dashed curve). 
Figure taken from Ref. [36].
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implications of which are presently investigated. This 
work on grain boundary migration is well embedded 
into the strategic plan of the MPIE (see p. 40) and 
cover figure of this report) and also well received by 
the experts in the community as became evident on 
the grain-boundary-migration conference we have 
recently organized (http://gb2015.mpie.de).

An important backbone of the ASM group is the 
close collaboration with the experimental ASM coun-
terpart in the MA headed by C. Tasan. The joint efforts 
of the theoretical and experimental ASM groups are 
guided by the general strategy established in the 
SMARTMET ERC project (see p. 50), with the main 
idea of developing smart metallic materials. Specifi-
cally, we investigate mechanisms responsible for the 
unique properties of high entropy alloys (see p. 147) 
and we also intensively focus on phase transitions 
in Ti alloys. Recently, we started to apply our knowl-
edge on Ti alloys to investigate routes for designing 
self-healing metals. This effort is embedded into the 
DFG priority programme SPP1568, which intends 
to advance self-healing in all material classes. In 
our project, we study whether shape-memory-alloy 
nano-particles can be applied as self-healing agents 
[38]. In particular, on the theory side, we are perform-
ing large scale MD simulations of the interaction of 
a nano-particle with a crack (W.-S. Ko). Our results 
are important guidelines for the corresponding ex-
perimental efforts of the self-healing project.

Beyond the projects mentioned so far, which are 
mainly focused on analysing a specific length scale 

by a suitable method, we investigate also complex 
material problems that require the application of mul-
tiscale approaches. As part of the department-wide 
research on hydrogen embrittlement, we have, for ex-
ample, recently developed an atomistically informed 
analytic continuum approach allowing to predict 
nano-hydride formation in the strain field of disloca-
tions (G. Leyson) [6]. This approach is accurate and 
efficient and allows therefore to compute complete 
phase diagrams (Fig. 7) which can be passed on to 
higher level approaches like discrete dislocation dy-
namics or finite element analysis. This is an important 
step towards quantifying the effect of hydrogen locali-
zation around dislocations to fracture mechanisms. In 
another multiscale project, the mechanisms causing 
C supersaturation of the ferrite phase in a severely 
drawn pearlitic wire are investigated (A. Nematollahi). 
Such wires are the world record holders having the 
highest tensile strengths in structural materials with 
up to 7 GPa. The mechanisms causing these special 
properties are not yet fully understood, but atom 
probe tomography performed in the MA suggests that 
cementite decomposition and the resulting C super-
saturation of ferrite is a decisive factor. A. Nematollahi 
has recently successfully finished his PhD thesis on 
this topic, where he employed different methods on 
various length scales showing that dislocations are 
the main source of the supersaturation. In addition to 
the thermodynamic stabilization of C around disloca-
tions, he could show by atomistic barrier calculations 
and by solving a corresponding diffusion equation 
that there is a realistic drag mechanism which could 
lead to the observed cementite decomposition. These 
theoretical results nicely support and explain the com-
plementary experimental observations performed in 
the MA and SN (see p. 183).

Fig. 7: Example of a nano hydride phase diagram around 
an edge dislocation in fcc Ni as a function of bulk hydrogen 
concentration cH

bulk  and temperature T. The colour indicates 
the excess hydrogen, η,, per unit length of the dislocation. 
In the blue part of the phase diagram a nano-hydride is 
formed, whereas it is destroyed by configurational entropy 
in the red part. The three insets show a region around the 
dislocation core (indicated by the red lines) without and with 
nano-hydride (highlighted by the blue colour).

Mesoscale Simulations (R. Spatschek; until Oc-
tober 1, 2015)

The research in this group is devoted to the 
understanding of scale bridging phenomena ap-
pearing on dimensions between the atomic and 
continuum scales. Various computational and 
analytical techniques, which are particularly tailored 
to the different applications, are used in this group. 
The further development and improvement of models 
and simulation techniques is also an important activ-
ity. In the following, recent key activities are briefly 
discussed.

The understanding of hydrogen embrittlement 
is a central topic for the group and linked to the SFB 
761 (see p. 52). Together with T. Hickel’s group, the 
site preference of hydrogen atoms in Fe-Mn alloys 
has been investigated. It turns out that H prefers a 
Mn-rich environment, which to a large extend can 
be attributed to volumetric effects [35]. Such ab initio 
information is further passed to continuum descrip-

- THE DEPARTMENTS -



73

T
H
E

D
E
P
A
R
T
M
E
N
T
S

tions of coherent hydride formation in the bulk and 
near surfaces. We found that the hydrogen solubility 
limit near free surfaces is significantly lower due to 
elastic relaxation, which enhances the nucleation of 
detrimental brittle hydrides in these regions and at 
cracks (G. Gobbi, C. Hüter).

Within the DFG priority programme SPP1713 
we investigate bainite formation in partial press 
hardening processes as a joint project between 
the MPIE Düsseldorf, RWTH Aachen University 
and IWT Bremen. Press hardening, also known as 
hot stamping, has become an important processing 
technology for the production of high strength steels 
mainly for automotive industry. Conventionally, the 
underlying concept is the rapid quenching of the 
austenite to the martensite state. Recent develop-
ments use interrupted cooling plus quasi isothermal 
holding in the bainite region, yielding partly bainitic 
structures with very attractive properties. This tech-
nique is called bainitic press hardening and it offers 
advanced strength-failure-strain combinations. We 
pursue a scale bridging description of the phase 
transformation kinetics during the forming process, 
which starts from fundamental microscopic properties 
and goes up to effective descriptions on macroscopic 
scales [39] (C. Hüter). 

The thermodynamics and kinetics of grain 
boundaries has been investigated by means of 
amplitude equations approaches, which supplement 
conventional phase field models by preserving atomic 
resolution. The appearance of temperature depend-
ent dislocation pairing transitions in symmetric tilt 
grain boundaries is found to be in agreement with 
predictions from atomistic simulations and phase 
field crystal simulations [40]. Shear coupled motion 
of grain boundaries is found to obey the geometrical 
model of Cahn and Taylor, including also grain rota-
tion [41]. The methodology has also been applied 
to extended defects in nanowires, including scaling 
predictions for the growth conditions of coherent 
nanowires [42, 43] (C. Hüter, G. Boussinot, C.-D. 
Nguyen). 

As a continuation of our activities on grain 
boundary melting we transferred our findings on 
short ranged interactions between adjacent grains 
to larger scales [44, 45]. These short range forces 
locally modify the thermodynamics on the nanometre 
scale and can induce grain boundary premelting of 
high angle grain boundaries below the bulk melting 
point. To understand the implications of these effects 
for the kinetics of melting processes along grain 
boundaries, we combined them with mesoscale con-
cepts for microstructure evolution modelling. It turns 
out that the microscopic effects indeed can have a 
significant influence on the steady state velocity of the 
mesoscopic front propagation (Fig. 8) [46]. Whereas 
the used sharp interface approaches are particularly 

Fig. 8: Hierarchy of scales for the melting along overheated 
grain boundaries. On the mesoscale (background) the melt 
front has a parabolic front. At the tip (magnified), a finite 
mesoscopic dihedral angle forms. On the nanometre scale 
(front panel) the solid-melt interfaces are not straight due 
to the mutual short ranged interaction between nearby 
solid-melt interfaces. α is a dimensionless measure for the 
strength of the short range interaction [46].
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useful for a closed analytical understanding of the de-
pendence on material parameters, actual simulations 
of grain boundary melting in polycrystalline materials 
are easier to perform using phase field methods. For 
that, we have investigated how the short ranged inter-
actions are related to the intrinsic phase field model 
parameters for a quantitative mapping between the 
different methods [47]. A comparison between the 
predicted melting velocities from the sharp interface 
and phase field methods  provides the tools for large 
scale simulations [48] (P. Bhogireddy, F. Twiste, C. 
Hüter).

Peritectic phase diagrams are essential for many 
alloys and in particular for steels. We have studied 
different growth morphologies during peritectic so-
lidification. We have investigated dendritic growth 
as a result of the peritectic reaction, and have com-
pared this case to coupled cellular growth. The latter 
is of practical interest for the formation of composite 
materials directly during casting, as for example in 
Fe-Ni alloys. We find that depending on the spacing 
of the primary solidification, a morphological transition 
between dendritic and cellular growth occurs [49] (G. 
Boussinot, C. Hüter).

A new activity, which has been launched during 
the past years, is the modelling of frictional phe-
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Fig. 9: Frictional sliding on a rigid substrate with velocity 
v. For a thin slider waveguide like modes can form inside 
the slider and trigger a high frequency instability [53]. The 
displacement field of the standing waves is illustrated by 
the arrows.

convergence behaviour has been solved. Here the 
antitrapping current prevents artificial solute segrega-
tion in the presence of a diffusional contrast between 
phases. It turns out, that a consistent model, which 
obeys the Onsager symmetries, also has to take into 
account proper off-diagonal cross couplings between 
concentration and phase fields for achieving realistic 
kinetics and to satisfy all boundary conditions. This 
also allows the elimination of spurious surface diffu-
sion effects and temperature discontinuities at the 
interface (Kapitza jump) [54,-56]. Plastic effects and 
phase transformations induced by Joule heating by 
an external electrical field are considered in [57, 58], 
and additionally resulted in efficient implementations 
of the codes on graphics cards, which can accelerate 
the code by up to two orders of magnitude in com-
parison to a conventional CPU code (G. Boussinot, 
C. Hüter).

Defect Chemistry and Spectroscopy (C. Frey-
soldt)

This group focuses on atomic-scale defects in 
non-metallic materials such as oxides, electrolytes, 
or semiconductors by means of ab initio methods, 
and develops state-of-the-art methods and concepts 
for this purpose.

Point defects exert a critical influence on the 
electrical, chemical, transport, and other properties 
of real oxides and insulating materials. Computer 
simulations are a powerful tool to better understand 
the formation of point defects, their properties, and 
their role in modifying macroscopic material param-
eters [11]. Major challenges in the simulation arise 
from (1) providing a reliable theoretical framework to 
accurately compute the defect energetics, notably the 
formation energy and electrically active transitions 
within the band gap of the material, (2) from linking 
the microscopic picture to a coarse-grained theory 
that is able to describe the experimentally relevant 
time and length-scale (scale bridging), and (3) from 
developing useful approaches for point defects in 
alloys or amorphous materials.

The development of the multi-scale programme 
package SPHInX (available at http://sxlib.mpie.de) 
is a continuous activity of the group. A highlight from 
the past period is the extension of the MPI paral-
lelization to automatic multi-loop parallelization in 
collaboration with the Max Planck Society Computing 
Centre in Garching and the exploration of optimiz-
ing the performance by hardware-specific (GPU = 
Graphic Processor Unit, AVX = Advanced Vector 
Extensions) algorithms for key functions. Further 
external collaborators on SPHInX development are 
S. Boeck (Gemmantics IT Consulting, Erkrath) and 
O. Marquardt (Paul-Drude-Institut, Berlin). Recent 
in-house developments cover the robust implementa-
tion of atomic-spin constraints (M. Grabowski) and 
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nomena (Fig. 9). Starting point is the well-known 
fact that the dynamic friction coefficient is typically 
velocity-dependent. The usual believe is that it is 
decaying with increasing velocity, as a result of the 
reduced time for micro-contact ageing. However, we 
have pointed out in an extended survey that many 
materials indeed show such a velocity weakening 
behaviour only at moderately low sliding speeds, 
whereas often a transition to a velocity strengthening 
regime at higher velocities, where the friction coef-
ficient increases with speed, is rather the rule than 
the exception [50]. The appearance of a minimum 
frictional force in the transition regime has tremen-
dous consequences for rupture fronts, which are 
travelling along a bi-material interface. In contrast 
to conventional “earthquake-like” events, which 
propagate essentially with the speed of sound, so 
called “slow fronts” with significantly lower velocities 
can emerge near the minimum of the frictional force 
[51]. Creep patches, which are a localized weakening 
of the micro-contacts at the interface under shear, 
often appear as precursors to these slow fronts, in 
agreement with recent laboratory observations of 
such periodic events [52]. Whereas the appearance 
of frictional instabilities on all scales from atomistic 
to geological dimensions is often attributed to a 
velocity-weakening behaviour, we recently found 
that also on the strengthening branch instabilities 
can occur for a strong bi-material contrast. The major 
difference between the two cases is that the latter is 
related to high frequency elastodynamic effects. The 
behaviour is expressed in terms of universal stability 
diagrams for large sample heights. In contrast, for thin 
samples (relative to the wavelength of the instability) 
waveguide-like modes can emerge, which are uni-
versally unstable [53] (M. Weikamp, R. Spatschek).

Several efforts have been made for the develop-
ment of phase field models for mesoscale micro-
structure evolution modelling. The long-standing 
problem of thermodynamic consistency for phase 
field models with a thin interface limit for superior 
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a correction scheme for electrostatic interactions 
between defects at surfaces and interfaces.

Group III nitrides for optoelectronic device ap-
plications. To better understand the properties and 
growth of ternary nitride alloys, we study local order-
ing phenomena in epitaxially strained InxGa1-xN layers 
and the associated finite-temperature thermodynam-
ics by means of Monte-Carlo simulations (S. Lee). 
Our calculations predict the existence of a hitherto 
unknown ordered phase at 33% In composition [59]. 
An important problem for optoelectronic devices is 
the identification of loss mechanisms. The group has 
therefore worked on identifying which point defects 
may act as centres for non-radiative recombination 
(Y. Cui). Moreover, we worked on understanding the 
composition dependence of elastic and electronic 
properties of InxGa1-xN layers grown on GaN [60, 
61], as well as understanding the growth of GaN on 
Ge(111) as an alternative substrate [62] (Y. Cui) (Fig. 
10). The methods developed here can be directly 
transferred to understand and predict orientation 
relationships of coherent precipitates or inclusions 
in structural materials such as steels.

A further area of interest has been to understand 
the role of electrostatics for atomic-scale simula-
tions at surfaces, both for adsorbate-adsorbate 
interactions at metallic surfaces in collaboration with 
the group of M. Todorova [7], but also for charged 
defects at surfaces and interfaces, generalizing 
the Freysoldt-Neugebauer-van-de-Walle correction 
scheme for bulk defects to such systems.

Electrochemistry and Corrosion 
(M. Todorova)

The group aims to develop ab-initio based multi-
scale simulation techniques and apply them to 
problems in electrochemistry, with a strong focus on 
corrosion and related topics. The various activities 
in the group are tailored to provide in-depth insight 
into the functionality and evolvement of materials 
properties under the influence of the environment. 
Such insight will aid the development of strategies 
to counteract, retard or suppress degradation 
phenomena in materials (see p. 28).

As a first-step in this direction we have developed 
a unified approach that is based on a fully grand-
canonical description of both ions and electrons and 
that connects and “translates” concepts in semicon-
ductor defect chemistry and electrochemistry [63]. 
Our method links ab initio calculations quite naturally 
to experimental observables, such as the pH-scale 
and the electrode potential, which determine and 
characterise the state of an electrochemical system. 
It provides surprising new insight into apparently 
”old” problems such as water stability, opens new 
routes to construct electrochemical phase (Pourbaix) 

Fig. 10: Calculated interface structure of a semicoherent 
Ge(111)/GaN(0001) interface with a 4:5 lattice match. 
Shown are the topmost Ge layers that translate the latti-
ce match from 4 rows (Ge), in blue, to 5 rows (GaN), in 
red. The insertion of the extra rows (shaded stripes) are 
adopted by rebonding the tetrahedrally coordinated Ge 
atoms, leading to a small number of 5-fold coordinated Ge 
atoms. The model predicts interlayer separations in good 
agreement with experiment [62].
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diagrams and gives a handle to an absolute align-
ment of electrochemical potentials. The microscopic 
understanding gained makes it, furthermore, pos-
sible to obtain ion hydration/solvation energies by a 
hitherto not explored route. The developed approach 
provides a firm footing to the activities in the group, 
which are tailored to facilitate knowledge about the 
elementary process, important in the context of wet-
electrochemistry, their interplay and specific corrosion 
related questions. 

The interactions of atoms and molecules with 
surfaces are at the onset of materials’ degrada-
tion mechanisms, such as corrosion in reactive 
environments. The investigation of the oxidation 
behaviour of Mg and Mg/Zn alloys by means of den-
sity functional theory calculations, is one example of 
research in this area (S.-T. Cheng). An interesting 
outcome is the high propensity of Mg to oxidise. Usu-
ally the adsorption of electronegative elements on 
metal surfaces leads to an increase in work function 
and a decrease in binding energy as the adsorb-
ate coverage rises. A decrease in work-function 
and an increase in binding energy, i.e. the opposite 
behaviour, is observed for N, O and F on Mg(0001). 
Analyses of the electronic structure shows that this 
unusual adsorption behaviour is a consequence of 
a highly polarisable electron spill-out present in front 
of the Mg(0001) surface, which is responsible for the 
appearance of a hitherto unknown net-attractive lat-
eral electrostatic interaction between same charged 
adsorbates (Fig. 11). Understanding this novel type 
of bonding allows us to rationalise the high propen-
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sity of magnesium to corrode and get insight into 
the initial stages of corrosion - the arising attractive 
interactions lead to a spatial localisation of reactive 
atoms, which results in an earlier onset of oxidation 
at a given adsorbate’s chemical potential [7].

Another example investigating the interactions 
of H2S with Fe-surfaces (M. Ilhan) in the context of 
sour-gas corrosion is highlighted in p. 165.

An important step towards the modelling of, e.g., 
metal dissolution or wet corrosion is the ability to 
accurately describe ions and their solvation shells 
at the solid/liquid interface, within its proximity and 
within the bulk solution of an electrolyte. Studying 
ions near the interface requires including electric 
fields, the interaction with a (charged) surface, pos-
sible ion or field induced surface reconstructions. A 
realistic description of these phenomena and their 
interplay requires substantial new method develop-
ments which are underway or will be addressed 
in forthcoming investigations. The case of ions in 
bulk electrolyte is seemingly “easier” to tackle and 

Fig. 11: Difference electron density plots for 0.25 mono-layers of F adsorbed at different heights above the Mg(0001) 
surface. It visualizes the efficient embedding of F at its equilibrium adsorption position within the spill-out electron region 
of the surface, which facilitates the attractive interaction between the same charged adsorbates.

Fig. 12: 2D radial distribution function of water, which vi-
sualizes density variations as a function of distance from 
a chosen oxygen atom, obtained by molecular dynamic 
simulations with the popular classical potential (TIP3P) and 
the PBE exchange-correlation functional, which is known 
to overstructure water.

provides one advantage – it allows us to gauge and 
develop our methodology by comparing calculated 
quantities to measurable observables. In this context 
systematic studies performed by A. Vatti present 
an important milestone. His investigations on the 
influence of various parameters (e.g. temperature, 
pressure, water surface dipole, DFT-functional) on 
the formation energies of ions in water allow us to 
access the importance of different contributions and 
to develop a protocol to calculated accurate ion for-
mation energies (Fig. 12). It, furthermore, enables 
us to consolidate the approach usually used within 
the chemical/biological community, in which an ion 
in vacuum is considered the reference state for ion 
solvation, and the semiconductor based approach 
employed by us, in which the elemental state of the 
atom is considered the reference. A comparison 
of the calculated formation energies and transition 
levels for the investigated ions Cl, I, Br and Zn ions 
are found to accurately reproduce the experimental 
values. Hereby methodologies, such as the Frey-
soldt-Neugebauer-van-de-Walle correction scheme, 
developed for charged defects in semiconductors are 
of central importance.   

A process which can be either utilised (i.e. to en-
hance the speed of drilling) or presents severe prob-
lems (i.e. cause major incidents in industrial plants) 
in industrial applications is liquid metal embrittle-
ment. The liquid metal embrittlement of Fe by Zn [64] 
was studied in collaboration with K.-D. Bauer and 
K. Hingerl (Linz University, Austria). Evaluating the 
difference between the DFT-calculated grain bound-
ary and the surface energies of the corresponding 
surfaces by utilising both the canonical Griffith and 
the grand-canonical Wang-Rice model showed that 
the Zn induced weakening of the GB sets in in the 
Wang-Rice formulation for Zn concentrations which 
are 2-3 orders of magnitude lower than in the Griffith 
case. Since the Wang-Rice model assumes suffi-
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ciently mobile Zn, which is able to preserve a constant 
Zn chemical potential at the crack tip as the crack 
propagates, and the canonical model assumes that 
the Zn amount present within the GB is preserved at 
the surface, i.e. it remains unchanged, this suggests 
that kinetic barriers in Zn diffusion can largely reduce 
the undesired effect of GB weakening. The attempt 
to combine the insights obtained from DFT based 
modelling with the continuum models employed and 
developed in the group of R. Spatschek is the topic of 
an ongoing project of the MPIE doctoral programme 
SurMat (P. Bhogireddy). 

Further activities in the group focus on the stabil-
ity of surfaces, interfaces or materials under the 
influence of the environment. The identification of 
stable and metastable surface/interface structure 
subject to the given environmental conditions is 
aided by the construction of surface Pourbaix dia-
grams. One example is our continuing work on the 
stability on polar ZnO(0001)-Zn surfaces, in which we 
focus on the interface phases in an aqueous electro-
lyte (S. Yoo). These provide the basis for comparison 
to experimental measurements performed in the 
groups of M. Valtiner (GO) and K. Morgenstern (Ruhr 
University Bochum).  A further example are the in-
vestigations of materials stability, understanding 
of stabilisation/destabilisation mechanisms and 
oxide growth related to the construction of defect-
phase diagrams [65, 5]. Such diagrams identify the 
majority defect species as functions of applied bias 
and chemical potential and allow discussions about 
the impact that aqueous electrolyte has on the elec-
tronic structure of a semiconducting electrode, thus 
providing insight into areas of interest in the context 
of electrochemical applications, such as corrosion. 
(see p. 161).

Growth Modelling (L. Lymperakis)

The focus of the growth modelling project group is 
on the epitaxial growth of compound semiconductors 
with a strong focus on III-Nitride materials. The topics 
of interest include the thermodynamics and kinetics 
of epitaxial growth [8, 66, 67], the electronic proper-
ties of surfaces [68, 69] and extended defects [70], 
as well as the growth and optoelectronic properties 
of semiconductor nanostructures [71]. Within the 
reported period L. Lymperakis was and is active in 
three EU funded projects: (i) The Industry-Academia 
Marie-Curie project SINOPLE, (ii) the Nanosciences, 
Nanotechnologies, Materials and new Production 
Technologies project ALIGHT, and (iii) ECSEL Joined 
Undertaking project PowerBase. Selected topics that 
were and are addressed in this area are: 

The growth of high In content InGaN alloys 
with sufficiently high crystal quality constitutes a puz-
zling situation where the complex interplay between 
surface morphologies, partial pressures and growth 
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temperature plays a central role. We have investiga-
ted the bulk and surface thermodynamics of InxGa1-xN 
growth for the technologically relevant (0001) and (0 
0 0`1) growth planes by means of DFT calculations.
Our calculations reveal that chemical effects (i.e. 
stronger Ga-N as compared to In-N bonds) result 
in a strong driving force for In surface segregation 
in the (0001) growth [8]. Furthermore, the thermal 
stability of excess In is found to be remarkably higher 
on N-polar surfaces than on the Ga-polar surfaces, 
indicating that for a given level of In incorporation, 
higher temperatures can be used for N-polar growth 
as compared to Ga-polar growth [67]. We have 
furthermore investigated the thermodynamics of 
solid and gas phases in molecular beam epitaxy like 
growth conditions and we highlighted the effect that 
plasma discharges have on the critical temperatures 
for InGaN decomposition: The weaker binding of 
the active nitrogen species produced by plasma as 
compared to ground state molecular nitrogen shifts 
the equilibrium and thus the maximum allowed growth 
temperatures to ≈500K higher values. However, the 
aforementioned temperatures have to be decreased 
by ≈100K for every 25% InN added to the InGaN 
alloy (A. Duff).

Surfactants and antisurfactants are species, 
deposited prior to growth on the substrate to over-
come fundamental limitations set by thermodynamics 
and adatom kinetics in a particular heteroepitaxial 
system. The role and mechanisms of surfactants and 
self-surfactants in the growth of group III-Nitrides is 
well established and understood. However, the phys-
ics governing the technological important example 
of Si as antisurfactant in GaN was under intensive 
debate. In contrast to surfactants that mainly modify 
the growth mode by influencing adatom kinetics, we 
have revealed that antisurfactants modify the chemi-
cal potentials at the surface. This is based on the 
formation of a single SiGaN3 subsurface monolayer 
(Fig. 13) that is electrically active and introduces 
a dipole moment caused by a charge transfer from 
the aforementioned layer to the surface [66]. Hence, 
growth proceeds in a lateral epitaxial overgrowth 
way only at locations where the SiGaN3 layer is not 
present and allows to block and reduce the density 
of threading dislocations (in cooperation with M. 
Albrecht, Leibniz Institute for Crystal Growth, Berlin).
Dislocations are extended defects that induce 
electronic states into the bandgap of semiconduc-
tors. However, a particularly interesting case is the 
perfect screw dislocations in a direct band gap 
semiconductor: The core of the defect consists of fully 
coordinated atoms and exhibits in first order a pure 
shear strain field. Thus, apart from their technological 
importance, these defects allow to investigate the 
physics underlying the effect of shear strains on the 
electronic structure of semiconductors. In order to 
investigate the later we developed an ab-initio based 
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Fig. 13: Surface energies, referenced with respect to the 
SiGaN3 terminated surface, as function of the number of 
GaN overlayers grown above the SiGaN3 layer. The upper 
insets represent the atomic configurations without and with 
two GaN overlayers, respectively. In the case of 2 GaN 
overlayers the charge transfer and the build in electrical 
dipole moment are indicated. The bottom inset represents 
a top view of the SiGaN3 layer. The dashed frame indicates 
the                    reconstruction. Green, blue, red, and white 
balls indicate Ga, N, Si atoms and Ga vacancies, respec-
tively. Figure taken from Ref. [66].

quasi-continuum approach which combines DFT 
calculations with elasticity theory and we investigated 
the electronic properties of a-type screw dislocations 
in GaN [70]. In contrast to the common picture of ex-
citon localization by screw dislocations, our analysis 
revealed that both the valence band maximum as well 
as the s-type, and hence in principle insensitive to 
shear strains, conduction band minimum (CBM) bend 
into the bandgap. This unexpected and with previous 
concepts not understandable downward shift of the 
CBM was shown to be a consequence of higher lying 
conduction bands that have p character and that are 
due to the huge strain fields around screw disloca-
tions in GaN so strongly shifted that they hybridize 
with the band edge (in cooperation with M. Albrecht, 
Leibniz Institute for Crystal Growth, Berlin).

Wulff diagrams constitute a powerful tool to 
understand and control homo- and hetero-epitaxy 
along various crystallographic orientations and 
can be used to predict and design the growth of 
thermodynamically stable surface morphologies. 
However, due to the low point-group symmetry of 
the wurtzite crystal structure, polar and semipolar 
surface energies of these crystals are ill defined. 
Nevertheless, by invoking the similarities between 
the wurtzite {0001} and zincblende {111} planes, 
surface energies of the former can be calculated. 
Our calculations revealed that under typical GaN 
MBE (molecular beam epitaxy) growth conditions, 
the surface energies are independent of surface ori-
entation and the mechanism to minimize the surface 
energy is to minimize the surface area. However, for 
the industry preferred HVPE (hydride vapour phase 
epitaxy) and MOCVD (metal organic chemical vapor 
deposition) growth, the surface energies show a 
strong orientation dependence having deep cusps at 
the polar (0001), non-polar (1 1`2 0) and the semi-
polar (1 1`2 2) orientation. This indicates that other 
semipolar (1 1`2 /) orientations under conditions of 
thermodynamic equilibrium are prone to roughening 
and/or faceting towards the aforementioned planes.In 
a PhD project that started in January 2015 the elec-
tronic properties and thermodynamics of point 
defects in oxide- and organometallic- perovskites 
are investigated. SrTiO3 constitutes a representative 
model for the wide class of large bandgap perovskites 
and has attracted considerable attention due to the 
two-dimensional electron gas (2DEG) observed at 
the interface with LaAlO3 as well as due to the strong 
photocatalytic property under ultraviolet light. Halide 
perovskites are under an unprecedented progress 
thanks to their remarkably high efficiency in solar cell 
applications. In the first period the focus of the project 
is on the thermodynamics and electronic properties 
of oxygen single and di-vacancies in SrTiO3 which 
are investigated by means of hybrid functional cal-
culations. In the second period the focus will shift 
to inorganic-organic hybrid perovskite materials (M. 
Alam, in collaboration with MA and SN).
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laboration with MA and SN): Electronic properties 
and thermodynamics of point defects in oxide- and 
organometallic- perovskites
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M. Rohwerder, M. Stratmann (provisional head J. Neugebauer)

Department of 
Interface Chemistry and Surface Engineering

Introduction

The Department of Interface Chemistry and 
Surface Engineering (GO) is mainly focussing on 
corrosion and adhesion science as well as elec-
trochemical energy conversion. It is internationally 
known to be one of the leading groups in the field of 
electrochemical sciences. Our mission is to combine 
both fundamental and applied sciences to tackle key-
questions for a progress towards new or better, en-
ergy saving and efficient, cheaper and longer lasting 
materials for applications in structural (in particular 
steels and other alloys) and functional materials, 
e.g. for fuel cell catalysts, batteries, adhesives and 
smart coatings amongst others. The department 
currently hosts five research groups. The different 
groups focus on high-throughput methods and the 
development of combinatorial methods in adhesion 
science and electrochemistry, on characterization 
of electrified interfaces by complementary methods 
such as vibrational spectroscopy, in-situ diffraction 
studies and scanning probe techniques, such as 
Scanning Flow Cell (SFC), Scanning Kelvin Probe 
(SKP), Atomic Force Microscopy (AFM) or Scanning 
Tunnelling Microscopy (STM), as well as on related 
ab initio simulation. We combine electrochemistry 
with a surface and interface science approach, and 
in most projects we complement both, experimental 
studies on atomically well-defined model systems 
as well as on technical systems with atomistic ab 
initio modelling. All groups in the department have 
their independent and strong research agenda, while 
collaborative research projects are synergistic and 

focus on major challenges and complex scientific 
questions that require the scale and interdisciplinarity 
(detailed below).

In the reporting period the department was subject 
to a number of advancements and adjustments: First 
of all, in June 2014 the head of the department, Martin 
Stratmann, took over as president of the Max Planck 
Society and is officially on leave from his position at 
the MPIE. Michael Rohwerder took over the coordi-
nation of the department and Jörg Neugebauer (head 
of the department “Computational Materials Design”) 
acts as temporary head of the department. In 2013 
the department was able to gain Stefan Wippermann 
as head of a new research group on “Atomistic 
Modelling” (see p. 29). The motivation of this theory 
group located inside an experimental department is 
to gain atomic level insight into key processes in the 
gas-phase, in solutions, at interfaces/surfaces and 
in nanostructures, which are inaccessible by other 
means. Moreover, in 2013 Frank Renner (head of the 
former “Interface Structures and High Temperature 
Reactions” group) accepted a position as professor 
at the University of Hasselt and left the MPIE. In 2014 
Michael Rohwerder was offered the position as full 
professor in the MSE department at the Ohio State 
University, but could be successfully kept at the Insti-
tute. The name of his research group was changed 
from “Molecular Structures and Surface Modification” 
to “Corrosion” to better cover the much broader 
current scope of this group. Furthermore, at the end 

Fig. 1: Research portfolio and expertise.
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of 2014 the Christian-Doppler-Laboratory (CDL) for 
Diffusion and Segregation during Production of High 
Strength Steel Sheet (group head: Michael Rohwer-
der), which was established in 2008, was concluded 
after seven successful years.

The department is actively participating in various 
collaborative research efforts with internal and exter-
nal partners. Several scientists of the department are 
taking part in the DFG Cluster of Excellence „Ruhr 
Explores Solvation“ (RESOLV), which is centred at 
Ruhr University Bochum‘s (RUB) Faculty of Chemi-
stry and Biochemistry. Our contributions to solvation 
science in RESOLV focus on the role of solvents in 
electrochemical reactions, and solvation of inter-
faces. Further, the GO is part of the EU 7th framework 
programme Marie Curie Initial Training Network (ITN) 
project „Somatai - Soft Matter at Aqueous Interfaces, 
which started in October 2013. 

With its versatile experimental and theoretical 
expertise (Fig. 1) the GO is in the unique position 
to assist and promote diverse industrial research 
by its profound expertise in investigating the 
underlying fundamental electrochemical re-
action mechanisms and kinetics. For instance, 
electrochemical oxygen reduction reaction (ORR) - a 
key process in corrosion as well as energy conver-
sion - has been the focus of several joint research 
projects in the department aiming at a fundamental 
understanding of its mechanism for better control in 
corrosion protection as well as improved catalysis in 
fuel cells and air batteries. These research projects 

combine both advanced electrochemical as well as 
in situ and in operando spectroscopic experiments 
with theoretical modelling. In the reporting period be-
sides ORR also the oxygen evolution reaction (OER) 
has become object of intense research activities 
and in this context also research on transpassivity 
of electrode materials under OER conditions. The 
knowledge obtained in the fundamental research 
on electrochemical key reactions such as oxygen 
reduction and oxygen evolution plays a crucial role 
in helping us to unravel practical problems met in 
industrial applications or processes such as in cor-
rosion, batteries and fuel cells.  

Several research projects focus on industrial pro-
cesses such as electrophoretic coating, phosphating, 
alternative surface treatments. Further, considerable 
research effort is centred on diffusion and segrega-
tion during production of high strength steel sheets, 
including e.g. the complementary experimental and 
theoretical investigations of grain-boundary oxidati-
on processes. A special collaborative interest of the 
institute is hydrogen in steel. The activities in this 
field have been further enhanced, complementing 
experimental and theoretical methods in cooperation 
between the departments play an important role. In 
the GO in particular the Scanning Kelvin Probe and 
Scanning Kelvin Probe Force Microscopy were fur-
ther developed in combination with complementing 
techniques to uniquely and directly detect hydrogen 
in steel with high spatial resolution (see p. 39). 

- THE DEPARTMENTS -
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Scientific Concepts and Broader Impact

All our research groups are synergistically working 
on common areas of interest and we are strongly de-
dicated to collaborative work with external partners. 
Our scientific concept comprises diverse fundamental 
and industrial fields:

Electrochemical sciences

In the recent years extensive collaborative expe-
rimental and theoretical work focussed on the elec-
trochemical oxygen reduction reaction (ORR), a 
fundamental electrochemical reaction relevant in both 
corrosion as well as energy conversion processes. At 
metal surfaces the ORR is the cathodic partial reac-
tion driving many corrosion processes. On the other 
hand, the electrocatalysis of the ORR in fuel cells and 
air batteries is intensely studied with the aim of impro-
ving the kinetics and reducing the over-potential that 
limits the energy efficiency. One important approach 
for advancing our understanding of this reaction is to 
make progress in ab initio simulations about it. This 
is, however, difficult, because reliable experimental in 
situ data for instance of reaction products are difficult 
to obtain and thus experimental feedback is more or 
less missing. To overcome this problem dedicated 
model experiments were designed. By combining 
electrochemical experiments with attenuated total 
reflection infrared absorption spectroscopy, the me-
chanism of the electrochemical oxygen reduction 
reaction on n-Ge(100) as a model semiconductor 
has been investigated. Surface-bound superoxide 
and peroxide have been found as intermediates both 
in acidic and alkaline electrolytes. Peroxide is more 
prominent in alkaline solutions. For the assignment 
of the vibrational spectra, a combination of density 
functional theory (DFT) calculations and isotope 
exchange experiments was used [1-2]. Especially 
in acidic solution, the onset of the oxygen reduction 
is closely linked to a change in surface termination 
to an H-terminated surface at negative electrode 
potentials. On the basis of several experimental da-
tasets, a catalytic cycle for the ORR on Ge(100) 
was suggested [1]. Analysing the relation between 
absorbance of certain intermediates and total current 
opens the way for a detailed understanding of the 
kinetics of individual steps in this multistep reaction 
[2-4].

In collaboration with the group of P. Koelsch 
(Karlsruhe Institute of Technology / University of 
Washington, Seattle), who is an expert on sum fre-
quency generation (SFG) spectroscopy, in situ elec-
trochemical SFG experiments on electrode surfaces 
modified by molecularly highly ordered araliphatic 
self-assembled monolayers have shown third-order 
nonlinear optical effects, i.e. a coupling of the static 
electric field to the vibrational transitions [5]. Such a 

coupling may be exploited to probe the electric 
field at the electrode/electrolyte interface, if the-
re is a method (e.g. by first principles calculations) 
to quantify the coupling coefficient. The molecular 
structure of this electrode/electrolyte interface is 
essential in electrochemical and natural processes. 
In particular, ion and water structuring at charged 
solid/electrolyte interfaces dominate structure and 
functionality in many physiological, geological, and 
technological systems. In technological applications 
and processes ion concentration ranges often above 
50-100 mM where structuring is expected to occur 
within the range of molecular dimensions. Yet no 
qualitative or quantitative model exists for pre-
dicting ion structuring at solid/liquid interfaces. 
In the recent years, we started to use force probe 
experiments as workhorse to directly probe struc-
tural forces at solid/liquid interfaces. For instance 
we showed how specific ion adsorption can strongly 
influence how electric charge is compensated in 
the electric double layer on model ceramic surfaces 
[6]. These studies are planned to be complemented 
by experiments with the recently installed Near-
Atmospheric-Pressure Photoelectron Spectroscopy 
(NAP-XPS). The NAP-XPS is a new instrument in 
the department and has now been integrated into a 
dedicated environment for fundamental research on 
electrochemical sciences, partly in cooperation with 
the excellence cluster RESOLV. 

Also interfacial structuring of organic electrolytes, 
including room temperature ionic liquids (RTILs) 
and Li-ion battery fluids, was studied. RTILs have 
emerged as unique electrolytes for energy applica-
tions offering potential for designable chemical and 
physical properties. How ionic liquids structure at 
charged interfaces determines the functionality in 
electrochemical devices such as batteries or super 
capacitors. 

Yet, the importance of impurities (water or other 
solutes) on molecular ion structuring and charging 
mechanism of solid interfaces in RTILs is unclear 
and has been largely ignored. Impurities may alter 
structures, charging characteristics, and hence 
performance at electrified solid in both a positive or 
negative way. In the reporting period force probe 
experiments and XPS measurements were utilized 
to directly measure how water and other impurities 
alter the interfacial structuring and charging characte-
ristics of RTILs on dielectric surfaces and electrified 
metal surfaces [7]. On ceramic interfaces water can 
dissolve surface-bound cations, which leads to high 
surface charging and strong RTIL layering. In con-
trast, layering of dry RTIL at weakly charged mica 
surfaces is weakly structured. At electrified gold elec-
trodes the influence of water is limited to interactions 
within the RTIL layers, and is not related to a direct 
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electro-sorption of water on the polarized electrode. 
Currently, the influence of other potentially beneficial 
additives such as organic long-chained molecules 
and polymer materials is tested. Generating such de-
tailed insights into molecular interface structures will 
further guide the targeted development of structures 
and properties at electrified interfaces.

Another important aspect is how electric double 
layers respond dynamically during active opera-
tion of an electrochemical device, or during ongoing 
active corrosive processes that continuously gene-
rate or deplete charge at an interface. To study such 
dynamic aspects of electric double layers we also 
utilized direct electric double layer force measure-
ments. For the first time we could directly measure 
strong electrochemical reaction forces, which are due 
to temporary charge imbalance in the electric double 
layers caused by depletion/generation of charged 
species. The real-time capability of our approach re-
vealed significant time lags between electron transfer, 
oxide reduction/oxidation, and solution side reaction 
during a progressing electrode process. Comparing 
the kinetics of solution and metal side responses 
provided unique evidence that noble metal oxide 
reduction proceeds via a hydrogen adsorption and 
subsequent dissolution/re-deposition mechanism 
[8]. In addition, the existence of reactive forces may 
explain why adhesive and cohesive forces can trig-
ger processes such as crevice corrosion or stress 
corrosion cracking and nano-particle from electrode 
support materials.

Many of the research projects allocated in the field 
of electrochemical sciences are closely related to the 
DFG-funded Cluster of Excellence RESOLV. More 
specific current research within RESOLV is, among 
other activities, focussed on electrochemistry in the 
“dry” (see further below) and on in situ vibrational 
spectroscopy, with the aim on the understanding 
of the electrode-potential dependent solvation of 
electrodes [9]. Main aim is again to link experimental 
results to first principles calculations. 

Corrosion

The corrosion research of the department includes 
aqueous, atmospheric and bio-corrosion processes 
and their inhibition, covering both fundamental and 
applied aspects. 

Using the scanning flow cell (SFC) system with 
downstream analytics allows electrochemical 
high-throughput screening and characterization 
of corrosion properties of material samples. 
This method, which was developed in the GO, has 
become a routine technique for corrosion research 
and up to now 8 set-ups with integrated mass spec-
troscopy or UV-vis analysis are in operation. In the 
reporting period SFC was successfully applied for 

studying the corrosion of magnesium, where it pro-
vided important insights, including the much disputed 
negative difference effect [10-11]. In extension, cur-
rent efforts include the investigation of various ma-
terial libraries, which should finally lead to guidelines 
for the optimization of material composition for best 
corrosion protection with regard to the respective 
environment of use. 

Of special importance of our research is the cor-
rosion behaviour of zinc (alloy) coatings. Despite 
the high importance in corrosion protection, the 
fundamental understanding of the behaviour of zinc 
based metallic coatings under different and often 
changing environmental conditions is still not exhau-
stive. Therefore, the in-house developed SFC high 
throughput approach coupled to online analytics, 
which is capable to deal with the issue of the com-
plex interrelation between many material parameters 
and simulated test conditions efficiently, has been 
in particular extended for the variation of electrolyte 
composition. This has been utilized in collaboration 
with industrial partners to increase our understan-
ding of the impact of the electrolyte components on 
the fundamental corrosion mechanism and kinetics 
of Zn based systems [12]. Moreover, the SFC has 
been successfully installed in the laboratories of the 
collaboration partners, and is being further technically 
optimized so that it can become a routine tool for 
the evaluation of corrosion properties also in other 
industrial laboratories.

The investigations by SFC are mainly focused on 
the fundamental dissolution kinetics. The longterm 
corrosion performance of zinc alloy coatings is, 
however, to great extent also determined by the 
corrosion product layers forming over time. These 
were in focus of research, too. Important information 
on the effect of environmental factors and the role 
of the micro-structure could be elaborated [13-16]. 
Moreover, also the initial stages of Zn corrosion 
are of importance, as they may influence the further 
course of corrosion. Electrochemically grown oxides 
on zinc are the first corrosion products. A combination 
of ex situ and in situ analysis of the oxidation of zinc in 
carbonate shows that the oxide films growing are si-
gnificantly different from bulk oxides, as e.g. detected 
via their Raman and photoluminescence spectrum. 
The reason is the large density of defects in these 
oxides [17]. On copper, oxide growth in solution has 
implications for the antibacterial activity of the copper 
surfaces, as studied in collaboration with F. Mücklich, 
Chair of Functional Materials of the Saarland Univer-
sity [18]; however, these are non-trivial effects that 
require further model experiments.

The corrosion of metallic alloys, especially steels, 
in the presence of aqueous H2S, so-called “sour gas 
corrosion”, is an old topic in corrosion research that 
surfaces again because of the exploitation of more 
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and more non-classical sources of oil and gas. When 
reviewing the literature, one notices a lot of reports 
based on field experience and standardised tests, 
but there is still a limited understanding of a number 
of fundamental aspects [19]. The limited understan-
ding motivated collaboration with the steel industry 
to investigate in more detail mechanistic aspects of 
sour gas corrosion, e.g. the electrochemistry of iron in 
acidic electrolytes containing H2S. Interesting results 
show the metallic nature of the corrosion products, 
and a strong oxygen content in corrosion products, 
possibly caused by the presence of amorphous iron 
oxides [20]. The complex chemistry of iron sulfides 
and oxides, coupled with a complex electrochemistry 
makes sour gas corrosion hard to understand, and 
current efforts are directed to further progress in this 
direction.

Microbially influenced corrosion (MIC) by ma-
rine sulfate-reducing bacteria is a major contributor 
to corrosion of iron in anoxic environments [21]. 
Anaerobic MIC causes serious damages in the oil 
and gas industry, thus assessing and monitoring 
of corrosion problems and also elucidating the yet 
still unresolved corrosion mechanism is of great im-
portance. In close cooperation with the Max Planck 
Institute for Marine Microbiology in Bremen and in a 
multidisciplinary approach utilizing electrochemical 
techniques, surface analytics and molecular biologi-
cal methods, we succeeded in quantifying corrosion 
rates in-situ [22] and gaining a more detailed insight 
into the fundamental electron transfer mechanism 
at the electrode/bacteria interface [23-24]. More re-
cently, we have also shown that the direct electron 
transfer mechanism also proceeds in other bacterial 

cultures, in particular methanogenic lithoautotrophic 
archaeon, which makes them highly active and se-
lective in the conversion of CO2 to CH4, a topic also 
of great importance in energy conversion [25].

Crevice corrosion (CC) of metals remains a se-
rious concern for structural materials and aerospace 
engineering. Yet a real-time in situ visualization of 
corrosion, and its inhibition within a confined 
geometry, remains challenging. In our department 
we recently demonstrated how white light interfe-
rometry (WLI) can be utilized to directly visualize 
corrosion processes in real-time, in-situ in a confined 
(i.e. buried) geometry [26]. We studied in detail how 
pure aluminum corrodes in crevice geometries 
and how vanadate ions can effectively inhibit CC 
of aluminum. As shown in Fig. 3 (a) corrosive 5 mM 
NaCl solution is sandwiched between the aluminum 
oxide and an opposing crevice former surface (mica) 
to form a confined zone. Simultaneously WLI directly 
reveals the shape of a confined crevice area in terms 
of fringes of equal chromatic order (FECO) – shown 
in the panels above the schematic. A FECO is a 
standing wave that reflects back and forth between 
the corroding aluminum surface and the inert probe 
mirror located behind the crevice former (mica). After 
1.5 and 2 hours, Fig. 3 (b-c), clearly show that regions 
just outside the intimate contact area show first signs 
of corrosion (increased light intensity). Interestingly, 
CC does not initiate at the intimate contact zone but 
just outside, where the electrolyte layer above the Al 
is about 20-200 nm thick. This behaviour indicates 
a delicate balance between the established corro-
sive potential within the confined zone and material 
transport rates out of/ into the confined zone. Fig. 3 

Fig. 3: Consecutive 2D FECO images obtained as a function of time after injection of 5 mM NaCl into a confined alu-
minum/mica contact. The schematics below show progress of the corrosive reaction as deduced from the FECO images. 
As indicated in the schematic shown in (c) a subtle balance between material transport rates (diffusion and migration) 
as well as reaction rates may control the locations where rapid Crevice Corrosion initiation is most likely [26].
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(d-e) show how the confined zone rapidly corrodes 
until the corroded area is about three-times the initial 
intimate contact area. Using this method we could 
directly quantify (1) critical bulk concentrations of 
the corroding species (chloride) that are necessary 
to initiate CC; (2) the concentration of corrosion 
inhibitor above or below which the corrosion is ef-
fectively inhibited For instance, 2.5 mM NaVO3 can 
effectively inhibit the corrosion of aluminum in 5mM 
NaCl solutions for 25 hours, however, in 50 mM NaCl 
the rapid breakdown of the native oxides occurred 
after about three hours. (3) In general we could show 
that CC initiates with a breakdown of the passivating 
oxide surface. This method now allows for a detailed 
and high throughput screening of effective corrosion 
inhibitors.

Such a real-time Angstrom-resolved visualization 
of dynamic processes at electrified solid/liquid 
interfaces has not been feasible to date. We recent-
ly also reported a unique experimental setup that 
allows us to generate a real-time atomistic view into 
dynamic processes at electrochemically active me-
tal interfaces using white light interferometry (WLI). 
Quantitative in situ analysis of the potentiodynamic 
electrochemical oxidation/reduction of noble metal 
surfaces shows that Angstrom thick oxides formed 
on Au and Pt are high-ik materials; that means, they 
are metallic or highly defect-rich semiconductors, 
while Pd forms a low-ik oxide. In contrast, under 
potentiostatic growth conditions, all noble metal 
oxides exhibit a low-ik behaviour [8]. This clearly de-
monstrated that surfaces under active conditions are 
very much different from equilibrated surfaces. Yet, 
exactly the dynamic aspects of growing or reducing 
oxide thin films are very important with respect to 
stability of metallic materials. With our new methods 
we can now for the first time aim to understand the 
molecular origin of actively progressing processes 
such as reactive dissolution of metals, in particular 
also in trans-passive regions, where passivation 
typically breaks down during dynamic change of the 
surface structure. 

With respect to trans-passive degradation, the de-
partment combines a number of different techniques 
in order to study how and why oxides break down. 
This is becoming a topic of increasing importance for 
all research groups of the department who strongly 
cooperate on this topic.

High temperature oxidation is another topic 
that is becoming increasingly important within the 
GO. Special focus are short term high temperature 
treatments that are crucial in many industrial proces-
sing steps in steel making, such as hot rolling and 
recrystallization annealing before hot dip galvanizing. 
These relatively short processing steps are generally 
not much investigated yet and are determined by 
kinetics of oxygen uptake, nucleation and growth of 

oxides [27] and only to limited extent by diffusion, 
usually considered of key importance in high tempe-
rature oxidation, which leads to final morphologies 
that are still far from equilibrium. This research was 
originally part of the Christian Doppler Laboratory for 
Diffusion and Segregation during the Production of 
High Strength Steel Sheet (Michael Rohwerder) and 
will be continued in the Corrosion group.

Adhesion, thin films and friction

Organic coatings are commonly employed to pro-
tect materials surfaces against corrosion. On steel, 
including galvanised steel, cathodic delamination is 
the main mechanism of failure of these coatings. As 
chromating is already widely banned and now also 
phosphating is foreseen to be applied to much les-
ser extent in the near future, the interface between 
organic or hybride organic-inorganic coatings and 
the metal surface become more and more important. 
Delamination at such interfaces is one of the key 
expertizes of the department.

Recent efforts have been made to understand 
the nature of the chemical reactions that occur in 
the process of cathodic delamination by prepara-
tion of synthetic model interfaces, mainly on zinc, 
that have been polymer coated and subjected to 
cathodic delamination. After deposition of ZnO sol 
gel films with different morphology on zinc surfaces, 
those morphologies with mainly low energy surfaces 
show slowest delamination of weakly bound poly-
mer coatings, indicating that the destruction of the 
ZnO surface is important [28]. On the other hand, 
thin acrylate polymer films have been prepared in 
a free radical copolymerisation process where one 
co-monomer is bound to the zinc surface. Resulting 
reaction-controlled delamination rates depend e.g. on 
the content of hydrophobic cross linkers and the total 
crosslinker content, which implies that a role of radical 
intermediates of the ORR is likely in the delamination 
process [29]. In situ Raman monitoring of the initial 
stages of cathodic delamination on zinc under certain 
conditions shows oscillations in pH and amount of 
corrosion products. The observation of oscillations 
implies that anodes and cathodes must be correlated 
over the surface, as opposed to the current textbook 
picture of random locations [30].

The breaking of the covalent bond between gold 
and the sulphur atom of a self-assembled monolayer 
(SAM) may be regarded as one particular mecha-
nism of de-adhesion. In general self-assembled 
monolayers can serve as model systems for studying 
degradation mechanisms as they might occur at bu-
ried interfaces. Hence, a number of self-assembled 
monolayers that could be of interest for further studies 
was investigated [31-32]. In a series of experiments 
of the reductive desorption of SAMs in a coupled el-

- THE DEPARTMENTS -



89

T
H
E

D
E
P
A
R
T
M
E
N
T
S

lipsometric – electrochemical experiment, araliphatic 
and alkyl SAMs with long chains have been found to 
remain intact or even adsorbed to the metal surface 
even after breakage of the covalent bond [33]. On the 
other hand, shorter thiols stabilise aggregates pos-
sibly containing hydrogen at the electrode/electrolyte 
interface [34]. Up to now one unsolved hindrance 
for a detailed study of fundamental investigation of 
cathodic delamination was that the oxygen reduction 
rate at the buried interface was not directly accessi-
ble. Based on combining Kelvin probe with a hydro-
gen permeation experiment, a novel methodology 
was developed which allows for the first time direct 
measurement of the oxygen reduction kinetics at the 
buried interface (see p. 38). Also of interest and of 
crucial importance for understanding delamination is 
the role of surface oxide terminations and studying 
its effect on the properties of the resulting interface 
with polymers [102]. Another important aspect of de-
lamination is the mobility of charges along the buried 
interface. Hence, the study of charge mobility and of 
its dependence on crucial surface parameters such 
as OH termination is of great importance [103, 109].

In addition, unravelling the complexity of modern 
adhesives acting in the macroscopic world relies 
on understanding the scaling of single molecu-
lar interactions towards integral macroscopic 
interactions. In our department we recently deve-
loped a synergistic experimental approach which 
combines macroscopic adhesion measurements 
using a Surface-Forces-Apparatus and single mole-
cule unbinding experiments using an Atomic-Force-
Microscope (AFM) [35]. We developed a unique 
experimental framework to test the well-renowned 
Jarzynski’s equality, which relates work performed 
under non-equilibrium conditions (in this case during 
single molecule unbinding in AFM) with equilibrium 
free energies, which are necessary to predict ma-
croscopic interactions. In two case studies it has 
been shown that the equilibrated macroscopic work 
of adhesion scales linearly with the number density 
of interface bonds s as long as the chemical func-
tionalities do not interact with each other laterally. 
Irrespective of how far from equilibrium single mole-
cule experiments are performed, the Jarzynski’s free 
energies converge to the same values as measured 
on a macroscopic scale. These results validate the 
applicability of Jarzynski’s equality in general, and 
allow us now to unravel the scaling of non-equilibrium 
single molecule experiments to scenarios where a 
large number of bonds interacts simultaneously in 
equilibrium and at the macroscopic scale. Based on 
this we developed a scaling strategy that allows us 
to predict large-scale properties such as adhesion at 
electrified interfaces on the basis of single-molecule 
measurements (Interaction Forces and Functional 
Materials group) [36]. This now opens a new path to 
understand macroscopic adhesion and delamination.

Functional surfaces, interfaces and coatings

The development of intelligent coatings for cor-
rosion protection within the department focuses to 
a significant extent on the application of conducting 
polymers and particle modified zinc coatings. While 
in the prior reporting period a thorough investigation 
of the problems involved with the use of conducting 
polymers for corrosion protection has been carried 
out in depth and solutions how to solve them were 
developed, in this reporting period further develop-
ments were made for a more efficient performance 
of so called intelligent self-healing coatings. One 
main success was the development of polyaniline 
capsules that can be loaded with inhibitors or other 
self-healing agents (together with partners from the 
Max Planck Institute for Polymer Research in Mainz) 
and first successful applications [37-38]. Another 
major break-through was the successful combination 
of a smart organic coating containing smart capsules 
loaded with monomer with a zinc coating containing 
capsules that were loaded with a catalyst [39]. For 
the first time a coating system could be demonstrated 
to case-sensitively release active agents upon onset 
of corrosion that closed a macroscopic defect site by 
formation of a new polymer coating. 

Moreover, thin organic films have been exploited 
for surface modification of metal surfaces, combi-
ning innovative chemical synthesis in collaborating 
groups with high-level surface analysis at the MPIE. 
Salt-like FeII containing complexes were immobilised 
on gold via thiocyanate anchors in a collaborative 
work with A. Grohmann, Chair of Bioinorganic Che-
mistry, TU Berlin [40]. Phenothiazines as redoxactive 
components and as candidate materials for molecular 
electronics have been synthesised with phosphonate 
linkers in the Department of Organic Chemistry at 
the Heinrich Heine University Düsseldorf, headed 
by T.J.J. Müller. Such phenothiazines adsorb as 
monolayers to oxide-covered iron and as multilayers 
to oxide-covered zinc [41], which widens their spec-
trum of applications. Also, the classical gold-sulphur 
system still holds surprises when used with complex 
molecules, e.g. azobenzene derivatives. Ordered 
films with different adsorption geometries have been 
obtained here, depending on the precursor, but with 
same chemical composition [42].

Besides their role in corrosion and corrosion pro-
tection, particular in passivity, semiconducting oxides 
are also interesting for a number of other applications, 
e.g. in photovoltaics, photocatalysis and in sen-
sing. For a fundamental understanding of the role 
and nature of defects as well as the band alignment, 
advanced photoemission spectroscopy experiments 
in ultrahigh vacuum have been conducted in collabo-
ration with M. Krzywiecki from the Silesian University 
of Technology, Gliwice, Poland. As a result, detailed 
band diagrams have been experimentally determined 
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for sol gel films of ZnO [43] and SnO2 [30]. Results 
indicate that such films are extremely oxygen defici-
ent. For ZnO, defects must be present which serve 
as acceptor, donor and trap at the same time [43]. 
A new method for the detailed analysis of the angle 
dependence of X-ray photoelectron spectra has 
been developed for the ex situ characterisation of the 
electronic structure of thin semiconducting films [30].

The presence of defects in a wide bandgap semi-
conductor manifests itself in the photoluminescence 
(PL) spectra. For ZnO (band gap ~3.4 eV), PL is now 
observed also after excitation below the bandgap, 
e.g. in the visible. In spherical ZnO micro-resonators, 
this PL can couple to whispering gallery modes. The 
shift of such modes in turn can be used to sense 
the refractive index of the surrounding medium [44]. 
Absorption of visible light of ZnO micro- and nano-
structures is also facilitating photocatalytic reactions, 
as shown for the decomposition of an organic dye. 
Interestingly, the ZnO photocatalysts produced for 
this study have been prepared by cathodic delami-
nation, i.e. a corrosion process [45].

Metal colloids are frequently used as electro-
catalysts. A new synthesis strategy for gold particles 
without organic capping agents from a mixture of wa-
ter and dimethylformamide has been systematically 
exploited. By variation of the solvent composition, 
particles with different morphologies were obtained. 
At low water content, particles with the catalytically 
active Au(110) dominate [46].

Measurement and targeted steering of molecular 
interaction forces is another fundamental ne-
cessity to understanding stability and synthesis 
of novel functional interfaces and coatings. In 
particular, interactions between hydrophobic groups 
are fundamental in self-assembly and hierarchical 
structuring of soft matter. The molecular origin of 
hydrophobic interaction forces is however still not 
fully revealed, and seems to strongly depend on how 
water dipoles are arranged around hydrophobes. We 
recently confirmed experimentally that the hydropho-
bic force law, which characterizes the interaction of 
two hydrophobes in aqueous electrolytes, is both 
long-ranged and exponential down to distances of 
about 1–2 nm over large concentration regimes from 
1 mM to 1 M salt concentrations [47-48]. In addition, 
we utilized functional carborane self-assembled 
monolayers to directly tune the molecular dipole mo-
ments of water molecules at hydrophobic interfaces. 
Our data showed that dipoles that are oriented par-
allel to a hydrophobic surface-plane can induce very 
long-range interaction forces due to lateral formation 
of giant dipoles [49]. Hence, surface dipoles may 
additionally lead to an orientation of water molecules 
at hydrophobic surfaces.

Another important aspect of functional mate-
rials are the swelling/shrinkage dynamics during 

exposure to different environments. This includes 
for instance release of molecules from porous me-
dia as well as the swelling of organic coatings. For 
model studies of such swelling dynamics we used 
Metal-Organic Frameworks (MOFs) which are three 
dimensional (3D) crystalline coordination polymers 
consisting of metal ions linked by organic ligands. 
Gas adsorption in MOFs crystals can dramatically 
affect their size (expansion and/or shrinkage) or lead 
to distortion of their porous structure/framework. This 
behaviour can strongly affect the performance of 
MOF-based gas storage devices. We showed how 
white light multiple beam interferometry (MBI) allows 
to measure in real-time (msec time resolution) the 
deformations (Å distance resolution) of MOF crystals 
during cyclic changes between an inert gas (Ar) and 
humidity. Dynamic and non-monotonic deformation 
behaviour (contraction/expansion) due to gradual 
filling of the different adsorption sites present in the 
unit cell of the crystal was measured for the first time 
in-situ with high time resolution [50]. These studies 
will now be extended into the measuring of hydrogen 
loading/ unloading kinetics of various MOF systems 
as well as to study shrinkage/expansion of e.g. or-
ganic coating on corroding metal surfaces.

Industrial processes

In collaboration with different industrial partners, 
the GO continued to work on fundamentals of the 
formation of conversion coatings. Phosphating is 
still the most frequently applied pre-treatment pro-
cess, but requires special attention on new metallic 
coatings and on modern steels. Electrochemically 
assisted phosphating is one option to obtain homo-
geneous phosphate coatings on inhomogeneous 
substrates, and also on high-strength steels [51-52]. 
Detailed investigations of aluminum silicon coated 
steel contribute to the puzzle for understanding the 
exact role of the titanium phosphate activation bath. 
Scanning Auger microscopy shows a phosphate dis-
tribution after activation that is reverse to the distribu-
tion of zinc phosphate crystals after phosphating [53]. 
Statistical analysis of the size of phosphate crystals 
after different times of electrochemically triggered 
phosphating shows that the activation leads to a 
slower and more homogeneous growth of phosphate 
during phosphating. Crystals on non-activated sur-
faces appear to become larger after shorter phos-
phating times. Overall, there is a strong effect of the 
activation bath on phosphate growth, but nucleation 
appears to be less affected [51].

Nanoceramic, e.g. ZrO2-based conversion coat-
ings are bound to replace phosphating in the future. 
In collaboration with partners of the chemical industry, 
the role of Cu2+ added to the deposition solution on 
the formed conversion coatings was investigated. It 
turns out that the corrosion-promoting Cu2+ enhances 
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deposition of the conversion coating around inter-
metallic particles, and at grain boundaries (Fig. 4). 
This “controlled corrosion process” during conversion 
coating formation may be crucial in the protection 
of the inhomogeneous surfaces in “real” materials 
[54]. Further recent activities include an investigation 
of the changes in the oxidic conversion layer after 
electrochemical polarisation.

Joining different materials by welding is an im-
portant industrial process, but some material com-
binations are not accessible in the classic welding 
processes that involve melting. In collaboration with 
the Institute of Production Engineering and Forming 
Machines of TU Darmstadt headed by P. Groche 
within the DFG-funded priority programme SPP1640 
“Joining by forming”, the role of the interface chem-
istry on cold welding of steels and aluminum alloys 
is being investigated. Primary heat treatment of the 
partners critically influences the mechanical prop-
erties of the surfaces, and hence affects the bond 
formation [55]. On the microscopic and nanoscopic 
level, a thin reaction layer consisting of Fe and Al was 
found at the interface between steel and aluminum 
alloy [56], that may be critical for the adhesion, i.e. 
weld formation. The exact nature of this layer is 
subject of current investigations. Likewise, the cor-
rosion behaviour of such cold-welded structures is 
currently being investigated. Attempts to create a 
simple model experiment that permits studies of well-
defined samples to extract essential physicochemical 
parameters in the cold welding process are a further 
field of work [57].

Moreover, zinc based metallic coatings are of tre-
mendous importance for corrosion protection and are 
object of research since decades. Predicting the long 
term performance of novel zinc alloy coatings is still 
a problem (see Corrosion above). A new challenge 
is the so called hot stamping. The development of 
metal coatings that are suitable for that process and 
still provide reliable cathodic protection and good long 
term corrosion performance is the main target of a 
project financed by the Federal Ministry of Educa-
tion and Research (KOWUB). The main activity of 
the MPIE is to investigate the potential of iron rich 
Fe-Zn-Mg alloys. 

The fully automated SFC has been also extended 
for the analysis of real, high surface-area electro-
catalysts, which are important in electrochemical 
energy conversion devices such as fuel cells and 
electrolysers. This has been highly beneficial as the 
wide parameter-space for material composition and 
structure as well as operation conditions require also 
fast screening techniques to obtain reliable informa-
tion within a reasonable timeframe. The SFC has 
been shown to reliably acquire the activity and the 
stability of noble metal catalysts with high-throughput 
[58], and is currently employed for a wide range of 
different types of porous materials including exciting 
non-noble catalysts for oxygen reduction [59].

Fundamental problems of oxidation and hydrogen 
uptake during industrial production steps of high 
strength steel sheet have been the focus of the 
Christian Doppler Laboratory of Michael Rohwerder.

Fig. 4: SEM images of pretreated AA6014 substrates after different immersion time [54].
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Scientific Groups

Electrocatalysis (K. J. J. Mayrhofer)

The research interests of the Electrocatalysis 
group (www.mpie.de/ecat) are related to electro-
chemical reactions at the solid-liquid interface, both 
for corrosion processes and electrochemical energy 
conversion. The main focus of the group is placed 
on the concerted investigation of the activity, stability 
and selectivity of electrode materials for such het-
erogeneous electron-transfer reactions. Thereby the 
behaviour of well-defined and real material surfaces 
are investigated and compared in order to achieve a 
fundamental understanding of the decisive processes 
and structural effects. This is achieved by a unique 
combination of electrochemistry with complementary 
techniques for surface characterization and reaction 
product determination.

The new electrochemical methods, which have 
been developed in the group over the last years [58, 
60-61], are utilized to investigate a wide range of 
scientific challenges. High-throughput combinatorial 
screening tools combined with sophisticated automa-
tion and advanced methods for data evaluation and 
processing are central for the more systematic and 
reliable investigation of a large number of samples. 
In addition, coupling electrochemistry with online 
reaction product determination by Inductively Cou-
pled Plasma Mass Spectrometry [61] and Differential 
Electrochemical Mass Spectrometry [62] increases 
the information depth significantly.

These advanced techniques have provided new 
exciting insights into processes at the solid-liquid 
interface particularly of materials for electrochemi-
cal energy conversion. The key reactions studied in 
our laboratory include the oxygen reduction reaction 
(ORR) and evolution (OER), as well as the utilization 
of CO2 by electrochemical means for the produc-
tion of so-called solar fuels [63]. In contrast to the 
plain activity evaluation of catalyst materials that 
dominate the literature in the field, we focus on the 
overall performance including stability and selectivity, 
as operation over extended times is crucial for the 
success of fuel cells and electrolysers. Namely, the 
conditions during the reactions in these devices are 
often quite harsh and lead to corrosion of the catalyst 
material, even though they typically consist of noble 
metals. Pt, which is among the most active materials 
for the ORR, for instance dissolves significantly dur-
ing transient operation when the surface alternates 
between reduced and oxidized condition [64-66]. Au 
instead dissolves continuously and to a major extent 
during steady-state operation at positive potentials 
close to the oxygen evolution, since it does not form 
a passivating oxide layer as Pt [67-70]. All noble met-
als have in common that they dissolve to a certain 

extent, but clearly there is no inverse relationship 
between activity and stability as commonly believed 
[71]. When noble metals are alloyed with transition 
metals to enhance the intrinsic activity, the dissolution 
becomes more complex, yet still the performance 
can be resolved with our special techniques [72-
73]. Indeed, only in these investigations of material 
libraries the full potential of the approach becomes 
obvious, which will in future also be further extended 
to the investigation of different catalyst materials like 
the promising Ru and Ir oxides for the OER [74-75].

Besides these studies on rather model like elec-
trode surfaces, we are also highly interested in real, 
high surface area catalysts as typically employed 
in real reactors. The aim is to additionally enhance 
the fundamental understanding of the structural 
effects on performance, in order to derive catalyst 
design principles and achieve optimal operation in 
applications [76]. In joint efforts with various expert 
material science groups we therefore contribute to 
the development of new catalysts, eventually with 
lower content of scarce noble metals. For instance, 
together with the department of F. Schüth from 
the Max-Planck-Institute für Kohlenforschung the 
concept of “confined space alloying” has been intro-
duced, providing alloy catalysts with unprecedented 
structural and chemical stability [77-78]. Furthermore, 
in collaboration with the National Institute for Chemis-
try in Slovenia, we have demonstrated the beneficial 
effect of ordered alloy nanoparticle catalysts [79-80], 
while with the TU Berlin we could show the formation 
and general instability of nanoporous alloys [81]. Non-
noble metal catalysts like the exciting examples of 
F. Jaouen from the University Montpellier have been 
recently majorly improved and therefore received 
enormous attention, however the stability still remains 
a crucial issue [59, 82]. Exactly therefore, the parallel 
study and the enhancement of our understanding on 
activity, selectivity and stability will remain of high 
importance in electrocatalysis for energy conversion.

Atomistic Modelling (S. Wippermann)

The group was established in February 2013 
and is  performing ab initio theory in the otherwise 
experimental GO department. The group works in 
direct collaboration with experiment to gain insights 
into key processes at solid-solid and solid-liquid 
interfaces, nanostructures and in the gas phase, 
which are inaccessible by other means. Employing 
predictive ab initio modelling techniques based on 
density functional theory and beyond, the group 
focuses on the general fields of materials for solar 
and chemical energy conversion and storage. For 
further details see p. 29.
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Interface Spectroscopy (A. Erbe)

The Interface Spectroscopy Group continues to 
work in two directions, (1) the design of interfaces 
for spectroscopic investigations and application of 
spectroscopic techniques to study materials surfaces 
in situ and operando and (2) chemical modification of 
materials’ interfaces to tailor surface properties and to 
investigate failure mechanisms. Several results within 
the main focus of the department have already been 
highlighted in the departmental report. 

In the optical development part of the group’s work, 
a new direction involved the use of whispering gallery 
modes (WGMs) in spherical microresonators from 
oxide semiconductors as relevant in corrosion. Via 
defect-related light absorption, photoluminescence 
can be excited in the visible which couples to the 
WGMs. Results are emission spectra with narrow 
lines, observed in ZnO and TiO2 [44, 83]. It is hoped 
that using WGMs, highly sensitive optical detection of 
processes at semiconductor interfaces may become 
possible. Another major advance was achieved in 
collaboration with the group of C.F. Chou, Aca-
demia Sinica, Taipei, Taiwan. Nanogap electrodes 
were integrated with Raman spectroscopy, which 
enabled the trapping and spectroscopic detection of 
individual protein molecules [84]. A similar approach 
coupled to electrochemical reactions may enable the 
understanding of electrochemical processes on the 
molecular level. Scattering of light is an extremely 
important phenomenon when considering “real” 
materials. Continuing a collaboration with R. Sigel, 
currently at the German University in Cairo, Egypt, el-
lipsometric dynamic light scattering was developed to 
extract dynamic information of incoherently scattered 
light in the presence of strong coherent scattering 
[85], exploiting the analysis of polarisation of light. 

Light is not only used to spectroscopically analyse 
surfaces, but can also be used for different purposes. 
In high temperature corrosion, optical heating is fre-
quently used. However, heating efficiency depends 
on the light absorption. In a comparison between 
surfaces of different roughness, a model was es-
tablished which takes into account the scattering 
from rough surfaces and enables an analysis of the 
light absorption, hence heating, of metals [86]. Also 
photocatalysis critically depends on the availability 
of light. Using a corrosion process, ZnO nanostruc-
tures were prepared, in which the combination of 
the defect-related absorption of visible light with the 
morphology leads to an almost black material. Thus 
prepared structures are photocatalytically active [45].

The group’s expertise in vibrational spectroscopy 
of interface dominated materials led to active collabo-
rations with the groups of M. Muhler and W. Schuh-
mann at the Ruhr University Bochum. We contributed 
both to understanding and practical analysis of the 

Raman spectrum of graphene [87], as well as the 
characterisation of graphene and other sp2 carbon 
compounds in complex multicomponent materials 
[88-91]. New collaborations were also established 
with groups at the Heinrich Heine University Düs-
seldorf, in organic chemistry [41] and experimental 
condensed matter physics [92].

New insight into the chemistry of cathodic delami-
nation processes came from the synthesis of acrylate 
model polymer thin films with well-defined linkage to 
the interface. Results show that the delamination is 
controlled by reaction kinetics, but depends on cross 
linking and hydrophilicity of the polymers, which all 
had a thickness in the range of ~30 nm. On the other 
hand, a covalent linkage to the metal significantly 
reduces the delamination rate [29]. Consequently, 
several processes must contribute to the overall 
delamination rate. A further interesting new aspect of 
cathodic delamination is the observation of chemical 
oscillations in the amount of corrosion products and 
in pH by in situ and operando Raman spectroscopy. 
This observation can be explained with the small 
reaction volume between polymer and metal during 
delamination. Because of the consumption of water 
in the oxygen reduction, the confined region at the 
polymer/metal interface becomes strongly alkaline. In 
turn, this stops oxygen reduction, leading to a cyclic 
behaviour (Fig. 5) [93]. 

The group contributed actively to the Marie Curie 
Initial Training Network Somatai by the organisation 
of training events, participation in organisation of the 
summer school, and contribution of two chapters to 
a special volume of tutorials in the series Lecture 
Notes in Physics. 

Christian Doppler Laboratory for Diffusion and 
Segregation during Production of High Strength 
Steel Sheet (Michael Rohwerder; until Dec. 2014)

The main focus of this lab, which was successfully 
concluded in 2014, was on fundamental diffusion 
and segregation problems encountered during the 
different production steps of high strength steel sheet. 
Cooperation partners were e.g. the TU Wien (where 
the P (Pickling) module was carried out which dealt 
with pickling after hot rolling). The technical motiva-
tion behind this lab was that the development of 
high strength steels with their characteristic alloying 
element composition leads to new challenges for the 
production and processing of steel sheets in order 
to meet the product requirements. The focus here 
was on selective grain boundary oxidation during 
hot rolling and its consequences for pickling, and 
on hydrogen detection and its uptake kinetics in dif-
ferent process steps. The related questions are of 
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significant scientific interest and the related research 
of considerable experimental challenge. In sum these 
problems are addressed within the lab modules:

SE (Selective Enrichment) Module:
Within this module the activities focused mainly on 

two approaches: fundamental investigation of grain 
boundary oxidation based on dedicated model alloys 
and developing a new simulation tool for describ-
ing grain-boundary oxidation on a theoretical level, 
which, however, was successful only to a certain 
degree [94]. The reason for this is that the assumption 
of only diffusion of oxygen and thermodynamics of the 
oxidation reactions to be considered for a simulation 
of internal oxidation was not sufficient. In dedicated 
model experiments, for which a high performing high 
temperature lab was built up [[95-96]], it was found 
that for the relatively short reaction times to be con-
sidered here, the uptake kinetics at the surface play 
an important role and that these are determined to a 
great extent by some alloying elements [27]. 

In general certain combinations of some of the key 
alloying elements in high strength steels were found 
to be responsible for significantly enhanced internal 
oxidation. This is partly due to their effect on the 
oxygen uptake kinetics and partly also to the effect 
of the least noble alloying elements as pioneering 
oxide former, providing nucleation sites for further 
oxide growth. Unusual high oversaturation values of 
alloying elements remaining unoxidized in the matrix 
were measured [97]. 

H-Module: 
The hydrogen uptake of the material is a signifi-

cant problem especially for high strength steels, as 
small amounts of hydrogen in the range of ppm can 
cause retarded brittle fracture. Uptake during sev-
eral wet processing steps as well as corrosion and 
recrystallization annealing is investigated. For the 
hydrogen uptake during the latter, it was found that 
similar to oxygen uptake at high temperatures, also 
the hydrogen uptake is affected by some alloying 
elements and by the oxygen activity (i.e. dew point) 
[27]. Furthermore, the novel method for hydrogen 
ultra-sensitive hydrogen detection with high spatial 
resolution based on Kelvin probe developed in the 
prior reporting period was applied to a number of 
materials for characterisation of hydrogen distribution 
and its role on embrittlement, as well as for hydrogen 
uptake during corrosion [98-100]. For a full characteri-
sation, however, it is necessary to combine different 
techniques, including the novel thermo-desorption 
set up for high sensitive analysis of hydrogen trap-
ping [101] and Time of Flight – Secondary Ion Mass 
Spectroscopy ToF-SIMS, see also method develop-
ment Hydrogen Mapping.

Corrosion (Michael Rohwerder) 

The main scope of this group is to address funda-
mental questions of corrosion, surface and coating 
technology by isolating the crucial problems behind 
them and designing model experiments and model 
samples for their systematic investigation. Two major 
research projects in the group were carried out in 
the highly competitive framework programme of the 
Fraunhofer Society (FHG) and Max Planck Society 
(MPG) collaborative projects. One project ended 
within the reporting period (“Active Coatings”, see 
below self-healing coatings) and the other one started 
in 2014 (“Initial Wear”, see p. 145). 

The further main activities on the research inter-
ests in the Corrosion group can be summarized as 
follows:

1.	 Elementary steps of electrochemically driven 
de-adhesion of organic coatings
Two main approaches are used in the group for 
studying the fundamental steps of delamination. 
One is to apply Scanning Kelvin Probe Force 
Microscopy (SKPFM) for studying microscopic 
and submicroscopic processes during delami-
nation. The other approach is to investigate the 
effect of modifications of the surface oxides and/
or the functionality of the organic coating on the 
delamination behaviour. The latter is mainly done 
by investigating the effect of well characterised 
self-assembled monolayers [31-33]. However, 
for an in-depth fundamental investigation of the 
processes underlying delamination, information 
about the interfacial reaction kinetics is indis-
pensable, which so far has not been accessible. 
Currently, a novel method is being developed, 
which combines hydrogen permeation and Kelvin 
probe (see p. 38). First results on model samples, 
including self-assembled monolayer films at the 
interface, show that this novel method is indeed 

Fig. 5: Time evolution of false coloured Raman spectra 
of the OH stretching mode region in the initial phase of 
cathodic delamination of poly(vinylbutyral) on zinc in the 
presence of 1M KCl [93]. 
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able to provide direct information on the oxygen 
reduction rate at the buried interface.Further, 
the effect of different pre-treatments on the in-
terface with different coatings and their effect on 
ion mobility was studied in detail for aluminum 
[102-103].

 

2.	 Electrochemistry in the “dry”
The novel method for hydrogen detection by 
Kelvin probe relies on ultra-thin palladium films 
that are evaporated on the surface of the material 
to be investigated [98]. Over time the hydrogen 
entering from the sample underneath into the pal-
ladium film accumulates, which makes it possible 
to measure even extremely low release rates 
that were not accessible before. However, this 
only works because the loss of hydrogen from 
the palladium film is negligible. It is unclear why 
desorption of hydrogen from the palladium film is 
so surprisingly low. It is assumed that the ultra-
thin water layer remaining at room temperature 
on the surface even under the dry nitrogen gas 
atmosphere that is used for the measurements, 
plays an important role in inhibiting desorp-
tion. In order to obtain a better understanding 
of this (and because this could also help with 
our understanding of electrochemical reaction 
at buried interfaces) a novel focus of research 
within the group is the fundamental investigation 
of electrochemical double layers and how their 
structure affects the kinetics of reactions such as 
oxygen reduction. For this purpose a novel lab 
environment with a newly acquired Near Ambi-
ent Pressure – X-ray Photolectron Spectroscopy 
NAP-XPS has been built up. The research in this 
new laboratory is partly closely related to the 
excellence cluster RESOLV.

3.	 Measurements of Hydrogen distribution and ef-
fect on embrittlement 
The novel SKP and SKPFM based method for 
hydrogen mapping that was developed with the 
Christian Doppler Laboratory is now becoming 
a central tool of research on hydrogen related 
topics, in close cooperation with other depart-
ments (see p. 39).

4.	 Semiconducting properties of surface oxide films
An especially important topic are novel Zinc-
Aluminum-Magnesium alloys (ZAMs) where in 
earlier works the native oxide layer was shown to 
play a crucial role in the delamination behaviour. 
For blank corrosion, the properties of the corro-
sion product layers that grow during exposure 
are widely assumed to determine the corrosion 
performance. In many corrosion tests especially 
the presence of magnesium in the alloys is found 
to provide significantly enhanced corrosion be-
haviour, but only under certain environmental 
conditions [13-16]. The novel Fe-Zn-Mg alloys 

that are currently being developed for application 
on steel parts that will undergo hot stamping will 
have to be investigated in terms of their oxide 
properties, too.

5.	 Intelligent self-healing concepts for corrosion 
protection
After successful finishing of the MPG-FHG co-
operative project on active corrosion protection 
(ASKORR) the main activities on self-healing 
are currently carried out within the framework 
of the DFG SPP “Self-Healing Materials” Within 
the reporting period we succeeded to synergisti-
cally combine capsule loaded zinc coatings with 
capsule loaded organic coatings for superior 
intelligent self-healing [39]. Other important re-
sults were the development of polyaniline PANI 
based capsules for intelligent release and their 
modification for use on zinc and first successful 
application of intelligent corrosion protection 
[37-38]. Of special importance is the interfacial 
stability between conducting polymer and the 
metal surface [104-105]. Furthermore, a novel 
strategy for addressing also capsules located 
deep in the organic coating far away from the 
metal surface was developed by additionally 
adding non redox active conducting particles, 
such as carbon black [106]. The current main 
activity is to investigate how the coating design 
has to be modified in order to be able to routinely 
self-heal defects of macroscopic size, such as 
1-2 mm broad scratches, with coatings just a 
10-20 microns thick. For this, the propagation of 
the trigger signal for initiating the release at the 
onset of corrosion in a defect site has to be very 
fast and it has to be able to travel deep into the 
coating. Also release and transport of the active 
agents from the capsules in the coating to the 
defect site has to be fast and it is necessary to 
activate as much of the stored compounds for 
self-healing as possible. This requires a totally 
new philosophy for coating design.

6.	 Novel developments with the Scanning Kelvin 
Probe
A technique of central importance for many re-
search projects within the group is the Scanning 
Kelvin Probe technique. Based on our world 
leading expertise of this technique also novel 
application fields are explored. The recent devel-
opment of spatially resolved high-sensitivity hy-
drogen detection by Kelvin probe (see Christian 
Doppler Laboratory and p. 39) has sparked new 
research on the possibilities to further extent the 
applicability of the Kelvin probe. In cooperation 
with Christian Michelsen Research a novel Kelvin 
probe for outdoor use and for through metal cor-
rosion detection (signal mediated by hydrogen 
activity at the corroding defect and its permeation 
through the metal) is currently being developed. 
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Another development is the use of Kelvin probe 
for assessing oxygen reduction rates at buried 
interfaces. Also for the investigation of tunnelling 
junction in molecular electronics the technique 
was successfully applied [108], as well as for 
investigation of lipid layers [109].

Interaction Forces and Functional Materials (M. 
Valtiner)

The research interest of the Interaction Forces 
group is focused on the broad areas of adhesion 
in wet environments, molecular structuring at solid/
liquid interfaces, reactivity in confinement and high 
resolution imaging and detection of corrosive pro-
cesses. The broader scientific aims are (1) to gain 
insight into the molecular interactions at equilibrated 
and dynamically changing reactive interfaces. Also, it 
is studied (2) how molecular interactions translate into 
macroscopic interactions (scaling and proportionality 
laws), and (3) new interferometry-based approaches 
to study dynamic processes in-situ are developed. 
A particular focus is on how molecular structuring at 
electrified interfaces influences the mentioned pro-
cesses. In detail the following scientific topics are of 
current interest:

1.	 Molecular scaling and proportionality laws at 
adhesive interfaces over large length scales
As already mentioned above a unique experimen-
tal framework to test the well-renowned Jarzyn-
ski’s equality was developed, which relates work 
performed under non-equilibrium conditions. 
Based on this we developed a scaling strategy 
that allows us to predict large-scale properties 
such as adhesion at electrified interfaces on the 
basis of single-molecule measurements [36].

2.	 Fundamentals of peptide materials (Collabora-
tion with UC-Santa Barbara)
In a joint project with our collaborator Prof. 
M.S. Shell from UC Santa Barbara, U.S.A. 
state-of-the-art single molecule atomic force 
microscopy (SM-AFM) hand-in-hand with 
advanced molecular simulation studies were 
combined to obtain innovative fundamental in-
sights into peptide materials, their self-assembly 
properties, and their ability to mediate interac-
tions at solid/liquid interfaces. Materials made 
from peptides are becoming of widespread 
importance for their tunability, biocompatibility, 
and sustainability & environmental friendliness. 
Designer self-assembled peptides form a myriad 
of nanostructures and have been used as ma-
terials for tissue engineering and recovery, drug 
delivery, biosensing, and inorganic templates 
and scaffolds. Peptides also offer powerful routes 
to modify interactions at solid interfaces. They 
readily tune surface properties (from antibacterial 

to ultra-hydrophobic moieties), and potentially 
provide platforms for tissue gluing and environ-
mentally friendly adhesives, based on biomimetic 
concepts. 

Marine animals such as mussels and barnacles 
e.g. use an optimized hierarchical structure and 
a large variety of functional peptides sequences 
in order to achieve unprecedented adhesion 
in high salt concentration environments. Here, 
even on a molecular scale the arrangement of 
individual bonds massively influences adhesive 
strength. As anticipated adhesive strength in-
creases with an increasing number of bonds in 
parallel while an increasing number of bonds 
in series reduces the strength of an adhesive 
junction. We recently showed how adhesion 
forces could be manipulated by the number of 
interacting bonds in parallel and in series using 
designer peptides [110]. It was shown how the 
arrangement of individual bonds in an adhesive 
junction allows a tuning of adhesive strength 
even without changing the underlying adhesive 
bond. Further our unique AFM approach allows 
us to directly measure interaction free energies 
of peptides with various surfaces [35]. Based on 
this experimental data simulation probes can be 
both tested and finally utilized to provide a full 
molecular level understanding of interactions of 
peptides with surfaces in aqueous environments. 
Finally combination of both AFM single molecule 
force spectroscopy data and Molecular Dynamics 
MD-simulations is planned, in order to bridge ex-
periment and theory at the solid/liquid interface.

3.	 Electrochemistry in confined spaces 
Our unique electrochemical surface forces appa-
ratus allows us to utilize white light interferometry 
(WLI) to directly visualize corrosion processes 
in real-time, in-situ in confined (i.e. buried) ge-
ometries [111]. This is a unique experiment that 
allows to in situ study crevice corrosion with 
unprecedented resolution in time and space. In a 
first case study, we investigated in detail how pure 
aluminum corrodes in crevice geometries and 
how vanadate ions can effectively inhibit CC 
of aluminum (Fig. 2). We are now continuing 
into this direction and study how various inhibi-
tors also influence crevice corrosion on real alloy 
samples. For this we are currently constructing a 
back-scattering version of the EC-SFA.

4.	 Electric double layers in static and dynamically 
changing systems (Collaboration with the cluster 
of excellence – RESOLV at the Ruhr University 
Bochum). The molecular structure of the electric 
double layer is essential in electrochemical and 
natural processes. In particular, ion and water 
structuring at charged solid/electrolyte interfaces 
dominate structure and functionality in many 
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physiological, geological, and technological 
systems. In technological concentration ranges 
above 50-100 mM concentrations electrolyte 
structuring occurs within the range of molecular 
dimensions. Yet no qualitative or quantitative 
model exists for predicting ion structuring at solid/
liquid interfaces. In collaboration with the Cluster 
of Excellence RESOLV (see p. 54), we started 
to use force probe experiments as workhorse 
to directly probe structural forces at solid7liquid 
interfaces. For instance we showed how specific 
ion adsorption can strongly influence how electric 
charge is compensated in the electric double 
layer on model ceramic surfaces [113].

5.	 Influence of trace molecules on structuring of 
ionic liquids at electrified and charged interfaces
Within the last years we utilized force probe ex-
periments and XPS measurements to directly 
measure how water and other impurities alter the 
interfacial structuring and charging characteris-
tics of RTILs on dielectric surfaces and electrified 
metal surfaces [113]. On ceramic interfaces water 
can dissolve surface-bound cations, which leads 
to high surface charging and strong RTIL layer-
ing. In contrast, layering of dry RTIL at weakly 
charged mica surfaces is weakly structured. At 
electrified gold electrodes the influence of water 
is limited to interactions within the RTIL layers, 
and is not related to a direct electrosorption 
of water on the polarized electrode. Currently, 
we are testing the influence of other potentially 
beneficial additives such as organic long-chained 
molecules and polymer materials. Generating 
such detailed insights into molecular interface 
structures will further guide the targeted develop-
ment of structures at electrified interfaces.

6.	 High resolution imaging of active corrosion (Col-
laboration with Hasselt University)
Together with our collaborator F.U. Renner 
from Hasselt University, Belgium, we re-
cently performed a high-resolution in-situ 
atomic force microscopy study of dealloying 
of Cu–Au alloy surfaces [115]. It was found 
that dealloying patterns, and in particular crack 
initiation are highly influenced and controlled by 
the choice of inhibitor molecules, and is also af-
fected by larger scale structural defects such as 
scratches or polishing defects [115] as well as 
crystallographic surface orientations.

In this direction we specifically studied how 
surface cracks formed during local dealloying of 
Cu3Au. Crack induction clearly depends on the 
crystallographic substrate orientation, which is 
controlling the number density of cracks on each 
grain [116]. The highest number density was ob-
served on (110) oriented surfaces and the lowest 
on (001) and (111) grains.

7.	 Combining electrochemical force probe experi-
ments with optical spectroscopy.
The technological focus of the group is the design 
of novel experiments and experimental setups 
dedicated to understand interfacial dynamics 
such as specific and non-specific binding and un-
binding events at electrified interfaces. Coupling 
of laser light into our force probe experiments has 
been successfully realized and implementation 
of Raman spectroscopy into the electrochemi-
cal Surface Forces Apparatus is the next aim, in 
close collaboration with the Optical Spectroscopy 
group of Andreas Erbe. 
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Research Projects in Progress

Zeradjanin: Key denominators for HER/HOR

Kulyk: Modelling of mass transport and cell geometry 
impacts on electrochemical reactions

Keeley: Particle-size effects on dissolution of noble 
metals

Hodnik: Development of electrochemical in-situ 
electron microscopy

Pizzutilo: Oxygen reduction reaction on noble metal 
catalysts

Pizzutilo: Hydrogen peroxide production on AuPd 
alloys

Polymeros, Baldizzone: Study of fuel cell catalyst sta-
bility under simulated start up/ shut down conditions

Electrocatalysis

Baldizzone: Degradation of carbon-supported Pt 
bimetallic nanoparticles

Cherevko, Zeradjanin, Grote: High-throughput mate-
rial screening for electrochemical CO2 reduction

Grote, Zeradjanin, Cherevko: CO2 reduction product 
analysis by SFC coupled with DEMS 

Cherevko, Kasian: Mechanism of metal oxide dis-
solution in acidic media

Geiger: Investigation of high-surface area catalysts 
for OER

Kasian, Cherevko, Geiger, Ludwig: Investigation of 
material libraries based on nobel metal oxides
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- DEPARTMENT OF INTERFACE CHEMISTRY AND SURFACE ENGINEERING -

Polymeros: Development of an advanced character-
ization tool for high-surface area catalysts

Hodnik, Baldizzone: Influence of thermal pre-treat-
ment of fuel cell catalysts on durability

Baldizzone, Pizzutilo, Schüth: Influence of catalyst 
support on activity and stability - hollow graphitic 
sphere based platinum nanoparticles

Rossrucker: High throughput screening of zinc and 
zinc-magnesium material libraries with a SFC and 
downstream analytics

Kasian: Stability investigation of Ir and Ir-based alloys 
utilizing a high-throughput SFC coupled with ICP-MS

Choi: Single atom catalysts for electrochemical 
reactions

Choi, Grote: Stability of non-noble catalysts for ORR

Interface Spectroscopy 

Altin, Rohwerder, Erbe: Cyclodextrines as controlled 
release systems in corrosion protection

Altin, Krieger, Wohletz, Groche, Springer, Erbe: Cor-
rosion of aluminium-steel joints prepared by cold 
forging

Chen, Erbe: Step-scan FTIR studies of electrode/
electrolyte interfaces

Chen, Toparli, Erbe: Characterisation of organic cor-
rosion inhibitors on copper

Ebbinghaus, Erbe: Visualisation of delamination by 
infrared microscopy

Fernandez Solis, Rohwerder, Erbe: Coatings based 
on water-soluble biopolymers

Genchev, Todorova, Springer, Erbe: Corrosion of 
iron-based alloys in H2S-containing  media

Ksiazkiewicz, Fernandez Solis, Erbe: Characterisa-
tion of oxidation products of biopolymer films on zinc

Mondragon Ochoa, Rohwerder, Erbe: Synthesis and 
electrochemical characterisation of well-defined thin 
model polymers by atomic transfer radical polymeri-
sation

Niu, Schulz, Schmid, Erbe: Analysis of electrode po-
tential dependent water structure  at the germanium/
electrolyte interface by attenuated total reflection 
infrared spectroscopy

Pander, Tecklenburg, Yang, Wippermann, Erbe: 
Stabilisation of the silicon/electrolyte interface for 
infrared spectroscopic investigations

Rabe, Erbe: Mechanistic investigations of the oxygen 
evolution reaction on manganese electrodes

Rechmann, Götzinger, Dirksen, Müller, Erbe: Elec-
trochemical properties of phenothiazine-modified 
metal surfaces

Sarfraz, Toparli, Zeredjanin, Erbe: Investigation of 
oxide growth at the platinum/electrolyte interface

Schwenzfeier, Hu, Valtiner, Erbe: Development of a 
matrix method based analysis scheme for interfero-
metric spectra recorded in the surface force aperatus

Tecklenburg, O’Donoghue, Devi, Erbe: Preparation 
of atomically defined ZnO films and spectroscopic 
characterisation of its interaction with water

Toparli, Sarfraz, Erbe: Investigation of electrode 
surfaces in the transpassive regime by in situ spec-
troscopies

Corrosion 

Altin, Rohwerder, Erbe: Cyclodextrines as controlled 
release systems in corrosion protection

Bashir, Rohwerder: STM, SKPFM and SKP for sur-
face characterisation

Merzlikin, Rohwerder: TDS characterisation of hy-
drogen in steels

Tran, Rohwerder: intelligent corrosion protection by 
nanocapsules incorporated to the zinc coating: un-
derstanding co-deposition and synergy with organic 
coating

Evers, Bashir, Rohwerder: spatially resolved and 
ultra-sensitive hydrogen detection in steels and in-
vestigation of hydrogen uptake

Bashir, Rohwerder: SKPFM for the investigation of 
hydrogen in metals: further developing the technique

Merzlikin, Rohwerder: Novel corrosion protection 
coatings for hot forming

Merzlikin, Tran, Rohwerder: Guidelines for use of 
welded stainless steel in corrosive environments

NN, Rohwerder: Role of microstructure in zinc alloy 
coatings on corrosion performance

Evers, Rohwerder: Investigation of the potential use 
of Kelvin Probe for detection of corrosion at the inside 
of tank and pipeline walls

Evers, Rohwerder: Investigation of the potential 
use of Kelvin Probe for detection of corrosion under 
extreme conditions

Merz, Rohwerder: Investigation of optimal distribution 
of conducting polymer within an organic coating and 
at the interface with the metal for achieving optimal 
corrosion protection
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Uebel, Rohwerder: Fundamental investigation of 
coating requirements for fast self-healing of large 
defect sites in organic coatings

Krieger, Merzlikin, Rohwerder: Role of hydrogen 
activity on trapping at internal oxides

Krieger, Merzlikin, Springer, Rohwerder: Fundamen-
tal investigation of role of microstructure on hydrogen 
embrittlement 

Dandapani, Rohwerder: Investigation of oxygen 
reduction at the interface between metal and or-
ganic coating by use of a novel permeation based 
technique

Kerger, Rohwerder: In-situ investigation of electro-
chemical oxygen reduction and metal oxidation by 
ambient ESCA

Beibei Peng: Fundamental investigation of the em-
ersed electrochemical double layer

Wengert, Vogel, Vogel, Rohwerder: investigation of 
oxygen uptake and its effect on short term internal 
oxidation

Wu, NN, Rohwerder: Characterization of hydrogen 
trapping sites in steels at high spatial resolution by 
means of SKPFM and permeation techniques

Interaction Forces and Functional Materials 
Utzig, Stock, Raman, Valtiner: Fundamentals of 
Peptide Materials

Cheng, Hu, Merola, Baimpos, Valtiner: Electric 
double layer structures in highly concentrated elec-
trolytes and ionic liquids

Hu, Shrestha, Valtiner: Electrolyte structuring and 
electric double layers at static and dynamic electri-
fied interfaces

Merola, Hu, Cheng, Shrestha: Corrosion in con-
finement (Crevice corrosion and stress corrosion 
cracking)

Merola, Valtiner: Conductivity in ultra-thin surface 
films (oxides and organic barrier layers). 

Buvaneswaran, Gonzalez, Valtiner: Scientific 
programming of machine controls and feedback 
mechanism for force spectroscopy and surface forces 
apparatus. 

Buvaneswaran, Valtiner: Design of novel force probe 
techniques for measuring equilibrated single mol-
ecule force distance spectra

Schwenzfeier, Hu, Valtiner, Erbe: Development of a 
matrix method based analysis scheme for interfero-
metric spectra recorded in the surface force aperatus

Hu, Valtiner: Hydration lubrication, friction and dam-
age in tribological and tribocorroding systems in 
aqueous solutions. 

Cheng, Valtiner: Wetting of nano-confined spaces by 
battery electrolytes

Baimpos, Valtiner: High-resolution in-situ study of 
the swelling/shrinkage of Metal-Organic-Frameworks 
during loading/unloading with gas molecules

Raman, Stock, Valtiner: Design, synthesis and test-
ing of novel adhesion promoting bio-molecules for 
superior wet-adhesion

Stock, Utzig, Valtiner: Hydrophobic interactions at the 
macroscopic and single molecular scale

Stock, Müller, Valtiner: Influence of specifically ad-
sorbing ions on hydrophobic interactions

Raman, Stock, Utzig, Moreno-Ostertag, Valtiner: 
Single molecule physics at electrified interfaces

Chen, Valtiner: Preparation and manufacturing of 
dielectric mirrors for interferometry applications

Atomistic Modelling 

Scalise, Wippermann: Nanointerfaces in InAs-Sn2S6 
nanocrystal-ligand networks

Nugraha, Wippermann: 3C-SiC/SiO2 interfaces in 
SiC nanofiber-based solar cells: characterization 
from joint ab initio thermodynamics and electron 
paramagnetic resonance simulations

Yang, Tecklenburg, Wippermann, Erbe: Joint first 
principles and ATR-IR study of the vibrational prop-
erties of interfacial water at Si:H-H2O solid-liquid 
interfaces

Kenmoe, Biedermann, Wippermann, Todorova, 
Neugebauer: Stability and vibrational properties of 
water thin films on low index ZnO surfaces

Vatti, Yang, Wippermann, Todorova, Neugebauer: 
Ion solvation energies and solvation shell vibrational 
dynamics

Biedermann, Todorova, Neugebauer, Wippermann: 
Surface phase stability at Ge-water interfaces from 
ab initio molecular dynamics

Wippermann: First Principles Kelvin probe force mi-
croscopy study of stepped Silicon surfaces

Wippermann: Electron-phonon coupling and impurity 
mediated charge density wave formation in an atomic 
layer electronic crystal

Wippermann: Non-thermal metal insulator transition 
in In/Si(111) nanowires

Wippermann: Surface vibrational Raman modes of 
atomic-scale one-dimensional metallic nanowires
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D. Raabe

Department of 
Microstructure Physics and Alloy Design

Scientific Concept

The department conducts basic research on 
the relationship between synthesis, processing, 
microstructure and properties of compositionally 
and structurally complex materials. Emphasis lies 
on nanostructured alloys based on iron, magnesium, 
titanium, nickel, intermetallics and metal-matrix com-
posites which are characterized by a large variety of 
phase transformations, kinetics and defect sub-
structures. We apply advanced characterization 
methods from the single atom level up to the mac-
roscopic scale together with multiscale simulation 
methods, focusing on mechanical structure-property 
relations. Our preferred experimental tools are local 
electrode atom probe tomography (APT) correlated 
with transmission electron microscopy (TEM) [1-

Fig. 1: Research approach, interests and corresponding long-term method development in the 
Department for Microstructure Physics and Alloy Design.

The department is organized in scientific groups 
some of which are extramurally funded and hence 
non-permanent, Fig. 3.

The group ‘Theory and Simulation’ of Franz 

Roters develops mechanism-based constitutive 
models [55-57] for steels, Ti and Mg alloys, focusing 
on crystal plasticity approaches [29,35,36,42-54]. 
Models range from phenomenological descriptions to 
physics-based formulations of dislocation slip, twin-

Research Groups

20], cross-correlation EBSD (electron backscatter 
diffraction) and 3D EBSD methods [21-24], electron 
chaneling contrast imaging (ECCI) under controlled 
diffraction conditions [25-34], and in-situ micro-
mechanical experiments correlated to local strain 
mapping and micromechanical simulations [35-41]. 
Our modeling tools have been rendered into the 
modular freeware simulation package DAMASK 
(Düsseldorf Advanced Material Simulation Kit) which 
is a hierarchically structured model of material point 
behaviour for the solution of elastoplastic boundary 
value problems along with damage and thermal ef-
fects [42-54]. Our approaches and main topics are 
shown in Fig. 1. Some of the most exiting scientific 
fields currently pursued are shown in Fig. 2.
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ning induced plasticity (TWIP) and martensitic 
transformations (TRIP) [29]. The mean field models 
describe the evolution of lattice defects such as dislo-
cations and twins under given mechanical or thermal 
boundary conditions. The predicted defect densities 
enter into kinetic structure-property relations that 
translate them into strength and deformation meas-
ures [55-57]. Owing to the crystalline anisotropy of 
metallic alloys the constitutive laws assume a tenso-
rial form, i.e. they predict the defect evolutions on all 
crystallographic shear and twinning systems and their 
interactions. The resulting sets of nonlinear internal-
variable differential equations are solved using either 
the Finite Element Method (CPFEM) or a Spectral 
Method (CPFFT) [58-60]. The models are accessible 
through the modular simulation framework DAMASK 
(http://damask.mpie.de) [42] (see p. 45).

The group ‘Microscopy and Diffraction’ of 
Stefan Zaefferer pursues two correlated tasks: on 
the one hand, its projects aim at understanding 
microstructure formation mechanisms and the 
relation between microstructures and properties 
of materials by investigations at the microscopic 
level. To this aim, several SEM-based microscopy 
and electron diffraction techniques (EBSD, 
3D EBSD, XR (cross-correlation)-EBSD, ECCI) 
have been developed and advanced [21-35]. 
Imaging and diffraction in transmission electron 
microscopy (TEM) and x-ray diffraction is conducted 
as well. With respect to microstructures the focus 

is on deformation, recrystallization and phase 
transformations. Concerning properties, corrosion, 
mechanical behaviour and electronic properties are 
studied. The spectrum of materials comprises DP 
(dual phase) steels, TRIP steels, complex phase 
steels, quench and partitioning steels, electrical 
steels, austenitic steels, superalloys, Mg-, Al- and 
Cu alloys, intermetallic compounds and photovoltaic 
materials [61-64]. The group operates several 
instruments, e.g. a Zeiss Crossbeam XB1560 
FIB-SEM for 3D EBSD investigations, a JEOL 
JSM 6500 F SEM, and a JEOL JSM 840A SEM. 
These instruments are equipped with EBSD, in-situ 
deformation and heating tools. For TEM a Phillips 
CM 20 is used. This instrument is equipped with 
the software TOCA for on-line crystallographic 
analysis. Furthermore, several XRD (x-ray diffraction) 
goniometers are operated.

The group ‘Alloy Design and Thermomechanical 
Processing ’ of  Dirk Ponge works on the 
microstructure-oriented design of advanced high 
strength steels and Ni- and Ti-alloys [65-72]. 
Projects focus on strain hardening mechanisms 
in complex engineering alloys, making use of 
processing, mechanical testing and microstructure 
characterization down to the atomic scale [1,2,73,74]. 
Thermomechanical processing is a main objective 
in optimizing steel microstructures and mechanical 
properties. Main examples are the design of 
ultrafine grained C-Mn steels and dual phase (DP) 

- THE DEPARTMENTS -

Fig. 2: Some scientific fields currently pursued in the Department for Microstructure Physics and 
Alloy Design.
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steels for automotive applications [75]. Recent 
projects pursue mechanism-based alloy design 
strategies [70,72]. The joint design of novel alloys 
using thermodynamic and kinetic predictions in 
conjunction with thermomechanical processing 
hence describes the current strategy. A recent field 
of attention was the analysis of Mn-based model 
steels [1,14]. Mn is an important alloying element 
for tuning austenite stability, stacking fault energy, 
and transformation kinetics. While these effects are 
exploited particularly in designing steels with TRIP 
and TWIP effects, novel alloy concepts introduced 
by the group combine martensite-to-austenite 
reversion with the TRIP and/or maraging effects 
(maraging: martensite aging) [65,74]. Projects in 
this field have recently also lead to the discovery of 
the reason for Mn-related temper embrittlement 
[14] and confined transformation effects at lattice 
defects [1].

The group ‘Combinatorial Metallurgy and 
Processing’ of Hauke Springer designs advanced 
structural materials along with suited synthesis and 
processing routes and techniques. The focus lies 
on steels with superior physical and mechanical 
properties. Projects explore novel pathways for 
the compositional and thermo-mechanical high-
throughput bulk combinatorial investigation of 
structural alloy systems [76-142]. Innovative methods 
for the accelerated synthesis, processing and testing 
of bulk metallic structural materials are developed 
and applied, so that the associated metallurgical 
questions (e.g. alloy- and processing-sensitive 
changes in strain hardening) and corresponding 
engineering issues (e.g. texture or joining) can be 
addressed more efficiently over a wide composition 

and processing range. Such methods are referred 
to as ‘Rapid Alloy Prototyping’ (RAP) [76]. This 
approach refers to semi-continuous high-throughput 
bulk casting, rolling, heat treatment and sample 
preparation, and currently allows for the evaluation 
of the mechanical and microstructural properties of 
up to 50 material conditions (i.e. five different alloy 
compositions with ten different thermomechanical 
treatments each) within a few days. This results in 
a rapid maturation of materials and exploration 
of bulk material libraries for structural materials 
under consideration of composition and processing. 
Research fields addressed by this approach are the 
in-situ synthesis of metal matrix steel composites 
with high stiffness, martensite-to-austenite reversion 
steels, lightweight Triplex steels [76,83], the 
development of high strength steels with inherent 
weldability and methods for optimised microstructure 
design by the creation of local chemical gradients 
which are referred to as vessel microstructure 
steels [82].

The group ‘Atom Probe Tomography’ of Pyuck-
Pa Choi explores compositionally complex structural 
and functional materials based on the atomic scale 
information obtained with Atom Probe Tomography 
(APT) [1-20]. The group was supported by funds 
from the Leibniz Award. It operates two local 
electrode APT instruments (LEAP 3000X HR, LEAP 
5000XS). APT is a high-resolution characterization 
technique for 3D elemental mapping with near-
atomic resolution. It is used for studying nanoscale 
phenomena such as precipitation, solute clustering, 
segregation at defects, complexions and partitioning 
effects [1,69]. An important approach towards better 
understanding of APT data is the correlation between 
experiment and theory, conducted in collaboration 
with the department of J. Neugebauer. Current 
projects are on high-strength alloys such as high-
Mn steels, Ni- and Co-based superalloys as well 
as nanostructured materials such as cold-drawn 
pearlitic steel wires and sputter-deposited thin-
film multilayers [1-20,90-111]. Functional materials 
under investigation are Fe- and Co-based metallic 
glasses for magnetic applications. The group 
also studies semiconductors for photovoltaic 
applications in close collaboration with the group of 
O. Cojocaru-Mirédin (Interface Design in Solar Cells) 
[90-93]. Special attention is placed on correlative 
TEM and APT for the joint structural and chemical 
analysis of atomic-scale microstructure features.

The new group  on ‘Alloys for Additive Manu
facturing’ of Eric Jägle was established in 2015 [94]. 
While particularly Laser Additive Manufacturing 
(LAM) is well-established to produce metallic 
parts, the optimization of alloys and the design of 
new materials tailored for LAM are still missing. 
Established alloys currently in use do not exploit 
the opportunities inherent in this technique, leaving 

- DEPARTMENT OF MICROSTRUCTURE PHYSICS AND ALLOY DESIGN -

Fig. 3: Research groups in the Department of Microstructure 
Physics and Alloy Design.
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a gap towards its further development. Funding for 
the group comes from the joint Max-Planck Society/ 
Fraunhofer Society research project “AProLAM” 
- Advanced Alloys and Process Design for 
Laser Additive Manufacturing of Metals. In this 
project, the two partners Max-Planck-Institut für 
Eisenforschung (MPIE) and Fraunhofer Institute 
for Laser Technology (ILT) work together on the 
development of alloys for the LAM process and at 
the same time on the adaptation of the LAM process 
for the synthesis of new alloys.

The group for ‘Adaptive Structural Materials’ of 
Cem Tasan develops novel experimental-theoretical 
tools to understand micro-mechanisms governing 
macro-properties and design property-optimized 
novel structural alloys [35-41]. The group is linked 
to the theory group of B. Grabowski (Department 
of Computational Materials Design) and sponsored 
by an ERC Advanced Co-Investigator Grant of D. 
Raabe and J. Neugebauer. Conventional hardening 
mechanisms lead to a decrease in ductility. With 
the development of adaptive structural materials 
(ASM) the group’s key idea is based on designing, 
synthesizing and characterizing intrinsic phase 

instability. The philosophy behind that is to either 
incorporate dispersed phases that are close or 
even beyond their mechanical and thermodynamic 
stability limit into otherwise stable bulk alloys or 
to design the bulk material itself such that it is at 
the verge of mechanical/thermodynamic stability. 
In either case the phases transform under loading 
into secondary phases (i.e. martensite) or extended 
defects (e.g. twin bundles). The group combines 
quantum-mechanically guided design with in-situ 
experimentation. On the theory side, the group of B. 
Grabowski has developed approaches to accurately 
describe finite temperature effects from first principles 
[37,95-99]. On the experimental side the group 
employs (i) various metallurgical production and 
processing routes, (ii) multi-scale characterization 
down to atomic resolution and mechanical testing, 
and (iii) high-resolution in-situ characterization of 
phase transformations and deformation mechanisms 
[72,145]. The latter is of particular importance for 
ASMs, since the determination of the stable regimes 
of the introduced unstable phases is in most cases 
only possible through such in-situ analysis. The 
group leader Cem Tasan has accepted a faculty 
position at MIT in Cambridge, USA, starting January 

Fig. 4: Fe-9 at. % Mn solid solution, 50% cold-rolled and annealed at 450°C for 6 hours to trigger Mn segregation [1]. (a) 
Correlative TEM - APT. (b) Subregion and 1D compositional profile along the dislocation line. (c) Proximity histograms. 
(d) Prolonged aging neither affects size nor composition of the austenitic dislocation core regions which is one of the 
most characteristic features of linear complexions. 

- THE DEPARTMENTS -
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The objectives of the research groups and their 
core competences were described above. Here we 
present our recent progress in a number of key 
interdisciplinary areas of interests in the depart-
ment which are jointly pursued by members of 
different groups including also members from other 
departments. More specific scientific details about 
some of these projects are given in the section “In-
terdepartmental Research Activities - Selected 
Highlights”. 

Segregation Engineering: Mechanical-chemical 
effects at lattice defects - from segregation to 
manipulation

Dislocations and interfaces influence mechani-
cal, functional, and kinetic properties of alloys. They 
can be manipulated via solute decoration enabling 
changes in energy, mobility, structure, and cohesion 
or even promoting local phase transformation. In 
the approach which we refer to as ‘segregation 
engineering’ solute decoration is not regarded as 
an undesired phenomenon but is instead utilized to 
manipulate specific defect structures, compositions 
and properties [1,14,69,74].

Main Research Interests

For instance we found that grain boundary (GB) 
segregation engineering and local austenite rever-
sion can turn interface embrittlement into toughness 
[14]. In a Fe-9 wt.% Mn martensite we studied grain 
boundary embrittlement in the quenched and 
tempered state. While solute Mn directly embrittles 
martensite grain boundaries, reversion of martensite 
back to austenite at grain boundaries cleans the 
interfaces from solute Mn by partitioning the Mn into 
the newly formed austenite, hence restoring impact 
toughness (see p. 50;  see p. 173).

Fig. 4 shows the discovery of a chemical and 
structural state confined to dislocation cores which 
we refer to as linear complexion [1]. Dislocations 
attract solutes according to the Gibbs isotherm. 
The concept of interface complexions extends the 
classical isotherm to interface-stabilized states 
that have a structure and composition different from 
that of the matrix and remain confined in the region 
where they form. We observed such a phenomenon 
at edge dislocations in a binary Fe-9 at.% Mn alloy in 
which a stable confined austenite structure forms in 
an otherwise martensitic crystal. This is a 1D analog 
of the previously observed complexions that were 
observed at planar defects (see p. 50; see p. 181).

2016. The work will in future be pursued in close 
collaboration with his group at MIT.

The group ‘Interface Design in Solar Cells’ 
of Oana Cojocaru-Mirédin aims to understand 
the relationship between the chemical, electrical, 
and structural properties of interface-dominated 
solar cells. Focus is placed on multicrystalline 
silicon (m-Si) solar cells, and Cu2ZnSnSe4 (CZTS) 
and Cu(In,Ga)Se2 (CIGS) thin-film solar cells 
because of their relatively high efficiency. To better 
understand these materials the group performs 
correlative studies on specific regions using joint 
EBSD / TEM, electron beam-induced current (EBIC)/
cathodoluminescence, and APT  [90-93]. The 
mission is to optimize solar cell efficiency based on 
the 3D chemical analysis at the atomic-scale. The 
atomic redistribution of the impurities at the internal 
interfaces (grain boundaries and p-n junction) may 
affect the efficiency of a solar cell. For example, the 
efficiency of a CIGS solar cell has been improved by 
almost 50% only by Na doping (~ 0.1 at.%) inside 
the absorber layer. Furthermore, it was observed 
that this increase in the efficiency can be directly 
correlated with the Na segregation at the CIGS 
grain-boundaries. The group is financed by the 
federal ministry “Bundesministerium für Bildung und 
Forschung” (NanoMatFutur competition). The group 
leader Oana Cojocaru-Mirédin has recently accepted 
a permanent group leader position at RWTH Aachen. 

Corresponding topics will in future be pursued in 
close collaboration.

The group ‘Biological Composites’ of Helge 
Fabritius works on the interactions of structure, 
composition and properties of biological materials. 
The group was established in 2008 from funds of 
the Leibniz Award. Projects aim to reveal how 
nature designs and optimizes materials through 
modifications in structure and composition from 
the molecular level up to specialized tissues and 
functional parts. The group pursues an integrative 
approach combining experiments and simulations 
based on detailed structural characterization [100-
108]. Recently, the group works on the development 
of bio-inspired and biomimetic materials such 
as optical sensors [102] and dental materials 
[100,103]. The main model material in the group is 
the Arthropod cuticle [101]. Its structure consists of 
fibrillary chitin and proteins independent of the exact 
location. Owing to its double function as integument 
and exoskeleton, the cuticle fulfils different functions 
that require a variety of physical properties. These 
can be mechanical, optical, and also combinations of 
several properties within the same skeletal element 
such as the transitions between the elastic arthrodial 
membranes and the rigid mineralized cuticle of limb 
segments. Other model materials include vertebrate 
bones and teeth, specifically those of sharks 
[100,103,105].
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Fig. 5 shows examples where Interface 
Segregation Engineering was used to enhance 
grain boundary cohesion. An example is B doping 
of creep-resistant polycrystalline Ni-based alloys 
used for power plant applications. Fig. 5 shows alloy 
617 where B segregation on grain boundaries 
was revealed by using correlative TEM-APT, 
leading to enhanced grain boundary cohesion and 
the promotion of the formation of precipitates [110]. 
B segregation was also found at prior austenite 
grain boundaries in quenched martensite. In these 
materials we found that B and Mo segregate only to 
prior austenite grain boundaries but are absent at 
martensite–martensite interfaces. C segregated both 
at prior austenite grain boundaries and at martensite–
martensite boundaries. Even in conventional as-
quenched Fe-C martensite cooling rates are slow 
enough to allow C relaxation to the lath interfaces.

Microstructure-sensitive analysis 
of corrosion and hydrogen em
brittlement

A main challenge in corrosion 
science consists in identifying the 
relations between microstructure 
features  and the assoc ia ted 
electrochemical or physical reactions, 
respectively, such as oxidation [11-
115] and hydrogen embrittlement 
[116-121] (see p. 185). In this context, 
measurements including sufficient 
spatial resolution of the associated 
phenomena down to the lattice 
defect scale are still hard to realize. 
Yet, the role of individual lattice 
defects and surface features together 
with a characterization of their 
individual structural and chemical 
state is essential for understanding 
corrosion and the resulting decay 
and failure mechanisms. Specifically 
site-specific microstructure and 
composition characterization is of 
great relevance. Instrumentation we 
use in this context are correlative 
atom probe tomography, Scanning 
Kelvin Probe mapping (together 
with M. Rohwerder) in conjunction 
with EBSD and ECCI as well as 
nanoSIMS maps. Fig. 6 shows a 
study on the role of grain boundaries 
in the initial oxidation behaviour of 
austenitic stainless steel at 700°C 
in air with 20% water vapor for power 
plant applications [114]. 

We also compared local hydrogen 
uptake and release rates by multi-
scale hydrogen mapping with 
spatial resolution in a Ni-Nb two-

phase model alloy, Fig. 7, focusing on two aspects: 
(1) mapping the hydrogen distribution with spatial 
resolution for establishing the correspondence 
between desorption profiles and desorption sites, 
and (2) correlating the obtained results with 
mechanical testing to reveal the degradation 
mechanisms. The trapping states were analyzed 
by thermal desorption spectroscopy (TDS). The 
Ag-decoration method revealed rapid effusion of 
hydrogen from the matrix, the kinetics of which was 
spatially resolved through Scanning Kelvin Probe 
Force Microscopy (SKPFM) by the group of M. 
Rohwerder. The hydrogen release from the matrix 
steadily decreased until about 100 h and then was 
taken over by the precipitation phase (δ-Ni3Nb). 
The deuterium distribution in the microstructure was 
studied by Secondary Ion Mass Spectrometry 
(SIMS) (see p. 185).

Fig. 5: Segregation of B to a high angle GB in Ni-alloy 617. B improves - 
via improved GB cohesion and GB precipitation - the rupture strength as 
shown in terms of the comparison of alloy 617 (Nicrofer5520Co) and the 
B-doped variant alloy 617B (Nicrofer5520CoB) in the range between 600 
to 750°C (105h) [110]. Segregation of B is also found at prior austenite 
grain boundaries in quenched martensitic steels [73]. In as-quenched Fe-C 
martensite the cooling rates are typically  too slow to entirely freeze C in at 
its original positions. Hence, C relaxes to lath interfaces [2].
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Fig. 6: Multiscale characterization of microstructure-specific oxidation behaviour (at 700°C) conducted on 
an austenitic stainless steel [114].

Fig. 8 shows hydrogen-induced cracking 
at grain and twin boundaries in a Fe-18Mn-1.2C 
(wt.%) austenitic steel [117-120]. The tensile 
ductility was drastically reduced by hydrogen 
charging during tensile testing. The fracture mode 
was mainly intergranular fracture, 
though transgranular fracture was also 
observed. Transgranular fracture 
occurred parallel to the primary and 
secondary deformation twin boundaries, 
as confirmed by EBSD and ECCI.  The 
microstructural observations indicated 
that cracks were initiated at grain 
boundaries and twin boundaries. 

Alloy design for 3D printing and for 
strong and ductile multicomponent 
alloys

The design of novel alloys is a key 
challenge for several reasons: First, 
using thermomechanical processing 
alone for the design of microstructures 
is an efficient but limited approach. 
Including a higher variety of solution 
and transformation phenomena by 
alloy modifications opens the field 
of material design beyond the scope 
offered by processing alone. On the other 
hand, introducing new compositions 
without systematic thermomechanical 
treatment studies does also not 
provide sufficient depth in structural 
alloy design [122-133]. Hence, we 

Fig. 7: NiNb specimen charged with H: (a) SE image and secondary ion 
maps of (b) H, (c) D, and (d) (2D-/1H-). (e), (f) EDX map of Nb and Ni, 
respectively. (a´)-(d´) Magnified regions as marked in (a). NanoSIMS 
in collaboration with L. Yedra and S. Eswara, Luxembourg Institute of 
Science and Technology.

increasingly merge the two disciplines. Second, novel 
tools such as ab initio simulations and kinetic Monte 
Carlo methods in conjunction with statistical tools 
such as ThermoCalc and Dictra render alloy design 
increasingly accessible to quantitative predictions 
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Fig. 9: Multiscale structural and chemical analysis of maraging steel microstructures obtained from Laser Additive 
Manufacturing. The APT data set on the right hand side provides three isoconcentration surfaces for identifying the 
stoichiometry of the different nanoprecipitates [94].

[134-138]. Third, high-throughput alloy 
design methods enable probing wider 
composition, forming and heat treatment 
ranges [76-83].

A field of interest for alloy design is 
Laser Additive Manufacturing (LAM) 
[94]. Fig. 9 shows an example where 
precipitation and austenite reversion in 
a LAM produced maraging steel were 
studied. The motivation for this project 
is that materials produced by selective 
laser melting (SLM) experience a thermal 
history that is markedly different from that 
encountered by conventionally produced 
materials. In particular, a very high cooling 
rate from the melt is combined with cyclic 
reheating upon deposition of subsequent 
layers. Using APT, we investigated 
how this thermal history influences the 
phase-transformation behaviour of LAM 
synthesized maraging steels (Fe-18Ni-
9Co-3.4Mo-1.2Ti) (see p. 25).

We also study massive solid solu-
tion materials, an alloy class referred 
to as high entropy alloys (HEAs). We 
work specifically on materials where 
the configurational entropy is below its 
maximum value, Fig. 10 [95,139-144]. 
The concept was realized in the form 
of non-equiatomic multi-component 
CoCrFeMnNi alloys produced by rapid 
alloy prototyping. Their microstructures 
exhibit a random elemental distribution 
in a single FCC phase which deforms by 
planar slip, leading to excellent ductility. We use com-
positional variations to tune the stacking fault energy 
and hence the associated transformation phenomena 
which act as main mechanisms for designing high 
strain hardening rates (see p. 50).

Fig. 8: Hydrogen embrittlement in an Fe-18Mn-1.2C (wt.%) TWIP 
steel [119]. Tensile ductility was drastically reduced by H. Top row: 
Stress–strain curves and H desorption rates in a steel with and without 
H charging. Bottom images: micrographs near the crack. (a) SEI 
micrograph. (b) Texture map superimposed on detector signal image. 
(c) Magnified image of the area within the white lines in (a). (d, e) Image 
quality and texture maps of area marked by white lines in (c). (f) ECCI 
corresponding to the area within the black broken lines in (e) [117-120].

Phase transformations

In conjunction with the interface segregation en-
gineering approach discussed above [14,67,109] we 
developed a class of novel steels which we refer to 
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as ‘Martensite Reversion Steels’ 
[65,68,69]. These are ductile mi-
cro- and nanolaminate alloys 
that are formed by reheating as-
quenched martensite steels (e.g. 
Fe-Mn, Fe-Ni, Fe-C, maraging or 
Fe-Cr-C steels) so that segrega-
tion-driven reversion from mar-
tensite back to austenite occurs 
at internal interfaces, preferably at 
the lath interfaces, Fig. 11 [145]. 
The size, elemental partitioning, 
shape and position of the reversed 
phases determine the mechanical 
properties of the bulk compound. 
These alloys resemble intrinsically 
formed damask alloys, enabled 
by a segregation, reversion and 
partitioning heat treatment. Pre-
ceding plastic deformation can 
profoundly enhance the effect as 
it provides additional nucleation 
sites for reversion (see p. 50).

Similar phenomena occur in Ti-Mo and Ti-Fe al-
loys where β-phase films form between the α-lath 
portions by a reversion heat treatment, Fig. 12 [132]. 
The phase transformation and reversion kinetics be-
tween the hexagonal α-phase and the bcc β-phase 

Fig. 10: Fe62-MnxNi30Co6Cr2 non-equiatomic high entropy alloys (x: variation 
in Mn) (a) Inverse pole figure map showing the APT lift out region. (b) Stress-
strain curves of all alloys: the 30 at.% Mn alloy is shown in cold rolled (64%) 
and recrystallized (900°C, 10 min) states. (c) APT reveals the materials’ 
compositional homogeneity [95,139-144]. 

enable the design of laminate microstructures leading 
to excellent mechanical properties. We studied the 
effects of different types of reversion treatments in 
a binary Ti-4Mo (wt%) model alloy. We observed 
a broad variety of microstructure formation mecha-
nisms including diffusion driven allotropic phase 

transformations as well 
as shear and/or diffu-
sion dominated modes 
of martensitic transfor-
mations, leading to a 
wealth of microstruc-
ture design options in 
a simple binary Ti alloy 
(see p. 50).

Multilayer nanolami-
nates

Multilayer nanolami-
nates are capable of 
reconciling strength 
and ductility and/or 
providing toughness or 
hardness to substrate 
surfaces. We study 
the nanostructure evo-
lution of metallic crys-
tal-glass [3,8,20] and 
multi-nitride laminates 
[89,146] with respect to 
their mechanical, ther-
mal and compositional 
stability when exposed 
to thermal and me-
chanical loading. As 

Fig. 11: Grain boundary segregation followed by confined reversion transformation (revealed 
by APT) from the as-quenched martensite into austenite enables the design of damask-
type martensite-austenite nanolaminate steels where the solute decorated lath interfaces 
transform back to austenite [145]. 
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one model system we chose crystalline-amorphous 
Cu–CuZr nanolaminates [3,8,20]. We conducted 
indentation experiments on 10 nm nanocrystalline 
Cu–100 nm amorphous CuZr multilayers, Fig. 13. 
By correlative APT-TEM we found that crystal-
lographic slip bands in the Cu layers coincide with 
non-crystallographic shear bands in the amorphous 
CuZr layers. Dislocations from the crystalline layers 
drag Cu atoms across the interface into the CuZr 
layers. Also, crystalline Cu blocks were sheared into 
the CuZr layers. 

In another project, conducted together with J. Neu-
gebauer, we performed joint APT structural data 
analysis and quantum-mechanical calculations 
in a theory-guided design approach to identify nano-
laminate superlattices with extreme-stiffness, Fig 
14 [147]. These superlattices can contain metastable 
phases which are stabilized by epitaxial constraints. 
The study combines theoretical and experimental 
methods to optimize the elastic properties of AlN/CrN 
superlattices with 4 nm bilayer period. CrN stabilizes 
AlN in a metastable B1 (rock salt) cubic phase only 

Fig. 12: (a) Bright-field TEM micrograph and selected area diffraction pattern depicting the near-Burgers orientation 
relationship observed between the α (hcp) and β (bcc) phases in Ti-4Mo after heat treatment 950°C-WQ + 550°C. (b) 
TEM bright field image, APT elemental map showing Mo atoms and (c) the corresponding 1-D concentration profile (bin 
width 0.5 nm) across the Mo enriched layer (cylindrical region of interest in (b)) showing very pronounced partitioning 
of Mo (red) of about 20 at% into a 20 nm thick b lamellar zone, enhancing its stability against phase transformation. 
Upper right image: Tensile mechanical properties of Ti-4wt.%Mo after different heat treatments; (CP: commercial purity 
standard) [132].
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in the form of a layer that is very thin, up to a few nm. 
The ab initio predicted Youngʼs modulus (428 GPa) 
along [001] is in excellent agree-ment with corres-
ponding values from nano-indentation  (408±32 GPa) 
(see p. 50).

Micromechanics of high-mechanical contrast 
materials

Multiphase microstructures containing phases 
with high mechanical contrast are essential in al-
loy design [35,36,55,56]. Particularly dual-phase 
(DP) steels take a prominent position among high-
strength steels, but they are prone to failure. In a 
series of studies we explored (a) the microstructure 
evolution during processing, (b) conducted detailed 
experimental characterization of the micromechani-
cal behaviour and phase co-deformation, and (c) 
simulated the micromechanical and coarse grained 
material behaviour. Fig. 15 shows some of the main 
resulting trends to guide future DP design efforts 
[40] (see p. 50).
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Fig. 13: (a) SEM view of indented CuZr/Cu nanolaminates. (b) Shear bands. (c) Bright field TEM image 
of shear bands. Yellow lines mark a region studied by APT. (d) Bright field TEM of an APT tip with CuZr 
and Cu nanobeam diffraction. Arrows show the shear band region. (e) APT reconstructed volume from the 
exact APT tip shown in (d) [3,8,20].

In several cases we achieved breakthroughs 
during the past years. While some resulted from 
unexpected discoveries [1], others were harvested 
from long term and systematic developments 
[24,26,42].

Regarding method development we have estab-
lished a versatile experimental protocol for conduct-
ing site-specific sample extraction in conjunction with 
correlated TEM-APT characterization [1-5,18]. 
This approach enables profound insights into the 
interrelationships between structure and composi-
tion in complex microstructures at near atomic scale. 
Examples where this approach enabled basic new 
insights are the discovery of linear complexions [1], 
atomic-scale analysis of segregation phenomena 
in 5D crystallographic space [5], the observation of 
para-equilibrium partitioning in quench-partitioning 
steels [128] and interface phase formation in high 
entropy alloys [139]. 

Similar progress was enabled by rendering the 
Electron Chaneling Contrast Imaging method 
quantitative by combining it with controlled diffrac-

tion conditions (cECCI) [25-27]. It allows the direct 
observation of crystal defects such as dislocations or 
stacking faults close to the surface of bulk samples. 
This technique, which has similarities to dark field 
TEM, is applied in a SEM and allows probing the first 
50–100 nm of material below the surface. 

Substantial progress was also made in the field 
of mapping hydrogen with high spatial resolution, 
hence, correlating trapping sites and damage events 
with local microstructure features.

In the field of simulation substantial progress was 
made in the field of joint polycrystal and multiphysics 
modeling. The corresponding software package de-
veloped during the past 15 years was released to the 
public domain as Düsseldorf Advanced MAterials 
Simulation Kit (DAMASK) and can be downloaded 
at http://damask.mpie.de. It is used by a number 
of research groups worldwide [42]. Regarding alloy 
design we have made substantial progress by intro-
ducing the concept of non-equiatomic high entropy 
alloys [95,140-144] and the use of interstitial alloy-
ing in these materials [81].

Main Recent Breakthroughs
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Department of Structure and
Nano-/Micromechanics of Materials
G. Dehm

Scientific Mission and Concepts

The objective of the newly formed department 
(October 2012) is to perform basic research on 
microstructure physics and mechanical properties 
of structural and functional materials with a focus 
on small length scales down to atomic dimensions. 
Our mission is to develop and enhance accurate 
and quantitative in situ nano-/micromechanical 
test methods with the aim to improve and tailor the 
mechanical properties of materials by resolving 
the interplay between microstructure components 
(e.g. phases, interfaces, dislocations) and the 
resulting mechanical performance (e.g. strength, 
ductility, toughness). The materials portfolio which 
we study comprises alloys, in particular steel 
and intermetallics, and nanocrystalline materials 
for structural applications as well as thin films 
for functional applications (e.g. coatings, flexible 
electronics, semiconductor devices). The aim of our 
scientific work is to gain fundamental knowledge on 
plasticity mechanisms with high spatial resolution, 
as this provides new insights into deformation 
phenomena, mechanisms of damage accumulation, 
and finally crack initiation followed by materials 
failure, and to use this knowledge to develop design 
criteria to make materials more robust and reliable. 
The mechanical techniques we apply range from self-
designed micro- and nanomechanical test methods 
to nanoindentation and nanotribological tests. As 
a prerequisite, a detailed understanding of the 
microstructure is required. This is accomplished by 

applying scale bridging characterization techniques 
such as X-ray diffraction (XRD) and synchrotron 
methods as well as scanning electron microscopy 
(SEM) and advanced scanning/ transmission electron 
microscopy (S/TEM) methods. Our specialty is to 
combine both approaches – advanced microstructure 
characterization and localized mechanical testing – 
permitting to study the evolution of reversible and 
irreversible deformation processes “live” during the 
external stimulus.

The department consists of 5 scientific research 
groups (see Fig. 1) which closely interact amongst 
each other and within the institute to contribute to 
MPIE’s interdisciplinary mission of developing new 
high-performance materials for use as high-tech 
structural and functional components. In addition, 
the research groups also pursue their own scientific 
agenda to tackle central scientific questions within 
their research themes. Currently, the department has 
4 groups in operation: Dr. Christian Liebscher was 
attracted from University of California at Berkeley 
as head of the Advanced Transmission Electron 
Microscopy group (since April 2015, see p. 27), 
Dr. Steffen Brinckmann from the Ruhr-Universität 
Bochum as head of the Nanotribology group (since 
December 2014, see p. 22), and Dr. Christoph 
Kirchlechner form the Montanuniversität Leoben 
(Austria) leads since March 2013 the group Nano-/
Micromechanics of Materials (see p. 26), which 

Fig. 1: Interacting groups of the SN department.
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also includes the XRD and synchrotron activities of 
the department. The research group Intermetallic 
Materials was until September 2012 temporarily 
allocated to the MA-Department (Microstructure 
Physics and Alloy Design) and transferred with 
October 2012 into the newly formed SN-Department 
and is co-headed by Dr. Martin Palm and Dr. Frank 
Stein. The 5th research group, which will deal with 
the Synthesis of Nanostructured Materials, will be 
advanced when the reconstruction work of hall 8/9 
and the installation of the new facilities have been 
finished.

Since its foundation in fall 2012 the SN-Department 
consequently focused on installing and operating 
the newly required experimental infrastructure and 
expedited the necessary reconstruction of hall 
8/9 to host the institutes advanced S/TEM facility 
and a laboratory for TEM sample preparation. The 
new equipment includes a focused ion beam work 
station (FIB), a commercial in situ mechanical testing 
platform installed inside the SEM, a self-made nano-/ 
micromechanical test rig, which is mainly dedicated 
for µLaue synchrotron diffraction experiments, 
a nanoindenter system with lateral force sensor 
for quantitative nanotribological measurements 
combined with a home-build electrochemical cell. 
The latter system will allow in future studying the 
mechanical and tribological behaviour of materials 
under environmental conditions - synergistically with 
the GO-Department (Interface Chemistry and Surface 
Engineering). “Live” observation of microstructural 
changes caused by external stimulus can be probed 
with dedicated TEM holders (liquid cell, indentation, 
and a heating holder) opening a window into the 
nanometer length scale of materials phenomena 
in corrosion science, mechanical properties, and 
thermodynamics. Last but not least, an aberration 
corrected S/TEM for structural and analytical 
microstructure characterization at the atomic level 
went into scientific operation in July 2015. The new 
advanced S/TEM equipment complements MPIE’s 
advanced characterization infrastructure, especially 
the 3-dimensional atom probe tomography (APT) 
facilities (MA-Department) with its unprecedented 
chemical sensitivity, by permitting atomic resolved 
structure and bonding analyses of phases, interfaces 
and other microstructural components of high 
performance materials.

Although the start of a number of new facilities 
within a short period of time is a challenge by itself, 
several major scientific achievements have been 
accomplished by our research in the last 3 years. 
In the field of Nano-/ Micromechanics of Materials 
we have made significant progress in performing 
accurate miniaturized fracture mechanics tests. 
The lack of standards necessitates determining the 
accuracy and limits of the applied testing techniques. 
We used silicon as a well-known reference material 

to benchmark 4 different miniaturized fracture testing 
schemes [1]. Based on the findings we were able to 
expand the methodology to metallic glasses in form 
of thin films to uncover the origin of brittleness and 
ductility of such materials [2] within an interdisciplinary 
cooperation including the MA-Department and the 
RWTH Aachen with the recently founded Max Planck 
Fellow Group Self Reporting Materials headed by 
Professor Jochen Schneider. 

Our advanced synchrotron experiments on heavily 
wire drawn pearlitic steel uncovered an unexpected 
phase transformation from ferrite to martensite 
as a consequence of the decomposition process 
of the cementite phase. Dr. Soundes Djaziri and 
Dr. Christoph Kirchlechner discovered by an in-
depth analysis of the diffraction data concerning 
texture, internal strain, and lattice parameters of 
pearlitic wires, that for wires exposed to drawing 
strains exceeding 200% the ferrite lattice becomes 
tetragonally distorted. The close collaboration 
with the departments MA and CM (Computational 
Materials Design) led to a profound understanding of 
the origin of the transformation and to the conclusion 
that the tetragonal ferrite indeed corresponds to 
a strain induced martensite. APT measurements 
revealed that the carbon content inside the ferrite 
grains exceeded the solubility limit, which at a certain 
concentration level leads to a spontaneous carbon 
ordering at specific octahedral sites of the bcc lattice, 
as found out by computational modelling performed 
by the CM-Department. This corresponds to the 
carbon ordering in martensite created by quenching 
austenite. Thus, the decomposition of cementite in 
the pearlite wires causes a carbon supersaturation 
of ferrite, which in turn leads to the strain-induced 
martensite formation – a new mechanisms which 
was previously overlooked.

The interplay between microstructure physics 
and mechanical properties is also at the core of our 
studies on interface plasticity and fracture [3-13]. As 
an example, dislocation transmission across twin 
boundaries was revisited by in situ and post mortem 
µLaue diffraction, SEM and S/TEM imaging – always 
combined with quantitative global stress and strain 
measurements. All our experiments revealed that 
the coherent Σ3(111) Cu twin boundary exerted 
no measurable increase in strength compared to 
single crystals of the same size and orientation, 
a result opposing molecular dynamic predictions 
in the literature which claim that shear stresses of 
more than 400 MPa are required for dislocation 
transmission. 

Grain boundaries intersected by scratches permit 
in nanotribology to study dislocation transmission, 
absorption, nucleation or pile-ups at interfaces by 
analyzing the slip markings on the surface and 
changes in grain orientation by electron backscatter 
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Fig. 2: Members of the SN department (picture taken in Sep. 2015).

diffraction (EBSD) in the SEM [14,15]. Also in thin film 
systems like metal films on polymers the interface 
is detrimental for the film adhesion and mechanics. 
We studied the influence of Cr adhesion layers for 
Cu films on polyimide substrates and found out 
that although the Cr layer promotes adhesion it 
significantly deteriorates the resistance of the Cu 
against failure by cracking. Channel cracks forming 
in the brittle adhesion layer lead to significant stress 
concentrations in the adjacent Cu film causing failure 
at much lower strains than for Cu films directly applied 
to the polyimide substrate [16,17]. This finding has 
significant influences for flexible electronic devices.

The new department is already well connected 
within MPIE and has also established contacts 
to the Ruhr Universität Bochum (RUB), where G. 
Dehm is associated at the Materials Research 
Department and the Institute for Materials (Institut 
für Werkstoffe) as a professor (Außerplanmäßiger 
Professor). The SN-Department hosts the research 
group High Temperature Materials headed by Prof. 
Gunther Eggeler, which continues the previously 
established Max Planck Fellow Group that expired 
in the beginning of 2015 after completion of its 
5-year funding period. Interactions with Prof. 
Alfred Ludwig (RUB) within the International Max 
Planck Research School for Surface and Interface 
Engineering in Advanced Materials (IMPRS-SurMat) 
on combinatorial thin film Cu alloy design for 

energy systems, Prof. Jochen Schneider (RWTH 
Aachen) on hard coatings and metallic glasses, 
as well as Prof. Mick Feuerbacher (Jülich) and 
Prof. Easo George (RUB) on high entropy alloys 
have been realized. The department also started 
to interact with steel companies and was host for 
two 1 year secondments of industry researchers on 
Precipitate characterization in electrical steels and on 
Nanomechanics of steel. In addition, we are active in 
acquiring third party funds such as the EPPL-project 
(Enhanced Power Pilot Line) funded within the ENIAC 
Joint Undertaking to strengthen Europe’s leading 
position in power semiconductors, DFG projects on 
µLaue investigations of dislocation-grain boundary 
interactions (Dr. C. Kirchlechner) and on novel Fe-Al 
alloys with fine-scaled lamellar microstructures (Dr. F. 
Stein), and a collaboration with 5 European industrial 
partners (HERCULES-2) within the framework of 
Horizon 2020 on Intermetallics for engine applications 
(Dr. M. Palm).

The SN-Department holds regularly seminars 
where the students, postdocs and senior scientists 
report on their current research topics, and once a 
year a department retreat jointly with the independent 
research group Nanoanalytics and Interfaces 
(Prof. Christina Scheu) and external scientists is 
performed to discuss the individual research topics 
and to strengthen interactions within the department. 
Joint interdepartmental seminars on topics of 
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Nano- and Micromechanics of Materials (C. 
Kirchlechner)

The Nano- and Micromechanics Group - More 
than a mechanical microscope. Advances in 
micro sample preparation, micromechanical testing 
and nondestructive microstructural characterization 

enable us today to explore the mechanical behaviour 
at hitherto unreached small dimensions. Aim of 
our research is to study the mechanical behaviour 
of materials at the microstructural length scale. 
Our work is stimulated by various questions in 
advanced material science, such as (i) the origin of 

size-dependent mechanical behaviour 
of single crystals, (ii) the quantitative 
understanding of individual deformation 
mechanisms governing plasticity in 
complex microstructures, (iii) the 
quantification of damage accumulation 
in individual microstructural constituents 
during cyclic loading and, finally, (iv) the 
micro fracture behaviour of phases and 
interfaces. 

Scientific Groups

relevance for more than one department provide 
the major platform for in-house collaborations on 
specific strategic topics. Additionally, workshops 
and conferences are organized by SN-Department 
members to foster international collaborations and 
exchanges. Examples are the Mecano General 
Meeting „Mechanics of Nano-Objects“ (18 - 19 July 
2013) at MPIE organized by G. Dehm, the workshop 
on “Bridging the scales in tribology and wear” jointly 
organized by S. Brinckmann and M. Valtiner (GO-
Department), the conference “Intermetallics” 2013 
and 2015 (30 September - 4 October 2013 and 28 
September - 02 October 2015, Kloster Banz) co-
organized by F. Stein and M. Palm, the Symposium 
“Structure and dynamics V: Mechanical properties at 
small scales” at Condensed Matter CMD25-JMC14 
(24 - 29 August, Paris, France) co-organized by G. 
Dehm, the “Intermetallics“ Technical Committee 
Meetings of the German Society for Metals (DGM) 
at the Bundesanstalt für Materialforschung und 
-prüfung (BAM), Berlin, 10 Jan. 2013, and at MPIE, 
Düsseldorf, 26 Feb. 2014, both organized and chaired 
by M. Palm, who also was head of this committee until 
2014, and the workshop on “Rasterkraftmikroskopie 
und nanomechanische Methoden” co-organized by 
C. Kirchlechner (held at MPIE 27 - 28 Feb. 2014 
and in Darmstadt on 5 - 6 Mar. 2015), who became 
recently head of this technical committee of the DGM. 

The success of the scientific work of the members 
of the SN-Department is reflected by numerous 
invitations to lectures at conferences and university/
institute colloquia. Prestigious examples include 
two invited talks from C. Kirchlechner and G. Dehm 

at the Gordon Research Conference on Thin Film 
& Small Scale Mechanical Behavior (2014), an 
invited talk by C. Kirchlechner at the ECI conference 
Nanomechanical Testing in Materials Research and 
Development V (2015), and invited talks at Fall MRS 
meetings (2013, 2014, 2015) by C. Kirchlechner 
and G. Dehm. In 2015, B.N. Jaya presented invited 
talks at the International Conference on Metallurgical 
Coatings and Thin Films (ICMCTF 2015) and the 17th 

International Conference on the Strength of Materials 
(ICSMA 17), and G. Dehm gave an invited talk at the 
Frontier of Electron Microscopy in Materials Science 
(FEMMS 2015) and a keynote lecture at EUROMAT 
2015.

We also promote career opportunities for the young 
scientists in industry and launched a new series at 
MPIE jointly with the MPIE PhD representatives 
called Career Talks. The first career talk took place 
on 27th of March with the ThyssenKrupp Steel Europe 
AG explaining their job portfolio followed by a get-
together, where in an informal atmosphere contacts 
were exchanged. This was followed by an onsite visit 
at ThyssenKrupp Steel Europe AG in Dortmund on 
4th of May 2015. Due to the positive response of all 
involved parties, 2-3 career talks per year with further 
industrial partners are planned. The next ones are 
with McKinsey and Company in October 2015 and 
with BASF in November 2015 (see p. 58).

In the following, the research activities of the 
research groups of the SN-Department are provided 
and selected projects summarized.

Fig. 3: SEM images of single and bi-cry-
stalline copper micropillars. The two outer 
pillars are single crystalline references, the 
centered one being ready for loading by 
the indenter is bi-crystalline.
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The intended purpose surpasses measuring local 
mechanical properties by far. A central aspect of 
our work is to interlink the underlying and evolving 
defect structures (e.g. dislocation types and densities, 
length and density of cracks and crack networks, 
etc.) with the mechanical response. This requires 
advanced characterization methods and dedicated in 
situ equipment, which are both developed in house.

Buildup of micromechanical capabilities. After 
the group was found in spring 2013, the main focus 
was put on the buildup of in situ micromechanical 
capabilities (see p. 30). Micro loading rigs for in situ 
SEM and in situ µLaue diffraction (SSD2) performed at 
the European Synchrotron Radiation Facility (ESRF), 
as well as a focus ion beam system (Zeiss Auriga®, 
Zeiss Oberkochen) were successfully implemented 
in 2013. Characteristic sample dimensions of these 
machines are ranging from hundreds of nanometer 
to tens of micrometers. The aforementioned 
methods permit deep insights into the cumulative 
behaviour of dislocations during mechanical loading 
and therefore are of central importance for our 
group. Complementary, mid 2014 we successfully 
implemented a Hysitron PI-95 PicoIndenter® being 
able to perform in situ TEM, which gives us a detailed 
view on individual dislocations and their interaction 
with other lattice defects. Our today’s equipment 
is well able to measure important microstructural 
parameters during in situ deformation. Examples 
are monitoring sample shape changes (in situ SEM), 
deviatoric strains and strain gradients as well as the 
cumulative behaviour of geometrically necessary 
dislocations (in situ µLaue) and the interaction of 
individual dislocations with other defects (in situ 
TEM). The complementary characterization methods 
span over the most important hierarchical levels in 
structural materials, which is prerequisite to formulate 
mechanisms-based material laws.

Size-dependent crystal plasticity. The size 
dependence of single crystals had been investigated 
during the last decade. Even though not formulated as 
a mechanism based material model, the importance 
of dislocation source sizes and source availability 
is well known and suggested by several studies. 
Remaining questions in this field are the impact 
of elevated temperatures on the size dependent 
behaviour, as well as the size scaling of non-
cubic crystal structures. As one research highlight 
we aim for understanding of the size dependent 
material properties in tetragonal body centered tin. 
Particularly interesting in this material – being in our 
focus due to the demand of lead free solder joints 
of the automotive electronic industries – is that the 
operating slip systems are yet unknown, and that 
our experiments can be conducted at very high 
homologous temperatures of 0.6. The main results 
are (i) that hardly any dislocations are stored during 
deformation, (ii) that the size scaling exponent is 

close to a theoretical value of -1 and finally, (iii) that 
slip is highly anisotropic with different slip systems 
being operated in different crystallographic loading 
directions [18]. 

Grain-boundary dislocation interaction mecha
nisms. Another research highlight and one of the 
main objectives of the group is to understand grain-
boundary (GB) dislocation interaction mechanisms. 
For this purpose, bi-crystals with specific grain-
boundaries are grown by a Bridgman furnace or 
extracted from well-recrystallized polycrystals. 
Currently we focus on Cu as a model material. 
Miniaturized compression (see Fig. 3) and tensile 
samples with sizes ranging from 500 nm up to 15 µm 
are produced by FIB milling. During in situ testing the 
piling up of dislocations at the GB, their annihilation 
at the GB as well as the slip transfer of dislocations 
through the GB into the next grain are quantified. It is 
our aim to understand the GB-dislocation interaction 
in a broad context: various grain boundary types, e.g. 
coherent Σ3 (111) twins, general large angle grain-
boundaries allowing for slip transfer or being strong 
obstacle for dislocation transfer, and small angle tilt 
grain-boundaries are tested. In case of the coherent 
Σ3 (111) twin loaded in <110> we observed dove-tail 
shaped slip lines where dislocations cross-slipped 
from one into the second grain. Surprisingly, the slip 
transfer mechanism does not have any impact on the 
mechanical behaviour of the twin boundary compared 
to the single crystalline references [4]. Furthermore, 
no pronounced pile-up was observed during in situ 
TEM [7] and µLaue diffraction experiments, which 
suggests that the cross-slip of dislocations through 
the twin-boundary is not strength dominating at this 
size regime. 

Fig. 4: Cyclic force displacement curve of a micron-sized, 
single crystalline bending cantilever with superimposed 
Laue images. Initially, the Laue spot is circular docu-
menting the lack of geometrically necessary dislocations 
(GNDs). During beam deflection, GNDs are stored and 
are forming subgrains within the probed volume. In-
terestingly, backbending leads to significant reduction of 
the stored GNDs with negligible GND content in straight 
beams [19].
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Fig. 5: Nano-laminated pillar with 66 nm Cu // 33 nm Cr 
after deforming it to roughly 20% engineering strain (left: 
full pillar; right: cross-section) [21].

Besides monotonic loading, structural components 
have to withstand cyclic loading during service. During 
the past years we have implemented micro-fatigue 
experiments on single crystalline micro-bending 
beams [19] and polycrystalline microsamples [20] 
to study the impact of cyclic strain gradients as well 
as the role of a limited number of grain-boundaries 
on the cyclic behaviour of materials. In the single 
crystalline bending beams, an almost full reversibility 
of dislocation multiplication and annihilation can be 
observed for special sample orientations. This can 
be seen by the fully reversible peak broadening 

presented in Fig. 4. However, the reversibility is 
strongly dependent on the character of dislocation 
pile-ups. Thus, the geometric orientation of interfaces 
with respect to the slip systems defines if fatigue 
damage accumulates or not. 

Small-scale mechanical behaviour of complex 
microstructures. Superior performance with multiple 
different loading and application scenarios (e.g. 
simultaneous exposure to load and temperature, 
load and radiation, or current and heat) require 
complex microstructures. Nano-laminated thin 
films are a promising candidate, but thorough 
phenomenon based knowledge is still lacking. To 
gain deeper insight Cu-Cr thin films with individual 
layer thicknesses less than 100 nm had been 
deposited by molecular beam epitaxy. The systems 
had been analyzed by advanced TEM techniques 
(SN-Department, Advanced Transmission Electron 
Microscopy group) and deformed at temperatures up 
to 300 °C, whereas the high temperature experiments 
had been performed in collaboration with the EMPA 
(Swiss Federal Laboratories for Materials Science 
and Technology) in Thun, Switzerland. An example 
of a deformed micro specimen is presented in Fig. 5. 
One of our findings was that the strength surpasses 
values as predicted by the confined layer slip model 
or Hall-Petch strengthening [21].

Fracture mechanics at the micron scale. Down
scaling standard fracture mechanical experiments 
to the micron scale is not straight forward: The 
size of the plastic zone with respect to the sample 
size, the impact of friction and the ability to perform 
geometrically well-defined loading experiments had 
been questioned ever-since the first micro-fracture 
mechanical experiments had been shown. This 
problem gets more and more relevant since various 
different loading geometries had been proposed. 
Consequently, the first step within the Nano-/ 
Micromechanics of Materials group was to compare 
results of available micro-fracture geometries to the 
known fracture toughness of bulk silicon [1]. Main 
and surprising outcome of this study is, that – if 
the plastic zone size is of negligible size and the 
experiment is performed in a geometrically well-
defined way – all tested geometries yield comparable 
and within the experimental scatter accurate fracture 
toughness values (between 0.75 and 0.89 MPam1/2). 
But still, milling time, sensitivity to misalignments 
and experimental errors, as well as the machine 
performance important for stable crack growth favors 
one over the other approach.

Since that proof of principals several projects 
within the MPIE and with international collaborators 
had been started to explore the fracture toughness 
of metallic glasses (MA-Department and RWTH 
Aachen, Germany, see p. 143), of Si and SiO2 at non-
ambient temperatures (EMPA, Thun, Switzerland) 

Fig. 6: Micro-fracture cantilevers milled into a drawn 
pearlitic steel wire before (top) and after (bottom) fracture 
experiments.
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and of multilayered hard-coatings (TU Wien, Austria). 
Also the fracture toughness of drawn pearlitic steels 
wires, as shown in Fig. 6 had been explored. At low 
drawing strains (<3) the assumption under linear 
elastic fracture mechanics are invalid and we are 
currently not able to provide JIC measurements in 
these systems. However, drawing makes the wire 
increasingly brittle plateauing at roughly 10 MPam1/2. 
Interestingly, the drop in fracture toughness goes 
hand in hand with an observed tetragonalization 
of the ferritic iron and a supersaturation of carbon 
(MA-Department), which had been proofed by our 
dedicated monochromatic synchrotron experiments 
and atomistic simulations (CM-Department) [22].

Adhesion properties of metallic thin films 
on compliant substrates. Besides studying the 
mechanical response of FIB-milled samples, also 
approaches to study plasticity and fracture of thin 
films had been conducted. Examples are the role 
of an adhesion promoting chromium interlayer on 
the mechanical performance of a copper layer 
[17]. Therefore, three film thicknesses (50,100 and 
200 nm) were deposited with and without a 10 nm 
chromium layer on polyimide. Synchrotron-based 
powder diffraction applying the sin²ψ method was 
used to measure the (copper) film stresses in 
longitudinal as well as transversal direction during 
tensile testing. At low strains all films follow the 
smaller-is-stronger trend, thus being well within 
our expectations. However, in the film systems 
with adhesion promoting chromium layer the film 
stresses rapidly drop at low strains. In all cases this 
was caused by the mechanical failure of the brittle 
chromium interlayer. In the thinner copper films (50 
nm and 100 nm thick) the copper was not able to 
prevent through channel cracks as presented in 
Fig. 7 leading to a total electrical failure of the film 
systems. In contrast, the 200 nm film was able to 
stop crack propagation to a certain extend and 
thus, its behaviour does not significantly differ from 
the films without adhesion promoting interlayer. 
Our experimental findings had been supported by 
cohesive zone modelling performed by the groups 
of Prof. Rammerstorfer (TU Wien, Austria) and Prof. 
Fischer (Montanuniversität Leoben, Austria). Similar 
experiments are currently under way to explore the 
ability of phase transformations in a cobalt based 
system to act as failure preventing mechanism.

Outlook. In the future, our now well established 
setup will be applied for several advanced questions 
in materials science across the SN-Department and 
other research groups from the MPIE. Examples are 
(i) a continuation of investigating the dislocation grain 
boundary interaction mechanisms and its impact 
on fatigue at the micron scale (ii) the mechanical 
behaviour of multilayered film systems with designed 
interfaces (iii) the ability of phase transformations 
to enhance fracture properties at the micron scale 

and (iv) finally, implementing high temperature 
capabilities.

Advanced Transmission Electron Microscopy 
(C. Liebscher)

Introduction and mission. 

The research of the newly established group 
Advanced Transmission Electron Microscopy 
revolves around the application and development of 
advanced TEM techniques to investigate structural 
and functional materials from the atomic level up 
to mesoscopic length scale. We are specifically 
interested in understanding the atomistic and 
chemical structure of solid-state defects and 
interfaces in materials and their behaviour and 
interaction observed under in situ conditions. This 
fundamental knowledge serves as a solid comparison 
for atomistic predictions (e.g. by the CM-Department) 
and is used to develop materials design strategies 
tailoring desired properties by manipulating materials 
on the atomic scale. Advanced TEM offers the 
essential techniques to investigate and manipulate 
materials on this length-scale bridging approach. 
Aberration-corrected electron microscopy enables 
the structural characterization of materials with atomic 
resolution containing all necessary information about 
crystallography, chemistry and electronic structure 
of defects, interfacial phenomena and precipitate 
structures. In combination with in situ techniques the 
structure and properties are sampled simultaneously 
closing the missing link between microstructure and 
properties.

Fig. 7: Crack network in a thin film system consisting of a 
polyimide substrate with 10 nm chromium interlayer and 
50 nm copper layer as published in [17].
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Facilities. The group utilizes three TEMs. A 
FEI/Phillips CM20 with LaB6 emitter is used for 
conventional diffraction contrast imaging and electron 
diffraction experiments. A JEOL JEM2200FS with 
Schottky field emitter and in-column omega energy-
filter enables the characterization of materials with 
lattice resolution. In addition, the JEM2200FS is the 
main platform for in situ TEM experiments with three 
available third party in situ solutions: 

•	 in situ heating experiments with nanometer 
resolution are performed with a MEMS-
based (Micro-Electro-Mechanical-Systems) 
DENSsolutions double-tilt heating holder 
allowing temperatures up to 1200 ºC.

•	 The nano-mechanical properties and related 
deformation behaviour are probed with a 
Hysitron PI 95 PicoIndenter (force resolution 
of ~200 nN and displacement resolution of 
~1 nm). 

•	 The real-time behaviour of materials in liquid 
electrochemical environment is studied in a 
Protochips Poseidon 210 holder in cooperation 
with the GO-Department (Dr. K. Mayrhofer and 
Dr. N. Hodnik). 

A probe-corrected FEI Titan Themis is commis
sioned and fully operational since July 2015. 
Through its Cs-probe corrector, the microscope is 
mainly dedicated for atomic resolution scanning 
TEM (STEM) enabling a resolution down to 0.07 
nm. The microscope combines a monochromated, 
high-brightness electron gun with a Cs-probe 
corrector and high-resolution energy-dispersive 
X-ray spectroscopy (EDS) detectors and an electron 
energy-loss spectroscopy (EELS) detector (see p. 

32). The TEM facilities are complemented by the 
arrival of an image-side corrected FEI Titan Themis 
estimated for mid 2016.

Although the new group leader started at 1st 
of April 2015, several research projects within the 
themes of the Advanced TEM group had been started 
previously and selected examples are described 
below. 

Structure and stability of nanocrystalline 
alloys. In a current project, we analyze the phase 
stability and segregation behaviour of super-saturated 
solid solutions of fcc Cu and bcc Cr. Exceeding the 
solubility limit and “stabilizing” grain boundaries by 
segregation is a novel route to obtain nanocrystalline 
grain sizes and prevent rapid coarsening during 
thermal exposure. For the system Cu-Cr the mutual 
equilibrium solubility is below 0.8at%. However, by 
co-deposition of both elements we managed to obtain 
single phase bcc thin films consisting of extremely 
high Cu concentrations (e.g. 66at%Cu34at%Cr) as 
proofed by electron diffraction and analytical TEM 
[23]. The electronic structure of the Cu L23 edge of 
the bcc structure reveals differences compared to 
fcc Cu and is under further investigation by us in 
cooperation with Dr. C. Freysoldt (CM-Department), 
as illustrated in Fig. 8. A super-saturated fcc CuCr 
alloy can be obtained up to 4 at.% Cr and remains 
fcc at temperatures of 300°C. At temperatures of 
400 to 500°C film decomposition takes place via 
nucleation and growth of Cr precipitates. In addition, 
the in situ TEM experiments permitted to determine 
the Cr diffusion coefficient and an apparent activation 
energy of 157±4 kJ mol–1 indicating grain boundary 
diffusion as the predominant diffusion path [24]. 

Fig. 8: a) STEM-EDS elemental maps of an as-deposited Cu66Cr34 sample. The microstructure is decomposed into 
Cr-rich (matrix) and Cu-rich (particle) regions. b) HAADF-STEM image and corresponding low and core loss spectra 
acquired with dual channel EELS. The spectra are compared to a pure fcc-Cu reference sample. The Cu-L23 edge of 
fcc-Cu shows 2 distinct peaks B and C after the L3-edge (A). The near edge fine structure for bcc-type Cu exhibits only 
one peak D after the L3-edge due to a difference in bonding characteristics.
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Peculiarities of metal-oxide interfaces. Of 
central interest in our research are interfaces, 
especially between dissimilar material classes as 
this is technologically relevant (hard coatings on 
metals, oxide layers on metals, metallization layers 
on polymers or insulators), but also scientifically 
rewarding as interfaces often control the resulting 
mechanical, tribological and functional properties. 
In cooperation with the Erich Schmid Institute of 
Materials Science (Dr. Z. Zhang, Leoben) we recently 
determined the atomic structure of the interface 
between Cu (001) and MgO (001) [25]. Cu-MgO 
serves as a model system for an interface which 
has to accommodate a large lattice mismatch – in 
this case more than 14%. The geometric dislocation 
network forms along <100> directions with Burgers 
vector ½ aCu <010>. Cu-O bonds which form in 
the coherent regions were determined to be 216 
± 8 pm in accordance with 
density functional calculations 
performed by Dr. Yao Long 
(Laboratory of Computational 
Physics, Bejing) [25]. At the 
Cu lattice directly adjacent to 
the MgO modulations of the 
(002) lattice plane spacing 
compared to bulk Cu are 
observed which fade of after 6 
to 7 atomic layers. The resolved 
contraction and expansions are 
explained by local electronic 
charge redistribution causing 
alternating repulsive and 
attractive forces. In addition, 
the strain field of the misfit 
dislocations leads to large 
rearrangements in the atomic 

Cu distances adjacent to the dislocation cores with 
up to 60 pm difference between the shortest and 
longest Cu-Cu separation distance [25]. Such high 
precision measurements became only possible with 
the new generation of TEM instrumentations due to 
the spherical aberration correction of the imaging 
system.

Outlook. In the next years, the research of the 
Advanced TEM group will focus on several themes 
where high precision structural, chemical, and 
bonding information is required - embedded in 
close collaborations within MPIE - to advance the 
understanding of materials properties. This includes:

•	 A fundamental investigation of the atomic 
structure of interfacial phenomena and the 
impact of segregation, temperature and mech
anical load on the interfacial structure.

Fig. 9: a) HAADF-STEM image of a ∑ 3{112} grain boundary extracted from an intentionally doped multicrystalline 
silicon wafer. Faceting and structural variations along the grain boundary are clearly resolved. b) Lattice fringes from 
the Si grains are observed in the STEM-EDS elemental map of Si. The Si EDS-signal decreases in certain regions 
along the grain boundary indicating a lower occupancy of the Si atomic columns. The samples are provided within a 
collaborative project with A. Stoffers and Dr. O. Cojocaru-Mirédin of the MA-Department.

Fig. 10: a) Interface of a semiconducting InAs-InAsSb nanowire resolved by 
STEM-EDS. An In-rich droplet is observed to form at the interface between the 
Sb-rich and Sb-lean regions. b) An atomic resolution HAADF-STEM image of a 
similar droplet resolving its lattice structure. The project is in cooperation with 
Dr. P. Krogstrup, University of Copenhagen, Denmark, providing the nanowire 
samples.
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•	 Coupling of atomic resolution imaging with the 
development of large-scale image simulations 
to reveal the three dimensional atomistic 
structure of complex material systems and 
to establish a direct connection to theoretical 
atomistic simulations.

•	 Resolving the atomic structure of substitutional 
and interstitial solutes in grain boundaries and 
their impact on the nano-scale mechanical 
properties (Fig. 9).

•	 Basic investigation and understanding of the 
deformation behaviour of nano-sized micro
structures and defect/interface interactions.

•	 The effect of alloying behaviour on the atomic 
and electronic structure in metastable phases, 
the corresponding microstructural stability and 
related mechanical properties.

•	 The design and generation of interface domi
nated materials with hierarchical microstructure 
for structural and functional applications.

•	 Atomic scale chemical and defect analysis in 
semiconducting nanowires with a correlation 
to the functional properties (Fig. 10).

Nanotribology (S. Brinckmann)

Group mission. The microstructure evolution 
during friction and wear is at the heart of this 
research group. The projects research the tribological 
behaviour on the micrometer scale to fundamentally 
understand the irreversible mechanisms that result 
in the energy and structural loss. The investigated 
evolution processes include grain refinement, 
plasticity especially at the surface, phase formation 

Fig. 11: Adhesion of Fe on a stainless steel microasperity 
after scratching. The ferrite is coloured in red, while the 
stainless steel is a mixture of the blue manganese and 
red ferrite. The EDS map is overlayed on the SE-SEM 
image.
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and dissolution. In addition to the microstructural 
formation, a constant focus of our research is an 
in-depth understanding of the friction coefficient and 
wear rate at the micrometer scale and the controlling 
mechanisms. Although we mainly focus on the dry 
contact of metals with an infinitely hard micrometer 
asperity, some projects probe the metal on metal 
contact in the presence and absence of lubricants. 
The initial and evolving surface roughness is of 
significant importance at the micrometer-scale. The 
environmental control and environmental induced 
surface layer evolution is taken into consideration. 
Recently, we started to investigate the effects of 
hydrogen on plasticity and fracture during tribology.

Research progress. In 2014 a nanoindenter 
Agilent/Keysight G200 was purchased, which allows 
to measure tangential forces and the quantification 
of the friction coefficient at the micro- and nanometer 
length scale with the addition of the nano-vision stage 
(see also “New Scientific Laboratories and Facilities”, 
“Nanoindentation and -tribology Laboratory”). 
In combination with the physical setup of the 
laboratory, methods for surface preparation, scratch 
testing and post-deformation surface topography 
identification were optimized. One primary benefit of 
the nanotribology research are the high-throughput 
experiments: the scratch velocity, normal force and 
scratch repetition can be varied on a micrometer-
sized area. Hence, all experiments are using the 
identical material and possibly identical crystal 
orientation. Moreover, the asperity radius and the 
counter material (see Fig. 11) can be varied on the 
same material and with the same lubricant.

We started a number of current research projects 
ranging from delamination testing of PtIr thin 
films on WC (cooperation with Dr. P.-P. Choi, MA-
Department), Mo2BC thin films on Si (cooperation 
with Prof. J. Schneider, RWTH Aachen, Prof. Scheu, 
“Nanoanalytics and Interfaces” at the MPIE) and High 
Entropy Alloy thin films on Si (cooperation with Dr. 
K.G. Pradeep and Prof. J. Schneider, RWTH Aachen) 
to hardness and Young‘s modulus determination of 
intermetallic phases in a collaboration within the 
SN-Department. Three primary research results are 
summarized below.

Elasticity and fracture during tribology. 
During scratching in austenite, we found that the 
elastic and plastic depth is given by the Hertz and 
hardness definition, respectively, both of which were 
developed for static indentation although scratching is 
a dynamic process [14]. We identified three domains 
of tribology at the micrometer scale: wear particles 
form for high normal forces and these wear particles 
lead to additional compliance; crystal orientation 
dependent plastic plowing dominates for medium 
normal forces; and the microstructure and phase 
distribution determine the friction at the low normal 
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forces [15]. Additionally, we observed crack formation 
and grain refinement (see Fig. 12) during single 
stroke experiments in other FCC metals.

Hydrogen embrittlement in nanotribology. 
We investigated the hydrogen embrittlement during 
tribology in Fe-Cr alloys, which were designed and 

Fig. 12: Grain refinement in coarse Cu after scratching. The scratch track is a fine-grained microstructure present after 
a single stroke scratch with a 20 µm indenter tip.

Fig. 13: Single and repeating scratches in FeCr15 with 10 mN and 10 µm/s. The scratches are placed in different grain 
orientations. The center grain shows cracks already after the first scratch. After 10 cycles the scratch tracks significantly 
widened. In the center and right-hand image wear particles have developed.

produced in the MA-Department. To this end, we 
constructed a three-electrode electro-chemical cell 
for the G200. Initially, we investigated the pop-in 
behaviour during nanoindentation as a function of 
the electro-chemical charging and as a function 
of the grain orientation. During the scratching 
experiments, we observed that the surface roughness 
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depends on the load order: initial scratching and 
subsequent polarization results in a rougher surface 
than initial polarization and subsequent scratching, 
as shown in Fig. 13.

Microstructure modifications. Most advanced 
bulk and thin film materials have a microstructure, 
which consists of fine and homogeneously distributed 
phases. The chemical and resulting microstructural 
stability is the key challenge in applying these 
materials in tribological applications, as friction 
and wear can lead to mechanical mixing and the 
introduction of dislocations, which would result in 
phase dissolution. We use pearlitic steel to study 
the stability of cementite and ferrite lamellae 
upon scratching. After scratching the surface, 
we investigate the microstructural stability on the 
surface and sub-surface in the material. In addition to 
investigating the tribological induced microstructure, 
we investigate the relation of phase boundary 
orientation on the friction and wear properties. With 
respect to pearlite, we investigate how the lamellae 
orientation determines the friction coefficient. The 
goal of this study is to fundamentally understand 
the friction behaviour of pearlite, which could lead 
to optimizing the microstructure to minimize friction 
and wear. 

- THE DEPARTMENTS -

Fig. 14: Widmanstätten-like morphology of needle-shaped intermetallic phase precipitation from super-saturated 
Co(Nb) solid solution. Different colours indicate different crystallographic orientations of the Co matrix. The picture was 
taken with a Zeiss Merlin SEM in FSD mode (image recorded by K. Angenendt).

Intermetallic Materials (M. Palm, F. Stein)

Group mission. According to the Intermetallic 
Materials group´s mission, current research encom
passes projects on fundamental aspects of phase 
stability and phase transformations of intermetallic 
phases as well as projects on establishing their 
properties in view of potential industrial applications. 
Most of the fundamental investigations are carried 
out in international collaborations while the more 
application-oriented projects are collaborations with 
industries.

Fundamental aspects of phase stability and 
phase transformations. Regarding alloy systems, 
the main focus of the group´s activities lies in 
research on iron aluminides. One of the unsolved 
fundamental questions in the Fe-Al system is the 
nature of the K-phase state (K for the German word 
‘komplex’, which in this connection may be translated 
as ‘difficult’). The K-phase state exists between 250 
and 400 °C and at Al contents between ~10 and 
20 at.%, where a chemical structure occurs which 
shows an anomalous behaviour with respect to 
lattice parameters, electrical resistivity, magnetic 
properties and thermal dilatometry. This state was 
first described in 1950 and though it has been the 
topic of numerous investigations since then its exact 
nature is still unclear. With atom probe tomography 
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(APT) now a tool for direct observation of chemical 
order exists. In a collaboration with the Australian 
Centre for Microscopy and Microanalysis at the 
University of Sydney and the MA-Department at 
MPIE, well-defined samples were investigated by 
APT. Though the measurements did not reveal the 
existence of nano-sized, ordered regions/particles, 
the employed method of determining chemically 
sensitive, generalised multicomponent short-range 
order (GM-SRO) parameters by shell-based analysis 
of the three-dimensional atomic positions has 
general relevance for other alloy systems where 
quantitative chemical-structure evaluation of local 
atomic environments is required [26].

Also in the Fe-Al system, but for alloys with 
about 55 to 65 at.% Al, the eutectoid transformation 
Fe5Al8 (ε) ↔ FeAl + FeAl2 has been studied [27-
29]. This rapid solid-state reaction leads to very 
fine-scaled lamellar microstructures with average 
lamellar spacing of about 200 nm. In Ti-Al-based 
alloys, such microstructures lead to a combination of 
well-balanced properties in terms of creep, ductility 
and strength. However, there is limited knowledge 
about the properties of Fe-Al-based alloys in this 
composition range. Therefore, a series of as-
cast as well as heat-treated alloys was analysed 
by SEM, electron-probe microanalysis (EPMA), 
XRD and differential thermal analysis (DTA). This 
ongoing research already led to an improved 
understanding of the composition dependence of all 
transition temperatures of the involved phases [27]. 
The coarsening behaviour of the lamellae at high 
temperatures is studied in detail and first results on 
the kinetics of this process are described on p. 151.

A combination of systematic experiments and 
calculations according to established theories for the 
interaction between solute atoms and dislocations 
has been performed to understand the strong solid 
solution hardening effect of V in Fe-Al. Comparison 
to Fe-Al-V-C alloys strengthened by V8C7 shows that 
a considerable volume fraction of carbide precipitates 
is needed for obtaining a comparable yield strength. 
However, such marked volume fractions of carbides 
are not desirable as they can lead to the formation of 
coarse, anisotropic shaped precipitates, which may 
act as sources for crack nucleation [30]. Also in view 
of the potential application of iron aluminide based 
alloys, the microstructure/property relationships 
of Fe-Al-Li and Fe-Al-Ti-B-(Mo,W) alloys have 
been established and the effect of Zr on the high-
temperature cyclic oxidation behaviour of Fe3Al-
based alloys has been studied [31-33].

By thermal analysis (DTA  and differential scanning 
calorimetry (DSC)), solidification behaviour and 
invariant reactions in a number of Fe-, Co- and Cr-
based systems were studied [27,34-38]. Precise 
measurements of the solidus-liquidus intervals of 

Fig. 15: Composition dependence of the nanohardness 
of disordered Fe(Al) solid solution (A2) and its ordered 
variants D03 Fe3Al and B2 FeAl as measured along a 
continuous concentration profile in a Fe-20at.%Al / Fe-
53at.%Al diffusion couple. The micrograph shows an ar-
ray of nanoindents in the diffusion zone.

various steel types were performed by DTA/DSC and 
used as a basis for the development of an improved 
Scheil-Gulliver model to predict the solidification 
temperatures of steels [34]. Isothermal sections 
and liquidus surfaces of the ternary systems Fe-
Al-Nb [35], Cr-Al-Nb [36], and Co-Si-Ti [37] were 
established by combining results from thermal 
analyses with phase analyses from EPMA and XRD.

Based on own extensive experimental results 
obtained within the inter-institutional Max Planck 
Society research initiative ‘‘The Nature of Laves 
Phases’’ and critically assessed literature data 
the systems Co-Al, Co-Nb, Al-Nb and Co-Al-Nb 
were thermodynamically modeled by the Calphad 
method [38,39]. Two-sublattice models were used 
for the three Laves phase polytypes – hexagonal 
C14 and C36 and cubic C15 – to enable a realistic 
description of their homogeneity ranges in the Co-
Nb and Co-Al-Nb systems. The Al-Nb and Co-Al 
systems were re-assessed for a better description 
of the homogeneity ranges of Nb2Al and B2 CoAl, 
respectively. The comparison between calculated and 
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experimental values shows that the optimized set of 
thermodynamic parameters gives a complete and 
consistent thermodynamic description of the whole 
Co-Al-Nb system [39].

Besides phase equilibria, also the kinetics of 
phase transformations and precipitation is a topic 
of the group. As an example, Fig. 14 shows the 
discontinuous precipitation of a complex intermetallic 
phase (whether this is monoclinic Co7Nb2 or 
hexagonal C36-type NbCo2 Laves phase still has to 
be clarified) from a supersaturated Co solid solution. 
The binary Co-4at.%Nb alloy first was solution heat-
treated for 10 h at 1240 °C to obtain single-phase fcc 
Co solid solution, and then hold at 900 °C for 100 
h outside of the single-phase field to observe the 
discontinuous precipitation reaction.

Properties and application of intermetallics. 
Another focus of the group’s work lies on studying the 
composition dependence of mechanical properties of 
intermetallic phases. In order to get well-defined and 
well-comparable, single-phase and single-crystalline 
material, diffusion couples are prepared from 
different metals or intermetallic phases and various 
micromechanical tests are planned to be performed 
along the concentration profiles obtained in the 
resulting diffusion zones. A first result of this ongoing 
project is shown in Fig. 15. By contacting pieces of 
Fe-Al alloys with 20 and 53 at.% Al at 1000°C for 
100 h and slow cooling to room temperature, an 
extended continuous Al concentration profile has 
been obtained including the composition ranges 
of the disordered A2 Fe solid solution and the 
D03- and B2-ordered intermetallic phases Fe3Al 
and FeAl. With the help of the nanotribology group, 
nanohardness measurements were performed 
along the concentration gradient. In the disordered 
A2 Fe(Al) composition range, the effect of solid 
solution hardening is clearly visible. As soon as the 
D03-type Fe3Al phase occurs, a stronger increase in 
hardness is observed related to the effect of ordering. 
Within the composition range of the B2 FeAl phase, 
another very strong increase in hardness occurs. 
As the B2 FeAl phase is well known for its high 
vacancy concentration leading to strong vacancy 
hardening, the observed nanohardness increase 
can be expected to be related to the high density of 
vacancies. More detailed studies on that are ongoing.

As iron aluminides are considered as an economic 
replacement for stainless steels, their industrial 
manufacturing and evaluation of the resulting 
properties has become an important research 
topic. Within various collaborations with industries 
the casting of large brake discs for windmills, 
the rolling of different products and the forging of 
compressor blades has been investigated. It has 
also been shown that additive layer manufacturing 
(ALM) of iron aluminide based alloys by selective 
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Department): Coarsening kinetics of fine-scaled 
lamellar B2-FeAl + FeAl2 eutectoid microstructures

Lotfian, Prokopčáková, Švec, Palm (in cooperation 
with Leistritz Turbinenkomponenten Remscheid 
GmbH; IST RWTH Aachen; Access e.V.): Forged 
iron aluminide turbine blades: Process development 
and characterisation

Luo, Kirchlechner, Dehm, Stein: In-situ microme-
chanical studies of intermetallic phases along con-
centration profiles in diffusion couple zones

Marx, Palm (in cooperation with Winterthur Gas & 
Diesel Ltd.; Wärtsila Finland Oy; Wärtsila Nether-
lands BV; Kennametal Stellite GmbH; ABB Turbo 
Systems AG): Intermetallics for engine applications

Michalcová, Senčeková, Szczepaniak, Palm (in co-
operation with Airbus Group Innovations; Siemens 
AG Corporate Technology; Fraunhofer-Institut für La-
sertechnik; Dr. Kochanek Entwicklungsgesellschaft; 
NANOVAL GmbH & Co. KG): RADIKAL – Alloy 
development for and characterisation of iron alu-
minide components manufactured by additive layer 
manufacturing

Palm (in cooperation with P. Kratochvíl, J. Pešička, 
R. Král, Dept. Physics of Materials, Charles Univer-
sity Prague; M. Švec, Technical University Liberec): 
Basic principles of solid solution hardening in iron 
aluminide alloys

Palm, Stein (in cooperation with R. Wartbichler, S. 
Mayer, H. Clemens, Montanuniversität Leoben, Aus-
tria): The effect of Mo additions and processing on 
the microstructure of Al-rich Ti–Al alloys 

Poková, Liebscher, Stein: TEM studies on disloca-
tions and deformation mechanisms of Laves phases

Stein (in cooperation with A. Kaiser, Fraunhofer IKTS, 
Dresden): High-temperature phase equilibria and 
melting behavior of Nb-rich Fe–Al–Nb alloys

Stein (in cooperation with T. Horiuchi, Hokkaido 
University of Science, Japan): Kinetics of peritectoid 
decomposition reactions
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Stein (in cooperation with T. Horiuchi, Hokkaido 
University of Science, Japan): Discontinuous precipi-
tation of intermetallic phases from Co solid solution

Stein, Li, Liebscher (in cooperation with A. Szce
paniak, H. Springer, MA-Department; H. Becker, T. 
Zienert, A. Leineweber, TU Bergakademie Freiberg): 

Substructure formation and crystallographic trans-
formation of the complex intermetallic phase Fe2Al5
Varona Caballero, Palm (in cooperation with S. 
Milenkovic, IMDEA Materials): Development of new 
generation NiAl-based eutectic composites with 
tuneable properties


