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Preface

This report presents the scientific activities and achievements of the Max-Planck-Institut fiir Eisenforschung GmbH
(MPIE) between 2019 and 2021.

The institute has four departments: Computational Materials Design (Prof. J. Neugebauer), Interface Chemistry and Sur-
face Engineering (Prof. M. Stratmann (on leave, provisional head: Prof. J. Neugebauer)), Microstructure Physics and Alloy
Design (Prof. D. Raabe) and Structure and Nano-/Micromechanics of Materials (Prof. G. Dehm). The MPIE also hosts an
Independent Max Planck Research Group on Nanoanalytics and Interfaces (Prof. C. Scheu). Each department consists
of several research groups. The MPIE has a number of interdepartmental and partner groups where topics of interdisci-
plinary content are jointly pursued. Service groups support the scientific departments. These include the synthesis, pro-
cessing and testing of materials, chemical analysis, metallography, a mechanical workshop, facilities to design and build
scientific equipment, an electronic workshop, a library, a computer network centre and a research coordination office.

The MPIE’s mission is to understand and design materials for structural and functional applications down to atomic
and electronic scales, fully including the impact of real environments. Using latest analysis methods and theory, many
of them developed in-house, we start to resolve and quantify material complexity in terms of its rich nano-cosmos,
manifested by hierarchical and entangled atomic-scale structural and electrochemical building units and defects. Ac-
cessing this complexity at a fundamental level is highly challenging and requires the constant development of exper-
imental and theoretical techniques as most of the constituting nano-features are buried in the bulk, change over time
(4D materials) and experience entanglements with correlations that range from a few atomic distances to several mi-
crometres. The structural complexity of advanced materials requires also huge efforts in probing how such materials
respond to external or internal chemical, physical, bio-medical and mechanical stimuli.

This mission is nowadays more essential than ever: global society enters from the age of industry into the age of
circular economy, sustainability and digitalization. Advanced materials have a fundamental impact on all these fields.
They can solve many of the challenges by enabling products with new features and properties. Their synthesis and
manufacturing can be revolutionized by knowledge-driven workflows that integrate theory, data-driven rapid matura-
tion and robotic production. Materials also stand for some of the most pressing burdens of our generation: Since their
production causes about 50 % of all industrial CO, emissions and 10 % of the global energy consumption, research in
this field is a matter of highest urgency.

CM deparment @0 depariment
Computational Interface Chemistry and
Materials Design Surface Engineering

A departrment S depactmen
Microstructure Physics Structure and
and Alloy Design Mano-/Micromechanics

of Materials
J. Neugebauer M. Rohwerder D. Raabe G. Dehm

M. Stratmann®

Ab initio guided multiscale Electrochemical surface Alloy design MNano- and

approaches science micromechanics of
materials

Design of compositionally Catalysis and corrosion Micromechanics Grain boundary phases

and structurally complex and properties

alloys and surfaces

Methods and applications High temperature Correlative atom probe Advanced transmission
in microstructure reactions tomography electron microscopy
evolution and defect

phases

Machine learning, big data Functional surfaces Sustainable metallurgy Thin films,

infrastructure and interfaces, coatings and nanostructured materials
workflows for simulations materials and intermetallics

and experiment

*M. Stratmann is on leave for the time of his presidency of the Max Planck Society. J. Neugebauer is the provisional head of the department.
Fig. 1: Scientific scopes of the departments.
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At the MPIE we address and solve many of these challenges with novel materials, functions and processes, using in-
terdisciplinary approaches, involving experimentalists and theoreticians from different groups and departments. The
often multi-disciplinary research tasks have also motivated us to found dedicated interdepartmental research groups,
to foster collaboration between the different fields. Some grand research challenges that we pursue are:

— How can materials endure hydrogen exposure; what are the links between hydrogen embrittlement, alloy chemis-
try and microstructure? How can hydrogen ingress be prevented or tolerated?

— How can mutually exclusive properties be reconciled in a single material system?
— What is the interplay between structure, chemistry, thermodynamics and kinetics at buried lattice defects?

— How can materials heal themselves, be more adaptive to changing environments, alter their properties on demand
and maintain or even improve their response under harsh system conditions?

— How can theory- and data-driven material design methods in combination with synthesis robots and automated
experimental characterization enable autonomous materials discovery, synthesis and manufacturing?

— How can basic materials science help to make the entire materials system ecologically more responsible and
more sustainable, serve a circular economy and break the conventional end-of life view with practically endless
recycling by proper design of materials and processes?

Some recent developments are worth to be mentioned: as of Jan.1%t, 2022 the MPIE has finalized its transition into 100%
ownership by the Max Planck Society, while remaining its legal entity as a GmbH until administrative processes are
aligned during the next years. During the past 3 years, MPIE has used the transition phase to sharpen its research profile
by adding topics related to fuels cells, hydrogen, magnetism, thermoelectrics, sustainability and machine learning to its
portfolio, flanked by (bi-)weekly workshops and joint seminars, including extramural partner groups.

The MPIE also participates in several large network programs amongst others 6 collaborative research centers (SFBs)
funded by the German Research Foundation (DFG) and it hosts 4 ERC grants in the reporting period (in total 7 ERC
Grantees since 2012). The MPIE won in 2017 and 2020 highest ranks in the Humboldt ranking among all non-university
research organizations in Germany (rank 1 in engineering, rank 3 over all sciences) with 33 awarded scholarships be-
tween 2019 and 2021.

In 2020, Dr. Baptiste Gault received the highest German research award - the Gottfried Wilhelm Leibniz Award 2020 by
the German Research Foundation. Over the past 3 years more than 20 members of the MPIE gained professorships
from prestigious universities around the globe, underlining the institute’s ambition to propel careers. And the MPIE
heads the International Max Planck Research School - IMPRS SurMat.

The institute evolved not only scientifically, also work & life at the institute opened new areas: The MPIE now has a
Team Green which is committed to create a sustainable and ecological working environment. The health management
revealed that the overall working conditions are above average and so is also the overall working satisfaction. Our MPIE
gender equality plan was awarded “silver” by the Max Planck Society.

This report is structured into four parts:

— Part | contains information on recent scientific developments, new scientific groups, large network activities, new
scientific laboratories, and on the work and life at the MPIE.

— Parts Il and /Il cover the research activities of the institute. Part Il provides a description of the scientific activities in
the departments and Part Il contains selected highlights, which summarize major recent scientific achievements in
several topical areas of common interest.

— Part IV summarizes statistically relevant information about the institute.

The Directors of the MPIE

Disseldorf, December 2021
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*Prof. M. Stratmann is on leave for the time of his presidency of the Max Planck Society. Provisional head of the department is Prof. J. Neugebauer.



MA department
Microstructure Physics and Alloy Design

Prof. D. Raabe

Atom Probe Tomography

Dr. B. Gault

Computational
Sustainable Metallurgy

Dr. J. R. Mianroodi

Mechanism-based
Alloy Design

Dr. D. Ponge

Microscopy
and Diffraction

Dr. S. Zaefferer

Theory and Simulation

Dr. F. Roters

Hydrogen Embrittlement in
High-Performance Alloys

Dr. B. Sun

Max Planck Partner Group
Stress and Defects Driven

Funded by German Research
oundation

High-Entropy Alloys

Prof. Z. Li
(guest group leader)
Funded be( German Research
oundation
High Performance Alloys for
Extreme Environments
Prof. P. Kontis
(guest group leader)
ERC Consolidator Grant
Hydrogen in
Energy Materials

Dr. B. Gault
Funded be' German Research
oundation
Integrated Computational
Materials Engineering
Prof. M. Diehl
(guest group leader)
Funded by BMBF
Materials Science of
Mechanical Contacts

Dr. M. Herbig

Materials Science of
Additive Manufacturing
Prof. H. Springer
Dr. R. Ramachandramoorthy

Partner Group with
RWTH Aachen University

ble Materials

Phase Transfor

Prof. R. S. Meka

X-Ray Diffraction

Science and Technology

Prof. H. Springer

MAX-PLANCK-INSTITUT
FUR EISENFORSCHUNG GmbH

SN department
Structure and Nano-/ Micromechanics of Materials

Prof. G. Dehm

Advanced Transmission
Electron Microscopy
Dr. C. Liebscher
Intermetallic Materials
Dr. M. Palm
Dr. F. Stein
Nanomechanical
Instrumentation and
Extreme Nanomechanics
Dr. R. Ramachandramoorthy
Nano-/ Micromechanics of
Materials
Dr. J. P. Best
Thin Films and

Nanostructured Materials

Dr. J. P. Best

Funded by ERC Advanced Grant
Atomistic Modelling of
Material Interfaces

Dr. T. Brink

Funded by ERC Advanced Grant
Hydrogen Mechanics
and Interfaces

Dr. M. J. Duarte Correa

Independent research
groups, members
and schools

Independent Max Planck
esearch Group

Nanoanalytics and
Interfaces

Prof. C. Scheu

Max Planck Fellow Group
Electrochemistry and
Nanoscale Materials

Prof. K. Tschulik

Int. Max Planck Research School
Interface Controlled
Materials for
Energy Conversion
E. Gattermann
Dr. S. Wippermann

External Members

Prof. M. Hillert
Prof. R. Kirchheim

+ XRD phase analysis
+ Pole figure and residual
stress measurements
+ Advanced XRD techniques
B. Breitbach
IT Services Library Research Coordination Office Technical Services incl.
Dr. K. Hiibel Mechanical Workshop
International Public Research Int. Max Planck
Office Relations Funding Research School
R. McCormack P. Siegmund S.Zwaka Y. Ahmed Salem Dr. K. Hiibel  E. Gattermann M. Winkler

Supervisory Board Work Council

Coordinator: A. Schuck K. Angenendt

—
>
[0}
=
7]
=2
L
c
=3
[0}




MAX-PLANCK-INSTITUT
FUR EISENFORSCHUNG GmbH

Management of the institute

Today the Max-Planck-Institut fiir Eisenforschung GmbH
(MPIE) is fully funded by the Max Planck Society. Until
2021 it was a joint venture between the Max Planck Soci-
ety and the Steel Institute VDEh.

The institute was founded in 1917 by the Verein Deutscher
Eisenhiittenleute (VDEh) and incorporated into the Kaiser
Wilhelm Society, the predecessor of the Max Planck Soci-
ety. The MPIE was first located in Aachen and was asso-
ciated with the Technical University of Aachen. Later, in
1934/35, the institute moved to its present location on a
site donated by the city of Diisseldorf.

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

Supervisory Board
nominated by
Federal Government
State Government
Max Planck Society
Steel Institute VDEh

MP fiir Eisenforschung GmbH

stitute was carried out. Since then it has operated on the
legal basis of a limited liability company (GmbH).

Until 2002, the institute was headed by a chief executive
director (1971-1990: H.J. Engell, 1990-2002: P. Neumann)
and an associated administrative director. Since June
2002, all scientific members and the administrative head
of the MPIE form an executive board of directors. The po-
sition of a managing director is filled, in rotation, by one of
the board members. The supervisory board reflects and
debates with the MPIE management and the Max Planck
Society on questions regarding the strategy and research
mission of the institute. It comprises representatives
from academia, industry, research and politics. Moreover,
the institute’s performance is evaluated every three years
through a scientific advisory board. This board consists
of prominent scientists and industry representatives who
assist the institute in balancing fundamental research
and technological relevance.

Shareholder of the MPIE
Max Planck Society (MPG)

Administration
K. de Weldige

: . Executive board
Scientific Advisory Board D. Raabe (chief executive)
consisting of G. Dehm

External members ]

J. Neugebauer

Representatives of MPG K. de Weldige

SH depastment

Structure and
Nano-/Micromechanics
of Materials

G. Dehm

WA depariment
Microstructure Physics
and Alloy Design

0 departemenl
Interface Chemistry and
Surface Engineering

CM deparment

Computational

Materials Design

D. Raabe

J. Neugebauer M. Rohwerder

M. Stratmann®

*M. Stratmann is on leave for the time of his presidency of the Max Planck Society. J. Neugebauer is the provisional
head of the department.
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Independent Max Planck research group:
Nanoanalytics and Interfaces (NG)

Group head: C. Scheu

Research mission and scientific concepts

One central research mission of the Nanoanalytics and
Interfaces (NG) group is to design and optimize materi-
als for the whole value chain of the hydrogen technology.
This starts with (photo)electro-catalytic active materi-
als, which are used to generate green hydrogen either by
light driven water splitting or with electrolysis powered
by renewables [1-24]. This green hydrogen can be used
in polymer-based fuel cells and the constituting material
systems for these devices are also investigated [25-31].
The only by-products from fuel cell operation are water
and heat. Ideally, the waste heat can be converted to elec-
tricity by thermo- electric devices, and activities in the NG
group are devoted therefore to this material class [11, 32-
37]. Further research fields are new materials for batter-
ies, hydrogen storage, and energy-efficient light-emitting
devices [1, 38-47].

To design and optimize renewable energy materials their
microstructure and defects have to be unravelled down
to the atomic scale. The scientific concepts of the NG
group are therefore based on applying and developing
advanced electron microscopy techniques such as ab-
erration-corrected (scanning) transmission electron mi-
croscopy ((S)TEM), energy-dispersive X-ray spectroscopy
(EDX) and electron energy-loss spectroscopy (EELS). The
atomistic structure, chemical composition, and bonding
of material imperfections in bulk materials [48, 49] are
investigated, as well as those in thin films [50-56] or indi-
vidual nanostructures [57-67]. Own principal component
analysis (PCA) tools are developed and applied to anal-
yse the EDX and EELS data [40, 50, 68]. 3D morphology on
nanostructures is characterized via electron tomography
[1, 38-40], whereas their chemical composition in 3D is
resolved by atom probe tomography (APT) [1, 6, 10]. The
observed microstructural features (such as interfaces)
or nanostructures are coupled to the functional proper-
ties (optical, electrical, thermal or electrochemical). This
allows to establish property-nano/microstructure rela-
tionships, optimize material concepts, establish new syn-
thesis pathways, or uncover beneficial (or detrimental)
effects of dopants and impurities.

The stability of renewable energy materials is a pre-requi-
site for successful application and often overlooked. The
NG group has a strong commitment to understand the
origin of degradation phenomena and develops method-
ologies, which help to resolve them. For example, a light
source was added to the existing scanning flow cell setup
coupled to an inductively coupled plasma mass-spec-
trometer (iSFC-ICPMS) to explore the photostability
of absorber materials (see p. 67). In brief, the material
dissolution can be monitored on-line and correlated to
post-mortem STEM/APT studies to observe the structur-

al changes after photoelectrochemical cycling [4, 5, 72].
Further activities are based on an identical location (IL)
TEM setup, which allows studying individual nanopar-
ticles during electrochemical cycling and to uncover
degradation phenomena. Thermal stability, an important
issue for several renewable energy materials, is investi-
gated by in situ electron microscopy heating experiments
[32, 53, 69].

Following the scientific concepts, projects in the NG
group cover a wide range of material systems. The ther-
moelectric materials are studied by L. Abdellaoui, R.
Bueno Villoro, C. Jung, and S. Zhang. The materials for
fuel cells are investigated by A. Garzén-Manjoén, N. Rivas,
M. Vega Paredes. R. Aymerich Armengol, R. Changizi, A.
Frank, T. Génsler, J. Lim, R. Sahu, and S. Zhang perform
research on materials for (photo)-electrolysis, light emit-
ting devices and energy storage. Studies related to me-
tallic thin films with a focus on stability against hydrogen
ingress, thermal load and corrosive attack are done by
S. Zhang and S. Hieke (former member). These studies
are supported by S. Reckort who is in charge of the TEM
sample preparation laboratory. A recent picture from an
online NG group meeting is presented in Fig. 1.

Fig. 1: NG group member meeting in summer 2021.

Supervision, teaching and mentoring

The sharing of knowledge via teaching and supervision
is a central philosophy of the NG group. This is reflect-
ed in the active recruitment of bachelor and master stu-
dents from German universities and abroad. Several of
the members started either during their bachelor thesis
or as student assistants and continued with their mas-
ter and PhD theses. During the last 3 years, two bachelor,
four master, and three PhD students graduated with great
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success. C. Scheu, S. Zhang and A. Garzén-Manjén are in-
volved in teaching activities in universities and internation-
al schools. C. Scheuis a full professor at the RWTH Aachen
University, and organizes courses in the Division of Materi-
als Science and Engineering, as well as in the master cur-
riculum at the Physics Faculty of Heinrich-Heine University
in Dusseldorf. C. Scheu, S. Zhang and A. Garzén-Manjon
serve as committee members in several university boards.
C. Scheu also acts as co-supervisor of external PhD stu-
dents from Ruhr-Universitat Bochum (RUB), University of
Duisburg-Essen (UDE), Ludwig-Maximilians-University
(LMU) and RWTH Aachen University.

Supporting female scientists on their pathway to become
a professor or a leader at an academic or industrial in-
stitution is a centrepiece of the mentoring program es-
tablished by C. Scheu in 2018 at the MPIE. Currently, she
is the mentor of 10 postdoctoral researchers at different
career levels. Besides individual coaching, regular joint
meetings with the mentees are held, with a strong sup-
port from S. Degner, M. Todorova and K. Hiibel (see p. 99).
A recent success of this action is the acceptance of all 4
mentees nominated by the MPIE for the highly competi-
tive career building “Sign-Up 2022!" program of the Max
Planck Society (MPG).

Funding and collaboration

Research funding is received from the Federal Ministry
of Economic Affairs and Energy (BMWi) for the project
PAULL, which is dedicated to investigate materials for
fuel cells (see below). Funding for the project H2BS - bar-
rier coatings against hydrogen ingress - is also provided
by BMWi within the community industrial research (IGF)
program (see p. 84). The project CARMON on battery
materials was funded by the Leibniz Association (see p.
83). Financial support was also obtained from the Ger-
man Research Foundation (DFG) either within priority pro-
grammes such as the SFB 1394 (start 01/2020) and SPP
1613 (until 04/2019) or within individual grants together
with university partners (summary of the last three proj-
ects described later in section research examples). The
ongoing SFB 1394 covers structural and chemical atomic
complexity, defect phase diagrams to material properties
in Mg-Al-Ca alloys (see p. 76). The NG group is contribut-
ing here by analysing the structure and composition of
grain boundaries, phase boundaries and surfaces. Fund-
ing is also received from the MPG via the SURMAT inter-
national school (see p. 74).

The NG group is embedded in a national and international
network of university partners and research institutions.
This includes in Germany the RWTH Aachen University,
RUB, LMU, UDE, University of Konstanz, Leibniz Institute
for Plasma Science and Technology Greifswald (INP), the
Leibniz Institute for New Materials Saarbriicken (INM),
and the Helmholtz Center Hereon, Geesthacht. Interna-
tional partners come from the Czech Republic, China,
France, Israel, Italy, South Korea, Spain and USA. In addi-
tion, the group maintains long-lasting partnerships with
fuel cell industries.

Since the foundation of the NG group in 2014, strong col-
laborations were established with the MA, SN, GO and CM
departments, which is documented in a large number of
joint publications and supervised PhD students. There is
also a close interaction with the recently established Max
Planck Fellow Group on Electrochemistry & Nanoscale
Materials (see p. 22).

Organized conferences and workshops

Due to the COVID-19 pandemic, new formats were es-
tablished to interact with international colleagues. The
18t Virtual Thermoelectric Conference 2020 (VCT 2020)
replaced the annual on-site meeting and attracted over
1000 participants. The European session was organized
by L. Abdellaoui and members from the NG group and
MA department with technical support by T. Sondermann
(SN), B. Beckschéfer (MA), A. Kuhl (MA) and S.L. Wong
(GWDG, IT service organization for the MPG and the Uni-
versity Gottingen). The success was continued in the
2" Virtual Thermoelectric Conference 2021 (VCT 2021),
with L. Abdellaoui and her team organizing the European
session. Together with W. Kaplan (Technion, Israel) and
J. Blendell (Purdue University, USA), C. Scheu started
in autumn 2020 the monthly online event “International
seminar series on the microstructure of materials” with
around 60 participants. C. Scheu was the session chair
of MS3, energy-related materials and catalysts at the Mi-
croscopy Conference (MC) 2019 in Berlin, and organized
the IAMNano (International workshop on advanced and
in situ microscopies of functional nanomaterials and de-
vices) held in Diisseldorf in 2019 with G. Dehm, C. Lieb-
scher, and B. Volker (all SN department). C. Scheu also
co-organized the yearly joint retreat “Mechanics meets
energy” between the SN department and the NG group
in 2019 and 2020.

Dissemination and awards

The NG members gave invited talks at international con-
ferences and colloquia in universities and research insti-
tutions either in Germany or abroad. A selection is given
here. For example, L. Abdellaoui gave invited lectures at
the 6" German-Korean Thermoelectric workshop in Dae-
gu, South Korea (2019) and at the North American Ther-
moelectric workshop, Northwestern University, Chicago,
USA (2019). S. Zhang had invited presentations at the
BiGmax network event in Platja d'Aro, Spain (2019) and
at the LMU in Munich, Germany (2020). R. Sahu present-
ed invited speeches at the Microscopy workshop at IIT
Madras (2020) and VIT Vellore, India (2021). C. Scheu pre-
sented on-site invited talks at the SCANDEM 2019 in Go-
thenburg, Sweden, at the ISMANAM-2019 in Chennai, In-
dia and at the Universita’ Roma Tre, in Roma, Italy (2019),
and on-line invited talks at the international workshop on
high entropy alloy and complex solid solution nanopar-
ticles for electrocatalysis, organized by RUB (2020), the
ICMCTF2021 virtual conference (2021), etc. Besides in-
vited talks, all NG members present their projects at in-
ternational conferences and workshops. Many received
awards for their scientific works. For example, R. Changizi
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won the first prize of the best image award at the MC
2019, Berlin. R. Aymerich Armengol was selected to
participate at the 70t Interdisciplinary Lindau Nobel
Laureate meeting held online in June 2020 and June
2021. A. Garzén-Manjén was chosen by a selection
committee to present a video on her research activi-
ties produced by Latest Thinking. C. Jung was award-
ed with a postdoctoral fellowship program grant from
the Korean NRF (2021). R. Aymerich Armengol and R.
Changizi won the MPIE science video competition. J.
Lim, an Alexander von Humboldt fellow, was appoint-
ed as an assistant professor at Kangwon National

University in South Korea. C. Scheu was awarded to L --} B—
be a panel member for the strategic evaluation of the i | "™ ? !
research field “Matter” of the Helmholtz Association s 3 Wﬂ”" Ty ‘-"'""“:;5':«;-:"‘
(till 2020) and of the review board “Production and M 2 at.% Na P w—n' £ 4 Lot ! i E
processing of functional materials” of the DFG (2020). 40 A ¥ .i: i wl . om \
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The following is a brief report on the scientific results : . PRI i
of some of our research activities. Further projects L . . T .

Distance (nm)

are described in the sections on interdepartmental
research activities - selected highlights, long term-ori-
ented method developments and large-scaled and Fig. 2: a) ECCI image showing four groups of dislocations along

networking projects. <111> directions. b) Bright field TEM image revealing a high density of
dislocations (inset: selected area diffraction pattern along the [211]
Thermoelectric materials zone axis). c) APT reconstruction demonstrating Na enrichment at the

dislocations. Composition proximity histogram proving a Na Cottrell

A promising way to recycle energy from waste heat is atmosphere at the dislocation core. Data from [32].
by the use of thermoelectric devices to generate elec-
tricity. The efficiency of such devices is governed by
the dimensionless figure of merit ZT, which is proportional ~ conductivity in many thermoelectrics. Nevertheless,
to the electrical conductivity, the Seebeck coefficient and  in order to reach the ultra-low 0.4 W/m/K measured in
temperature, and inversely proportional to the thermal con-  Eu ,.Na, .,.Pb,,,.Te, an unphysically high dislocation
ductivity. Microstructural features such as point defects,  density of 4x10'2 cm2is required in the phonon transport
dislocations, planar defects, grain boundaries, etc. interact ~ model as proposed by Y. Pei (Tongji University, China). In
with charge carriers and phonons, and their effects onthe  collaboration with him and his group, the scale-bridging
electrical and thermal conductivities are crucial factorsto =~ methodology was applied to investigate the structural
design thermoelectric materials [11, 32-37]. defects responsible for the ultralow thermal conductivi-

ty [32]. As shown in Fig. 2, the density of dislocations is
In order to understand the impact of these defects, their  only on the order of 10’ cm?, but they aligned to form 4
number densities, structural and chemical characteris-  groups of parallel networks. ECCI at controlled diffraction
tics are studied from the device scale down to the atom-  conditions revealed that the 4 groups of dislocations are
ic scale. This scale-bridging methodology was applied  along [111].[T11].[T11].and [111] and directions, as marked
by L. Abdellaoui, R. Bueno Villoro, C. Jung and S. Zhang  in blue, green, red and orange, respectively. TEM analysis
for the first time to characterize stacking faults [34] and  confirmed the edge character of the dislocations. As a re-
dislocations [32] in thermoelectric materials. SEM-based  sult of the parallel alignments, the strain fields of disloca-
techniques including electron backscattered diffraction  tions superimpose and scatter phonons across the range
(EBSD) and electron channeling contrast imaging (ECCI)  of an entire grain, 10 pm on average, rather than the dislo-
cover the mm to pm scale. Identified features are then ex-  cation spacing, 0.1 ym, leading to a remarkable reduction
tracted by focused ion beam (FIB) for (S)TEM microscopy  inthermal conductivity [32]. Moreover, the chemical com-
and microanalysis down to the atomic scale, as well as  position of the dislocations was determined using APT.
APT for the analysis in 3D down to near-atomic resolu-  Na Cottrell atmospheres were found around dislocation
tion. Such correlative and extensive analysis is facilitated ~ cores (Fig. 2c). Cottrell atmospheres and their introduced
by close interactions between S. Zaefferer’'s group (MA  strainfield increase the phonon scattering cross-sections
department) with ECCI expertise and B. Gault’s group  of dislocations by another factor of 2~5 [11, 32]. Overall,
(MA department), O. Cojocaru-Mirédin and Y. Yu (both  both the large-scale alignment and atomic-scale segre-

RWTH Aachen University) with APT expertise. gation of dislocations have major implication on thermal
conductivity, and such scale-bridging characterization is
As an example, it is commonly hypothesized that dis-  indispensable to understand transport properties of ther-
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locations are responsible for reducing the thermal  moelectrics.
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Dislocations not only reduce the thermal conductivi-
ty of materials, but they also increase their mechanical
strengths. In a collaborative work with G. J. Snyder's
group (Northwestern University, USA) [33], a correlation
between the dislocation densities and the brittleness in
PbTe-based thermoelectric materials was uncovered.
Some auspicious roads towards suppressing brittleness
while maintaining the high thermoelectric performance
enabled by defect engineering are important for future
developments of p- and n-type PbTe[33] .

Furthermore, in practical applications, thermoelectric
generators operate over large temperature gradients to
profit from a high Carnot efficiency. It is therefore import-
ant to investigate how the microstructures designed for
room temperature evolve at high temperature. The NG
group performs in situ heating experiments on thin TEM
lamellae of thermoelectrics to track their microstructural
evolution. The lamellae were prepared by FIB and welded
onto micro-electromechanical system (MEMS) heating
chips (Fig. 3a, b). For example, a high thermal stability of
the aforementioned dislocation networks of Na-doped
PbTe in STEM was observed (Fig. 3c) [32].

ol 00 e

Fig. 3: a) In situ heating chip with b) FIB-prepared sample. c) An
excerpt from in situ heating video showing dislocation networks
inan Eu, ,,Na, ,,.Pb, ,sTe alloy which are immobile during 250 °C
isothermal annealing. Data from [32].

Moreover, the formation and dissolution of precipitates in
PbTe-based thermoelectrics is observed at different tem-
peratures (manuscripts under preparation). A practical
limit for the in situ heating experiments is the sublimation
of PbTe at elevated temperatures under the TEM vacuum.
As an outlook, in situ heating will be conducted in an envi-
ronmental TEM to extend the experiments to higher tem-
peratures and longer durations.

The electrical conductivity plays also an important role in
enhancing ZT [35, 37]. Joint activities with H. Bishara (SN
department) include local electrical conductivity mea-
surements to determine the influence of defects such as
grain boundaries. An example for NbCo(Pt)Sn Half-Heu-
sler compounds [35] is described on p. 188.

Materials for fuel cells

In order to lessen climate change induced by the trans-
portation sector, electrified cars, trucks and ships need
to be developed. Hydrogen is used as fuel to generate
electricity via polymer electrolyte membrane fuel cells
(PEMFCs). The NG group dedicates efforts in improv-
ing the life-time and stability of PEMFCs by studying the
core components before and after operation. Structural
analysis from entire components down to the atomic
scale allows to understand degradation, a prerequisite
for improved materials design. In the recently finished
PhD thesis of the external NG member M. Obermaier, the
degradation of automotive PEMFCs was studied [25-27].
A mechanistic understanding was achieved, which can
explain the local fuel starvation degradation of an auto-
motive PEMFC full size stack [27].

One of the bottlenecks for the widespread commercializa-
tion of PEMFCs is the Pt catalyst, in particular the high cost
and low tolerance to impurities. Right now, Pt is used for
both the oxygen reduction reaction (ORR) on the cathode
and the hydrogen oxidation reaction (HOR) on the anode.
However, the Pt catalysts for HOR can be poisoned by im-
purities in the hydrogen feedstock, e.g. carbon monoxide
(CO). A successful approach for mitigating those hurdles
is based on Pt-Ru catalysts. Their long-term stability still
needs to be improved, and the challenge is tackled in close
industrial cooperation as part of the BMWi project “PAULL".
Novel Ru@Pt core-shell nanoparticles (NPs) are explored
as catalysts in place of traditional Pt-Ru solid solutions.

PEMFCs with Ru@Pt core-shell NPs on the anode and
pure Pt at the cathode were subjected to accelerated
degradation tests. The functional layers of the membrane
electrode assembly thinned down during the degradation
test but were still intact as demonstrated by SEM investi-
gations. TEM revealed that Ostwald ripening, aggregation
and dissolution processes of the catalyst occurred, so
that NPs grew in size at the electrodes and formed aggre-
gated bands in the membrane (Fig. 4a). Such NP bands
were also observed after operation of PEMFCs using Pt-
Ru solid solution NPs as catalysts, with 50 at% compo-
sition of Ru and Pt. As seen in Fig. 4a, the NP band is lo-
cated near the cathode-membrane interface. From STEM
(Fig. 4b) and EDS analysis (Fig. 4c), the NP particles were
identified to possess a fcc crystal structure with little Ru
present. In general, a lower amount of Ru was found in the
band when using Ru@Pt catalysts (<10 at.%) compared
to the ones using solid solution NPs. The results confirm
the protection effect of the Pt shell on the Ru core and
hence a superior degradation resistance of Ru@Pt NPs
compared to Pt-Ru solid solution NPs.

One of the characterization techniques that is currently
being implemented for the fuel cell research is correlative
TEM-APT experiments. First results reveal the presence
of Climpurities within the NP, which are due to the precur-
sor and might be detrimental for their catalytic activity.
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Fig. 4: a) High-angle annular dark-field (HAADF) STEM micrograph
showing a metallic band next to cathode-membrane interface after
accelerated stress test. b) STEM and c) EDX of a selected NP within
the band. Red colour represents Ru, yellow colour Pt.

Besides catalysts for PEMFCs which operate in acidic
conditions, the NG group is also interested in catalysts
for alkaline anion exchange membrane fuel cells. For
these type of fuel cells, it is crucial to find novel efficient
ORR catalysts to promote the kinetically-limiting ORR. To-
gether with the groups of A. Ludwig and W. Schuhmann
(both at RUB) it was discovered that 1-3 nm sized NPs
consisting of earth-abundant transition metal elements,
namely the Cantor alloy (CrMnFeCoNi), show a high in-
trinsic ORR activity [28-31] in alkaline media. Direct cur-
rent sputtering from either five elemental targets or one
alloy target is used to synthesize these complex solid
solution (CSS) NPs within ionic liquids. lonic liquids (salts
with a melting point < 100 °C) have low vapor pressures
and are therefore suitable substrates for the sputtering
process. In addition, the ionic liquid itself can act as an
electronic and steric stabilizer preventing nanoparticle
growth and aggregation, hence, leading to the formation
of NPs with tunable structures and compositions [28-31].
This work was partially funded by the DFG within the grant
SCHE634/21 1.

Electron microscopy performed by A. Garzén-Manjén
was the key in understanding the excellent intrinsic ORR
activity of the CSS NPs and allowed to establish struc-
ture-activity relationships needed for targeted catalyst
design. With the help of aberration-corrected (S)TEM and
EDS mapping the crystallinity and chemical composition
of the NPs were identified. Novel pathways to produce
CSS NPs with different sizes (from 1.3 + 0.1 nm up to 2.6
+ 0.3 nm), crystallinity (amorphous, face-centred cubic
(fcc) or body-centred cubic (bcc)) and composition (e.g.,
from 19 at.% to 2 at% Mn) using a library of eight ionic lig-
uids were developed [30]. The different CSS NPs showed
high activity towards the ORR in alkaline media. The high-
est activity was found for NPs with a bcc structure, lower
Mn and Fe contents, and higher Cr and Co contents, as
synthesized using the ionic liquid [Emimi][(Tf),N] as sub-
strate [30].
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Fig. 5: a) Electron tomographic reconstruction and EELS elemental
maps of a hollow, black TiO, nanowire. b) APT reconstruction show-
ing the enrichment of B, Na and N at the TiO, surface. c) ELNES of
Ti-L, ; edge revealing the presences of Ti** and Ti** ions. d)HRTEM
image superimposed with the L,/L, white line ratio (a low value
corresponds to a high number of Ti* jons). Data from [T].

In order to investigate structural evolution of the CSS NPs
at elevated temperatures, a CrMnFeCoNi alloy target was
directly sputtered on a SiN,-based MEMS heating device
(Fig. 3a). The as-sputtered film was separated into two
phases: bcc CoNi-rich nanoscale islands and a continu-
ous bce CrMnFe-rich layer, indicating a Stranski—Krasta-
nov growth process [70]. In situ heating TEM experiments
of this CSS nanostructure revealed the phase stability up
to 700 °C, where Ostwald ripening took place leading to
abnormal growth of NPs and accompanied changes in
chemical composition [70]. Studies on continuous fcc
(Mn)CrFeCoNi films [55, 56] are given in the section large
scale networks/projects, p. 78.

Nanostructured oxides and sulphides for (photo)
electrochemical, optical and storage application

Nanostructured oxides are successfully employed as
(photo)electrocatalyst, catalyst support and battery
materials. Their properties are governed by their large
surface-to-volume ratio, which allows to achieve a high
activity. One of the most widely studied nanostructured
materials is TiO,, yet, new aspects are still discovered. To
extend the light absorption well into the visible range, de-
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fects such as oxygen vacancies are introduced to make
black TiO,, named after its dark colour. In a recent work
of J. Lim and R. Aymerich Armengol, black TiO, hollow
nanowires were synthesized via a hydrothermal approach
and subsequent reduction at high temperatures using
NaBH, [1]. Their morphology is shown in the electron to-
mogram and the distribution of the major elements in the
EELS maps in Fig. 5a. Impurities were detected by APT as
discussed below (Fig. 5b). The analysis of the energy loss
near-edge structure (ELNES) of the Ti L, , edges (Fig. 5¢)
showed that the Ti ions at the surface are in a reduced
Ti%* oxidation state, in line with a higher number of O va-
cancies compared to the bulk interior where Ti** states
dominate (Fig. 5d). However, black TiO, is known to be
unstable in air, as Ti®* gets oxidized in the atmosphere.
To investigate how Ti%* could be stabilized, the hollow
nanowires were analysed by APT in collaboration with the
group of B. Gault. As shown in Fig. 5b, N, B and Na impu-
rities were found on the surface of the nanowires. They
alter the surface leading to a distorted rutile structure and
stabilize the large number of oxygen vacancies and Ti®*
ions, which govern the electrochemical performance as
tested together with O. Kasian (GO department). The N,
B, and Na impurities stem from the reducing atmosphere,
the reducing agent and the glass substrate, respectively
[1]. In addition to increased visible absorption, the black
TiO, nanowires also have higher electrical conductivity
important for their electrochemical applications [1]. The
black TiO, hollow nanowires were applied as a support
for Pt catalysts and tested with M. Ledendecker (GO
department) in acidic conditions [2]. The formation of a
TiO, encapsulation layer around Pt nanoparticles was
observed, which changes the electrochemical response.
Despite widely regarded as a stable oxide, the formation
of an encapsulation layer shows that the TiO, was not
stable under the chosen condition and it also changed
the average oxidation state. Ongoing studies by S. Zhang
using the iISFC-ICPMS setup revealed also the dissolution
of Ti0, under photoelectrochemical conditions.

The iSFC-ICPMS setup developed in the NG group was
applied to investigate the photocorrosion mechanisms
in highly photoactive materials such as BiVO, [4, 5 and
p. 67]. Within the DFG SPP 1613 on regeneratively pro-
duced fuels by light driven water splitting, the NG group
contributed in establishing microstructure-activity-sta-
bility relationships for various (photo)anode materials,
including Ir0, [20, 23], Fe,0, [10, 11], TiO, [21], BiVO,, [5,
14, 17], MgFe,0, [18] and on the cathode side, Cu,0 [15],
NiO, [71] and (AI,Cr,Fe)O, [12]. Another project related to
water splitting is the collaborative work with B. Lotsch
(Max Planck Institute for Solid State Research), where
it was found that strain in a Pd-rich capping layer of Pd-
Co0, enhances the HER in acidic media [7]. Studies with
the group of A. Llobet (Institute of Chemical Research of
Catalonia, Spain), who synthesized novel catalysts for the
water oxidation reaction, which are based on Ru coordi-
nation oligomers adsorbed on multiwalled carbon nano-
tubes, were conducted to prove the presence of Ru [7].

Nb,0,0H is another known photocatalytically active ma-
terial, where in-depth TEM investigations are performed

by T. Gansler to understand the growth of nanostructures
and their behaviour. Defects play a central role and are
also analysed to explain the complementary resistive
switching behaviour [57, 58] found in Nb,0,OH and TiO,
within the collaborative DFG project SCHE 634/20-1 with
L. Schmidt-Mende (Konstanz University). Fig. 6 shows an
aberration corrected HRTEM image revealing the pres-
ence of planar defects but also resolving the arrange-
ment of the surface atoms. This is further elucidated with
the help of density functional theory calculations of J. Mi-
nar (University of West Bohemia, Plzen, Czech Republic).
Nb,0,0H can be transformed to Nb,O, by the release of
water, the latter is an interesting battery material. Earli-
er in situ heating TEM experiments resulted in the trans-
formation from Nb,0,0H to NbO, as lattice oxygen was
lost in the TEM vacuum [72]. Recent environmental TEM
experiments performed by S. Betzler (Lawrence Berkeley
National Laboratory, USA) in collaboration with B. Sinclair
(Stanford University, USA) allowed to study the reaction
from NbO to T-Nb,O, at elevated temperatures when ox-
ygen is supplied [3]. A partial oxygen pressure of <Imbar
is already sufficient. The reaction is in accordance to the
bulk phase diagram and starts at the planar faults within
the wires [3].

Fig. 6: HRTEM micrograph of a Nb,0,0H nanowire showing the
presence of planar defects and the surface structure (magnified
shown as inset).

Crystal defects have also considerable effects on the
optical properties. For example, individual PrNbO, and
Pr3*:Ca,Nb,0, particles were studied with cathodolumi-
nescence (CL) measurements in an SEM by R. Changizi,
who correlated the findings with the structural and chem-
ical information obtained via (S)TEM and EDS [47]. The
lanthanide ions’ surroundings, concentration and pres-
ence of defects such as twin boundaries determine the
width and intensity of the emission lines. The effect of
the twin density on the optical properties of PrNbO,,is be-
ing studied in close collaboration with S. Zaefferer (MA
department). High density twinned particles show peaks
with higher intensity compared to the twin-free particles.
Presence of the twin boundaries leads to the hybridiza-
tion of the 4f electronic states, which enables the other-
wise parity-forbidden inner 4f-shell transitions.

2D nanosheets are another interesting class of materials
for (photo)electrocatalysis. S. Zhang explored the pho-
tocatalytic HCa,Nb,0,, nanosheets as the support for
co-catalysts, for example, NiO, for the hydrogen evolution
reaction [69]. Uniform thickness of the nanosheets facil-
itated the TEM observation on their structural evolution



Fig. 7: Aberration-corrected STEM image revealing the local for-
mation of MoB MBene layers in MoAIB adjacent to amorphous AlO,
region. Data taken from [50].

(see p. 65). R. Aymerich Armengol and J. Lim synthesized
Fe,Mn,_ 0, 2D nanosheets with different doping amounts
using a facile novel wet-chemical procedure. These
nanosheets catalyse very efficiently the growth of carbon
nanotubes at low temperatures [45]. Another 2D material,
MBene, was fabricated by direct synthesis of MoAIB films
via DC magnetron sputtering using a moderate growth
temperature of 700 °C in collaboration with J. M. Schnei-
der (RWTH Aachen University) [50]. The work by R. Sahu
reveals that 2D MBene formation occurs by Al deinterca-
lation from MoAIB in the vicinity of AlO,_ without any ex-
ternal stimuli such as chemical etching or heat treatment.
Hence, itis a straightforward method of MoB MBene-AlO,
heterostructures synthesis [50]. The resulting structure is
shown in Fig. 7. The material might possess potential for
energy storage and electrocatalytic application.

More examples where the NG group is involved in the de-
sign and understanding of electrocatalysts can be found
in p. 184. The studies related to battery materials are pre-
sented in the project CARMON (see p. 83).
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Future technology challenges will no longer be simply
addressed by today’s materials and processing solutions,
which are often based on trial and error. Instead, guid-
ance will be attained from correlative experimental and
theoretical research bridging all length scales. It is e.g.
evident that future engineering components will be made
of materials that are self-reporting. Self-reporting mate-
rials “communicate” damage of the material via changes
of properties that can be measured in service as a conse-
quence of chemical changes on the atomic length scale
and/or phase transformations. Harnessing this would
provide invaluable functionality for damage assessment
and control and would constitute a major leap forward as
the “health” of any material component exposed to me-
chanical loads could be monitored in service. This fas-
cinating basic materials science with tremendous tech-
nological implications was the focus of Schneider’s Max
Planck Fellow Group.

One material property that can be measured in service
non-destructively is the electrical resistivity. Within the
Max Planck Fellow Group, the resistivity changes of
magnetron sputtered, amorphous Cr,AlC thin films were
measured during heating in vacuum for the first time. For
this Pt electrodes were deposited onto the as-deposited
Cr,AIC thin films. Annealing amorphous Cr,AIC first leads
to the formation of a hexagonal disordered solid solution
which subsequently transforms into the (ordered) hexag-
onal MAX phase. In our proof of concept study [1], it was
shown that these phase changes can be revealed by in situ
measurements of thermally induced resistivity changes.

After it was successfully proven that the in situ tracking
of phase changes is possible, the self-reporting capa-
bilities were extended to in situ tracking the oxidation
of TiN, serving as a model system for hard coatings in
industrial applications [2]. Fig. 1 shows in situ measured
sheet resistances of TiN thin films at different tempera-
tures plotted over the oxidation time and the remaining
TiN thickness dependent on the oxidation time as calcu-
lated from the measured sheet resistances via the Van
der Pauw equation. Diamonds in the bottom centre graph
indicate remaining TiN film thickness as measured by ex
situ scanning transmission electron microscopy (STEM).
It is evident, that for increasing oxidation times and tem-
peratures, the sheet resistance is increasing accordingly
to the degradation of the residual TiN film. For the films
annealed 4 h at 600 and 650 °C the residual thicknesses
were predicted to be 0.590 and 0.078 pm by in situ sheet
resistance measurements, respectively. The via ex situ
STEM measured thicknesses were deviating by 8.3 % and
14.2 % from these values, respectively, and are hence in

good agreement. For the sample annealed 1 h 25 min at
700 °C both the in situ and ex situ measurement consis-
tently indicate the complete loss of the TiN film.
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Fig. 1: Top: in situ measured sheet resistance of TiN thin films over
oxidation time for three samples oxidized at 600, 650, and 700 °C;
Bottom: remaining TiN thicknesses depending on oxidation time
calculated from measured sheet resistances. Diamonds indicate
remaining TiN film thickness measured ex situ by STEM.

In summary, it was shown that oxidation behaviour [2] and
phase transitions [1] can be tracked by in situ sheet resis-
tance measurements making it an autonomous self-re-
porting property for monitoring the residual lifetime of
components during application. These proof of concept
demonstrations have fuelled the implementation of spa-
tially resolved resistivity measurements in the “Thin Films
& Nanostructured Materials group” of the SN department
and also serve as one thin film materials design criterion
now explored within the newly setup of the MPG group
“Thin Film Materials Design” (see p. 26).
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Max Planck fellow group:
Electrochemistry & Nanoscale Materials

Group head: K. Tschulik

Faculty of Chemistry and Biochemistry, Analytical Chemistry Il, Ruhr-Universitdat Bochum

The development of improved electrocatalysts for renew-
able energy technologies and the synthesis of industrially
important chemicals are hampered by the current lack
of information on favourable catalyst properties. The
aim of this Max Planck Fellow group is to understand the
influence of compositional and structural properties of
materials on their electrocatalytic activity, to tackle this
problem and pave the way to reaction-specific, rational
catalyst design by dissecting the most relevant criteria.
For this purpose, we will systematically alter the relevant
materials properties, including composition, grain size,
surface facets, and porosity and examine their electro-
catalytic performance. We will follow a concerted in-
terdisciplinary approach to gain better insights into the
underlying processes. We seek to establish innovative
synthesis and processing steps for catalyst materials,
such as alloy electrodeposition and magnetic field-as-
sisted electrochemical post-processing. The obtained
materials will be utilized as catalysts with systematically
tuned and precisely characterized properties to identify
their performance in terms of electrocatalytic activity, se-
lectivity and durability.
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Fig. 1: Schematic representation of nanoparticle modification by
dealloying, cyclic voltammetry data and identical location STEM
images and EDX mapping, before and after dealloying of AgAu
nanoparticles [1].

In addition to established methods for electrochemical
characterization of large numbers of nanoparticles im-
mobilized on a surface, we will use single nanoparticle
electrochemistry to characterize reactions at or of indi-
vidual nanoparticles, allowing us to determine the intrin-
sic electrochemical response of nanomaterials one by
one (Fig. 2). Forinstance, by performing electrocatalytic
single entity studies, we have demonstrated that the ox-
ygen evolution reaction is limited by removal of the prod-
uct from individual CoFe,0, nanocatalysts in alkaline me-
dia and at current densities of several kA/m? [2].

r Steady-state current
{mass transport limited)

Current

g

g o\eb

Fig. 2: Scheme of single particle electrocatalysis at individual NPs.

Furthermore, in depth ex situ characterization and op-
erando spectro-electrochemistry will be used to account
for changes in properties, activities and selectivity during
electrocatalysis. These experimental tasks will be sup-
ported by state-of-the-art computational studies con-
ducted at the MPIE, to gain fundamental insights into
catalyst restructuring under operando conditions and
into the atomic-scale processes occurring at the solid/
liquid interface.

A first impression on the great potential of nanoparticle
post-processing by electrochemical dealloying combined
with identical location transmission electron microscopy
(TEM) (Fig. 1) has been obtained for conventionally-syn-
thesized AuAg nanoparticles in a collaboration with the
Scheu group [1, see p. 13].
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High temperature materials have always been one of
the research strong holds of the MPIE. In 2010, a Max
Planck Fellow High Temperature Materials (HTM) group
led by G. Eggeler was established in this area, which
continued seamlessly as an external MPIE research
group since June 2016. HTM establishes an operational
research link between the Chair for Materials Science at
the Ruhr-Universitat Bochum (RUB) and the MPIE. From
the beginning on, A. Kostka was closely associated with
the HTM research. His present permanent position as
a transmission electron microscopy (TEM) scientist at
the RUB allows him to participate in HTM research and
to provide scientific contributions. HTM research topics
focus on material properties, which strongly depend on
microstructural evolution during high temperature ex-

posure. One objective of HTM is to improve advanced
structural materials based on an in depth understand-
ing of elementary deformation and damage processes,
which govern high temperature strength. But topics like
high temperature shape memory alloys also receive at-
tention.

Ni-base single crystal super alloys: In the case of Ni-base
single crystal super alloys, which can resist mechan-
ical loads at temperatures well above 1000 °C, there is
an interest in the segregation tendencies of Re, which is
known to significantly improve creep strength. HTM ef-
forts concentrated on segregation phenomena of Re at
low angle grain boundaries (in cast microstructures) [1]
and at y/y'-interfaces during creep [2, 3].
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Fig. 1: Identifying locations for subsequent APT analysis [1]. (a) Optical micrograph of dendritic microstructure.
(b) Backscatter electron) (BSE) overview image. (c) Higher magnification micrographs showing a low angle grain
boundary between the regions marked with A and B. APT specimens containing this boundary were subsequently
extracted [1]. (d) Orientation of regions A and B. (e) Corresponding misorientation angles. (f) KAM map.
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As an example, Fig. 1 shows the detailed characterization
of an as-cast microstructure by means of optical micros-
copy and electron backscatter diffraction (EBSD) in the
scanning electron microscope (SEM). Specific locations
were identified, and, in a second step, these regions were
chemically analyzed using atom probe tomography (APT)
in B. Gault's group (results not shown here). The super
alloy research was integrated into the research of the
collaborative research center SFB/TR 103 [4, see p. 87]
funded by the German Research Foundation (DFG), where
MPIE is a partner. From Bochum P. Thome, F. Scholz and
J. Frenzel actively contributed to HTM research.

High temperature shape memory alloys: The HTM group
also works on functional materials. Shape memory al-
loys (SMAs) can recover their original shape after severe
plastic deformation. The underlying one way effect relies
on a diffusionless phase transformation, where a low
temperature phase (detwinned martensite) retransforms
into a high temperature phase austenite. Conventional
SMAs show transformation temperatures in the 50 °C
temperature range. There is a strong interest in SMA sys-
tems, which can operate at higher temperatures. From a
fundamental point of view, this is challenging, because
diffusional processes start to interfere with the physical
nature of the martensitic transformation. In the reporting
period, the HTM group performed theoretical and exper-

Fig. 2: Test rig for
assessing Ti-Ta

HTSMA spring actuator
performance [6]. The
two photographs were
taken during a heating
cycle. The insets show
colour coded tem-
perature distributions
recorded with an IR
thermo camera. Key
elements of the test rig
are highlightedina) 1 -
load cell; 2 - grips (for
mechanical clamping)/
electrical contacts (for
direct current heating);
3 - control thermo
couple; 4 - Ti-Ta spring;
5 — low friction linear
slide system; 6 — fan
array (for air cooling).
(a) Begin of heating cy-
cle — martensitic state,
T =250 °C. (b) Reaching
end of heating cycle -
directly after reverse
transformation to
austenite, T = 450 °C.

25 mm
TSI

imental research on the TiTa system, in a DFG funded
research activity (FOR 1766). In collaboration with the
Interdisciplinary Centre for Advanced Materials Simula-
tion (see p. 79) it was shown that small additions of Sc
can suppress the detrimental formation of the w-phase,
which makes it difficult to apply binary TiTa high tempera-
ture shape memory alloys as actuators [5]. It was experi-
mentally demonstrated that TiTa spring actuators can be
processed and that the one way effect can be exploited at
temperatures above 400 °C [6], Fig. 2.
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MPG group:
De magnete — Designing magnetism on the atomic scale
Group head: O. Gutfleisch

Functional Materials, TU Darmstadt

Hard and soft magnets are everywhere
in our modern society. They are key
components in advanced energy con-
version and energy recovery systems, [
electromobility and transport systems, .
data storage and communication, con-

Fa

sumer electronics, magnetic resonance )

imaging and magnetic separation, ro- =
botics and automation, electric power
transmission and distribution, and pos-
sibly also in new magnetic refrigeration

technologies. -

Based on this, we established in autumn

2020 the external research group De Mag-
nete with the aim to push functional bulk
magnets to their physical limits given by
their intrinsic properties. Key is the un-
derstanding of the critical magnetization
reversal processes on the atomic scale.

[E920 at% NI 0 composition .

Fig. 1: Ultrastrong and ductile bulk high-entropy alloys with excellent soft magnetic
properties were achieved by introducing a high volume fraction of coherent and ordered
nanoprecipitates into the alloy matrix. The high lattice coherency between the homoge-
neously dispersed nanoprecipitates and the alloy matrix creates only negligible distor-

tion fields on magnetic domain wall motion and contributes significantly to the strength.

Transitional and dynamic processes are

relevant for nucleation and propagation

during all critical magnetization reversal processes. It is
one of the great challenges in magnetism and magnetic
materials for advanced characterization and simulation
to capture, reproduce and finally predict these phenom-
ena across all spatial and temporal scales. There is the
need for overcoming the disconnection of the modelling
methodologies and also for validating atomistic and thus
highly selective experimental observations on the meso-
and macroscales.

We are searching for the perfect defect; an ideal perfect
single crystal will allow us to determine unambiguously
the physical limit of e.g. a magnetic material based on its
intrinsic properties (saturation magnetization, magne-
tocrystalline anisotropy field and Curie temperature and
derived from these, their characteristic micromagnetic
length scales).

We want to explore and master the duality of defects —
they can alter local magnetic anisotropy and with this
serve as a nucleation site or act as a pinning site. We
can observe local softening detrimental for a permanent
magnet or we can imprint a useful step or gradient in
K, the anisotropy constant. We want to understand the
electrostatic potential, size, symmetry, coherency, orien-
tation, interfacial sharpness, population density, scale,
embedment in the surrounding matrix of the defect and
its thermodynamic stability.

Based on this understanding, we will develop a theory
driven approach for alloy and microstructure design, as

well as defect (of various dimensionality) manipulation of
hard, soft, magnetocaloric materials and extend this to
new concepts like high entropy alloys and additive manu-
facturing, where we then look into the superior mechani-
cal properties and new geometries.

Finally, we are running the biweekly De Magnete semi-
nar series between the two groups at TU Darmstadt and
MPIE Diisseldorf to cross-fertilize the interaction.
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MPG group: Thin film materials design

Group head: J. M. Schneider

Materials Chemistry, RWTH Aachen University

Independent research group continuing MP fellowship,
start 01 October 2020

Thermal stability of protective coatings is one of the
performance-defining properties for advanced cutting
and forming applications as well as during energy con-
version. To investigate the effect of oxygen incorporation
on the high-temperature behaviour of (Ti,Al)N, metasta-
ble cubic (Ti,Al)N and (Ti,Al)(O,N,,) coatings were syn-
thesized using reactive arc evaporation and the results
were published in Acta Materialia [1]. X-ray diffraction of
(Ti,Al)N and (Ti,Al)(O,N, ) coatings revealed that spinod-
al decomposition is initiated at approximately 800 °C,
while the subsequent formation of wurtzite solid solution
was clearly delayed from 1000 °C to 1300 °C for (Ti,Al)
(O,N,_,) compared to (Ti,A)N (Fig. 1). This thermal stabil-
ity enhancement can be rationalized based on calculated
vacancy formation energies in combination with spatial-
ly-resolved composition analysis and calorimetric data:
Energy dispersive X-ray spectroscopy and atom probe

Al enrichment in grain

Nucleation and growth

c-(Ti AN + w-(Ti. AN
Mucleation and growth

C-{Ti, AN
Al enrichment at GB

(Ti,Al)O,N)

c-(Ti,AINC.N) c-(TLAIND,N) + w-(Ti. AN

Fig. 1: Schematic representation of decomposition of rotated
c-(Ti,A)N and c-(Ti,Al)(O,N) coatings; adapted from [1].

tomography data indicated a lower O solubility in wurtzite
solid solution compared to cubic (Ti,Al)(O,N).

Hence, it is evident that for the growth of the wurtzite,
AIN-rich phase in (Ti,Al)N, only mobility of Ti and Al is re-
quired, while for (Ti,Al)(O,N), in addition to mobile metal
atoms, also non-metal mobility is required. Prerequisite
for mobility on the non-metal sublattice is the formation
of non-metal vacancies, which require larger tempera-
tures than for the metal sublattice due to significantly
larger magnitudes of formation energies for the non-met-
al vacancies compared to the metal vacancies. This no-
tion is consistent with calorimetry data, which indicate
that the combined energy necessary to form and grow the
wurtzite phase is larger by a factor of approximately two
in (Ti,Al)(O,N) than in (Ti,Al)N, causing the here reported
thermal stability increase.

References

1. D. Holzapfel, D. Music, M. Hans, S. Wolff-Goodrich, D. Holec,
D. Bogdanovski, M. Arndt, A. O. Eriksson, K. Yalamanchilif,
D. Primetzhofer, C. H. Liebscher, J. M. Schneider: Acta Mater
(2021) 117204,

Additional selected publications

2. B. Volker, C. Du, H. Fager, H. RueR, R. Soler, C. Kirchlechner, G.
Dehm, J.M. Schneider: Surf. Coat. Tech. 390 (2020) 125645.

3. B. Volker, B. Stelzer, S. Mraz, H. RueR, R. Sahu, C. Kirchlechner,
G. Dehm, J.M. Schneider: Mater. Design 206 (2021) 109757.

4. D. Gohl, H. RueR, S. Schlicht, A. Vogel, M. Rohwerder, K.J.J.
Mayrhofer, J. Bachmann, Y. Roman-Leshkov, J.M. Schneider, M.
Ledendecker: Chem. Electro. Chem. 7 (2020) 2404.

5. D. Gohl, H. RueR, M. Pander, A.R. Zeradjanin, K.J.J. Mayrhofer,
J.M. Schneider, A. Erbe, M. Ledendecker: J. Electrochem. Soc.
167 (2020) 021501.

6. S. Evertz, |. Kirchlechner, R. Soler, C. Kirchlechner, P. Kontis, J.
Bednarcik, B. Gault, G. Dehm, D. Raabe, J.M. Schneider: Mater.
Design 186 (2020) 9.

7. S. Evertz, S. Priinte, L. Patterer, A. Marshal, D.M. Holzapfel, A.
Schokel, M. Hans, D. Primetzhofer, J.M. Schneider: Cond. Mat.
5(2020) 18.

8. S. Evertz, V. Schnabel, M. Kdhler, I. Kirchlechner, P. Kontis, Y.-
T. Chen, R. Soler, B.N. Jaya, C. Kirchlechner, D. Music, B. Gault,
J.M. Schneider, D. Raabe, G. Dehm: Front. Mater. 7 (2020).

9. S Evertz, J.M. Schneider: Materials 13 (2020) 4911.

10. A. Marshal, P. Singh, D. Music, S. Wolff-Goodrich, S. Evertz, A.
Schokel, D.D. Johnson, G. Dehm, C.H. Liebscher, J.M. Schneider:
J. Alloy. Compd. 854 (2021) 155178.

11. S. Wolff-Goodrich, A. Marshal, K.G. Pradeep, G. Dehm, J.M.
Schneider, C.H. Liebscher: J. Alloy. Compd. 853 (2021) 156111.



MAX-PLANCK-INSTITUT
FUR EISENFORSCHUNG GmbH

Interdepartmental group:
Sustainable synthesis of materials

Group heads: I. R

. Souza Filho, Y. Ma

MA
The high demand for metallic materials in
key sectors such as energy, construction, A
safety, and transport results in predicted gl

production growth rates of metals up to 200
% until 2050. Yet, most of the metallic ma-
terials, particularly steel, aluminium, nickel,
and titanium, require a lot of energy when
they are extracted and manufactured from
ores. This fact means that metallic indus-
tries have become a huge environmental
burden, with a total energy consumption of
~53 EJ (108 J, that is 9 % of the global energy
used) and almost 35 % of industrial CO,-equiv-
alent emissions (4.4 Gt) when counting only
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steel and aluminium industries [1, 2].

The interdepartmental group “Sustainable
Synthesis of Materials” focuses on the phys-
ical and chemical foundations to improve
the direct sustainability (related to synthe-

b EBSD,ECHECCI : X
atams eperando TEM R e T
s emaranda HEXRD
WRTEM  Vnchrotree KCT .
T T T T o
nm \am mim ™
Length scale

Fig. 2: Multiscale approaches towards better understanding of the materials’
synthesis processes.

sis and manufacturing) of structural and

functional metals. The research areas include reduced
CO,-intense production, low-energy material synthesis,
recycling, scrap-compatible alloy design, sustainable
semiconductors, improved longevity of alloys, and green
energy generation.

The ongoing research activities lie in the exploitation
of sustainable routes for iron production using various
hydrogen carriers (e.g., pure H, gas or mixtures, NH,,
and hydrogen plasma, etc.) as reductants as well as via
low-temperature electrolysis (i.e., up to 200 °C) (Fig. 1).
The hydrogen-based reduction methods include sol-
id-state direct reduction with molecular H, [3], hydrogen
plasma-based reduction of molten ores [4] as well as a hy-
brid method combining both. The group also investigates
the impact of microstructural aspects of iron powders on
their combustion for green energy generation (Fig. 1). The

Electrolysis &

iron powder
Iron powder combustion

- ‘H.d.'l

ron oal Fiﬂ‘ a
Direct 3
reduction  Plasma

'f

reduction "1 = e
a4 A

[ - i

g ¥
Hs

endutio e

Fig. 1: The group focuses on the chemical and physical foundations
for sustainable synthesis of iron and green energy generation.

focus of those studies is placed on the reaction thermo-
dynamics, kinetics, associated phase transformations, mi-
crostructural evolutions, and transport phenomena across
several length and time scales, down to the atomistic and
electronic mechanicsms associated with these redox re-
actions (Fig. 2). Particularly, multiscale and operando ex-
perimental methods are employed to reveal the underlying
reaction mechanisms in these synthesis processes. Also,
physics-based numerical modelling is applied to interpret
experimental findings and aid the design of key experi-
ments in collaboration with in-house theory groups.

The interdepartmental group “Sustainable Synthesis of
Materials” evolved from the interdepartmental group
“Physical Metallurgy of Sustainable Metals”, which
was led by D. Ponge and D. Raabe till September 2021,
to match the need for interdisciplinary cooperation be-
tween the departments.
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Interdepartmental group:
Materials science of additive manufacturing

Group heads: R. Ramachandramoorthy’, H. Springer?

TSN, 2 MA, now also at: Institute of Metal Forming, RWTH Aachen University, Germany

The new group of “Materials science of additive manu-
facturing” headed by R. Ramachandramoorthy and H.
Springer was established in 2021, to leverage the selec-
tive laser melting (SLM) technique as a unique multifac-
eted tool for novel materials design, bundeling the strong
research links between the departments in this field.

A plethora of materials characterization efforts have been
undertaken over the years to understand the influence of
processing parameters on the microstructure of the fab-
ricated parts using SLM. But a concerted effort exploit-
ing simultaneously the material and structural effects to
achieve mechanical and physical performance enhance-
ment is largely missing in the field of SLM and this forms
the core motivation for this group. One of the key research
foci for the group will be tailored alloy development to-
wards achieving specific microstructure and material
properties. This aim will be approached using a combina-
tion of customized powder development and state-of-the-
art alloy design concepts. Specifically, a laboratory-scale
powder development system will be implemented to ob-
tain small quantities of SLM powders from pre-selected
and custom cast alloys. A few material design strategies
currently envisioned include stiff-and-light high modulus
steels for lightweight applications (Fig. 1), magnetic and
fuel cell materials, as well as metal-matrix composites pro-
duced by reactive atmosphere based SLM [2].

The second research focus of the group will be on the op-
timization of microstructure and site-specific laser pro-
cessing parameters to tune the mechanical properties
of 3D topologies such as complex truss-based lattices,
plate-based lattices and lattices with doubly curved ge-
ometries based on triply periodic minimal surfaces (Fig.
2). Specifically, the rate-dependent (0.001/s to 1000/s)
microstructure and structural evolution of the different
architectures will be investigated using a combination of
experimental mechanical metrology and finite element
method-based simulations. Particular attention will be
on minimizing the detrimental effects of surface sinter-
ing and lattice defects on the mechanical properties us-
ing a combination of post-processing techniques such as
heat-treatments, chemical etching and sand-blasting and
evaluated via MicroCT analysis. The ultimate goal is to
establish microstructure-architecture-mechanical prop-
erty relationships in light-weight low density lattices.
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Fig. 1: Novel materials through novel synthesis: the in situ nanostructuring of TiB, particles in a ferritic matrix during SLM of an FeTiB
alloys ensures a unique property combination of high stiffness and strength coupled with low density [1].

No compressive strain

20 % compressive strain

50 % compressive strain

Fig. 2: Millimeter scale pure Cu octet lattices in the undeformed and after quasi-static deformation at different strains.
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Interdepartmental group:
Sustainable material science and technology

Group head.: H. Springer

MA, now also at: Institute of Metal Forming, RWTH Aachen University, Germany

The RWTH Aachen University partner
group on “Sustainable Material Science
and Technology” investigates and devel-
ops innovative strategies for the sustain-
able production of metallic materials. We
aim at a holistic approach to reduce the en-
vironmental impact, by integrating aspects
of synthesis science and technology, such
as energy consumption and emission of
climate gases, into the material design, i.e.
the use of alloying elements, tolerance for
impurities and optimisation of the prop-
erty profile for lightweight constructions.
Associated research topics span from combinatorial alloy
design of Mg-Al-Ca composites, development of high stiff-
ness and self-healing materials, fundamentals of recrystal-
lisation during thermo-mechanical treatments of compos-
ite materials, to the development of damage tolerant dual
phase steels. This is done in the framework of two collabo-
rative research centers as well as in projects funded by the
AiF (Arbeitsgemeinschaft industrieller Forschungsvereini-
gungen) and BMWi (Federal Ministry for Economic Affairs
and Energy), all being integrated into the activities of the
academic and research department for metallic compos-
ite materials at the RWTH Aachen University.

The focus of our activities on sustainable metallurgy lies
on investigating novel concepts for the reduction of iron
ores. The transformation of the steel industry from coal-
based blast furnace technology towards the final goal
of sustainable hydrogen metallurgy is a key pathway to
reduce the global carbon emissions, but represents a
multitude of scientific and technological challenges, the
solution of which requires input from all departments.
Two processing routes are being investigated: The di-
rect reduction process, where ore particles or pellets
are transformed to iron in a hydrogen containing atmo-
sphere, is from a technological standpoint already on a
high readiness level, but the underlying microstructural,
transport and transformation phenomena are not yet fully
understood. We aim to elucidate these mechanisms with
advanced microstructure characterisation techniques,
small-scale test reactor set-ups, simulations down to elec-
tronic scales and advanced in situ electron microscopy,
thus bundeling core competences from all departments
[1]. This does not only provide the basis for further optimis-
ation of the reduction process, but also transfers into other
upcoming technological innovations such as the use of
metallic powders as a sustainable and climate neutral fuel.

The other relevant process is the hydrogen plasma smelt-
ing reduction, where the ore is molten and simultaneously
reduced in an electrical arc furnace with a hydrogen plas-
ma arc. This process offers the greatest ecological and

Fig. 1: Investigat-
ing the hydrogen
plasma smelting
reduction of iron
ores at the MPIE:
From model
processes to
microstructure
characterisation
and evaluation
of the reduction
kinetics.

economical potential, as it offers thermodynamic advan-
tages by eliminating the need to subsequently melt the
reduced iron, as well as much accelerated reduction ki-
netics due to the stronger reduction potential and energy
level of ionised hydrogen species (Fig. 1). However, while
it is expected that existing electric arc furnaces can be
transformed into hydrogen plasma reactors, a multitude
of scientific questions and engineering challenges have
to be addressed in order to bring this most promising
hydrogen metallurgy technique onto a higher technology
readiness level. These involve especially the nature of the
interaction between the high energy plasma and ionised
liquid oxides, the role of alloying elements on the reduc-
tion chemistry and slag formation, as well as gas com-
position, processing stability and furnace construction.
All these topics have to be optimised simultaneously to
ensure an optimised hydrogen efficiency as being cost
effective and technologically feasible in view of the mas-
sive scale of global steel production. In order to efficiently
elucidate and address the vast range of fundamental re-
search questions, we develop and deploy targeted exper-
imental setups — for example lab scale direct reduction
cells [2] and plasma reactors [3] together with modelling
approaches in close cooperation with other groups at the
MPIE. Currently the focus lies on the incorporation of in
situ diagnostics for example by mass spectroscopy anal-
ysis of the reduction products close to the reaction zone,
as well as novel strategies to plasma electrode design.
The transferability of the derived results towards the in-
dustrial scale is discussed with external partners.
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Interdepartmental group:
Hydrogen embrittlement in high-performance alloys

Group head: B. Sun

Hydrogen (H), the most abundant element in the universe,
offers an attractive sustainable energy solution that can
substitute carbon-based fuels and thus reduce carbon di-
oxide (CO,) emissions. The infrastructures and transport
means required for the implementation of a H economy
require affordable and mass-produced high-strength and
sustainable materials. However, when the small and light
H atoms make the way into a high-strength alloy (strength
above ~650 MPa), the material’s load-bearing capacity is
abruptly lost, a phenomenon known as H embrittlement
[1, 2]. This embrittlement effect often occurs in an unpre-
dictable manner, as the ingress of the ubiquitous H into
a material is difficult to avoid and a H concentration of
only a few parts per million by weight is often sufficient to
cause catastrophic failure [1, 3, 4]. Thus, H embrittlement
can basically threaten any industrial and societal applica-
tions in a H economy that aim to use high-performance
alloys to make structural components.

structural design in order to enhance alloys’ H-re-
sistance at a minimum cost of their mechanical per-
formance. Our current strategies include producing
theory-guided H-trapping sites to suppress H diffusion
and/or forming tough microstructural ingredients to
suppress H-induced crack nucleation, growth, and per-
colation. As an example, we have exploited the typically
undesired chemical heterogeneity within the material’s
microstructure that enables local enhancement of crack
resistance and local H trapping. We used this approach
in a manganese-containing high-strength steel and pro-
duced a high dispersion of manganese-rich zones within
the microstructure. These solute-rich buffer regions al-
lowed for local micro-tuning of the phase stability, ar-
resting H-induced microcracks and thus resulting in a
superior H embrittlement resistance (better by a factor
of two) without sacrificing the material’s strength and
ductility [1].

The group was es-
tablished in 2021, %
and aims to under- = #
stand the mecha- gt
nisms of H embrit- ADE X
tlement, as well as iy
to use the acquired g ' \
knowledge to de- f
sign novel micro- -
structure concepts ¥
with enhanced HELP
H-resistance. Ulti- H Prrmeation

mately, we aim to

Fig. 1: Schematic
diagram showing
the behaviour of H
trapping, H-defect
interactions and
micromechanical
models for the
formation of H-in-
duced damage in
metallic materials.

promote the devel-
opment of high-performance and H-tolerant alloys that are
urgently needed for the dawn of the H age.

The ongoing research activities include exploring three
fundamental aspects of H embrittlement: H trapping
and diffusion, H-defect interactions and H-induced
damage evolution. Special focuses are placed on their
interplay, the association with the activation of differ-
ent micromechanical models (e.g. H-enhanced deco-
hesion (HEDE), H-enhanced localized plasticity (HELP),
adsorption-induced dislocation emission (AIDE), and
H-enhanced strain-induced vacancies (HESIV)), and
their essential influences on the H-induced degradation
of mechanical properties (Fig. 1). The research is car-
ried out by state-of-the-art characterization techniques
down to the atomic level. Multi-scale simulation meth-
ods are applied in collaboration with simulation groups
at the MPIE, both at the electronic and continuum scale.

Besides studying H embrittlement mechanisms, the
group also performs thermodynamics-based micro-

This group is a good example of the intense interdepart-
mental collaboration: understanding of trapping sites for
hydrogen and the effect of hydrogen on interfacial deco-
hesion come from in situ calculations; materials reponse
under the influence of hydrogen is probed under environ-
mental and in situ microscopy conditions; spatially re-
solved observation of hydrogen is enabled by Kelvin probe
and atom probe analysis; and advanced microstructure
concepts for making materials more resistant to hydrogen
come from alloy design and processing.
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Max Planck partner group: Combinatorial design of novel
high-performance permanent magnets

Group head: PK. Gokuldoss

Indian Institute of Technology, Madras, India

The persistent increase in prices of ra-
re-earth (RE) elements such as Nd and Dy,
along with the low operating temperature
(100-200 °C) of (Nd, Dy)-Fe-B magnets has
led to the search for new RE lean perma-
nent magnetic alloys. Typically, Sm-Co
based and Nd-Fe-B based permanent mag-
nets are widely used in automobiles, ener-
gy conversion systems, power generation
etc. With the advent of electric vehicles
and advanced mobility systems for mass
transportation in addition to increased
emphasis on clean energy, the demand
of high-performance permanent magnets
which are either RE free or lean-RE com-
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positions is significantly higher. The objec-
tive of this partner group is to design and
develop novel high-performance magnets
using combinatorial methods that are lean
in RE concentrations.

Annealing Time

Fig. 1: Thermomagnetic (Temperature vs time) sequence plot indicating the evolu-
tion of nanostructure in a Sm-Co based high-performance permanent magnet. The
inset shows elemental distribution maps with Zr and Cu delineated using iso-con-

centration surfaces highlight the difference between well-formed cellular structures

To address the above objective, the con-
cept of multi-component alloy design is
utilized wherein novel compositions are ex-
plored for identification of unique phases
that can exhibit spontaneous magnetiza-

exhibiting high coercivity state and those that are partially formed (elongated grains
in transmission electron microscopy inset image with blocky Zr segregations) or
having decomposed states with low coercivity values not suitable for permanent
magnetic applications.

tion. The use of combinatorial approaches

including reaction sintering and rapid annealing enables
exploring and understanding the role of alloying elements
(e.g. Fe, Cu, Zr) and their content on phase formation, mi-
crostructure evolution and magnetic properties especial-
ly for Sm-Co based magnets [1].

More specific, the development of Sm,Co,, cell structures
with the Cu-rich cell boundary phase intertwined by the
Zr platelets are ideal configurations, which exhibit high
coercivity values as shown in Fig. 1. It implies that the
sequence of thermo-magnetic treatments required for
the partitioning of constituent elements such as Cu and
Zr into their platelet forms is currently being developed
with particular focus on the fundamental diffusion as-
pects. Especially the role of annealing temperature and
time on chemical separation, followed by precipitation
and growth of Cu and Zr enriched phases from their
initial solid solution state, are current matters of deeper
investigation. Such understanding of elemental segre-
gation effects at nano-meter scale during processing is
crucial towards developing robust thermomagnetic pro-
cedures for the development of novel high-performance
permanent magnets.

In addition, novel multi-component low-melting (eutec-
tic) phases are also being designed to be used as grain
boundary ‘infiltrators’ which can separate neighbouring

magnetic domains and hence enhance coercivity. To this
end, the concept of grain boundary engineering is utilized
to understand the grain boundary characteristics of the
sintered Nd-Fe-B and Sm-Co magnets [2]. Based on the
grain boundary types present in the system, appropri-
ate thermomechanical processing routines need to be
applied to enable the wetting of grain boundaries by in-
filtrators. Hence, correlative microscopy techniques are
employed to understand the role of grain boundary mis-
orientation on the wettability and diffusion of multi-com-
ponent low-melting eutectics that decorate the grain
boundaries without reacting with the parent phases.
Based on the fraction of infiltrators present along the
grain boundaries and their local chemical compositions,
the grain boundary energies of the investigated sites
would be estimated, which is of fundamental importance
towards developing grain boundary engineered high-per-
formance permanent magnets.
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Max Planck partner group: Designing damage tolerant
functional oxide nanostructures

Group head: B. N. Jaya

Indian Institute of Technology Bombay, Powai, India

Most functional microelectronic devices use ferroelectric
ceramics like Barium Titanate (BaTiO,) in nanostructured
thin film form, while they suffer from brittleness at bulk-
scale. In this study, we aim to enhance the damage tol-
erance of such material systems. Strategies can include
exploiting size and/or interface effects. Prediction of
damage tolerance and design of appropriate testing tech-
niques for validation are carried out through numerical
simulations.

In cooperation with C. Kirchlechner and G. Dehm from the
SN department, micropillar compression tests of single
crystal BaTiO, were performed. The experiments revealed
a size effect in yield, with pillars <1 ym diameter reaching
near theoretical strengths (Fig. 1), with size exponent close
to -1 [1]. As a consequence, the elastic strain limit also
significantly increased. This is extremely important for
sensor/actuator applications in which the material consti-
tuting the device has to be defect-free and yet in its nano-
structured form perform better than its bulk counterpart.
In addition, a clear enhancement in damage tolerance was
seen, with a transition from fracture to slip induced plas-
ticity as the strain accommodating mechanism.

Increasing pillar diameter
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Fig. 1: Strength and strain tolerance displayed by single crystal mi-
cropillars of BaTiO, as a function of specimen size.
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Fig. 2: Microcantilever fracture test geometry and simulated mode
mixity ratios as a function of beam aspect ratio and crack location.

Failure in thin films attached to substrates will be through
fracture or delamination. In films attached to the sub-
strate, the highest mismatched system (Si/BaTiO,) with
highest tensile residual stress showed the highest crack
density while the one with the best compatibility (SrTi0,/
BaTiO,) showed the least crack density. The quantifica-
tion of damage tolerance requires microscale fracture
tests [2-3]. To overcome lack of standards and develop an
artifact-free testing protocol for a microcantilever frac-
ture test, simulations were carried out for varying beam
dimensions and crack aspect ratios (Fig. 2) [4]. This
was deployed to measure the fracture toughness (K,.)
of single crystals and thin films. K. of the free-standing
thin film counterpart was found to be 75% lower than the
single crystal, while films with residual stresses are cur-
rently being measured using bi-layered microcantilevers,
which require crack driving force solutions that account
for shielding and anti-shielding effects.

Understanding the impact of interface adhesion and re-
sidual stresses on damage tolerance using micro-scale
testing techniques, followed by elastic strain engineering
of these thin films is part of the ongoing work.
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Max Planck partner group: Environmental degradation of
high-temperature materials in service conditions

Group head: S. K. Makineni

Department of Materials Engineering, Indian Institute of Science Bangalore

The group’s focus lies in exploring and understanding
the atomic-scale degradation behaviour of y/y’ Ni-based
su- peralloys and new CoNi based superalloys exposed
to severe/harsh environmental conditions at high tem-
peratures. Furthermore, the role of deformation-induced
defects on the degradation will also be examined, in order
to find material design routes to slow down or suppress
aspects of the degradation and extend the lifetime of
parts, i.e. with an eye on making engineering parts more
sustainable.

Plamar
" Defects

Fig. 1: An ECCl image of CMSX-4 single crystal Ni-base superalloy
after creep deformation at 800 °C under a stress of 800 MPa. It
shows bright contrast regions corresponding to planar defects
inside cuboidal y' precipitates.

Gas turbine engines power passenger/military aircraft,
ships, and power plants. High-temperature materials used
in the engines experience extreme operational environ-
ments with highly pressurized gases at temperatures up to
1600 °C, i.e. higher than the melting temperature of the ma-
terial used for the engine components. Combined usage of
cooling systems and thermal barrier coatings, more specif-
ically on blades, prevents them from melting [1]. However,
the gaseous mixture consisting of hot water vapor (steam)
containing sodium, sulphur, and halides intensifies and
accelerates the corrosion of the components and causes
rapid consumption and degradation of materials, eventual-
ly leading to the engine’s catastrophic failure [2].

Commercial materials used for engine blades and disks
are Ni-based superalloys in single- and poly-crystalline
form [3]. These complex alloys contain over ten elements
and exhibit a dual-phase microstructure comprising a
face-centred-cubic (fcc) y matrix phase and strengthen-
ing L1, ordered y’ precipitates. During engine operation,
the blades and disks go through stress-induced defor-
mation, and accumulation of strain takes place in the
material by the formation of a large number density of
defects that includes dislocations, stacking faults (SFs)

(as shown in Fig. 1), anti-phase boundaries (APBs) and
micro-twins that are distinct in both chemistry (Fig. 2)
and structure from the parent material [4-6].

Fig. 2: A 3D compositional map of planar defects comprising
a stacking fault and an anti-phase boundary with their partial
dislocations [5].

Most studies were made on a macro-scale with a qualita-
tive approach, leaving much room for precisely evaluating
the effect of the role of individual defects (dislocations,
SFs, APBs and micro-twins) on the material’s corrosion
behaviour, as it takes place dynamically during the en-
gine’s operation. The group’s main aim is to explore and
understand the atomic-scale degradation behaviour of
high-temperature superalloys exposed to severe/harsh
environmental conditions at high temperatures, the role
of deformation-induced defects on the degradation, and
define material design routes to slow down or suppress
aspects of the degradation associated to oxidation, sul-
fidation, and corrosion at high temperatures. We use ad-
vanced microscopy and microanalysis, particularly the
correlative use of electron microscopy and atom probe
tomography to understand the mechanisms of atom-
ic-scale environmental degradation of superalloys.
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Max Planck partner group:
Stress and defects-driven phase transformations

Group head: S. R. Meka

Indian Institute of Technology Roorkee, India

Phase transformations occurring in
metallic solids exposed to chemical

| Isoplethal sections in Gibbs Energy-Composition space of ternary systems |

reservoirs of interstitial elements Fe-Me,-M solid sobution with Fe-Me,-N solid solution
(H/C/N/O) are extremely important miscibility gap without miscibility gap

to understand in the context of ther- Stability Function, Q<0

mo-chemical surface engineering, Fiped Ll 2

oxidation/dry corrosion of alloys A ——

and hydrogen storage materials. The *2

main focus of the group has been to E

develop a fundamental understand- &

ing of such phenomena, strongly &

guided by CALPHAD-based, meta- %

stable gas-metal thermodynamic

calculations. In the context of nitrid-

ing, several heretofore unrecognized

effects of the presence of metastable

miscibility gaps in alloy systems have

been identified. Although the effect Fe-Me, Increasing M content 100X M Imcreasing N content ek
of different alloying elements on the o e o e S M TG T Y
nitridation kinetics of. |ron.-baseq due 10 spinodal deconpociion surviving of Me-nitride preciphtation and low
alloys has been extensively investi- at a consequence of inwardly diffusing N solubility in matrix

gated experimentally, a theoretical
explanation for the contrasting ef-
fects of different alloying elements,
viz. rapid kinetics facilitated by Cr/V/
Ti and slow kinetics allowed by Al/
Si/Mo was previously unavailable.
This has now successfully been ex-

Fig. 1: Schematic representation of the fundamental difference in thermodynamic
properties of alloys exhibiting rapid and weak nitridation kinetics Me, represents alloying
elements Al, Si and Mo and Me, represents alloying elements Cr, V and Ti. represents the
chemical potential of N in the gas atmosphere.

plained by us by considering how ni-

trogen gets isothermally supersaturated into concentra-
tion regions of metastable immiscibility, followed by an
isothermal  phase-separation/spinodal-decomposition
(Fig. 1) [1-2]. Consideration of the same phenomenon
has also offered an explanation for the colossal levels of
N/C supersaturation in stainless steels subjected to low
temperature nitridation/carburization treatments [3-4].
Further, the cause for the rapidly passivating character of
stainless steels at room temperature and the need for a
minimum of about 11% Cr for such passivation was also
related to the existence of a metastable miscibility gap in
the Fe-Cr-0O system [5].

In specific alloys undergoing nitridation, spinodal decom-
position occurs while a N concentration gradient is pres-
ent. Understanding the effect of misorientation between
the direction of composition gradient and the crystallo-
graphically favourable direction for spinodal decompo-
sition has led to a better explanation of the well-known
grain-orientation-dependent N-uptake kinetics observed
during nitriding of metallic alloys [6].

Another major research activity in strong collabora-
tion with MPIE is focused at developing nitride-disper-
sion-strengthened steels by a novel powder process-

ing route. Here, Al-alloyed steel powder is subjected to
gaseous nitriding, which results in nanosized AIN in the
ferrite matrix of steel powders [7], followed by the sin-
tering or additive manufacturing of powders (Fig. 2) [8].
Recently, together with MPIE, we have started working
on developing substitutional-interstitial HEAs by nitriding
stainless steels [9] and medium entropy alloys.
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Max Planck partner group: Microstructure design of high-
performance materials for harsh energy applications

Group heads: J. Zavasnik'2 A. Sestan'?

1Jozef Stefan Institute, Ljubljana, Slovenia; 2Jozef Stefan International Postgraduate School, Ljubljana, Slovenia

The partner group on Microstructure
Design of High-Performance Materials
for Harsh Energy Applications has for-
mally started the activities since June
15t2021. The partner group evolved from
the bilateral project “Investigation of
helium retention in plasma facing ma-
terials using advanced analytical meth-
ods” between Jozef Stefan Institute and
the department “Structure and Nano-/
Micromechanics of Materials” at the
Max-Planck-Institut fiir Eisenforschung,
funded by Slovenian Research Agency
and DAAD (2019-2020).

The research group will conduct inno-
vative research on material - light ele-
ments interactions, a research field with
relevance for nuclear and fusion reactors
as well as for materials required for the
hydrogen economy. The major aspects of
research are studies on sinks for He and
H in metals (e.g., precipitates, interfaces,
grain boundaries), and their evolution at
elevated temperature.

The group’s mission is to develop light-el-
ement damage tolerant microstructures
of refractory materials (such as W and
W-based alloys) by tailored structural im-

I —
e

Fig. 1: A transmission electron microscopy image of a W single-crystal with facetted
He voids, interrupting the W crystal lattice. The voids are a combination of a cube
{100} and rhombic dodecahedron {110}.

perfections, such as dislocations, voids,

and grain boundaries. In the scope of the project, we aim
to explore the transport, migration and coalescence of
light elements at elevated temperatures while assessing
the evaluation of the effects on the chemistry, microstruc-
ture and mechanical properties. Using state-of-the-art
analytical tools and methods will unlock a unique insight
into corrosion performance, hydrogen retention and per-
meability and behaviour of the materials at elevated tem-
peratures. As a result, we aim to establish a fundamental
understanding of the complex, synergistic, and inherent-
ly multiscale interactions in advanced energy materials
down to the atomic level, when subjected to ion implan-

tation and high temperatures, and to identify the interplay
between microstructure and material properties.
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Nano-/micromechanics of materials

Group head: J. P Best

Since April 2020, James Best leads both “Nano-/Micro-
mechanics of Materials” and is interim group head for
the “Thin Films & Nanostructured Materials” group. The
scientific mission of the “Nano-/Micromechanics of
Materials” group is to extract mechanical properties of
materials at the microstructural length scale and link the
mechanical response with the initial and evolving defect
structure. The primary focus therefore lies on the defor-
mation response of individual single crystals, bi-crystals
or selected interfaces — where metallic thin-film systems
are of particular interest.

To meet these aims, state-of-the-art methods such as
focused ion beam milling and in situ scanning electron
microscopy are required based on the requisite sample
dimensions of <10 um. The group oversees cutting-edge
dual-beam electron microscopy infrastructure, combined
with a suite of in situ characterization equipment allowing
for highly resolved measurement of mechanical [1] and
also electrical [2] properties.

Room temperature quasi-static mechanical tests are
complimented by both high (800 °C) and low (-150 °C)
temperature modules, along with high strain rate testing
capabilities, which allow for detailed investigations of
material behaviour under a range of environmental con-
ditions. Insights into deformation, such as local fracture
mechanics or dislocation plasticity, are then enriched
through complimentary advanced characterization of

structure and chemistry by colleagues at the MPIE. The
role of local chemistry on the functional properties of ma-
terials is a growing theme in the group, with links to alloy
design, corrosion and additive manufacturing [3, 4].

A broad spectrum of materials systems are under ongo-
ing study; from advanced steels, tungsten alloys, to engi-
neering oxides, topologically close packed intermetallic
phases, or amorphous alloys. Materials are either pro-
duced at the MPIE using, for example, our physical vapor
deposition cluster for metallic thin-films, or through our
tight global network of processing groups at academic
institutions and industry partners.
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Fig. 1: Combining broad materials science questions with advanced in situ nano- and micromechanical testing capabilities. Examples from
the group’s research include deformation in metallic glasses (A); copper bi-crystal milled from a thin-film containing an incoherent twin
boundary (B); grain boundary fracture and plasticity in a tungsten alloy microcantilever (C); pillar-splitting fracture toughness testing of an
intermetallic single crystal (D).
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Microstructure and mechanics

Group head: E. Bitzek

The mechanical properties of materials are intrinsical-
ly determined by their microstructure — the entirety of
crystal defects. The research group “Microstructure and
Mechanics”, established in September 2021, conducts
research into the elementary defects of the crystalline
lattice (e.g., dislocations, cracks, interfaces, point de-
fects) and on how the organization and interaction of
these defects influence material properties like strength,
ductility, hardness, and fracture toughness as well as the
material’s behavior under fatigue, creep or tribological
loading. To this end the group utilizes large-scale atom-
istic simulations with up to billions of atoms to obtain
detailed information on defect properties

The simulation of nanomechanical tests offers a fur-
ther way to directly link the simulations performed in
the group to experiments. Nano-objects like thin films,
nanowires and nanoparticles are usually defect free or
contain only well-defined defects like twin boundaries
and as such area ideal model systems for computation-
al studies. By using large-scale atomistic simulations,
the Microstructure and Mechanics Group studies size
effects on elastic properties, dislocation nucleation-con-
trolled deformation and small-scale plasticity at scales
comparable to experiments as they are performed in the
department SN.

and on defect — defect interaction mech-
anisms, see Fig. 1. The work of the group 8)
thus nicely complements the activities
in the CM department that are focused
on thermodynamic, kinetic and chemical
aspects of defects. The group aims to im-
prove our understanding and interpreta-
tion of experimental results, whilst simul-
taneously helping in the development of
robust and reliable models for the predic-
tion of deformation and failure of materi-
als, like those developed in the theory and
modeling group of the department MA.

One important approach to creating more
realistic samples for atomistic simula-
tions is the direct use of experimental
information, e.g., from electron or atom
probe tomography. Such “experimental-
ly-informed” simulations have, e.g., re-
vealed the synergistic effects between
different strengthening mechanisms as
well as the importance of precipitate cur-
vature in dislocation - precipitate interac-
tion in Ni-base superalloys.

Fig. 1: Examples of atomistic simulations of different defect-defect interactions:
a) dislocation-dislocation interaction, b) dislocation-grain boundary interaction, c)
grain boundary fracture and twin emission, d) dislocation — crack interaction and
stimulated nucleation of dislocations.

A main focus of the group lies on how the properties
of defects and defect-defect interactions are affect-
ed when the defects themselves contain defects, e.g.,
jogs on dislocations or crack fronts, or disclinations
or disconnections in homo- or heterophase interfac-
es. Most computational studies of defects have so far
been performed on idealized structures like infinite
straight dislocations or crack fronts or perfectly pla-
nar interfaces that did not contain any additional de-
fects. How the properties like their mobility or obsta-
cle strength to dislocations of such idealized defects
can be transferred to more realistic situations, includ-
ing curved interfaces, is currently largely unexplored.

The group’s activity also includes the modeling of me-
chanical properties of amorphous systems, including sil-
ica and meta-phosphate glasses, bulk metallic glasses,
and polymers. Through his participation in the develop-
ment of the Research Data Management (RDM) strategy
of the Friedrich-Alexander-Universitét Erlangen-Niirnberg
(FAU) and being a founding member of NFDI (National
Research Data Infrastructure Germany)-MatWerk, the
group leader Erik Bitzek gained a deep expertise in RDM.
By using this experience and maintaining an affiliation at
FAU, he will support and strengthen the large-scale dig-
italization initiatives (NFDI, platform MaterialDigital) at
the MPIE.
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Atomistic modelling of material interfaces

The research group Atomistic Modelling of Material Inter-
faces, headed by Tobias Brink, was established in 2020
with funding by the European Research Council (ERC,
project GB-CORRELATE within the Horizon 2020 research
and innovation programme). The main focus of the group
is the investigation of grain boundary (GB) phases and
theirimpact on material properties by means of atomistic
computer simulations.

GBs affect many macroscopic properties of materials. In
the case of metals, grain growth, Hall-Petch hardening,
diffusion, and electrical conductivity [1], for example, are
influenced or caused by GBs. It has been clear for some
time that GBs can be treated as interface phases—exist-
ing only in contact with the abutting bulk phases—that
can undergo phase transformations. These GB phases
can have different properties and selecting specific GB

Grain boundary phases and their strectures

oo

& Domino

Thermodynamics of the grain boundary phases

.80 - . -
En I |
= Iﬂ-\"""—\\h\"- congruen] gran boundary ¢
= 082 phase ransition
B #
& |
E I'I.Td:
o |
o | =
06615 T B

Temperatuns (K]

Mechanics = Example of shear-coupled motion

v

1 el n
L T

st U et

Fig. 1: Example of the approach towards structure—property
relations for GBs. First, the atomic structures of possible GB phases
have to be modelled, followed by free energy calculations to under-
stand phase stability and transitions. Finally, mechanical properties,
such as the GB mobility, can be investigated for each GB phase.

Group head: T. Brink

phases could potentially provide an avenue to tailor mac-
roscopic material properties. For this, information about
the atomic structure of the GBs is required. This infor-
mation is not only hard to resolve experimentally, but the
great variety of possible GBs occurring in polycrystalline
metals further complicates the process.

Our approach uses atomistic simulations to find the
structures of specific GBs. The discovery of potential
GB phases requires sampling of a complex phase space,
which for reasons of computational efficiency is best
done using classical molecular dynamics simulations
with empirical potentials. An example of two GB phases
obtained for the £37c¢ (111) {1 10 11} tilt GB in copper [2]
is shown in Fig. 1 (top). To ensure that the results of the
computer models obtained with empirical potentials are
reliable, we either employ density functional theory (DFT)
calculations or we compare the structures to experimen-
tal data. Regarding the latter, we work closely with the
experimentalists in the department to obtain high-resolu-
tion imaging data for tilt GBs [2].

Ultimately, the goal is to find engineering principles and
structure—property relations for GBs [1]. Fig. 1 outlines
the steps after obtaining and verifying GB phases. An
important point is the derivation of phase diagrams for
the GBs via free energy calculations to determine which
phases can be synthesized experimentally. Regarding
the mechanical properties, we are both interested in the
movement of GBs, as well as their interaction with dislo-
cations. Fig. 1 (bottom) shows an example of shear-cou-
pled GB motion, where the motion is facilitated by discon-
nections (dislocation-like GB defects) specific to the GB
phase.

The work of the research group is performed in close
collaboration with the experimental activities at the insti-
tute, providing direct feedback loops: Insights from the
simulation can be tested and applied on real materials
and new experimental findings can be investigated in the
computer in more detail.

This project has received funding from the European Research
Council under the European Union's Horizon 2020 research and in-
novation programme (grant agreement No 787446).
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Integrated computational materials engineering

Group head: M. Diehl

MA, now at KU Leuven (Belgium)

Free as in Freedom

&

Fig. 1: The research focus of the ICME group: Development of constitutive laws and numerical methods and integrating them into the free
and open source package DAMASK to solve questions in materials science and engineering.

The research group “Integrated Computational Mate-
rials Engineering” (ICME) was established in April 2019
and has its origin in the “Theory and Simulation” group
headed by Dr. F. Roters. The aim of the ICME research
group is the development, implementation, and applica-
tion of models that allow to investigate how the materials
respond to thermo-chemo-mechanical loads. To enable
investigations at time and length scales relevant for en-
gineering applications, the models are typically based on
continuum approximations.

In order to have a software platform that allows to eas-
ily develop new models, the development and mainte-
nance of the Dissseldorf Advanced Material Simulation
Kit (DAMASK) is the key topic of the ICME group [1, 2].
DAMASK provides constitutive descriptions for (crystal)
plasticity, damage, and temperature evolution that can be
interfaced to external or internal solvers for boundary and
initial value problems. As a free and open source soft-
ware it is used in research groups from all over the world.
The new DAMASK 3 integrates seamlessly into a larger
ICME toolchain consisting for example of DREAM.3D, Ne-
per, MTEX, Paraview and python-based analysis tools for
data science.

To validate and apply the models implemented into DAM-
ASK, we collaborate with experimentalists from the MPIE,
other research institutions, and universities. This allows
to employ the developed tools to answer materials sci-

ence and engineering related questions. Moreover, exper-
imental results are used to adjust the model parameters.

Besides the scientific work on enhancing DAMASK and
applying it to solve questions in materials science and
engineering, the enhancement of the user and develop-
er documentation was an important task in the recent
years. The new website (damask.mpie.de) provides now
auto-generated documentation of all DAMASK tools and
video tutorials for all relevant aspects of using DAMASK.
M. Diehl is since October 2020 assistant professor for
“Computational Materials Science” at the KU Leuven, Bel-
gium. Intensive scientific exchange and co-supervision of
PhD students [3, 4] are ongoing and are also planned for
the longer future.
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Hydrogen mechanics and interfaces
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Group head: M.J. Duarte Correa

Fig. 1: Novel back-side hydrogen charging setup developed in-house for in situ micromechanics during hydrogen charging and transmis-
sion electron microscopy image of a deformed microstructure after nanoindentation under the influence of hydrogen.

This research group was established in September 2019
with the financial support of the European Research Coun-
cil (ERC), aiming to understand the influence of hydrogen
on the structure-property relations at the nanoscale, with
particular interest at different interfaces.

While hydrogen is a promising candidate for the energy
transformation and reduction of CO, emissions, it also
represents a challenge as it might cause material degra-
dation through hydrogen embrittlement. During hydrogen
embrittlement several mechanisms leading to material
failure can operate and lead to a sudden brittle fracture.
The acting mechanisms are dependent on the hydrogen
environment, the mechanical state of the structure and
its particular chemical and microstructural features.
Hence, to understand how hydrogen affects a particular
material or which mechanism is dominant, it is necessary
to study these interactions individually, thereby targeting
analyses at the nano-/microscale.

Micromechanical testing through nanoindentation and
related techniques (nanoscratching, pillar compression,
diverse fracture toughness tests, etc.) are capable to
reach the goal at the relevant size range. When mechan-
ical testing is combined with direct hydrogen charging
during deformation, the technique becomes a valuable
asset to understand how failure initiates and then prop-
agates due to hydrogen. M. J. Duarte Correa has devel-
oped a novel setup that combines these characteristics
[1], and it is currently used and improved by the members
of her group to unravel the role of hydrogen in materials
deformation and failure (Fig. 1).

The research in the group is focused on different mate-
rials, ranging from model single-phase alloys to more
complex steels, high temperature materials, high entropy
alloys or hydrogen barrier coatings. Of special interest

are interfaces, such as grain and phase boundaries, since
they play a major role in hydrogen trapping and mobility,
becoming preferential sites for material failure. By tailor-
ing them through interface engineering and elemental
segregation it is expected to improve the materials resis-
tance to hydrogen.

The goals of the group can be summarized as follows:

— Develop unique dedicated instrumentation to un-
derstand hydrogen interactions in materials, with
high-resolution and time-resolved measurements.

— Decipher failure mechanisms, quantify and model the
hydrogen impact on specific mechanical behaviour.

— Provide essential data for modelling and simulations.

— Minimize hydrogen deleterious effects by enhancing
properties and long-term-stability of materials in ser-
vice (safer bridges, pipelines, reactors, planes, etc.).

— Provide guidelines for hydrogen tolerant materials, hy-
drogen storage and transport (safer and more efficient
tanks) and fuel cell technologies.

To reach these goals the group has established multidis-
ciplinary collaborations with all the departments at the
MPIE and it is expanding its network to other universities,
research centres and industry.

This project has received funding from the European Research
Council under the European Union's Horizon 2020 research and in-
novation programme (grant agreement No 787446).
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Thermodynamics and kinetics of defects

Group head: L. Huber

Just as the rudder controls the direction of even a large
vessel, defects (dislocations, grain boundaries (GBs),
phase boundaries, etc.) strongly impact the bulk proper-
ties of a material. In the same way that the wheel of the
ship in turn controls the rudder, alloying elements and
chemical impurities play an out-sized role in determining
defect behaviour — even when these chemical defects
exist at extremely low nominal concentrations. This is
because favourable interactions between structural and
chemical defects can lead to large amounts of local en-
richment. Understanding the interaction and co-evolu-
tion of these defects at the nano-scale is a central theme
in the Thermodynamics and Kinetics of Defects (TKD)

group.

CM

Due to the large domain sizes needed to capture the
structural complexity of realistic defects [4] and the com-
binatoric cost of exploring compositional space, i.e. the
chemical decoration pattern at the defects, the main tool
of the TKD group is classical molecular dynamics. Be-
cause of the complexity of the simulated systems, we reg-
ularly implement, improve, or develop from scratch state-
of-the-art computational approaches for nano-scale
modelling. The TKD group also develops concurrent
multiscale approaches and machine-learned potentials,
which both exploit highly accurate quantum-mechanical
forces and energies from density functional theory. In ad-
dition to the challenges of chemo-structural complexity,
accurately predicting thermodynamics and kinetics also

requires a good treatment of thermal effects.
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To this end, the approaches we employ path
sampling methods for capturing the non-lo-
cal entropic effects of kinetic transitions, and
thermodynamic integration approaches to
capture the impact of thermal excitations on
bulk and defect free energies.

These scientific activities are carried out with-
in the framework of the CM’s department’s in-
house software platform, pyiron [5]. Because
of the high level of synergy between making
advances in simulation methodology and
building underlying computational infrastruc-
ture, pyiron development is a core part of the
TKD group’s mandate. In addition to atom-
ic-scale materials science, the group also
includes software engineering activities: ex-

Fig. 1: Coupled molecular dynamics/Monte Carlo simulations showing how grain
boundary geometry in Al can promote the formation of a pristine Mg-rich phase,
or impose persistent defects (circled yellow) in the secondary-phase. Al shown
dark, Mg shown light, with columnar chemistry averaged along the GB tilt axis.

tending scientific data management, the cre-
ation of a graphical user interface for pyiron,
and the adding new for experimental materials
science into pyiron, e.g. for data analysis.

Using atomistic simulations, the group strives to answer
questions like: what does slip look like in complex phases
[2]? What is the impact of GB structure on the nucleation 1.
and growth of precipitates [3] (Fig. 1)? How does solute
segregation impact fracture at inter-phase boundaries?
How does GB phase evolution differ under fast and slow
mechanical loading conditions? In the same way that bulk
phase diagrams were a key feature of materials engineer-
ing in the 20" century, a critical aspect of alloy design in
the 215 century will be engineering at the nano-scale -
guided by an understanding of defect phases and mech-
anisms [1]. Research in the TKD group works towards the
overarching goal of understanding the various states de- 4.
fects can assume and how they evolve, to predict material

behaviour, help interpret experimental results, and build

per-defect phase diagrams. 5.
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Dynamic electrocatalytic interfaces

Group head: O. Kasian

GO, now also at: Helmholtz-Zentrum Berlin, Material Transformations in Electrocatalysis

Understanding the fundamentals of electrocatalytic re-
actions is of importance for the development of efficient
and durable energy conversion and storage devices. In
such devices electrocatalyst materials are used to accel-
erate the target reactions, in which only topmost atoms
contribute to the electrocatalysis. In time these surface
atoms undergo transformations, e.g. oxidation, poisoning
or even dissolution, which affects further performance of
energy conversion and storage devices. Understanding
the evolution of the topmost atomic layers plays crucial
role for the development of durable and stable electrocat-
alysts. This is, however, challenging task which requires
implementation of advanced electrochemistry methods
in combination with surface characterization techniques,
ideally with atomic level resolution [1].

The guest group ‘Dynamic Electrocatalytic Interfaces’
develops nanostructured model thin film surfaces and
explores their structural and compositional changes in-
duced by the catalytic processes and the effect of such
transformations on the mechanism and kinetics of the
reactions in electrocatalysis. This is achieved by combi-
nation of various ex situ and in situ methods. The main
research task is to provide a detailed mechanistic under-

standing of chemical processes ongoing at complex and
dynamic interfaces, with a special focus on electrocatal-
ysis for energy conversion and storage, aiming to over-
come stability limits of the catalyst materials [1-3]. The
scope of methods is schematically shown in Fig. 1 and
includes variety of physical vapor deposition techniques
(PVD), advanced electrochemical characterization meth-
ods, atom probe tomography (APT) and X-ray photoelec-
tron spectroscopy including synchrotron based methods.
The group is funded by the Helmholtz Zentrum Berlin and
Helmholtz Association and works in close cooperation
with the MA department and ‘Nanoanalytics and Interfac-
es’ group.
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High performance alloys for extreme environments

Group head: P Kontis

MA, now also at Norwegian University of Science and Technology

There is an increasing need of more efficient and envi-
ronmentally friendly aero-engines and land-based gas
turbines, that can be addressed by higher operational
temperatures or alternative fuels, such as hydrogen.
Thus, new advanced alloys with enhanced performance
in extreme environments are vital to our society and its
sustainable future.

Therefore, the research group “High performance alloys
for extreme environments” was established in July 2020.
Our group aims to decipher the fundamental physics gov-
erning the partitioning and diffusion of solutes at crys-
tal defects during plastic deformation under creep and
fatigue conditions in aerospace materials, such as Ni-
based superalloys or Ti-alloys, so as to guide the design
of new alloys with enhanced properties.

We exploit a framework of high-end microscopy and mi-
croanalysis, in particular atom probe tomography and
electron microscopy (scanning and transmission) to
provide fundamental insights into how, why and what sol-
utes interact with crystal defects (dislocations, stacking
faults) in high performance alloys. These interactions of
solutes with defects result in the so-called “plasticity-as-
sisted redistribution of interacting solutes mechanisms”
at the near atomic scale. As a consequence, local chem-
ical inhomogeneities and undesirable microstructural
alterations are promoted that lead to fracture. The par-
titioning of a solute at a crystal defect depends on the
type of crystal defect, the deformation conditions, i.e.
temperature and stress and the overall alloy composition.
By understanding these interactions of solutes with de-
fects, we aim to provide a fundamental understanding of
the structure-chemistry relationship at near-atomic level.
We then use these new insights to develop alloy design
strategies for advanced alloys for extreme environments.

For instance, we have recently revealed the partitioning
of solutes at stacking faults in a Ni-based superalloy af-
ter creep at 750 °C, similar to those shown in Fig. 1. By
manipulating the alloy composition, thus the solutes
partitioning at the stacking faults, we promoted a local
phase transformation mechanism along the faults, that
hinders the shearing of the main strengthening precipi-
tates and lowers the deformation creep rate of the alloy.
These findings allowed us to suggest an alloy design
guideline through which this local phase transformation
mechanism is promoted [1]. Lowering the deformation
rate results in extending the life of components and thus
making gas turbines more sustainable.

Our group also aims to understand the role of hydrogen
on the performance of advanced alloys, aiming to enable

"Ni-based superalloy ;NS

-

tacki

Fig. 1: Electron channelling contrast image of a deformed superal-
loy after creep at 750 °C showing stacking faults in y’ precipitates,
alongside a 3D-atom probe reconstruction revealing segregation of
cobalt at stacking faults.

the use of hydrogen as a fuel in engines. Although, hy-
drogen embrittlement is known to reduce significantly
the ductility of superalloys at room temperature, it is not
clear what the exact effect of hydrogen is at service tem-
peratures (above 600 °C) and also during cyclic thermo-
mechanical loading. Hydrogen is often assumed to seg-
regate in dislocations, but segregation of other solutes,
such as chromium and cobalt [2], at service temperatures
may influence the detrimental role of hydrogen in the me-
chanical performance of advanced alloys. Thus, the inter-
actions of solutes with crystal defects and their role in the
performance of advanced alloys becomes a very critical
future alloy design parameter [3].
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Computational sustainable metallurgy

Group head: J. R. Mianroodi

The “Computational Sustainable Metallurgy” group,
established in 2020, focuses on the application and de-
velopment of computational methods to solve various
challenges related to materials and processes with sig-
nificant environmental impacts. These are problems in
which the interplay of chemistry, phase transformation,
microstructure, mechanics and damage plays an im-
portant role. Iron ore reduction with hydrogen, hydrogen
storage, and battery technology are some of the focus ar-
eas in this group. The development of novel methods for
multi-scale multi-physics modelling of complex material
systems with machine learning, as required for the chal-
lenging materials science issues related to sustainability,
is part of the activities in this group.

The use of green hydrogen as an alternative reducing
agent to carbon for iron production will lead to a signifi-
cant reduction in CO, emissions in the industrial sector.
Despite the development

this group is based on finite deformation phase-field che-
mo-mechanics (PFCM) [3]. For application to iron ore re-
duction modelling, the methodology is extended to in-
clude chemical reactions and surface catalysis effects
between gas and solid. These calibrated models are ap-
plied to determine optimal reduction conditions for each
case.

Machine learning (ML) is also used in this group to ac-
celerate the complex numerical solvers as well as to
bridge the scale gap from microstructure to macroscop-
ic material behaviour. The ML-based approach has been
shown to be up to three orders of magnitude faster than
the conventional spectral mechanical solver [4]. The
increased performance enables more advanced multi-
scale multi-physics modelling, which is necessary for
many sustainability related material science challenges.

and availability of a range of
other construction materi-
als, steel remains an import-
ant factor in the global econ-
omy. For example, annual l
global steel production of
1700 million metric tons (Mt)
in 2019 far exceeds that of al- Lp\
uminium (94 Mt), the second ey o

most widely produced met-

al. Global steel production of

this magnitude accounts for =
about 6 % of global energy (=
consumption and nearly 25
% of industrial CO,-equiva-
lent emissions [1]. As the EU
is the world’s second largest
steel producer, a major con-
tribution to achieving the
Green Deal must be a sig-
nificant increase in energy
efficiency and a substantial
reduction in CO, (and other)
emissions from steel pro-
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Fig. 1: Schematic of metals’ life-cycle. Investigating this cycle requires understanding of chemistry,
mechanics and microstructure. The theoretical and computational study of new low-carbon foot-
print alternatives in metal production and recycling is the focus of this group.

duction.

The reduction process of iron ore involves chemical reac-
tions, phase transformation, mechanical deformation
and damage (porosity) development on different length
and time scales [2]. For example, the reduction of iron ore
to iron results in a volume change of 40 %, which leads to
the build-up of residual stresses, inelastic deformation,
and pore formation. The latter, in turn, strongly affects the
overall reaction/reduction rate and process kinetics. Giv-
en these multi-physics conditions, the modelling work in
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Spectroscopy at electrochemical interfaces

Group head: M. Rabe

The early career research group ‘Spectroscopy at Elec-
trochemical Interfaces’ was established in 2020 as joint
research group of the MPIE and the cluster of excellence
RESOLV (www.solvation.de). The group studies funda-
mental properties and dynamic processes on solid inter-
faces using optical interface spectroscopy methods.

The properties of solid surfaces can be conveniently ad-
justed and functionalized with polymers, biomolecules
and self-assembled monolayers (SAMs). One focus of
our group is to control and study such interfaces and
their solvation, that is the structure of the solvent layers
that form at the solid/liquid junction. Since any interface
reaction is accompanied by structural changes of the
solvation layers, a thorough understanding of these phe-
nomena is needed for the design of new improved mate-
rials with increasing inertness to corrosion, bioadhesion
and -fouling, or to design new ‘smart’, i.e. switchable in-

GO

layers that form on these interfaces. The aim is to obtain
local structural information of water adsorbed on nano-
structured interfaces. Another approach is the study of
gold nanoparticles by means of solvation shell attenuat-
ed total reflection-infrared (ATR-IR) spectroscopy. This
method includes multivariate data analysis approaches
for which tools are developed in the group [2].

A second main focus of the groups research is the study
of electrocatalytic water splitting for production of green
hydrogen. The anodic partial reaction, the oxygen evolu-
tion reaction (OER), is sluggish and materials based on
earth-abundant first row transition metals such as Co,
Mn, Fe, Ni are widely studied as low-price catalytic ma-
terials, for the industrial scale application. An in-depth
understanding of the catalytic mechanisms as well as
on degradation mechanisms that occur on these elec-
trodes can be obtained by operando and in situ spectros-

copies and is necessary to
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Fig. 1: Studied interface phenomena and methods employed in the group.
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guide the knowledge-based
material design. Operando
Raman spectroscopy and
spectroscopic ellipsometry
on Mn-oxides that formed
on metallic substrates, have
revealed phase transitions
and strong dissolution oc-
curring during OER, which
is a generic problem for
their widespread application
[3]. In a novel project that
is part of a cluster project
funded by the BMBF (Fed-
eral Ministry of Education
and Research) ‘ldeenwett-
bewerb Wasserstoff’, these
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terfaces. For instance, the potential induced switching of
the germanium interface termination, triggers the desol-
vation of the interface [1]. This switching is employed as
a hydrophobic/hydrophilic switchable ‘smart’ interface to
trigger reversible adsorption as well as reversible reorien-
tation of biomacromolecules. Such switchable interfaces
may find applications as highly functional biosensors.
Furthermore, research is done to understand the influ-
ence of nanoscale structures and chemistries on the sol-
vent structure. To that end, SAMs are a convenient tool
for designing interface properties on the nanoscale. Na-
noscale phase separated hydrophobic/hydrophilic SAMs
will be studied by resonance enhanced atomic force mi-
croscopy IR spectroscopy (RE AFM-IR), a method that al-
lows interface spectroscopy with resolution in the region
of ~10 nm. Experiments in humidified atmosphere will
allow to study the structure of adsorbed ultrathin water

methods are applied and
further extended to study porous Ni based electrodes un-
der elevated current and temperature conditions that are
more relevant for industrial alkaline water electrolysis. In
parallel, operando surface enhanced Raman spectrosco-
py (SERS) and infrared spectroscopy (SEIRAS) will be es-
tablished on Ni substrates for studying thin catalyst films
which can yield structural information about the catalytic
active centers and intermediates.
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Nanomechanical instrumentation and extreme
nanomechanics

Group head: R. Ramachandramoorthy

The “Nanomechanical
Instrumentation and Ex-
treme  Nanomechanics”
(XNano) group of Ra-
japrakash Ramachandra-
moorthy was established
in 2020. It aims at address-
ing the two fundamental
bottlenecks of micro/na-
no-mechanics research:
the lack of appropriate
small-scale testing plat-
forms capable of mechan-
ical metrology under ap-
plication relevant extreme
strain rates/temperatures
[1] and small-scale sample
fabrication technologies
capable of manufacturing
ideal test-beds for statis-
tically relevant mechanical
testing [2].

Additive
micromanufacturing

The relentless pursuit to-
wards miniaturization of
materials has resulted in
micro/nano-scale materi-
als becoming ubiquitous
functional materials in a
wide variety of application

SN
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Fig. 1: Summary figure showing the core foci of the XNano group in pushing the bound-
aries of small-scale mechanics towards higher strain rates (and high/cryo temperatures)
and small-scale manufacturing towards complex 3D architectures.

including microelectronics

and watchmaking. Given that these small-scale materials
can be subjected to day-to-day mechanical and thermal
overloads such as drops, impacts and vibrations, the
understanding of their dynamic thermomechanical prop-
erties is critical to assess their reliability and suitability
in such applications. From an academic perspective, ex-
perimental determination of high strain rate properties at
the micro- and nano-scale will allow the bridging of time
scales between simulations (molecular dynamics/dis-
crete dislocation dynamics) and experiments, enabling a
direct one-on-one comparison between the two comple-
mentary research methodologies [3].

As such, the primary research focus is on instrumenta-
tion development for in situ nano-to-meso scale multi-
modal (tension, compression and fatigue) mechanical
investigations at strain rates between 0.001/s to 10000/s
and temperatures between -160 °C and 1000 °C. Specific
case studies using such customized instrumentation are
planned on small-scale architectures including nanow-
ires, micropillars [4], microparticles and microlattices,
which will help extract their structure (architecture) - mi-

crostructure - mechanical property relationships under
extreme loading conditions. The second key area of re-
search will be on the development of additive microman-
ufacturing methods for fabricating nano-to-meso scale
metallic architectures. A localized electrodeposition
based microadditive technology will be developed to print
micro/nano-scale architectures, using different metals
including copper, nickel and iron.
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Gottfried Wilhelm Leibniz Prize 2020

B. Gault

In 2020, | was awarded the Leibniz Prize of the
German Research Foundation (DFG) for my fron-
tier work in atom probe tomography (APT) and
the research that the technique enables. After
being postponed a few times, the ceremony took
place remotely in November 2020 (Fig.1).

| have been fortunate, over the course of my re-
search career to work on almost all aspects of
APT. | initiated during my PhD the implemen-
tation of an ultrafast laser source on an atom
probe and deciphering the physics of the field
evaporation process — which | did wrongly fun-
nily enough. Yet, this work was a great enabler in

Fig. 1: White board in my office that | used as background during the online
ceremony in November 2020, thanking (almost) all those who helped and con-
tributed to my adventures.

the development of the technique, and pulse-la-

ser sources are now implemented on nearly all commer-
cial instruments. In the following years, as a postdoctoral
scientist, | worked also on improving the approaches to
build the tomographic reconstruction, and working on
quantifying more precisely the spatial performance of the
technique, and start using it to characterize engineering
materials.

Since joining the MPIE in 2016, | cannot think of a sin-
gle aspect of this previous experience that has not been
useful. | have had a chance to renew my interests in in-
strument development with our cryo-enabled suite of
instruments [1] and the Reacthub Module (see p. 58),
data mining, in part via our involvement in the BIGMAX
network (see p. 82) [2], the theory of field evaporation
and field ionisation with the development of the analyti-
cal-field-ion microscope [3], and the very many materials
science projects, with an emphasis on understanding the
fundamental processes that take place in complex, engi-
neering materials, incl. Al-alloys, steel, zirconium alloys,
semiconductors amongst others. A focus has been on
the use of APT to understand the relationships between
their microstructure and properties, and their evolution
over the course of their use in service, insights that are
necessary to guide design of future materials with en-
hanced lifetime and improved sustainability.

Although the Prize is supposedly awarded to me, | would
never have received it without the good fortune of work-
ing with amazing colleagues, doctoral students, postdoc-
toral and senior scientists and technicians, at the MPIE
and in all institutions where | worked, from the Universi-
ty of Rouen, the University of Sydney, Oxford University,
and McMaster. For me, MPIE epitomizes the collabora-
tive scientific endeavour, and I'm extremely grateful to all
colleagues here with whom we have managed to build
fantastic joint studies involving other microscopy tech-
niques, atomistic simulations and many materials sys-
tems — | have learnt so much.

So, what is next? | wish to keep pushing the use of atom
probe to its limits, to better understand complex energy
materials incl. materials for clean power generation (see p.
25). But the next frontier is to deploy the strength of atom
probe to the analysis of liquids, liquid-solid interfaces and
soft matter. Since the 1950s, several scattered investi-
gations of biological materials have been reported, but
without a sustained effort that would have enabled true
breakthroughs. In parallel, the development of cryo-trans-
mission electron microscopy has initiated a revolution in
the biological sciences, enabling to image proteins and vi-
ruses at an unprecedented resolution. Atom probe could,
here again, provide unique insights — an example is the
presence of metallic species suspected to be involved in
the Alzheimer disease. A few years ago, we started look-
ing at such proteins, and the grant from the Leibniz Prize
will allow me, in part, to push this research, via cryo-spec-
imen preparation, transport and analysis of frozen liquids.
The first forays are indeed already promising [4].
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video recorded by the DFG and played
during the ceremony.
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ERC Consolidator Grant:
Microscopic origins of fracture toughness

The resistance to crack propagation is undoubtedly one
of the most important properties of structural materials.
However, our current mechanistic understanding of the
fracture processes in typical semi-brittle materials like
steels, refractory metals, or semiconductors is not suf-
ficiently advanced to predict the fracture toughness K
and its dependence on the microstructure, temperature,
and strain rate. Therefore, K, is commonly regarded as
a phenomenological material parameter for fracture me-
chanics models that require experimental calibration. A
quantitative understanding of the relation between phys-
ical, crystallographic and in particular microstructural
properties (Fig. 1) and the failure resistance of a material
is, however, crucial for improving the performance of ma-
terials and material models. Understanding crack-micro-
structure interactions is, furthermore, of fundamental im-
portance for fatigue fracture, stress corrosion cracking
and hydrogen embrittlement - topics which are of inter-
est for all MPIE departments.

The aim of microK|_ is to study fracture in model mate-
rials in order to gain a detailed understanding of the mi-
croscopic crack-tip processes during fracture initiation,
propagation and arrest, and to systematically study the
interactions of cracks with constituents of the micro-
structure like dislocations, voids, precipitates and grain
boundaries. To this end, we perform fully 3D, large-scale
atomistic simulations on cracks in bce-based materials
(Fig. 2) with varying crack orientation, crack front quality,
and in the presence of dislocations and microstructural
obstacles.

) [

Fig. 1: Relevant scales and microstructural features that
determine the response of a crack to an external load.

The criteria for crack advance and dislocation nucleation
at crack tips obtained from atomistic simulations are
being implemented in a newly developed coupled finite
element - discrete dislocation dynamics (DDD) code. This
DDD+Crack code has been developed together with Prof.

E. Bitzek

Fig. 2: Part of a large-scale 3D fracture simulation in off-stoichio-
metric B, NiAl showing how atomic-scale heterogeneities can
influence the crack propagation and dislocation emission (atoms
coloured by atomic strain).

M. Fivel (Université Grenoble Alpes, France) within micro-
K. and now allows for the first time fully 3D studies of
fracture and crack-tip plasticity at the mesoscale.

In addition to the simulations, micromechanical fracture
tests on notched cantilever beams with well-defined mi-
crostructures are being carried out at the Friedrich-Al-
exander-Universitat Erlangen-Nirnberg, to which Erik
Bitzek maintains close contacts. Close interactions with
the micro- and nanomechanical testing activities in the
SN department are also envisaged. The micromechanical
experiments will be compared to the results of multiple
DDD+Crack simulations with different microstructures.
That way, the outcome of the simulations can be qualita-
tively validated.

The ultimate goal of microK|_ is to use this experimentally
validated multiscale modelling framework to develop a
microstructure-sensitive, physics-based micromechani-
cal model of the fracture toughness. In collaboration with
the theory and modelling group of the MA department,
such a model will be implemented in their CP-FEM code.
Inthe long term, a better understanding of the microscop-
ic origins of fracture toughness will contribute to the de-
velopment of new, failure-resistant materials and help to
improve design guidelines for safety-relevant structures
and components.

This project has received funding from the European Research
Council (ERC) under the European Union's Horizon 2020 research
and innovation programme (grant agreement No 725483).
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ERC Advanced Grant: Correlating the state

and properties of grain boundaries
G. Dehm

The project GB-CORRELATE [1], which started in August
2018, explores the presence and consequences of grain
boundary phase transitions in pure and alloyed Cu and
Al. If grain size gets smaller and smaller - like in nano-
crystalline materials - the grain boundary (GB) volume
can exceed several 10 % of the total material volume and
become most important for the resulting properties. The
atomic coordination and chemistry of such GBs may un-
dergo phase transitions, abrupt changes in structure and
chemistry, which will impact the material behaviour - like
strength, thermal stability, electrical resistance - even for
conventional materials. However, this interplay between
GB phases and material properties is not yet understood.
Experimentally, GBs are difficult to study - it needs atomic
resolution and sensitivity with respect to chemistry. In ad-
dition, it is unknown under which conditions phase trans-
formations of GBs occur. A fundamental understanding
requires atomistic modelling connected with smart ex-
periments.

One of our approaches is to grow Cu and Al films on (0001)
oriented a-Al,0, substrates, which led to a strong (111)
texture with several symmetric and asymmetric tilt GBs
[2]. Using Cu thin films we could show for the first time
that a pure elemental metal which forms only a single bulk
fcc phase as a solid can form several GB phases [3]. We
observed at a $19b [111] tilt GB 3 different atomic mo-
tifs (phases) for different grain boundary inclinations. At
asymmetric >19b [111] and symmetric 319b [111] (17&) GB
we found the coexistence of two GB phases [3] (Fig.1).

The coexistence of the two phases (Fig. 1) indicates a
sluggish transition, which was supported by atomistic
modelling. Extensive molecular dynamics simulations

Pearl structure

Trassiition peint a2 a lise
delect

Fig. 1: Scanning transmission electron microscope image
of an asymmetric 319b [111] tilt GB in Cu consisting of pearl
and domino structure separated by a disconnection.
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Fig. 2: Four point in situ resistance measurement of a GB. Electron
microscopy and diffraction is used to determine the GB character
and position. A clear resistance signal is obtained for the incoher-
ent 33 [111](211) GBs (red and blue data points).

by our cooperation partner T. Frolov revealed that for
this specific tilt grain boundary shear stresses drive the
phase transformation rather than temperature [3]. This is
opposite to other ¥ [111] tilt GBs in Cu and Al, where we
recently found that temperature can trigger the GB phase
transformation.

We also made a big leap forward in obtaining electrical
properties from individual GBs. We developed a detailed
methodology to probe in situ or ex situ the local resistivity
of individual GBs [4]. For in situ measurements, electrical
contacts were realized with W needles accurately posi-
tioned by piezo driven micromanipulators. GB resistivity
follows the boundary excess volume and energy in a first
approximation, but this correlation does not explain all
resistivity-structure relations, indicating a contribution by
the electronic structure of the boundary.

This project has received funding from the European Research
Council (ERC) under the European Union's Horizon 2020 research
and innovation programme (grant agreement No 787446).
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ERC-Consolidator Grant:
Seeing hydrogen in metals

B. Gault

- MA

o

This ERC-Consolidator project is
called SHINE for Seeing Hydrogen
IN mEtals. SHINE started in Feb.
2018 and is now well underway. We
ambitioned to exploit the unique in-
frastructure of the Laplace Project
[1] developed in the Atom Probe
Tomography group at the MPIE to
perform direct imaging and quan-
tification of H atoms in candidate
metallic alloys and materials for the
hydrogen economy, to produce hy-
drogen by e.g. water splitting. This
required the development of care-
ful workflows to allow for electro-
chemical and, potentially, gaseous
charging of hydrogen or deuterium
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under highly controlled conditions,
and, subsequently, the transfer of the specimen to instru-
ments enabling preparation and analysis. The resulting
three-dimensional hydrogen mapping at the near-atomic
scale was to be connected to physical properties and ra-
tionalized by correlating with atomistic simulations.

The first three and a half years of the project have seen
three postdoctoral scientists, including one based in the
CM department, and two doctoral students work closely
with a range of other colleagues from across the MPIE
to push the frontiers of H-analysis by APT. We have: (1)
demonstrated the cleanliness of cryo-enabled specimen
preparation [1], in particular for hydride-forming materi-
als, of cryo-transfer for air-sensitive materials [2]; (2) have
discussed at length the details of the origins of the detect-
ed hydrogen detected within the APT specimen [3]; (3) we
studied the field evaporation behaviour of hydrides and
deuterides and estimated APT performance [4] and their
growth mechanisms [5]; (4) we showcased the analysis of
water and solutions, as well as liquid-solid interfaces [6].

Much more is to come and is under review, including via
cross-departmental efforts. With experts from the GO de-
partment, we have developed the Reacthub Module (see
p. 58) for gas-charging and processing of metallic alloys
and oxides. We also synthesized catalysts nanoparticles
with controlled doping levels and are testing their electro-
catalytic activity. With the CM department on atomistic
simulations to estimate the solubility of H in precipitates
in 7XXX-Al alloys to explain the resistance to hydrogen
embrittlement.

All these investigations have relevance to a ‘low-car-
bon-emission economy’ that humanity must develop
in the 21t century, which was the framework in which
SHINE was designed. Finally, a question came up during

my interview for the grant in 2017 “what will be the lega-
cy of SHINE?”, my answer was a better understanding of
hydrogen'’s behaviour in metals and the design of new, hy-
drogen resistant structural materials that can be fabricat-
ed on a large scale — and the recent joint work with Dirk
Ponge’s group using chemical heterogeneity to enhance
hydrogen resistance of high-strength steels appears like
a perfect example [7].

This project has received funding from the European Research
Council (ERC) under the European Union's Horizon 2020 research
and innovation programme (grant agreement No 771602).
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ERC Starting Grant: Time-Scale bridging potentials

for realistic molecular dynamics simulations
B. Grabowski

CM, now at University of Stuttgart, Materials Design

In 2015, B. Grabowski was awarded an ERC Starting Re-
search Grant for his project proposal: “TIME-BRIDGE:
Time-scale bridging potentials for realistic molecular dy-
namics simulations”. The project has been successfully
finished in January 2021.

Fig. 1: Two-dimensional histogram of ab initio molecular dynamics
trajectories of a simulation for bce Ti at 1025 K. The trajectories re-
veal a fingerprint of the martensitic transformation to the low-tem-
perature hexagonal omega phase. Within TIME-BRIDGE new
insights about this transformation have been revealed and have
led to the discovery of a new class of structures, the linear-chain
disordered structures [4].

The superior aim of TIME-BRIDGE has been the design
and application of novel methodologies that enable a
more realistic atomistic simulation of materials and faith-
fully connect to experiment. This aim has been closely
followed over the entire lifetime of the TIME-BRIDGE proj-
ect. The specific efforts could be divided into three main
areas of 1) bridging the time scale, 2) developing accurate
interatomic potentials to reach larger system sizes than
possible with ab initio methods, and 3) a close and faith-
ful coupling of the simulations to nanoscale experiments.
The over 40 published articles in renowned journals, 2
PhD theses, and 1 Master thesis demonstrate the excel-
lent research output of TIME-BRIDGE. Three of the arti-
cles were published in Physical Review Letters, four in npj
Computational Materials, ten articles in Physical Review
B, and eight articles in Acta Materialia.

As for the time scale bridging, we have developed a novel
strain reduction plus bond boost methodology to simu-
late thermally activated dislocation migration within the
framework of accelerated molecular dynamics. With re-
spect to interatomic potentials, we have combined ma-
chine-learning potentials with finite temperature ab initio
simulations to efficiently obtain highly accurate materials
properties. On the experimental side, we have performed
extensive small-scale mechanical investigations that al-
lowed us to analyze dislocation-grain boundary interac-
tion. A breakthrough of TIME-BRIDGE was the novel meth-
odology that combines ideas from the machine-learning
field with concepts from finite temperature ab initio simu-
lations and thereby enables high accuracy determination
of materials properties. This method clearly advances the
field beyond what was available before.

The project has had a significant impact on the career
of the PI, B. Grabowski, and several team members. The
Pl has obtained a professor position at the University of
Stuttgart and was awarded an ERC Consolidator Grant in
2019, Dr. Liam Huber became group leader at the MPIE,
Dr. Prashanth Srinivasan was awarded the Humboldt fel-
low ship while working for the project, and several other
members obtained high level positions in the academic
field or industry.

This project has received funding from the European Research
Council (ERC) under the European Union's Horizon 2020 research
and innovation programme (grant agreement No 639211).
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Humboldt Research Award: Grain growth in thin films -
how microstructure depends on interfacial steps

D. Chatain

CNRS CINAM, Marseille, France

The Alexander von Humboldt Foundation awarded in No-
vember 2020 Dr. Dominique Chatain with the Humboldt
Research Award in recognition of her outstanding ac-
ademic record. Dr. Chatain will use the award to foster
her interactions with the SN department and NG group at
the MPIE with a focus on understanding microstructure
evolution in metallic thin films. Advancing our current fun-
damental knowledge of the thermodynamic and kinetic
parameters controlling grain growth in thin films is key to
designing thin film microstructure. To address
this topic, single crystalline a-Al,0, substrates
(sapphire) of different surface orientations are
overgrown by a pure fcc metal or an alloy. These
systems offer opportunities to diversely con-
trol the structural and chemical parameters to
obtain a desired film microstructure spanning
from specific textures to single-crystal films.

The very first point which is currently ad-
dressed is to understand the origin of the sta-
ble (st) orientation relationships (OR) of the
grains of a pure Ni film on well-controlled sap-
phire substrates. Recent work of Chatain et al.
[1] on fcc metallic films on fcc metal systems
have shown that the OR is controlled by the
substrate’s surface steps, which emerge in a
(slightly) miscut substrate due to surface ener-
gies. It is important to note that the direction
of these steps can be different for the original
substrate compared to the buried film/sub-

First results on Ni and Cu films provide evidence on the
influence of surface steps (Fig. 1). Depending on the
original miscut of 0.25° in two perpendicular directions,
a maze structure with two orientations and a nearly fully
single crystalline structure emerge upon annealing under
a hydrogenated atmosphere. Two different orientation re-
lationships (OR1, OR2) have been grown on the c-plane
of sapphire for several fcc metals (see e.g. [3]). However,
why two or only one OR emerges is so far unclear.

Fig. 1: Preliminary results with Cu on sample with the two different miscut
c-sapphires; EBSD maps of (a) a Cu maze <111> bi-crystal film on c-sapphire;
(b) single-crystal with some residual “islands” of the second orientation. The
two different blue colours correspond to the two twin-related grain orienta-
tions constituting this so-called “maze” bi-crystal.

strate interface. Thus, if two grain orientations

of the film are originally present, one of them will be pre-
ferred because of the direction of the buried interfacial
steps. Finally, it has been found by atomistic calculations
[2] that during annealing interfacial diffusion is active
above a certain temperature, which in turn can change
the step direction and thus fosters the stability of a single
orientation of the grains, which could eventually lead to
single-crystal films by grain growth.

There are several interests of using sapphire as a substrate
material: (1) it is an inert material avoiding reactions with
many metals; (2) epi-polished surfaces of chosen orienta-
tion are easily available; (3) the trigonal sapphire structure
(corundum) is more complex than the fcc structure of the
metals investigated, and several kinds of well-known steps
may appear on a single-crystal. We have focused on the
¢ (0001)-plane of sapphire, which may have two possible
kinds of steps running along crystallographically different
perpendicular directions: <1100= and <1120= . We will ad-
dress the following questions: which orientation of these
steps does stabilize at the interface with Ni, and how do
these steps change at different temperatures.

With our research we understand now why a maze struc-
ture (Fig. 1a) or a single crystal film evolves: the film is
a maze bi-crystal of two twinned grains if the miscut is
such that it reveals =110{}= directions at sapphire surfac-
es. However, if the miscut reveals =1120= steps, the film
quickly becomes a single-crystal.

To go further, there is a need to investigate the step di-
rection at the interface after annealing. High resolu-
tion transmission electron microscopy observation of
cross-sections of the samples will allow to prove how
steps change at the interface between Ni and sapphire
and explain the microstructure.
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Friedrich Wilhelm Bessel Research Award

Y. Zhu

Department of Mechanical and Aerospace Engineering, North Carolina State University, Raleigh, USA

The Friedrich Wilhelm Bessel Award of the Alexander von
Humboldt Foundation is awarded to ~20 internationally
renowned scientists each year. It is one of the most pres-
tigious distinction for foreign scientists in Germany. In
November 2020, Prof. Yong Zhu from the North Carolina
State University (Raleigh, USA) was awarded the Friedrich
Wilhelm Bessel Award for his outstanding achievements
in nanomechanical testing of advanced materials. Prof.
Zhu chose MPIE as his host institution and will work in
close collaboration with the group of Dr. Christian Lieb-
scher in the department SN to develop methodologies
for observing atomic scale deformation processes in
materials.

Prof. Zhu is a world leader in the field of mechanics of
nanomaterials and stretchable electronics, including mi-
cro-electromechanical (MEMS) systems. He developed
the first MEMS apparatus for mechanical testing of nano-
materials inside electron microscopes, representing a
major milestone in the field. The MEMS-based device de-
livers incredibly small forces to be applied in a controlled
manner to test even single nanowire geometries, while
still being able to measure minute forces and observe the
deformation processes.

Prof. Zhu has performed pioneering experiments utiliz-
ing the micromechanical apparatus that have led to a
mechanistic understanding how size and surface effects
impact the mechanical properties of nanomaterials. He
and his team have unraveled the effect of hydrogen em-
brittlement in metallic nanowires at the nanoscale. Prof.
Zhu and collaborators could demonstrate by a combina-
tion of in situ TEM nanomechanical testing and atomistic
simulations that a transition in failure mechanism occurs
from distributed plasticity to localized necking in metal-
lic nanowires due to the presence of surface-adsorbed
hydrogen [1]. In another piece of work, Prof. Zhu and
co-workers showed by in situ testing in the TEM of bi-
twinned nanowires that the twin boundary promotes two
competing deformation mechanisms, namely dislocation
slip and delocalized plasticity via anomalous tensile de-
twinning [2].

A major limitation to observe atomic scale deformation
processes is imposed by instabilities in the commercial
mi- cro- and nanomechanical testing devices. However,
Prof. Zhu's unique lab-on-a-chip testing platform will
enable the observation of how metallic alloys deform at
atomic resolution and elevated temperatures. This tool is
one-of-a kind and the MEMS-based apparatus is currently
employed and tested in the in situ holder platforms avail-
able at the SN department.

Comb Drive Actuator Displacement Sensors Specmen

Supperting Beams Load Cell
Fig. 1: Picture of Prof. Yong Zhu and the MEMS-bases nanomechan-
ical testing apparatus he developed. This system is utilized in the
in situ heating and biasing holder of MPIE to probe atomic scale
deformation processes in aberration-corrected TEMs.

The synergies in Prof. Zhu's outstanding expertise in
nanomechanics and the capacity at MPIE in material de-
velopment and characterization offer a rich playground
for a fruitful scientific interaction. Together, we will
tackle to resolve the underlying atomistic mechanisms
responsible for hydrogen embrittlement in twinning in-
duced plasticity steels, while focusing to probe one of
the most critical microstructural components, twins, by
in situ probing. We further aim to explore the atomic scale
deformation behavior in novel high entropy alloys at tem-
peratures of up to 500 °C. This also requires a novel de-
sign of the MEMS-based nanomechanical testing device.
One of our goals is to resolve deformation processes at
grain boundaries and how dislocations interact with them
at atomic resolution. The nanomechanical testing device
will elevate our capabilities to even study the impact of
grain boundary phase transformations and segregation
on their plastic behavior. In a final step, it is planned that
we test tellurium nanowires inside of our aberration-cor-
rected TEMs to observe stress induced phase decompo-
sition in these 1D nanomaterials.
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Heisenberg-Professorship:
Metallic composite materials

H. Springer

MA, now also at: Institute of Metal Forming, RWTH Aachen University, Germany

In October 2019, H. Springer joined the RWTH Aachen
University as professor after successfully applying for the
Heisenberg program of the German Research Foundation
(DFG), and now heads the academic and research depart-
ment for metallic composite materials. After an appren-
ticeship as an industrial mechanic, studying mechanical
engineering and working as a welding engineer in the au-
tomotive industry, H. Springer joined the MPIE as a PhD
student in 2008. He subsequently led the group combi-
natorial metallurgy and processing from 2011 onwards,
and completed his habilitation at the RWTH Aachen Uni-
versity in 2018.

Lehe- pnd

Fig. 1: Main research areas of the Heisenberg professorship for me-
tallic composite materials: From self-healing structural materials to
novel materials for lightweight design.
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The Heisenberg professorship is concerned with the de-
sign and development of innovative metallic composite
materials. The vast spectrum of constituents concerning
their morphology, microstructure, mechanical, physical
and chemical properties offers huge potential to create
materials capable of shifting technological frontiers. The
following topic areas are at the core of ongoing research
at both the RWTH and MPIE (Fig. 1): High modulus steels
offer the possibility to overcome the inherent conflict be-
tween the key properties for lightweight design, namely
strength, density and stiffness. Based on previous re-
search into the alloy concepts [1], the focus now lies on
their maturation towards industrial application. This is di-
rectly linked to the development of in situ nano-compos-
ites using newly emerging processing technology (Fig. 2),
especially additive manufacturing [2,3]. Bulk composites
with constituents on the meso- to macroscale, on the

other hand, are not only relevant for new applications in
energy conversion, but can also be utilised as model ma-
terials to systematically study and optimise the effects
of inhomogeneities or interfaces on the bulk property
profile. Another target is to incorporate the capacity for
self-healing as a new functionality to increase lifespan of
structural materials.

The research on these topics follows an efficient and
holistic approach based on both scientific and industri-
al experience, with three key components to be further
broadened and developed: Acceleration via combinatori-
al methods [4], property driven iterations and integrated
design by early incorporation of application-critical pa-
rameters and utilisation of conventionally unwanted phe-
nomena for new material solutions.

Fig. 2: /deal match between novel material concepts and synthesis
technologies: in situ nano structuring of high modulus steels during
additive manufacturing [3].

The integration of the Heisenberg professorship with the
continued research activities within the new group for
“Sustainable Material Science and Technology” (see p.
29) and the interdepartmental group “Materials Science
of Additive Manufacturing” (see p. 28) further strength-
ens the collaboration with the RWTH Aachen University.
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VIDI Award:

How to mix the perfect high entropy alloy cocktail?

F. Kbrmann
CM

Since 2018 the Dutch Re-
search Organisation (NWO)
supports the research of Dr.
Fritz Kérmann, project group
leader in the Computational
Materials Design depart-
ment and researcher at the
Delft University of Technol-
ogy in the Netherlands with
the prestigious five-years
group funding VIDI award.
The VIDI award enables
researchers to establish a
research group in the Neth-
erlands and to develop their 0
own line of research. The re-
search of Kérmann is about
compositionally ~ complex
alloys including the class of
concentrated solid solutions
alias high entropy alloys.
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Fig. 1: Application of developed active learning machine-trained potentials to explore the phase
stability of TiZrHfTa, depending on Ta concentration x and temperature [5]. The different structural

phases, i.e., omega and BCC, can be clearly distinguished based on a developed structural descrip-

Compositionally complex al-
loys (CCAs) and high entropy

tor [5] (colour coded).

alloys (HEASs) have received
great attention in terms of
the underlying physics responsible for their formation
as well as unusual physical and materials properties.
Whereas traditional alloys usually contain 1-2 main com-
ponents, CCAs are comprised of typically 3-6 elements
in high or even equal concentrations and crystalize into
surprisingly simple lattice structures with randomly dis-
persed atomic species. Due to the gigantic chemical con-
figuration space, computational techniques [1] are critical
to narrow down promising compositions.

Within the last years several methodological develop-
ments have been achieved to overcome the underlying
computational and simulation limits for such complex
alloys. In particular techniques based on novel ma-
chine-learning based interatomic potentials were devel-
oped allowing, e.g., to compute vibrational free energies
of multicomponent alloys with hitherto unachievable
accuracy [2]. Highly efficient on-lattice machine learning
potentials were employed to explore the phase stability
and short-range order in a number of multicomponent
alloys [3].

In multicomponent body-centred cubic (BCC) alloys,
the temperature-dependent intrinsic phase stability be-

tween omega, bce and hep affects crucially the mechan-
ical properties. Novel concepts have been developed to
distinguish between omega and bcc phases [4]. Further
developed machine-learning potentials combined with
active learning concepts enabled to screen for the phase
stability of these alloys in a fully automatic fashion [5].
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Pushing the boundaries of temperature and strain
rate for in situ nano- and micromechanical testing

J.P. Best, M.J. Duarte Correa, R. Ramachandramoorthy

" SEM
chamber

e
.
3

Fig. 1: The nanoindentation system set-up for cryo temperature and quasi-static indentation of fused quartz within a tungsten-filament
SEM. The modular system can be modified for heating, cooling or high-speed measurements and the requisite water-cooling tubes and
cabling fed-through the uniquely designed ports on the SEM. Alterna-tively, the system can be mounted in a field-emission gun-based
SEM or an environmental chamber for measurements with either high resolu-tion imaging or under controlled atmospheres for performing

cutting-edge hydrogen-loading experiments.

The most cutting-edge nano- and micromechanical ma-
terials research look to perform in situ measurements,
such as inside a scanning electron microscope (SEM), at
variable temperatures and testing speeds (strain rates).
This allows for research investigations of either the con-
trolling material deformation mechanisms, or properties
(such as the strength, elastic modulus or fracture tough-
ness) under application relevant conditions. Such char-
acterizations are critical for furthering current research
into, amongst others, grain boundary plasticity in metals,
hydrogen loading into advanced engineering materials,
and brittle-to-ductile toughness measurements of inter-
metallics and thin films.

The newly acquired nanoindentation system allows for
performing in situ SEM nano- and micromechanical test-
ing and is unique in a number of critical ways: (i) capabili-
ty for testing at high temperatures (800 °C) and cryogenic
temperatures (-120 °C); (i) true displacement control (as
opposed to load control), which is required for stable
fracture and crack-growth measurements; (iii) versatility
to be fitted with electrochemical cells and used under ex-
treme environments such as in the presence of hydrogen
(and other gasses if needed); (iv) ability to perform tests
and acquire data at very high strain rates (~103-104 s) to
understand time-dependent deformation mechanisms.

This combination of functions renders the newly commis-
sioned system unique for small-scale mechanical testing
under extreme loading conditions.

The instrument is currently shared between three re-
search groups in the SN department, led by J. Best, M. J.
Duarte Correa, and R. Ramachandramoorthy, to perform
a suite of advanced nano- and micromechanical in situ
testing. For hydrogen embrittlement experiments in Duar-
te’s group, the modular system will be installed inside an
environmental chamber with the capability to introduce
nitrogen to have an oxygen-free atmosphere. Hydrogen
is provided by electrochemical charging by using a cus-
tom-made electrochemical cell similar to one already
developed in the group. For variable temperature, strain
rate and microscale toughness measurements in Best's
group, two separate SEMs for in situ mechanical mea-
surements can accommodate the system. Ramachandra-
moorthy’s group will primarily focus on using the system
for extreme in situ micro/nanomechanical testing at com-
binations of high strain rates and high/cryo temperatures,
while also developing protocols/instrumentation to push
the dynamic limits of the system even further.

Alemnis AG is acknowledged for its support in the instal-
lation and commissioning of the device.
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Large-volume 3D microstructure characterization
using EBSD and mechanical serial polishing

S. Zaefferer’, P Konijnenberg? T. A. Griffiths®, S.-P. Tsai'

"MA, 2now at: Forschungszentrum Jiilich , ®now at: University of Vienna

Understanding materials properties based on the materi-
als microstructure is one of the key tasks of materials sci-
ence. All properties of materials are influenced by the 3-di-
mensional nature of materials. The corrosion resistance of
stainless steels, for example, depends on the 3D structure
of grain and phase boundaries, the efficiency of polycrys-
talline solar cells is influenced by the 3D arrangement of
grain boundaries, and the strain hardening behaviour of al-
uminium alloys depends on the 3D arrangement of disloca-
tions and on the shape and arrangement of precipitations.

A number of tools for 3D microstructure characterization
exists but it is obvious, that there is a need for a technique
bridging between the high-resolution and the large-vol-
ume techniques, i.e. bridging between microstructures
and macroscopic properties. This gap is closed with new
large-volume 3D electron backscatter diffraction (EBSD)
measurement techniques based on broad ion beam (IB)
sputtering, plasma-focussed IB sputtering, laser ablation
or mechano-chemical polishing. We believe that the latter
has the greatest potential for the following reasons:

— It delivers very large, perfectly flat and defect free sur-
faces, also on multi-phase materials.

— The parameters of polishing can be modified very
widely to cope with very different materials.

— Removal rates can be widely changed and controlled
by selection of polishing parameters.

— Itis mechanically robust and keeps the microscope in
perfectly proper conditions.

Following earlier work of other researchers, we devel-
oped, over the last three years, a system for large volume
3D EBSD microstructure analysis, which is now fully func-
tional (Fig. 1). The core of the system is a polishing au-
tomaton modified from a commercially available device.
This instrument allows fully automated polishing of sam-
ples with a large number of well-controlled parameters. It,
furthermore, contains a cleaning and drying station such
that a completely clean and dry sample is delivered final-
ly. Sample exchange is done via a self-built transfer sta-
tion inside of the machine and a collaborative robot arm.
A scanning electron microscope runs in a fully automated
manner to perform large-area EBSD measurements: The
measurement of the removal thickness occurs by ob-
serving cross sections of markers that have been placed,
using FIB, on a side of the sample during sample prepara-
tion. The whole system runs fully automated, controlled
by a master computer, which orchestrates all individual
devices via self-written software. A few numbers illus-
trate the power of the system:

— Targeted measurable volume: up to 500 x 500 x 500
pum? with a 1 pm step size in every dimension.

Fig. 1: Overview on the large-volume 3D EBSD setup based on
chemo-mechanical serial sectioning.

Fig. 2: 3D EBSD data set of a 316 stainless steel, obtained with the
large volume 3D EBSD system. The microstructure is displayed and
analysed with the program QUBE, programmed by P. Konijnenberg.

— Measurement rate: about 30 slices per day with maps
500 x 500 pixels.

— Largest measured amount of data points per 3D mea-
surement: around 30.000.000.

Fig. 2 shows one example of a 3D data set, collected from
a 316 stainless steel sample in order to obtain a statisti-
cally reliable set of grain boundaries for the study of grain
boundary corrosion. The data set contains about 600
grains and a few thousands grain boundaries, including
twin boundaries. After the 3D measurement, the remain-
ing sample was submitted to a corrosive medium and
the corrosion behaviour of the grain boundaries, whose
characteristics are known from the 3D experiment, was
recorded and analysed. This work is ongoing.
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ReactHub module: towards in situ atom probe tomography

Since 2017, the MPIE has been ac-
tively developing a world-unique
suite of instruments intercon-
nected by a set of ultra-high-vac-
uum (UHV) suitcases with the ca-
pability to transport specimens
at cryogenic temperatures. This
suite is under the umbrella of the
Laplace Project [1] and includes
a glovebox, a scanning-electron h
microscope — focused ion beam

#Fe @

L.T. Stephenson’, H. Khanchandani', S.-H. Kim', A. EI-Zoka’,
U. Tezins', A. Sturm’, D. VogeP, B. Gault’

™MA, 2GO

(SEM-FIB) and two atom probes

[1. A new gas-reaction cham-

ber called the ReactHub Module E]
(RHM) is now also online and was

added to the Laplace suite over

the course of 2020.

In the past decades, approaches
have been used to study process-
es ‘as they take place’ in situ in a

|it !

microscope, e.g. while the spec-
imen is heated, deformed or a
chemical reaction is taking place.

Fig. 1: Transient state captured during the direct-hydrogen reduction of FeO with the RHM.

Atom probe tomography (APT)

being a destructive analysis technique, in situ approach-
es cannot directly be performed or implemented. Some
have considered the end of the needle-shaped APT spec-
imen as an individual nanoparticle, and the technique has
a long-history of studying catalytically-active surfaces
by performing surface reactions with gases, including at
high-temperature [2], but only after the reaction has tak-
en place. Field electron emission microscopy has some-
times been combined to follow the reaction in situ.

In the RHM, an individual specimen can be heated up to
approx. 1000 °C by targeting it with a laser. The chamber
is initially ultrahigh vacuum, but pressures of up to 1 bar
of either 0,, N,, or H, can be introduced. There is an addi-
tional line for a gas bottle that can be changed whenever
necessary. One of the key interests is that the specimen
is sitting on a cryogenically-cooled stage (< 50 K) so as to
quench extremely fast. By kinetically freezing the speci-
men in its reactive state, we expect to get closer to per-
forming in situ observations of transient chemical states.
Following quenching, the specimen is taken into the pre-
cooled cryo-UHV suitcase and transported into the SEM-
FIB for further preparation or the atom probe for analysis.
The SEM-FIB is equipped with a cryo-stage so as to per-
form cryogenic specimen preparation [3].

We showcase here two quasi-insitu studies. We started
investigating the influence of the microstructure on the

direct reduction of Fe-oxides by hydrogen, in order to un-
derstand the influence of the microstructure on the lim-
iting rate of the reduction reaction [4]. Fig. 1 showcases
the direct reduction of a Fe-oxide single crystal prepared
in the form of atom probe needles performed using the
RHM. After 1 minute of reduction, the reaction front can
be visualized and its composition precisely measured to
inform models of the reaction kinetics. Some more evolu-
tion is found after a second minute of reduction. The QR
code will take you to a video of the complete workflow
from the atom probe to the RHM.
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The hydrogen lab

M. Rohwerder, A. Vogel, D. Vogel

From hydrogen embrittlement of high strength steels or
aluminium alloys to hydrogen production and storage, the
effect of hydrogen on the physical and chemical proper-
ties of materials is an important topic of current research.
For this reason, it is not surprising that hydrogen in mate-
rials is one of the key research topics at the MPIE, where
all four departments have strong activities, often in close
cooperation between the departments.

Especially quantitative detection of hydrogen in materials
is important for providing a reliable basis for fundamen-
tal investigations of hydrogen embrittlement and hydro-
gen-related corrosion phenomena. Setting a sound basis
for research already starts with realising a reproducible
and well controlled hydrogen loading into the materials
of interest. The easiest way to reach high hydrogen activ-
ities at the surface and thus also high concentrations in
the material, is to use electrochemical hydrogen loading,
often with the help of so-called recombination inhibitors.
However, the efficiency of this loading, i.e. the achieved
hydrogen activity and its constancy throughout the load-
ing process, are depending crucially on the investigated
material, its surface preparation and the applied elec-
trolyte and recombination inhibitor. Princi-
pally it is necessary for each new material
to be investigated to elaborate a reliable
and well controlled loading routine, which
usually requires significant experience in
electrochemistry. Even more challenging
is carrying out hydrogen permeation stud-
ies by the so-called Devanathan-Stachurski
method. Since in the GO department novel
approaches were developed in the recent
years, especially based on the Kelvin probe
technique, it was decided to establish a cen-
tral lab, the “Hydrogen Lab”, in order to make
the different techniques available at the

LY

Fig. 1: View through the Hiden TPD Workstation Viewport © Hiden Analytical Ltd.

GO

low traps) is often not detected, as e.g for ferritic steels it
effuses usually before the measurement can be started.
The Davanathan-Starchurski permeation technique can
cover this shortage and also provide further information,
such as e.g. on the effective diffusion constant. Howev-
er, for such experiments to provide reliable and exact re-
sults, the entry side and especially the exit side of the ma-
terial to be investigated usually have to be coated by thin
palladium layers. Especially at the exit side, which has to
be polarised to sufficiently high enough potentials to en-
sure the complete oxidation of all permeating hydrogen,
the stability of the palladium layer is an important issue.
In order to avoid oxidation of the underlying substrate the
palladium layer needs to be pore-free and well adhering.
This can be a challenge and even impossible to achieve for
some materials. The Kelvin Probe based approach devel-
oped at the MPIE (see p. 68) solves this problem, as it just
requires an ultra-thin Pd PVD layer, which does not need to
adhere too well or to be fully pin-hole free, and is easy to
apply on different materials [1]. However, significant exper-
tise is necessary for achieving reliable results. Hence, as
part of the lab Kelvin Probe based permeation techniques
will be made available by an experienced team.

MPIE accessible for researchers, partially
also as a service, especially for the more sophisticated
ones. The most important techniques offered are vari-
ous electrochemical and also gas-phase based hydrogen
loading set-ups, Thermal desorption analysis (TDA) and
hydrogen permeation set-ups. TDA has long been used in
characterizing different hydrogen traps inside materials.
At the MPIE significant experience was gained over the
last years with a self-built TDA set-up, but an easier to use
system was needed for broader use and is now available
in this Hydrogen Lab.

Furthermore, the GO department is working on the devel-
opment of a novel TDA system, which will be constructed
around a specially developed mass spectrometer and
an infrared heater. However, in TDA measurements, the
diffusible hydrogen (hydrogen at interstitial sites and shal-

Besides different set-ups for hydrogen charging, the TDA,
melt extraction, and the Kelvin Probe based permeation
techniques, also set-ups for electrochemical sample
thinning will be provided. This is a key prerequisite for
enabling permeation measurements to be carried out on
samples with ultra-low permeability.

In summary, a number of different techniques related to
providing information on hydrogen in materials are made
available to all researchers working on related topics at
the MPIE.
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Nano-IR spectroscopy by AFM-IR

M. Rabe, P Ebbinghaus

For the study of lo-
cal material surface
properties, such as
surface chemistry
and conformation, the
combination of micro-
scopic and vibrational
spectroscopic  infor-
mation yields valuable
information. However,
the lateral resolution
of classical vibration-
al microspectroscopy
is limited to a few ym
due to the Abbe lim-
it, which permits the
study of nanometric
structures. One meth-
od that circumvents
this limitation consists
of a coupling of atomic
force microscopy with
IR spectroscopy (AFM-
IR). It employs the near
field between AFM tip
and sample, created by
light incident at a shal-
low angle from wave-
length tuneable IR laser
sources (Fig. 1).

The new AFM-IR setup
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Fig. 1: lllustration of the measuring principles of photothermal AFM-IR and photo of open sample cham-
ber with piezo stage and measurement head. AFM and spectral data obtained from an organic monolayer
of oligo-ethyleneglycol-terminated thiols on gold (111). The IR intensity image measured at 1347 cm’
reveals local density and/or conformational variations. IR-imaging and local IR spectroscopy with lateral
resolutions down to 10 nm can be achieved.

was acquired in 2020. It
uses the photothermal
detection mode, in which the thermal expansion of the
sample upon IR absorption is detected by the AFM can-
tilever. This principle allows a direct measurement of the
sample absorption coefficient, i.e. spectra directly com-
parable to transmission spectra can be obtained without
modelling. For an increased sensitivity a resonance en-
hancement (RE) is achieved by using pulsed sources with
their frequency tuned to the cantilever oscillation. In this
way RE AFM-IR can yield spectroscopic information with
lateral resolutions down to ~10 nm and reaches monolay-
er sensitivity.

Because the method is based on the conventional AFM
technique, the acquired nanometric spectral information
can be correlated to sample topography and other na-
no-mechanical properties that can be obtained from the
coincident AFM measurements. For being applicable to
a wide variety of hard and soft samples, the new system
allows nano-IR spectroscopy in contact or tapping mode,
where the latter features reduced tip-sample interac-

tions. Different modes allow acquisition of point spectra,
spectral images and hyperspectral images.

Two laser sources are available: a 4-chip quantum cas-
cade laser that spans the wavenumber region of 950
to 1900 cm™ and a new generation OPO laser that cov-
ers the region of 2700 to 3900 cm™. The now reachable
region around 3500 cm™ is specifically interesting for
the planned study of properties of ad- or absorbed wa-
ter whose IR stretching modes appear in this region
and contain valuable information on the water hydro-
gen bonding network. For such studies the system is
uniquely equipped with a mechanism that allows the
transfer of samples under controlled atmosphere con-
ditions and an environmental control chamber that al-
lows atmospheric and humidity control up to 95 %rh.
Furthermore, the linear polarisation of the incident la-
ser light can be varied with respect to the plane of inci-
dence, which allows for polarimetric studies of aniso-
tropic materials.
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Magnetic materials

D. Raabe’, S. Zaefferer!, O. Gutfleisch? C. Yilmaz', L. Han', Z. Rao’,
Z. Li', T Hickel?, J. Neugebauer? G. Dehm?, D. Palanisamy', A. Kovdcs?,
R. E. Dunin-Borkowski®, B. Gault'

MA, 2TU Darmstadt, 3CM, “SN, 5Ernst-Ruska Center Jiilich

Magnetic materials enable the electrification of trans-
port, communication, energy, and manufacturing. They
serve for instance as hard magnets in electrical motors
or as soft magnets in transformers. Their remanence, co-
ercivity, and hysteresis losses determine the efficiency of
devices that are urgently needed for enabling society and
economy to use power from sustainable energy sources.

Several aspects make magnetic materials attractive study
objects for the institute, in its transition towards a micro-
structure- and systems-oriented research facility, as many
of their properties derive from an interplay of processing,
microstructure, and chemistry, at scales that reach from
manufacturing dimensions (e.g. Goss texture formation
in secondary recrystallization) down to the electronic
scale (e.g. defects in Heusler alloys). This turns research
on magnetic materials not only a multi-physics and multi-
scale problem, but requires also close collaboration be-
tween characterization, processing, and theory, disciplines
where the institute has strength. The MPIE joined forces in
this field with the groups of O. Gutfleisch at TU Darmstadt,
R. E. Dunin-Borkowski at the Ruska Center for high-per-
formance electron microscopy in Jiilich, and with M. Acet
and M. Farle at the University Duisburg-Essen. The activi-
ties include bi-weekly seminars and fuel the collaborative
research center CRC/TRR 270 ‘Hysteresis design of mag-
netic materials for efficient energy conversion’ (see p. 94).

We work with soft and hard magnetic materials as well as
invar alloys. Soft ferromagnetic materials are alloys that
magnetise and demagnetise at low hysteresis losses. We
study particularly Fe - 3.2 mass % Si steels [1], which serve
in electrical power transformers, motors, and genera-
tors. The Si increases the electrical resistivity, reducing
eddy current losses. Grain-oriented Fe-Si steel used for
non-rotating applications, i.e. transformers, has a strong
preferred crystallographic orientation. In Fe the easiest di-
rections of magnetisation are the <001> crystal directions.
In grain-oriented Fe-Si steel the Goss orientation, i.e. the
{110}<001> orientation, is realised through abnormal grain
coarsening to minimise magnetic losses. Our research
deals with the mechanisms behind the abnormal growth
of crystals with this specific orientation. While earlier ap-
proaches suggested inhomogeneous solute and particle
pinning as possible causes, our recent results reveal a
dislocation substructure in the grain interiors. These seem
to promote the local dissolution of second phase pinning
centres, thus affecting the grain’s growth behaviour.

Another project line is about rare-earth-free magnets,
particularly Heusler phases and high entropy alloys. Re-
garding binary Heusler alloys we study the t phase variant

High numbas darmiy M hairm
E . c . u .
h. d ! ' .
Fig. 1: Magnetic domain structure of T-MnAl with high- and with
low-densities of micro-twins. (a, c, ) TEM images and (b, d, f)

the corresponding in-plane magnetic induction map of magnetic
domains extracted from off-axis electron holography.

Low number damity

of the Mn,Al,. alloy. This is a metastable phase, which
forms from the high temperature hexagonal-close packed
(hcp) e-phase when suppressing the competing equilibri-
um B-Mn (cubic) and y, (Al,Mn,, rhombohedral) phases.
The equilibrium phases are non-magnetic and their pres-
ence, even in trace fractions in the alloy, deteriorates the
magnetic properties. During growth, the T phase forms
twins, antiphase boundaries, and dislocations, due to
growth misplacements at the interphase boundary. This
defect structure influences the magnetic hysteresis of
the ferromagnetic t phase alloy, where specifically twins
act as domain wall nucleation and pinning sites. We could
show that twinning involves significant segregation of Mn
along the twin boundaries by combining transmission
electron microscopy (TEM) and atom probe tomography
(APT). An enrichment of ~8 at.% Mn was measured along
the twin boundaries with a confined depletion outside
of it, suggesting short range diffusion occurring during
massive transformation. This finding shows that the de-
sign of effective domain wall pinning centres in such ma-
terials needs to consider both, their structural and their
confined chemical decoration state, Fig. 1 [2, 3].
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Model processes for hydrogen plasma
and direct reduction of iron ore

H. Springer

MA, now also at: Institute of Metal Forming, RWTH Aachen University, Germany

Decarbonisation of the steel production to a hydro-
gen-based metallurgy is one of the key steps towards
a sustainable economy. While still at the beginning of
this transformation process, with multiple possible pro-
cessing routes on different technological readiness, we
conduct research into the related fundamental scientific
questions at the MPIE. At the core of these efforts is the
development of suitable experimental methodologies to
elucidate the underlying physical, chemical, and micro-
structural phenomena governing the reduction kinetics
and boundary conditions. Currently, two processes for
the sustainable reduction of iron ore — as the most crit-
ical step in a carbon-neutral steel production - are being
developed and deployed.

Hydrogen-based direct reduction (HyDR) is a major con-
tender for the future of green ironmaking without a direct
release of CO, emissions. It relies on a multistep sol-
id-gas reaction, where iron ore in pellet or powder form
is subjected to elevated temperatures under a reducing
gas atmosphere. The fundamental understanding of
such a complex reaction process is necessary from the
thermodynamics and kinetics perspectives. The in-house
designed thermo-gravimetric analysis (TGA) setup cou-
pled with mass spectrometry at the MPIE ([1]) allows us
to precisely measure the reduction kinetics of iron oxides
under well-defined gaseous atmospheres (containing
e.g. H,,NH,, or CO). The infrared furnace enables extreme-
ly fast and well-defined ramping up to 10 K/s and a high
operational temperature up to 1000 °C. During the HyDR
experiments, the in situ weight change of the iron oxides
can be continuously tracked by a sensitive thermo-balance
with an accuracy of 0.1 pg to quantify the reduction de-
gree (i.e. loss of oxygen) [2]. Furthermore, the gas com-
position near the sample surface can be analysed using
a fused capillary attached to the quadrupole mass spec-
trometer. Such an additional technique provides valuable
information on the alternation of the gas species during
HyDR, indicating the reaction paths and kinetics. With the
expansion of the research activities in hydrogen-based
metallurgical science and technology at the MPIE, new
equipment, such as a TGA setup with the capability of
mixing different gases and a fluidised-bed setup is under
construction. This development will allow for in-depth in-
vestigations and further optimisation of complex indus-
trial processes.

However, the fragmented sponge iron coming out of the
HyDR process needs to be moltenin orderto be processed
into various steel alloys. This is typically performed in an
electric arc furnace (EAF), resulting in a major energy
penalty. That motivates the hydro plasma smelting reduc-
tion (HPSR) process. Here the iron ore is molten and si-
multaneously reduced in an EAF with a hydrogen plasma

Fig. 1: Experimental model process for the hydrogen plasma
smelting reduction [3]: (a) modified arc-melter, (b) scheme of
kinetic experiments, and (c) cross section showing the progressing
reduction of liquid iron ore.

arc, offering thermodynamic and kinetic advantages, but
on a yet lower technological readiness level [3]. We study
the fundamental aspects of the HPSR process, for exam-
ple regarding ore composition and plasma parameters,
by use of a modified, lab-scale, arc-melting furnace (Fig.
1). While being smaller and less complex than an indus-
trial EAF, it allows us to systematically study the phenom-
ena in the most relevant zone, i.e. where the hydrogen
containing plasma interacts with the molten and partially
ionised iron oxides. Currently ongoing is the implementa-
tion of improved diagnostic devices such as mass spec-
troscopy of the reactor atmosphere and spectral analysis
of the plasma constituents, together with academic and
industrial partners, within the group of “Sustainable Ma-
terial Science and Technology” (see p. 29).
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Challenges of ECCI on light metals

S. Zaefferer, S. Nandy, C. Brol3

Electron channelling contrast imaging (ECCI) is a power-
ful technique for observation of extended crystal lattice
defects (e.g. dislocations, stacking faults) with almost
transmission electron microscopy (TEM) like appearance
but on bulk samples in the scanning electron microscope
(SEM). ECCI has been proven to give good results on ma-
terials that have an average atomic number larger than
approx. 20 (calcium). Titanium, steels, Ni-base alloys,
tungsten, pyrite (FeS,), CdTe, and many other metals
and compounds give very good channelling contrast. In
contrast, for the lighter materials, e.g. silicon, aluminium,
magnesium and many minerals, e.g. quartz, the contrast
is significantly worse and achieving proper channelling is
challenging. The reasons for this are manifold: the most
important is the lower electron scattering power of the
lighter elements, but lower crystal symmetry and prepa-
ration artefacts, among others, also play a role.

Due to the lower scattering power the primary electrons
penetrate deeper into the material. As a result the elec-
tron wave “senses” the atom channels of the crystal to
a larger depth below the surface, which means that the
beam may have a higher probability to encounter atom
columns, bent due to the presence of elastic strains. As
a consequence, an original channelling situation (allow-
ing visualization of lattices defects) may turn into a back-
scattering one (which veils lattice defects). This happens
particularly on ductile metal, and may strongly reduce the
channelling contrast and visibility of defects. Even slight-
ly deformed light metals may, therefore, not show any
useful channelling contrast.

The most efficient way to handle the lower scattering
power is to reduce the acceleration voltage. This increas-
es contrast and allows in many cases to observe good
channelling contrast on light metals. Fig. 1 displays an
example of a small angle grain boundary in a 7075 alu-
minium alloy, solution annealed and slightly aged, imaged
at 20 kV (instead of the usual 30 kV). An electro-polishing
procedure at low temperatures (-30 °C) excluding water
allowed proper ECCI preparation of the material.

The case of magnesium is even more challenging than
that of aluminium. First, Mg creates an even thicker ox-
ide film than Al-Zn alloys which prevents from “seeing
through it” with low energy electrons. Final preparation
needs to be done by extended ion polishing. A second,
and equally important reason is the hexagonal closed
packed (hcp) crystal structure. Compared to the face cen-
tred cubic (fcc) structure, the diffraction intensities are
much reduced and less homogeneously distributed over
reciprocal space. In fact, the strongest reflector in the hcp
structure is the (0001) plane of which only one exists. In
the cubic structure the {111} planes (4) and the {011}

200 nirny

Fig. 1: ECCI of a small angle grain boundary in a 7075 Al alloy,
imaged at 20 kV. The large angle grain boundary at the right is
decorated with newly precipitated particles. of a Zn-rich phase.

Fig. 2: ECC patterns simulated with the software EMSoft by Marc
de Graef, for fcc Al (atomic number Z=13) and hep Mg (Z=12). Al
shows much stronger, sharper and more homogeneously distribut-
ed reflectors.

Fig. 3: ECCI of dislocations in an extension twin of a slightly
deformed Mg-Ca-Zn alloy. Imaging with g=(0002) makes <c+a>
dislocations visible.

planes (6) all allow good imaging. This fact is displayed
in fig. 2, showing simulated electron channelling patterns
for Al and Mg. Nevertheless, if preparation is optimum
and the strongest reflectors are used for imaging, dislo-
cation structures may be visualized very well also in Mg
alloys. An example is shownin fig. 3 displaying the <c+a>-
type dislocations that form inside of extension twins. And
also here the advantages of ECCI over TEM, namely ob-
servation of large bulk samples and performance of in
situ experiments, may be highly valuable.
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Additively micromanufactured fluid-filled metal
microvessels: APT sample carriers

E. Woods’, S. Kang?, L. Stephenson’, B. Gault’, R. Ramachandramoorthy?
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Atom probe tomography (APT) is a material analysis
technique capable of 3D compositional mapping with
sub-nanometer resolution. The specimens for APT are
shaped as sharp needles (~100 nm radius at the apex), so
as to reach the necessary intense electrostatic fields, and
are typically prepared via focused ion beam (FIB) based
milling. Though well-established protocols exist for ana-
lyzing solid materials using APT, studying wet chemical
systems such as nanoparticle dispersions is still a new
frontier owing the inherent challenges of preparing and
transporting liquid media under cryogenic conditions (20-
80 K) [1]. To enable such studies on frozen liquids con-
taining small metallic or biological objects, the develop-
ment of specimen preparation approaches that provide a
stable storage platform for such liquid media is required.
In other words, the challenge is to identify a manufactur-
ing method capable of encapsulating liquid media with
different dispersants inside a stable microscale metal
container, which can be further frozen and shaped using
cryo FIB into a needle suitable for APT [2].

Using a recently developed additive micromanufactur-
ing (AMM) method, we are developing a unique synthe-
sis platform to fabricate fluid-filled metal microvessels.
The additive micromanufacturing method uses localized
electrodeposition of individual sub-micron scale metal
droplets to create complex 3D architectures (Fig. 1). This

Lryo Plasma FiB Fig. 1: Top: Process flow involv-

ing additive micromanufacturing
followed by cryogenic milling
using a PFIB. Bottom: A copper
micropillar with encapsulated
water, which was subsequently
frozen resulting in bulging side
and top walls — seen more clearly
from FIB cross-section.

manufacturing process is electrodeposition-based and
done submersed inside a supporting conductive liquid.
This provides a unique pathway to fabricate metal mi-
crovessels encapsulated with the supporting liquid bath,
which can be tuned for pH and dispersants such as met-
al/biological nanoparticles.

The process flow steps we envisage are 3D microprinting
of various geometries whereby micron-scale vessels are
deposited onto a typical support for atom probe speci-
mens (coupons, grids), then locally filled with the liquid
that contains the material of interest, e.g. nanoparticles,
organics, proteins etc. Following controlled freezing, the
vessel will then be turned into a needle-shaped speci-
men suitable for APT by using a cryo-plasma FIB (PFIB).
Recently, a proof-of-concept study whereby copper mi-
crovessels with encapsulated water was fabricated using
AMM printer (Fig. 1).
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Advanced electron microscopy techniques:
in situ SEM/TEM and 4D-STEM

C. Liebscher’, W. Lu’, J. Jeong’, N. Cautaerts’, S. Zhang?, C. Scheu?,
H. Bishara', J. Best', G. Dehm’
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Electron microscopes offer unique capabilities to probe
materials with extremely high spatial resolution. Recent
advancements in in situ platforms and electron detectors
have opened novel pathways to explore local properties
and the dynamic behaviour of materials. Within the scan-
ning electron microscope (SEM), in situ mechanical mea-
surements allow for investigation under variable testing
conditions such as temperature and strain rate on a wide
range of geometries fabricated using focused ion beam
(FIB) milling. We develop novel microscale fracture testing
geometries for in situ observation of crack growth. Further,
a robust in situ SEM methodology has been recently de-
signed for electrical measurements with high spatial res-
olution [1] and high sensitivity allowing for resistivity mea-
surement of individual microstructural features such as
grain boundary segments. Using the method, we success-
fully analyzed the resistivity-structure relations of grain
boundaries and dislocations in Cu, thermoelectric mate-
rials [2] and metal oxides, while on-going research targets
the effects of chemical segregation on local resistivity.

Aberration-corrected transmission electron microscopes
(TEMSs) enable the exploration of complex materials at
atomic resolution. We develop novel sample preparation
strategies, data acquisition schemes and algorithms to
enable in situ heating observations down to atomic reso-
lution. Our goal is to quantify the dynamic microstructure
evolution of materials at elevated temperatures. We utilize
micro-electro-mechanical systems (MEMS) based heat-
ing chips (Fig. 1) with ultra-high stability and temperature
control. This system was used to explore novel precipita-
tion pathways of nano-carbides in nano-twinned regions
of interstitially alloyed high entropy alloys [3]. We further
optimized sample geometries to explore their phase de-
composition at 900 °C and atomic resolution (Fig.1). The
fast acquisition of high resolution data enables us to de-
vise new algorithms to quantify the dissolution dynamics
of the nano-carbides. Thermoelectric materials harvest
energy from a temperature gradient, but the microstruc-
tures at the hot end are rarely characterized. Our recent
study reveals that the dislocation networks designed to
scatter phonons in PbTe can be stabilized at higher tem-
peratures by pinning Cottrell atmospheres [4]. As another
example, we observed Ostwald ripening in nanostruc-
tured oxides, which was beneficial to their photocatalytic
activity [5].

The advancement of fast electron detectors not only en-
ables the dynamic observation of materials under in situ
conditions with high time resolution, but also renders
the development of novel imaging modalities possible.
We advanced precession electron diffraction assisted
4D-STEM techniques, where a full electron diffraction

Fig 1: Top: Picture of the in situ heating holder with electrical
contacts and the MEMS-chip, where the FIB-prepared sample is
mounted to. Bottom: Two snapshot images of an atomic resolution
heating sequence captured at 900°C showing the dissolution of a
nano-carbide and associated de-twinning process in an interstitial-
ly alloyed high entropy alloy.

pattern is captured at every beam position in a scanning
TEM (STEM). These large-scale datasets provide rich
crystallographic information of samples at nanometer
resolution for extracting local grain and phase orienta-
tions in nanomaterials [6]. Ultimately, we strive to com-
bine in situ probing with 4D-STEM to establish a complete
quantitative picture of microstructure evolution.
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Environmental small-scale mechanics

M.J. Duarte Correa, L. Bierbrodt, R. Ramachandramoorthy, S.G. Kang, J.P. Best

The field of micromechanics has seen a large progress
in the past two decades, enabled by the development of
instrumented nanoindentation. Consequently, diverse
methodologies have been tested to extract fundamental
properties of materials related to their plastic and elastic
behaviour and fracture toughness. Established exper-
imental protocols are carried out either at atmospheric
conditions or at ultra-high vacuum inside an electron
microscope. Our aim at the MPIE is to expand the meth-
odology to either minimize the influence of varying exper-
imental and instrumental factors (such as atmospheric
humidity, temperature, and oxygen content) or to mimic
service conditions.

JHY chamber

Viewport

Fig. 1: CAD design of the environmental chamber for conducting
micromechanical experiments under ultra-high vacuum (UHV) or
different atmospheres, mimicking real-life working conditions.

A custom-made environmental chamber was built to host
a micromechanical testing device. The steel chamber
can operate in vacuum UHV up to 10-® mbar or in different
gas atmospheres such as inert gas (nitrogen or argon),
forming gas or dry air. In the original design a high-tem-
perature microscale loading rig (also tailor-made) was
installed in the chamber for micromechanical testing at
temperatures up to 600 °C in vacuum [1]. Current adap-
tations to the chamber allow hosting a newly acquired
nanoindentation system. Tension, compression, bending

and fatigue tests can be performed in this true displace-
ment-controlled system in standard and extreme condi-
tions, like variable temperature (-120 to 800 °C) or high
strain rates (up to ~103-10* s"). In addition, this modular
system can accommodate our custom-designed electro-
chemical cell for hydrogen charging and extreme condi-
tions [2].

This system, composed by the nanoindenter adapted
inside the environmental chamber, is currently shared
between three newly established groups in the SN de-
partment working on micromechanics in different envi-
ronments:

— The group of M. J. Duarte Correa studies the defor-
mation processes and fracture behaviour of materials
under different chemical/electrochemical environ-
ments, and particularly during hydrogen charging. A
customized electrochemical cell designed in-house
[2] and adapted to the modular nanoindenter system
will be used to understand the mechanisms leading
to hydrogen embrittlement. The gas atmosphere pro-
vided in the chamber will serve to minimize hydrogen
desorption and formation of concentration gradients.

— R. Ramachandramoorthy’s group will primarily use
the environmental chamber to conduct dynamic test-
ing of micro-to-meso scale architectures under ap-
plication-relevant atmospheric conditions including
high-humidity (for biomaterials) and inert gas (such as
argon for high/cryo temperature testing). Specifically,
using a combination of optical microscope and high-
speed camera the deformation processes during high
strain rate mechanical testing of complex 3D architec-
tures will be captured.

— The group of J. Best looks to investigate controlled mi-
croscale crack growth and plasticity of engineering al-
loys, along with variable temperature measurements,
under different environmental conditions such as lo-
cal oxidative or inert gas (such as argon for high/cryo
temperature testing).
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llluminated scanning flow cell — operando study on
light-induced power generation & degradation

S. Zhang', A.M. Mingers?, O. Kasian? S.-H. Kim?, B. Gault?, C. Scheu’
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Photovoltaic materials have seen rapid development
in the past decades, propelling the global transition to-
wards a sustainable and CO,-free economy. Storing the
day-time energy for night-time usage has become a ma-
jor challenge to integrate sizeable solar farms into the
electrical grid. Developing technologies to convert solar
energy directly into hydrogen fuels would not only ease
grid operation, but also power other energy demands, e.g.
fuel cell vehicles.

Current photovoltaic materials have excellent conversion
efficiency, but they need to be shielded from the environ-
ment, precluding their use in water electrolysis. A new
class of materials, photoelectrodes, is being developed
which combines both functions of harvesting solar en-
ergy and converting them into hydrogen by electrolysis.
As photoelectrodes are witnessing ever increasing power
conversion efficiency, their lifetime has become the limit-
ing factor for their economic return, making it pivotal to
understand how these materials degrade under operation
conditions.

To address this specifically, we have built up an illuminated
scanning flow cell (iSFC) system to enable operando mea-
surements, as plotted in Fig. 1. The electrolyte is confined
in the flow cell to reach defined surface areas of the pho-
toelectrode. With monochromated or broad-band illumina-
tion coupled to potentio- or galvano-static control, the pho-
to-activity of the materials can be evaluated. At the same
time, the outflow of the electrolyte is analysed by a mass
spectrometer to quantify the photo-corrosion in operando.

To ICPMS

Fig. 1: Schematic
of the illuminated
scanning flow cell

(iSFC) setup cou-
pled to inductively
To reference coupled plasma
Solar ; electrode mass-spectrometry
simulator [“at e et e e W (ICPMS).
o e W
S A ot
Photoelectrode

So far, we have applied iSFC measurements to quantify the
dissolution of WO, [1] and BiVO,, [2,3] photoanodes during
operation, which have been considered stable since de-
cades. We revealed that while stable in the dark, they can
rapidly degrade once the illumination introduces enough
minority carriers on their surface. The surface chemistry
also plays a major role, as vastly different photo-corrosion
rates are measured in various electrolytes [3].
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Fig. 2: A life cycle study on a BiVO, photoanode [3]. (a) Photocur-
rent density i (black), film thickness h (red), and (b) dissolution
rates of V and Bi from BiVO, under 1.6 V in borate buffer electrolyte.
Windows with 100 mW cm? illumination are highlighted in yellow.

Before our operando measurements, many considered a
photoelectrode stable by showing a stable photocurrent
with time. We have refuted this assumption in our recent
work [3] using a life cycle study of BiVO, (Fig. 2). The pho-
tocurrent did not decrease until the BiVO, film degraded
to less than ~60 nm, the diffusion length of the minority
carrier to yield the photocurrent. We used this example to
alert the community that photocurrent stability on thicker
photoelectrodes cannot prove photostability, whereas in-
dependent photo-corrosion measurements are essential.

Having demonstrated the limited stability for some of the
best photoanodes, they still have a bright future for ap-
plication. Within the community, we are developing cata-
lytic layers on photoanodes that simultaneously improve
photo-activity and stability. To unveil the critical junctions
and give them lifetime assessment, we are fostering lo-
cal synergy at the MPIE to correlate the operando iSFC
measurements with surface characterisation at the GO
department, atom probe tomography at the MA depart-
ment, and electron microscopy at the NG group.
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Scanning Kelvin Probe for advanced measurement of
hydrogen and electrochemical activity at buried interfaces

M. Rohwerder, C.-H. Wu, M. Prabhakar

The utilization of Kelvin Probe (KP) techniques for spatial-
ly resolved high sensitivity measurement of hydrogen has
been a major break-through for our work on hydrogen in
materials. A relatively straight forward approach was hy-
drogen mapping for supporting research on hydrogen em-
brittlement that was successfully applied on different ma-
terials, and this cooperation was continued, see e.g. [1, 2].

The key strength of this KP approach for H mapping is
that the hydrogen release from the investigated materi-
al into an ultra-thin palladium detection layer is directly
measured with high local resolution. This release rateis a
measure for how fast H can be supplied e.g. to a crack tip.
Hence, this measured H activity is more relevant than just
the local concentration of hydrogen without information
of how strongly it is trapped. However, information relat-
ed to different local distribution of hydrogen activity can
only be resolved if the release of features at the surface is
larger than the global background release from the bulk.
For materials with very fine microstructure which have
been loaded with hydrogen to a depth much larger than
the average length scale of this microstructure, local dif-
ferences of the hydrogen release rate are averaged out as
long as the hydrogen activity in the loaded region is still
relatively high.

To solve this problem is one main focus for the further
development of SKP- force microscopy (SKPFM) for map-
ping hydrogen activity and permeation. In order to be able
to identify local differences and especially also trap sites
with moderate and even low release rates of the trapped
hydrogen, this global background has to be significantly
lowered. One possible approach that is investigated is
ultra-short hydrogen loading prior to the measurements,
another one, which is currently favoured, is the thin-
ning-out of the materials to ultra-thin slabs, thus reducing
hydrogen supply from the bulk. A procedure for this is
currently elaborated for use on various materials and will
be made available in the recently established Hydrogen
Lab (see p. 59).

Since often the evaporation of a thin Pd film and providing
adry nitrogen atmosphere is inconvenient or even impos-
sible (such as in the field), alternatives are currently being
investigated. Hence, another important activity is trying
to provide an understanding of the potential distribution
measured on the surface of not Pd coated materials. De-
pending on the H activity in the material the potential of
the surface oxides can be either directly correlated to an
electrochemical equilibrium of the oxygen reduction re-
action (ORR) and the hydrogen oxidation reaction (HOR)
on the surface of the oxide, just as it was observed on the
surface of Pd (see e.qg. [3]), or it may just be correlated to
the oxide forming in the presence of high hydrogen activ-

ity directly after termination of the hydrogen loading pro-
cedure. This will depend on the kind of surface oxide as
well as on the hydrogen activity prevailing directly upon
termination of loading and is object of intense current
research.
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Fig. 1: A comparison of total hydrogen amount in annealed (A), cold-
rolled (CR(IM: induction melted);, CR(AM: arc melted)) or re-crystal-
lized (RK) 5 wt.% Ni ferritic steels, obtained by the hydrogen elec-
trode-based method and by thermo-desorption analysis All samples
with same thickness (1 mm) were loaded with hydrogen under same
conditions (a,; 60). Insert: distribution for CR.

Another application, rather of SKP than SKPFM, is for
substituting the standard Devanathan-Stachurski ap-
proach for permeation measurements. A huge advantage
of the Kelvin Probe based approach is that it is sufficient
to evaporate an ultra-thin Pd film on the exit side, which
is much easier to achieve than the usually required elec-
trodeposition of a well-adhering and pore-free palladium
coating. As could be quite impressively demonstrated the
KP-based permeation method can indeed provide fully
quantitative information (Fig.1).

This approach is made available in the Hydrogen Lab (see
p. 59). Current research on this application is focussed
now on realizing Kelvin Probe based permeation mea-
surements also at different temperatures.
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Providing ab initio simulation techniques to describe the
dynamics and reactions at electrified interfaces

M. Todorova', C. Freysoldt', S. Wippermann?, J. Neugebauer'

'CM, 2GO

Developing and providing accurate simulation techniques
to explore and predict structural properties and chemical
reactions at electrified surfaces and interfaces is critical
to surmount materials-related challenges in the context
of sustainability, energy conversion and storage. The
groups of C. Freysoldt, M. Todorova and S. Wippermann
develop various methods to incorporate finite electric
fields in density-functional theory (DFT) and apply them
to answer fundamental questions in corrosion, field evap-
oration, and the thermodynamics and transformation of
electrochemical interfaces.

Fig. 1: Schematic representation of dissolution (in electrochemical environment,

sheel monopole +_5tlpole :

Therefore, when studying elementary processes at elec-
trified interfaces by DFT we must treat the local surface
charge not as constant, but as a thermodynamic degree
of freedom with temperature-dependent fluctuations.
Building on our finite electric field techniques, we recent-
ly introduced a “thermopotentiostat”: a novel approach
to control the electrode potential in ab initio molecular
dynamics (AIMD) simulations [3]. By design, (i) it guar-
antees fundamental physical conservation laws such
as the dissipation-fluctuation theorem, (ii) requires only
quantities that are either easily accessible in DFT or are
known from the specific computational setup,
and (jii) it is straightforwardly implemented in
any density-functional theory code. In fact, the
thermopotentiostat has been implemented by
us in VASP and in lammps.

Another technologically highly relevant field
are semiconductor and (oxide) electrode mate-
rials as resulting e.g. from corrosion. Many of
these materials show spontaneous polariza-
tion, which is not accounted for in conventional
DFT approaches. Our recently developed gen-
eralized passivation method [4] ensures a cor-
rect description of the asymptotic bulk limit for
pyroelectric materials, following a robust and
quick convergence of total energies and opens
the door towards an accurate description of the
electronic surface band structure of such ma-

left) and field evaporation (right) from a surface under the influence of an applied terials.

electric field.

Exciting progress at the MPIE achieved over the last re-
porting period allows us now to realistically describe elec-
tric fields at charged surfaces from first principles. These
approaches rely either on special electrostatic boundary
conditions, as applied in, e.g., the modern theory of po-
larization, or model the electrified surface by a charged
slab in a periodic cell and explicit compensating counter
charges. Additionally, we introduced a “generalized dipole
correction” that places an implicit computational counter
electrode inside the vacuum region of the simulation cell,
together with a discontinuity of the electrostatic potential
[1]. The approach enables robust ab initio simulations of
free surfaces in the presence of the extremely high (10"
V/m) electric fields that occur in atom probe tomography
and similar experiments, and allowed us to explore and
identify novel evaporation pathways [2].

When it comes to electrochemical experiments, the ap-
plied potential is held at a value that is constant on aver-
age at the macro-scale, but electronic and ionic charges
fluctuate and transfer freely into and out of the region
close to the interface, that is targeted by our simulations.

Our joint interdepartmental development activ-
ities benefit from mutual insights obtained in different
areas of applications and scientific communities such as
e.g. electrochemistry, surface science or semiconductor
devices. In order to foster exchange also at an internation-
al level, for April 2020 we planned a three-day workshop
at Ringberg castle on “Electrified solid/water interfaces —
theory meets experiment”, in order to bring together lead-
ing scientists from the areas of electrochemistry, solva-
tion and spectroscopy. Due to the CoViD-19 situation, this
workshop has been rescheduled to May 2022.
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Software engineering, development and digitalization

M. Hassani', M. Kiihbach? N. Cautaerts® T. Hickel

CM™,

In 2020, an interdepartmental software task force (STF)
was formed to serve as a forum for discussion on topics
related to software development and digital workflows at
the MPIE. A central goal was to facilitate interdepartmental
collaboration by co-developing and integrating workflows,
aligning internally developed software, and rolling out dig-
ital services. Trainings and workshops were organized in
order to engage the entire MPIE community. Some high-
lights of the STF activities will be outlined in the following.

Each department presides over various independent
software projects at various stages of development, the
main ones being pyiron (CM) for atomistic simulations,
DAMASK (MA) for modelling crystal plasticity, PARA-
PROBE (MA) for analysing atom probe tomography data,
and TEMMETA (SN) for analysing transmission electron
microscopy data. Since reproducibility is a central issue
for all experimentalists and modellers, integration efforts
centred on pyiron (see p. 72), which provides a platform for
creating reproducible workflows. Mediated by interactions
within the STF, the developers of DAMASK (see p. 73) and
pyiron collaborated to create a common interface, thereby
laying the foundations for direct coupling of atomistic sim-
ulations and continuum mechanics. Similarly, progress
was made to integrate common TEMMETA workflows
into pyiron, but for practical use cases graphical

2MA, 3SN

Fig. 1: The structure of the docker network deployed in the cmserv-
er02. Jupyter docker container authenticates users, and spawns
Jupyter containers with preconfigured conda environment.

Within the MPIE, STF organized three well received pub-
lic events: (i) a seminar on electronic lab notebooks that
featured an invited presentation by the developer of eLab-
FTW, (ii) a seminar demonstrating cmserver02 with a se-
ries of digital workflows featuring the simulation toolkits
from the CM and MA departments, and (jii) a workshop on
data visualization with python featuring a set of hands-on
tutorials for plotting and image analysis (Fig. 2).

user interfaces must be developed, which is an

ongoing effort. 4

The Jupyter notebooks employed here are be-
coming increasingly popular tools for creating
such kind of advanced data analysis workflows.
To reduce the barrier to experiment with these
tools and to provide an environment of soft-
ware packages for all researchers at the MPIE
a jupyterhub server was launched in the CM
department. The server allows MPIE members
to perform digital workflows via a web browser. o
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The deployment of the server utilizes in back-

ground a network of docker containers, which on the one
hand ensures the reproducibility of the workflows via con-
da environments, and on the other hand takes care of the
user authentication and http communications (Fig. 1).

In the SN department, an eLabFTW instance (an electronic
lab notebook application) was launched to digitize the doc-
umentation of experimental workflows. With the help of QR
codes that link to eLab entries, the history of samples and
experiments performed on them is transparent and acces-
sible to others after the creator of the sample leaves the in-
stitute. Through its python API, information on eLabFTW is
accessible from jupyter notebooks and can be integrated
with analyses. These workflows were presented outside
the institute at multiple conferences and workshops.

Fig. 2: Snapshot of Jupyter notebook on the in-house jupyter hub
server. The displayed DAMASK simulation determines the elas-
to-plastic response of an Al-Mg alloy based on the properties ob-
tained from a LAMMPS simulation.

STF also organized internal meetings for knowledge ex-
change featuring talks on modern software development
tools such as docker containerization, cython, E-Lab
notebooks, Flask APls, the numba and Dask packages,
and CUDA programming in python. These meetings, as
well as the workshops and hands-on-tutorials impres-
sively demonstrated the practical potential of the devel-
oped hardware and the software infrastructure for inter-
departmental collaborations.
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Ab initio thermodynamics

T. Hickel, C. Freysoldt, L. Huber, F. Kbrmann, M. Todorova, J. Neugebauer

The prediction of materials proper-
ties with ab initio based methods is a F e
highly successful strategy in materi- g

als science. While the working horse ’
density functional theory (DFT) was o
originally designed to describe the e
performance of materials in the

ground state, the extension of these

methods to finite temperatures has

seen remarkable breakthroughs. This

is needed, since many functional and

structural mechanisms as well as the

stability of relevant phases dramati-

cally change with temperature.

Since the foundation of the CM de-
partment in 2005, the MPIE has been
a major driving force for these devel-
opments. It is systematically devel-
oping and exploring novel ab initio
strategies to compute the vibrational,
magnetic, electronic and configura-
tional entropy contributions to Gibbs
free energies, as well as their non-adi-

Fig. 1: Simulation protocol for the atomic relaxation next to defects taking temperature
dependent magnetic excitations into account.

abatic coupling phenomena. These

activities received a lot of attention in the scientific com-
munity and belong to the most-cited papers at the MPIE.
Some major strategies in ab initio thermodynamics that
have been substantially advanced in the last years are:

— Complex approaches to lattice vibrations well beyond
the harmonic limit such as thermodynamic integration
using Langevin dynamics (TU-TILD and TOR-TILD)
have been systematically used for the determina-
tion of the melting temperature of metals. Based on
high-throughput studies, a simulation protocol was
developed that yields an uncertainty of the melting
point below 5 K[1]. In order to achieve a high numerical
efficiency, interatomic potentials had to be employed
within these methods. The application of moment-ten-
sor potentials (MTP) has made it recently possible, to
describe the large configurational space of multicom-
ponent alloys with high predictive power.

— Magnetic fluctuations at elevated temperatures and
the resulting disorder above the ordering temperature
are treated within the spin-space averaging (SSA) ap-
proach. Since this requires a large number of well-de-
fined spin configurations, an accurate and efficient
method for the spin-constrained DFT calculations
was developed in the CM department [2]. The power of
the approach was demonstrated for the atomic forces
determining vacancy formations and diffusion in Fe-
based alloys (Fig. 1).

These methodological breakthroughs became only pos-
sible due to the large advances in our in-house-developed
platform pyiron (see p. 72), which provided the basis for
rapid implementation and testing of the underlying com-
plex simulation workflows. Thanks to these develop-
ments, it became possible to easily integrate distinctly
different computer codes and handle huge numbers of
separate calculations on heterogeneous computer archi-
tectures thus allowing rapid prototyping of complex and
highly advanced simulation protocols. This provided also
the basis to extend the ab initio thermodynamics in the
CM department from the description of bulk phases to
an analysis of the temperature and composition depen-
dent stability of defects. Applications to stacking faults
and grain boundaries have revealed unexpected trends
and new interpretations of experiments. The investiga-
tions gave rise to the concept of defect phase diagrams,
which is now the fundamental basis of the collaborative
research center 1394 (see p. 76).
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Pyiron — an integrated platform for
materials simulations and data management

%

pY¥ron

J. Janssen, L. Huber, T. Hickel, J. Neugebauer

The development of pyiron started
in 2011 in the CM department to
foster the implementation, rapid
prototyping and application of the
highly advanced fully ab initio sim-
ulation techniques developed by
the department. The pyiron plat-
form bundles the different steps
occurring in a typical simulation
life cycle in a single software plat-
form and provides both develop-
ers and users an intuitive and easy
to use interface that shields them
from the underlying computation- N
ally efficient but highly complex
data and job management con-

MATERIALDIGITAL

cepts. Using from the beginning
concepts such as generic rather
than job specific input and output
parameters allows incompatible
computer codes such as Vasp,

Fig. 1: Generic workflow for complex simulation protocols in pyiron. Within the pyiron envi-
ronment a large set of tools becomes accessible, while the technicalities of the interfaces
are shielded from the user.

Sphinx, Lammps or Damask to

directly communicate data thus making it easy for devel-
opers to build and test complex simulation protocols (Fig.
1). The advanced job management system allows an easy
upscaling from interactive jupyter notebooks to high per-
formance computing handling thousands of jobs.

In the last reporting period, a large number of new sim-
ulation tools and codes have been adapted to pyiron. To
streamline the adaptation process of new tools and to
make it also easy to our external collaborators and con-
tributors, significant effort was made to render the under-
lying architectural concepts fully modular and easy to ac-
cess by developers. These recent developments, together
with the design criteria in terms of a generic input/output
language, decentralized data management concepts and
rapid upscaling from interactive development to high per-
formance computing (HPC), which made pyiron so pow-
erful in creating advanced materials science simulation
workflows, turned out to be also of great interest to other
fields. Together with the experience the CM department
has gathered in getting such a software platform accept-
ed and used by the actual users in their everyday work-
flows brought us in a position to initiate and successfully
apply for large scale national initiatives broadly related to
digitalization and materials science. For example, the CM
department was one of the founding members and is now
in the management board of a large Platform MaterialDig-
ital (see p. 80) financed by the Ministry for Science and
Education (BMBF). This expertise was also essential in
getting substantial funding within the NFDI (national re-
search data infrastructure) (see p. 81). Next to these large
initiatives, pyiron turned also out to be essential for the

success in more individual third-party grants.

The highly flexible architecture of pyiron and its strong
focus on user friendliness and extendibility made it also
attractive as data and workflow management tool for
experimental activities in-house (see p. 70) and in large
cooperation networks such as the CRC 1394 on Defect
Phase Diagrams (see p. 76). Pyiron also turned out to
be highly useful in designing and organizing interactive
hands-on workshops on recent developments in mate-
rials simulations. Examples are workshops with more
than 200 participants on linking atomistic calculations
with CALPHAD concepts [1] or on machine learning po-
tentials [2] where participants performed all steps from
constructing representative density functional theory
(DFT) data sets, via performing the fitting and testing of
the potentials up to computing key materials quantities.

Thus, over the last reporting period pyiron has developed
from a specialized and locally employed tool to a generic
and widely used software platform that enabled the CM
department to successfully initiate and participate in
large scale networks as well as to initiate international
collaborations and foster productivity.
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The Diisseldorf Advanced Material

Simulation Kit: DAMASK
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Crystal plasticity modelling has gained considerable
momentum in the past 20 years [1]. Developing this field
from its original mean-field homogenization approach
using viscoplastic constitutive hardening rules into an
advanced multi-physics continuum field solution strate-
gy requires a long-term initiative. The group “Theory and
Simulation” of Franz Roters is working in this field since
2000. Code development during the last years was coor-
dinated by the group “Integrated Computational Materi-
als Engineering” headed by Martin Diehl (see p. 39).

DAMASK has developed from a plain crystal plasticity
user subroutine into a modular multi-physics crystal plas-
ticity simulation package. The capabilities of DAMASK
have been described in an overview paper [2] together
with numerous usage examples including contributions
from many international users of DAMASK. The paper
was published in 2019 and was by now cited almost 150
times, indicating the popularity of DAMASK in the compu-
tational materials science community.

Fig. 1: DAMASK simulation result for plane strain compres-
sion; top row: IPF parallel loading (vertical) direction, bot-
tom row: IPF parallel stretching (horizontal) direction.

The work after the publication of the overview paper
focused on the development of DAMASK 3. This new
version features three major improvements: 1. a modu-
larization of the code; 2. new self-explanatory formats
for input/output; 3. a python library for pre- and post-pro-
cessing.

The main aim of the code refactoring was a consistent
and decoupled implementation of the different physics

(crystal plasticity, damage, temperature, etc.). The new
structure of the code strictly separates the different field
problems and their solvers but at the same time imple-
ments the functionality for interaction among the fields
necessary for the fully coupled treatment of multi-field
problems. As a side effect, we were able to decrease the
memory footprint of DAMASK and increase the perfor-
mance of the code, which is now fully parallelized.

The use of standardised formats for in- and output neces-
sitated from the fact, that with the growing capabilities
and speed of DAMASK, postprocessing became a bottle-
neck in the overall simulation process. For this reason,
HDF5 [3] was chosen as the base for a flexible output
format. HDF5 is a widely used structured binary format
that also allows storing any kind of meta data together
with the actual simulation results. All input files have
been changed to the YAML [4] format. YAML is a human
readable format used for structuring configuration data.
In addition, both changes strengthen the use of DAMASK
simulation data following the FAIR (Findable, Accessible,
Interoperable, and Re-usable) principle.

The tools for pre- and post-processing originally provid-
ed in the form of shell scripts are now cast into a Python
library. This change allows to store complete simulation
workflows in the form of Jupiter notebooks for easy doc-
umentation and reuse. Usage examples as well as the full
documentation of the library can be found on the newly
released DAMASK website (https://damask.mpie.de).

DAMASK is developed as free and open source software
and contributions in the form of additional features or
bug fixes are welcome. The full sources are available at
our GitLab repository (https://git.damask.mpie.de).

Ultra-high-resolution high deformation simulations en-
abled by the recent DAMASK improvements give unprec-
edented insights into the deformation behaviour of crys-
talline materials.
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International Max Planck Research School for Interface
Controlled Materials for Energy Conversion IMPRS-SurMat

E. Gattermann’, S. Wippermann?
'RCO, 2GO

The IMPRS-SurMat is a structured
3-years doctoral program existing since
2004. Aims of the school are:

— Recruiting and training of interna-
tional young scientists

— Formation and intensification of col-
laboration between the participating
institutes

— Strengthening of interdisciplinarity
across the faculties

In the report period, the school is in
the second half of its third running pe-
riod and hence well-established. The
running periods of 6 years end with an
external evaluation that the IMPRS-Sur-
Mat successfully passed in 2009 and
2014.

India 22%

Garmany 17%

Fig. 1: Home countries of doctoral students.

Partner institutes of the school are the MPI fiir Chemische
Energiekonversion and the MPI fiir Kohlenforschung,
both Milheim/Ruhr, the Ruhr-Universitdt Bochum and the
Universitat Duisburg-Essen. There are 26 Pls and about
50 students in the school.

The scientific subject “Interface Controlled Materials for
Energy Conversion” combines the individual strengths of
these partners and focuses on five connected topics:

— Microstructure and physics of defects

— Hydrogen uptake in materials

— Oxygen reduction and evolution reactions

— Materials for future energy systems

— Degradation mechanisms and life extension of materi-
als

Main funding of the IMPRS-SurMat comes from the Max
Planck Society, but all partner institutes make relevant
contributions and additional financial support could be
gained by the state North Rhine-Westphalia.

The school is open for students from all over the world
with a master’s degree in materials science, phys-
ics, chemistry or related subjects and offers fund-
ing for 3 years (working contracts or scholarships).
In the years 2019-2021, 28 new students were accepted
into the program. Thereby, 197 doctoral students entered
the school in total. They originated from 28 different
countries, to a significant degree from Asia, but also from
all other regions of the world. 32 % of the doctoral stu-
dents are female scientists.

The Corona pandemic was without any doubt the biggest
challenge the school had to face. All curricular events as
well as the recruitment of new doctoral students were ini-
tially disrupted. Therefore, in the year 2020 the school’s
program was successfully adapted into well-running on-
line formats.

The main part of the curriculum are the lectures that take
partin the first two years of the doctoral project work. The
students attend 5 lectures on the following topics:

Material characterization

Microstructure and mechanical properties
— Interface chemistry

Electrochemistry and corrosion
Simulation and modelling

The annual retreat at an external venue had to be can-
celled on short notice in spring 2020, but could be held
online in 2021. In this format, all PhD students present
their projects and current results. Every two years, the su-
pervisors are also invited to attend.

Further components of the curriculum are the Welcome
Days for new doctoral students, first introduced in 2019,
soft skills trainings such as project management, presen-
tation techniques and scientific writing, the possibility to
attend German courses, and support for further career
planning such as leadership training and alumni talks.

The IMPRS-SurMat accompanies the students on their
way to the doctoral degree and ensures that they are pro-
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vided with a close and fruitful supervi-
sion. Once per year, the doctoral stu-
dents send a short report about the
progress of their work to the program

60

coordinator. Subsequently, Thesis S0
Advisory Committee (TAC) meetings

take place to discuss the results and 10
plan the next working steps. 10

Since 2004, 121 students have suc-

cessfully finished their doctorate 2
within the IMPRS-SurMat, 24 of them
with distinction. The doctoral work
requires on average between 3 and
4 years with a genuinely high scien-
tific output. 527 journal articles were
published, as well as more than 350
poster and 380 oral presentations
at national and international confer-

[=]

=i
[=]

44
33
”7 30 30
24 24 26 || ‘\ ‘\ ||
n.lI" II I I
)

2004 2006

am 2012 2014 2016 2018

Fig. 2: Articles in peer reviewed journals.

ences and workshops.

The new alumni network started in
2020. Joining the alumni network is
easily done by registering online or
sending the completed registration
form via email or post. The alumni
are encouraged to stay in touch via
a mailing list or the LinkedIn profile
of the IMPRS-SurMat. The alumni
network provides the following ac-
tivities:

— A newsletter is sent via the mail-
ing list to all registered alumni
once per year.

— Onrequest, the program coordina-
tor establishes contact between
doctoral students and alumni for
job shadowing and career mentor-
ing.

— The alumni talk series “Career
Paths after PhD presented by

Fig. 3: Retreat at Ringberg Castle in 2019.

Alumni” takes place several times
per year.

— An alumni symposium with scientific and career
talks is planned for the time after the corona pan-
demic.

— Thus, the alumni network is a relevant part of the ca-
reer development activities of the IMPRS-SurMat.

After its total designated runtime of 18 years, the IM-
PRS-SurMat will conclude at the end of the current
running period in December 2021. Due to this termina-

tion, the management of the MPIE decided to keep the
well-proven format of an IMPRS but to restart with a new
IMPRS. In June 2021, the MPIE together with the partner
institutes of IMPRS-SurMat applied for the new Inter-
national Max Planck Research School for Sustainable
Metallurgy — from Fundamentals to Engineering Mate-
rials, the IMPRS-SusMet. The Max Planck Society fully
approved the proposal in November 2021. The start of
the IMPRS-SusMet is planned for January 2022.
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Structural and chemical atomic complexity — from defect
phase diagrams to material properties

J. Neugebauer’, E. Bitzek’, G. Dehm?, T. Hickel', L. Huber', D. Raabe’, F. Roters?®,
C. Scheu?, M. Todorova’

CM, 2SN, *MA, NG

Teams from RWTH Aachen University, MPIE and FAU
Erlangen-Nirnberg set up a new Collaborative Research
Center (CRC) on establishing a framework to construct
defect phase diagrams and to employ these diagrams
to design materials with tailored properties (Fig. 1). The
CRC1394 is funded for the first 4 years by the German
Research Foundation (DFG) with approx. 2 Mio/year sup-
porting 18 scientific projects with 20 postdocs and PhD
students. It is headed by S. Korte-Kerzel (RWTH Aachen
University, spokesperson) and J. Neugebauer (MPIE, dep-
uty spokesperson). Three MPIE departments and the in-
dependent research group NG are actively involved and
contribute to 8 projects.

The CRC aims to establish a new conceptual and method-
ological framework that combines two fundamental con-
cepts in materials design (Fig. 2): Thermodynamic phase
diagrams that describe the conditions at which specific
phases become stable, with the structure and stability
of lattice defects that determine key material properties
such as mechanical strength, protection against failure
mechanisms or corrosion resistance. The new holistic
concept, therefore, extends the concept of bulk phase dia-
grams to defect phase diagrams, allowing materials phys-
icists and engineers to identify suitable conditions where
defect states with targeted properties can be realized.

A key prerequisite to constructing such defect phase di-
agrams is the availability of advanced experimental and
theoretical tools to identify and predict the often highly
complex chemical and atomistic structures that char-
acterize the various defect states. Essential to achieve
this are highly sophisticated experimental tools, such
as high-resolution transmission electron microscopy
(HR-TEM) or atom probe tomography (APT), but also
correlative approaches combining several techniques, as
developed over the last years at the MPIE in the MA and
SN departments, to provide both atomistic and chemical
resolution at the same sample position. The advanced
ab initio based approaches developed by the CM depart-
ment allow to include all relevant entropic contributions
and thus to provide accurate Gibbs energies for defects
at finite temperatures. Large-scale atomistic simulations
and crystal plasticity modelling in the CM and MA de-
partments allow to assess the impact of defect phases
at the microstructure level. Together with the extensive
expertise at RWTH Aachen University in, e.g., synthesiz-
ing high-quality samples and measuring the impact of
defects on various mechanical and corrosion properties,
the consortium of researchers will also be able to con-
struct mechanism maps to identify the impact of specific
defect states on macroscopic mechanical or corrosion
properties.

Fig. 1: Vision of the CRC: Description of the structural and chem-
ical complexity of defects at the atomic scale in defect phase
diagrams together with their mechanical and corrosion proper-
ties will provide a Materials Design Toolbox enabling materials
scientists and engineers to design tailored materials.

Microstructural Defects Phase Diagrams
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Structural and Chemical Atomic Complexity:
From Defect Phase Diagrams to Materials Properties

Fig. 2: Extension of materials design from the currently decou-
pled approaches considering microstructural defects and phase
diagrams towards a comprehensive framework considering both
aspects in terms of the full structural and chemical complexity of
defects at the atomic scale and their thermodynamic stability.

This structural and chemical complexity at the atomic
scale naturally exists in all materials. The CRC will pro-
vide new quantitative descriptors of the local structure
and chemistry of defects, which govern materials’ bulk
properties. Their availability will allow a paradigm change
in the physical description of metallic materials and will
provide a powerful toolbox for future design of engineer-
ing materials with tailored properties regarding both, me-
chanical and corrosion performance.
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Compositionally complex alloys — high entropy alloys

F. Kérmann', Y. Gong', J. Neugebauer’, Z. Li?, Y. Ma?, D. Raabé?,
N.J. Peter®, S. Wolff-Goodrich?, C. Liebscher®, G. Dehm3

'CM, 2MA, 3SN

Multicomponent alloys such as compositionally complex
alloys (CCA) or high entropy alloys (HEA) have opened
various avenues for exploring new materials beyond the
limits of traditional alloys based on one or two main com-
ponents. In 2017, the German Research Foundation (DFG)
has established the six-years running Special Priority Pro-
gramme (SPP) 2006 “Compositionally Complex Alloys —
High Entropy Alloys” to support the research on HEAs and
CCAs. Several projects in Germany are supported by this
large-scale DFG program, and the MPIE is with several
granted projects very actively and successfully partici-
pating:

(1) “Design and mechanical properties of compositional-
ly complex alloys from twinning-induced towards bidirec-
tional transformation-induced plasticity” (Y. Gong, F. Kor-
mann, Y. Ma, Z. Li, D. Raabe). In the first project phase, the
transformation induced plasticity (TRIP) effect has been
successfully introduced into interstitially alloyed face
centered cubic (FCC) CrCoNiMnFe-based HEAs utilizing
a combined ab initio-experimental approach. Three qui-
nary HEAs have been selected from ab initio calculations,
experimentally prepared and investigated [1]. The atomis-
tic calculations highlight the high efficiency of the devel-
oped coupled ab initio-experimental approach developed
within the first project phase for developing mechanically
high-performing, low-stacking fault energy (SFE), intersti-
tially alloyed CCAs. The follow-up project builds on the
successful first project phase and aims at further signifi-
cantly enhancing the strength-ductility combination of
quinary CCAs by introducing the bidirectional TRIP effect
into interstitially alloyed CCAs.

(2) In “Tailored precipitation strengthened, composi-
tionally complex FeAlCr (Mn, Co, Ni, Ti) alloys for high
temperature applications” (C. Liebscher, K. Pradeep / IIT
Madras, J. Schneider / RWTH Aachen University) we de-
veloped new combinatorial synthesis techniques based
on thin film libraries to efficiently screen the unexplored
composition space Al-Cr-Fe-Ni-Ti. We identified a global
trend that alloys with Al contents of =20 at.% are primarily
comprised of a disordered bcc (A2) matrix strengthened
by ordered B2/L2,-type precipitates. Based on this rapid
screening, low density (~6.4 gcm) alloys with a nano-
structured duplex dual-phase microstructure were devel-
oped showing tensile yield strength of up to ~220 MPa
at 900°C (see fig. 1). The most promising alloy with com-
position Al, Cr, Fe,.Ni, Ti. (at.%) even exhibits excellent
tensile creep strength at 800°C resisting similar stress
levels as comparable ferritic superalloys tested at 700°C
[2]. Deep microstructural characterization revealed that
the discrete precipitate morphologies and volume frac-
tions, as well as the supersaturated solid solution are

responsible for equipping these alloys with outstanding
high temperature properties.

Duplex Dual-Phase boc (AZ)-B2IL2, Microstructure

Fig. 1: Scanning transmission electron microscopy (STEM) investi-
gation of duplex dual-phase microstructures for alloys with 16, 20
and 24 at.% (from left to right).

(3) In the first funding period (N.J. Peter, E.A. Jdgle, G.
Dehm) we established a synthesis route for particle-re-
inforced compositionally complex alloys (p-CCA) by
powder atomization and additive manufacturing to reveal
their microstructure evolution and understand their me-
chanical properties. We chose to work in the alloy system
CoCrFeNi(-Al,-Mn). Powder of all alloys could be produced
successfully and were optimized in terms of flowability
by controlled addition of SiO2 nanoparticles [3]. While
the quaternary base alloy consisted of a single-phase
(A1) microstructure, Al additions always resulted in a A2/
B2 decomposition pattern [4]. Through microcompres-
sion experiments we were able to quantify the effect of
different microstructural features, such as intentionally
introduced oxide precipitates, on the incipient plasticity
of p-CCA alloys using cast reference material. For the
second funding phase of the SPP, we build on the estab-
lished processing routes, alloy design and understanding
of deformation mechanisms to study in greater depth the
performance of p-CCA at cryogenic temperatures and un-
der hydrogen loading conditions.
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Analysis of the stability of high entropy alloys by

dewetting of thin films

Y. Addab’, M.K. Kini?, B. Courtois’, A. Savan®, A. Ludwig® N. Bozzolo* D. Chatain’,
C. Scheu®, G. Dehm?

TCNRS, CINAM, Marseille, 2SN, *Ruhr-Universitat Bochum, “MINES ParisTech & CNRS CEMEF, Sophia Antipolis, NG

The project AHEAD funded by the German and French
Research Foundations (DFG-ANR) centered on phase
stability of high entropy alloy (HEA) thin films by sys-
tematically manipulating 1D and 2D defects. The joint
French-German team with its expertise in different fields
of materials science (combinatorial thin film synthesis,
microstructure physics, thermodynamics and mechanics
of materials) worked from 2017 — 2020 on the following
fundamental issues of HEA films: (i) HEA phase stability,
(i) phase evolution and corresponding kinetics including
influence of composition, defects (dislocations, interfac-
es, grain boundaries) and dimensional constraints on
phase stability, (iii) grain growth and texture, (iv) dewet-
ting kinetics and morphologies, (v) temperature and mi-
crostructure-stress evolution, (vi) plastic deformation,
(vii) thermo-mechanical fatigue mechanisms and life-
times. The material system was mainly centered around
fcc-(Mn)CrFeCoNi.

Nt % (TS0 at e

I 0 At % OS] 1 %, SN 50 at.%e

Fig. 1: (a) Scanning transmission electron microscopy (STEM)
Z-contrast image (high angle annular detector: HAADF) showing the
distribution of Cr,0, nanoparticles and corresponding elemental
maps by STEM-energy dispersive X-ray spectroscopy. (b) Atomic
resolved STEM-HAADF and annular bright field images of the oxide
particles identified as Cr,0, with the R-3c space group [3].
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Fig. 2: (a) Nanoindentation data and b) distribution of nanohard-
ness values show a higher film hardness for the quaternary films
with Cr,0, particles (red curves and data points) [3].

In this short overview we focus on thin film microstruc-
ture, oxidation and mechanical properties of CrFeCoNi.
Room temperature deposited, iso-quaternary films con-
sist of two-phases, the fcc matrix and a small amount
of sigma phase. The nanocrystalline matrix (grain size
30-100 nm) has a <111> fiber texture. The sigma phase
dissolves upon annealing between 700 and 1150 °C [1].

Chromium oxide forms at the surface of the film even in
the most reducing conditions of annealing. It is the thin-
nest when annealing takes place under ultra high vacuum
(UHV) or in pure hydrogen. We have further dealt with
this layer to obtain reliable measurements of the entire
film microstructure and stability under dewetting [2]. We
have also taken advantage of this oxide formation [3]
to study the role of oxide precipitates within the matrix
on the mechanical properties of the film (Fig. 1). Hard-
ness measurements of pristine and Cr-oxide dispersion
strengthened CoCrFeNi alloy thin films revealed a 13 % in-
crease in hardness (Fig. 2) due to 1.5 vol% of 12 nm large
oxide particles revealing that the lack in high temperature
strength of this alloy can be improved by disperoids [3].

In addition, we analyzed the dewetting behaviour, which
starts with a competition between grain growth and grain
boundary grooving and is surprisingly similar as for fcc
elemental films [2].
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Interdisciplinary Centre for Advanced Materials Simulation

T. Hickel, J. Neugebauer

CM

|ICEAMS

The Interdisciplinary Centre for
Advanced Materials Simulation
(ICAMS), which has been initiated
in 2005 by the MPIE and has been
founded in 2008, has become one
of the leading institutions for scale
bridging materials modelling. It
includes the departments for “At-
omistic Modelling and Simulation”
(headed by R. Drautz), “Scale Bridg-
ing Thermodynamic and Kinetic
Simulation” (I. Steinbach), and “Mi-
cromechanical and Macroscopic
Modelling” (A. Hartmaier) (Fig. 1).
After the initial startup period of
five years with substantial financial
support from an industrial consor-
tium, the state of North Rhine-West-
phalia and the European Union, the

Fig. 1. The three departments of ICAMS combine simulations at different scales, resulting into
(from left) atomic structure maps, phase field and finite element simulations as typical images.

institute has now become a regular

unit within the Ruhr University Bochum with international
visibility. It serves as an integral part of the Material Re-
search Department within the university, but also of the
Materials Chain of the University Alliance Ruhr. The latter
combines the research activities in the field of materials
science and technology at the three Ruhr Area universi-
ties Ruhr-Universitat Bochum, TU Dortmund University,
and the University of Duisburg-Essen.

Structurally, the MPIE is embedded into ICAMS via the
Advanced Study Group (ASG) “Ab initio based modelling”,
which supports the multiscale concept in particular at the
most fundamental scale, which is dominated by electron-
ic interactions and individual atomic processes. The link
between ICAMS and MPIE is further deepened within sev-
eral large-scale projects funded by the German Research
Foundation (DFG) that have been attracted in the past
years: Within the Collaborative Research Centre (SFB/
Transregio 103) “From Atoms to Turbine” joint research
on the characterization of superalloys is performed. The
MPIE was strongly participating in the Priority Program
(SPP1713) “Chemomechanics” that was coordinated by
I. Steinbach. Since 2018 the Research Unit “"Automated
analysis and validation of interatomic potentials for ap-
plication in Materials Science” is a joint effort to develop,
implement and provide a transparent and comprehen-
sive validation framework for models of the interatomic
interaction. Various other projects, e.g., within the Max-
Planck Research School SURMAT (see p. 74), have led to
an increasing amount of PhD theses that are jointly su-
pervised by members of both institutions. Also, lectures
within the ICAMS Master of Science program “Materials
Science and Simulation” (MSS) are partially held by MPIE
members.

The highly productive scientific collaboration between re-
searchers at ICAMS and MPIE is documented by a large
number of publications, a significant amount of attracted
third-party funding, and in particular by the joint scientific
outreach. Several workshops (e.g. ADIS workshop 2020,
Potentials workshop 2021, MCIC 2021 conference) and
symposia at international conferences have been jointly
organized. Regular retreats are performed together with
the CM department. The ICAMS Advanced Discussions
(Fig. 2) are meanwhile an established institution. ICAMS
has recently extended its activities by establishing the
new research group on “Scale-Bridging Simulation of
Functional Composites” (A. Griinebohm) and “Materials
Informatics and Data Science” (M. Stricker). This opens
additional channels of interaction with all departments
at the MPIE, which have already started and will further
strengthen the fruitful exchange with ICAMS.

Fig. 2: The audience during the ICAMS Advanced Discussions
2019 in Bochum.
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The innovation platform MaterialDigital

MATERIALDIGTTAL

T. Hickel', F. Roters?, J. Neugebauer’

'CM, 2MA

The digitalization of materials science and en-
gineering is currently addressed with highest
priority in Germany. To ensure international
competitiveness, there is a high motivation in
German industry to implement novel and sus-
tainable concepts to manage and share mate-
rials related data hosted on decentralized and
highly diverse servers. The CM department has
gained with the development of the pyiron en-
vironment (see p. 72) early an expertise in the
design and dissemination of decentralized and
materials oriented software solutions and tools.
To bring in this expertise, the MPIE became one
of the initiators and founding members of the in-
novation platform MaterialDigital (PMD).

The PMD has started in July 2019 as a collab-
orative effort of five institutions representing
the societies Fraunhofer, Helmholtz, Leibniz,
and Max Planck as well as the Federal Institute
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Fig. 2: One of the main goals of PMD is to establish a workflow infrastructure
that provides a user-friendly interface to a large variety of tools.

for Materials Research and Testing (BAM). The

Max Planck share is taken over by the CM department
and headed by J. Neugebauer and T. Hickel. The initial
phase of PMD is funded by the Federal Ministry of Educa-
tion and Research (BMBF) with 2 million euros annually
in order to support interested parties from the industrial
and academic sectors in the implementation of digitiza-
tion tasks for materials. Its mission is the establishment
of a virtual materials data space and the systematization
of the handling of hierarchical, process-dependent mate-
rials data.

Fig. 1: The decentralized data storage concept of the platform
material digital, which supports the sharing of workflow solutions
instead of huge amounts of raw data.

To this end, three major concepts are established by
the PMD: (i) The storage and access to data will be per-
formed in a decentralized infrastructure (Fig. 1), keeping
data at the place where they have been generated. (ii) An
ontological structure will be used as the basis of the infor-

mation ecosystem to make data findable and accessible.
(iii) Any processing of data will be performed in a gener-
alized workflow environment to ensure the reproducibility
of process chains that transform data to a particular set
of outputs. In order for these concepts to be adopted by
the community, the PMD also serves as an interaction
and communication platform.

Using the large expertise gained with pyiron, the MPIE
strongly contributes to these concepts and in particular
to the workflow infrastructure (Fig. 2). The goal is to use
the pyiron philosophy and architecture to provide scien-
tists and engineers a user-friendly interface to a large va-
riety of tools as well as access to standardized computa-
tional procedures that are based on complex connections
between these tools. Since the CM department is also PI
for the National Data Infrastructure (see p. 81), which is
devoted to digitalization in academia, our mission is to
ensure a consistency of workflow standards in the indus-
trial and academic community.

In a second call, the BMBF has selected 13 projects from
much more than 100 proposals to develop and implement
strategies for the digitalization of dedicated user stories
in materials science. Being strongly connect to PMD, they
represent certain materials communities. The project
StahlIDigital has been selected to handle ontology-based
interoperable workflows for the development and optimi-
zation of steel materials from the sheet metal production
up to the crash safety of components. It is coordinated
by F. Roters and contains among other partners contribu-
tions of the MA and CM departments.
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A national research data infrastructure for

materials science & engineering NFDL:;

T. Hickel, E. Bitzek, J. Neugebauer

In 2016 the Gemeinsame Wissenschaftskonferenz (GWK)
has decided to create a sustainable national infrastruc-
ture for research data. Throughout the whole scientific
landscape of Germany up to 30 consortia will be funded
with a total of up to 85 Mill. €/a for an initial period of five
years. Headed by the Fraunhofer IWM institute in Freiburg,
the proposal for the community Materials Science & En-
gineering (MatWerk, engl.: MSE) had been submitted in
2020 by 10 co-applicants, including the MPIE. Having re-
ceived a grant within this framework can be considered a
big success and demonstrates the grown importance of
aresearch field that is central for the MPIE.

The initiative NFDI-MatWerk is a community-driven ef-
fort to structure materials data according to the FAIR
principles, i.e., making them accessible, findable, in-
teroperable and reusable. As daily research at the MPIE
demonstrates, the inherent multiscale character related
to strongly heterogeneous microstructures is a particular
challenge for MSE data. In addition, the history of data
evolution is important, since any process applied to a
sample may change this microstructure and, thereby, its
mechanical and functional performance. NFDI-MatWerk
aims at tracking these various complex dependencies of
materials data, while reducing the technological barriers
to exploit them (Fig. 1).
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Fig. 1: NFDI-MatWerk wants to make decentralized expertise integra-
ble through a uniform data language and standardized interfaces.

The most important objectives of NFDI-MatWerk are rep-
resented by Task Areas (TAs) and two of them are repre-
sented by group heads at the MPIE. E. Bitzek (see p. 37)
is a co-speaker of the TA “Materials Data Infrastructure”,
which will provide a reliable environment for the digital
representation of materials data and metadata as well as
services to easily store, share, search, and analyze them.
T. Hickel is a co-speaker of the TA “Workflows and Soft-

Fig. 2: The geographic distribution of the participant projects (PP)
of NFDI-MatWerk, which second the ten (co-) applicant institutions.

ware Development” that will use the in-house developed
software platform pyiron (see p. 72) to establish a frame-
work for sharing workflows in processing environments,
for implementing automated experimental and modelling
protocols with widespread tools and, therewith, for unit-
ing workflows with the underlying materials data.

A third TA will provide and integrate a unified materials
ontology, that is represented through a graph database
infrastructure. This enables data sharing as well as high-
ly performant, complex search queries and analysis runs
over distributed and decentral data sources (Fig. 1). The
concepts developed in NFDI-MatWerk are permanently
challenged by Infrastructure Use Cases defined and test-
ed by a large number of participant projects (Fig. 2). Since
employees at the MPIE are associated to several of these
projects, it is ensured that the perspective of individual
scientists at the MPIE (as well as many other institutes)
will guide the developments within NFDI-MatWerk. In this
way, the investment into NFDI-MatWerk is expected to
pay off multiple times in terms of an infrastructure that
supports the research at the institute.

More details: https://nfdi-matwerk.de
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BiGmax network on big-data driven materials science

C. Freysoldt’, L. Stephenson?, B. Gault?, C. Liebscher?, G. Dehm?,
J. Neugebauer’, D. Raabe’®

CM, 2MA, SN

The Max-Planck network on big-data driven material sci-
ence, BiGmax, was established in 2017 to bundle efforts
among 10 Max-Planck institutes and the Humboldt Uni-
versity in Berlin. The main research topics range from
machine-learned mechanical and thermodynamic prop-
erties over data diagnostics in imaging and discovery
of patterns, correlation and causality to promoting data
accessibility and interpretability for algorithms. The MPIE
has played an essential part in initiating the network, and,
in part thanks to additional support drawn from the net-
work, is now the largest single node, with activities from
the MA, CM, and SN departments. In line with the gener-
al topics, our research focuses on pattern discovery and
data standardization.

Data-rich experiments such as atom probe tomography
(APT) or scanning transmission electron microscopy
(STEM) provide large amounts of multi-dimensional raw
data that encodes, via correlations or hierarchical pat-
terns, much of the underlying materials physics. With
modern instrumentation, data generation tends to be
faster than human analysis, and the full information con-
tent is rarely extracted. We therefore work on automatiz-
ing these processes as well as on applying data-centric
methods to unravel hidden patterns.

Fig. 1: Automatically
segmented HAADF-
STEM image of Pd
nanoparticles, high-
lighting twin domains
(color-coded yellow,
blue; red areas are

| featureless/amor-
phous).

For instance, deep neural networks can be trained to dis-
entangle mass spectra in APT, and thereby yield repro-
ducible mappings to the chemical identity [1]. Likewise,
crystallography-induced fluctuations in the intensity map
on the detector can be assigned to crystallographic poles
and hence reveal crystal orientation via machine-learn-
ing, trained on hundreds of synthetic data sets. This can
even be expanded to track grain boundaries even when
the underlying lattice is not resolved in the APT recon-
struction [2]. Ordered binary phases, on the other hand,
can be identified in pair-correlation functions by convolu-
tional neural networks [3].

High-resolution STEM, on the other hand, may image
crystallographic patterns directly. Within BiGmax, we
developed an automatic segmentation based on local
symmetry descriptors [4]. Fig. 1 shows the result of such
a segmentation for Pd nanoparticles, where the twinning
domain structure becomes visible at first glance. But
even when the atomic lattice is not resolved, fitting to a
neural network is a promising approach to coarse-grain in
situ image series to a smooth phase-field representation,
removing much of the shot noise along the way. Such a
smooth, differentiable representation of the experimen-
tal data subsequently enables us to quantify processes at
the coarse level, e.g. phase transformation kinetics.

Secondly, we work on standardizing data set descrip-
tions and data formats to allow for an easier exchange
of both data and analysis codes. While this looks like a
technical detail at first sight, it is an essential prerequisite
to bring advanced analysis tools to the finger-tips of the
experimental scientist on a daily basis, similar to what
has been achieved in modelling with e.g. the NOMAD/
FAIRMAT project run by other partners within BiGmax
[5]. For APT, moving away from commercial data formats
to open-source, exchangeable binary formats based on
HDF5 dramatically improves the processing speed and
allows to build up complex, automatized workflows [6].
Similar progress is made for analysing complex 4D-STEM
datasets, where in each scan point a full electron diffrac-
tion pattern is obtained. We developed an open-source
workflow to determine the grain and phase orientation in
nanomaterials, which is typically only possible with com-
mercial software [7, 8]. To ensure adoption in the commu-
nity and interoperability with other tools, we integrate our
solutions into established open source analysis libraries.
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Leibniz-Max-Planck cooperation:
carbon-metal oxide nanohybrids

A. Frank’ S. Hieke’ V. Presser? S. Husmann? S. Fleischmann?,
A. Kruth® C. Rojas® M. Dias®, C. Scheu’

NG, 2INM - Leibniz Institute for New Materials, Saarbriicken 3INP - Leibniz Institute for Plasma Science and Technology, Greifswald

The project CarMON (2017 to 2020)
developed new materials for lithi-
um-ion batteries and water desali-
nation, studied their electrochem-
ical behaviour, and correlated the
properties to their nanostructure.
It was financially supported by the
Leibniz Association and fostered
close cooperation between the INM
- Leibniz Institute for New Materials,
Saarbriicken, the Leibniz Institute
for Plasma Science and Technology,
Greifswald, and the NG group at the
MPIE. Several publications resulted
from the collaboration [1-5], and sev-
eral on-site meetings were conduct-
ed in Greifswald, Saarbriicken, and
Diisseldorf. These two-day meet-
ings included scientific discussion

B 600-1h-2

Fig. 1: STEM image and corresponding elemental maps of vanadium, sulfur, carbon and
oxygen showing the formation of vanadium sulfide particles embedded in carbon fibers.
Images taken from [4].

and experimental planning and were
also used to mentor and promote young scientists. Fur-
ther exchange of the young scientists via laboratory vis-
its and joint experiments allowed them to enhance their
knowledge on electrochemistry, materials synthesis, and
advanced microstructural characterization.

Several promising processing routes were explored by
the collaboration partners, such as plasma-in-liquid syn-
thesis, electrospinning combined with thermal sulfida-
tion, or other wet chemical approaches. The NG group
investigated the nanostructure using (scanning) trans-
mission electron microscopy (STEM), energy-dispersive
X-ray spectroscopy (EDS) [1, 2], electron energy loss
spectroscopy (EELS) [1, 2] and electron tomography [2].

A vanadium oxide/carbon core/shell hybrid material was
synthesized via a two-step procedure involving a ther-
mal treatment step and subsequent washing in aqueous
hydrochloric acid [3]. Needle-shaped V,0, nanocrystals
were observed by STEM surrounded by different layered
carbon species. The material was tested as anode for
lithium-ion batteries and showed improved performance
after 500 cycles in the potential range of 0.01-3.00 V ver-
sus Li/Li* [3]. This makes the hybrid attractive for future
applications [3].

The material system was extended from carbon/metal ox-
ide hybrids to sulfides as they showed promising proper-
ties. For example, the electrospinning of vanadium oxide
fiber mats and subsequent thermal sulfidation using H,S
at elevated temperature resulted in an interesting hybrid
composite [4]. It consisted of vanadium sulfide particles
embedded within the surface region of the produced car-

bon fibers as revealed by EDS mapping performed in STEM
mode (Fig. 1) [4]. The electrochemical properties were in-
vestigated, and it was found that the material degrades
rapidly when operated between 0.1 V and 3.0 V versus Li/
Li*. However, an improved cycling stability was observed
when lowering the upper voltage to 1.2 V versus Li/Li* [4].

Another interesting niobium disulfide/carbon hybrid ma-
terial with a mesoporous structure was synthesized us-
ing a block copolymer and an organometallic niobium
precursor [5]. The STEM data showed a very regular 3D
network with about 20-30 nm channel size. This gyroidal
morphology was beneficial for use as an electrode in lith-
ium-ion batteries leading to a high volumetric capacity of
up to 150 mAh/cm3 [5].
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Barrier coatings against hydrogen ingress

C. Scheu’, J. M. Duarte-Correa? H. Gopalan? S. Hieke', A. Frank’, P. Patil?,
N. J. Peter? S. Wolff-Goodrich?, M. Wetegrove®, M. Rohloff, A. Kruth?, C. Pistidda?,
M. Dornheim? K. Taube?, G. Dehm?

NG, 2SN, 3Leibniz Institute for Plasma Science and Technology (INP), Greifswald, “Institute of Hydrogen Technology,
Helmholtz Zentrum hereon GmbH, Geesthacht

The project H2BS began in January 2020 and explores
the potential of ceramic thin films as barriers against hy-
drogen ingress of ferritic steels and iron alloys. Hydrogen
levels as low as 1 part per million (ppm) in weight can
induce failure of high strength steels, a phenomenon
known as hydrogen embrittlement. Hydrogen diffusion
barriers would enable ferritic steels for diverse applica-
tions in the hydrogen economy ranging from transporta-
tion to storage.

In this basic research project, the commercial X65 ferritic
pipeline steel is chosen as a representative substrate ma-
terial based on the recommendation of the project’s advi-
sory panel of industry experts. A binary Fe-Cr alloy is also
chosen as a simpler model substrate. The Fe-08Cr alloy
has a BCC structure, and the hydrogen diffusion and inter-
action in this alloy is well understood. Aluminium oxide is
DC sputter deposited on the X65 and Fe-08Cr substrates.
Microstructural characterization through X-ray diffrac-
tion, X-ray photoelectron spectroscopy, and (scanning)
transmission electron microscopy (S)TEM, is employed
to understand the microstructure of the deposited coat-
ings. An amorphous Al,O, structure with some interfacial
crystallization is observed in the single layer coatings on
Fe-08Cr (Fig. 1).

Fig. 1: a) TEM micrograph of the film and substrate with and
corresponding fast Fourier transformation data b) — e). The coating
itself is amorphous while the interface shows mixed amorphous
and crystalline parts.

Hydrogen permeation and interaction in the coating is
studied by Kelvin probe measurements and nanoindenta-
tion. The latter is equipped with a unique, in-house devel-
oped back-side hydrogen charging setup [1]. Rapid hydro-
gen diffusion through the substrate facilitates the study
of coating and interfacial response to hydrogen accu-
mulation. The breakthrough time for hydrogen charging
through the substrate takes 10 min. However, with the

additional coating system, no detectable signal was mea-
sured up to 17 hours. Preliminary nanoindentation and
scratch testing results indicate that the coating-is resil-
ient under hydrogen charging conditions. Further studies
are underway to probe the mechanical reliability of the
coating to front-side charging experiments.

200 nm

Fig. 2: Cross-sectional STEM image overlaid with EDS elemental
map reveals the microstructure change during annealing in high
H, pressure. Blisters form with the initial amorphous Al,0, layer
remaining. A surrounding Al rim has built up due to dewetting. A
part of the metallic film is transformed to y-Al,0,.

We also performed tests under H, gas pressures of 300
bar at 673 K on a bilayer film of aluminium oxide and alu-
minium with a total thickness of 200 nm on a silicon (100)
substrate. Microstructural investigation through STEM,
energy dispersive X-ray spectroscopy (EDS) and electron
energy loss spectroscopy revealed changes induced by
the thermal and hydrogen pressure exposure. Blisters
form where the metallic aluminium was retracted by sol-
id state dewetting, leading to ridge formation (Fig. 2). In
addition, a portion of the metallic layer was transformed
to y-Al,0,. Comparable experiments in argon inert atmo-
sphere at 673 K also revealed similar damage features. In
combination with nanoindentation testing, we conclude
that there is a modest effect of gaseous H, loading on the
performance of the bilayer coatings.
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“PredictCorr”

N. Khayatan, M. Rohwerder

PredictCorr is a joint project with the Free University of
Brussels (VUB), within the framework of the Research
Foundation - Flanders (FWO), in close contact with about
twenty cooperating partners from industry, planned for a
period of 4 years, which at the MPIE started operational-
ly in September 2018. The motivation behind this project
is that at the current state of the art, lifetime and aging
assessment of coated metal are performed by means
of experimental testing, combining accelerated testing
and field testing, where the latter is still of crucial impor-
tance. This seriously impedes organic coating develop-
ment. The only way to realise a substantial decrease in
the development time of new materials is to introduce
modelling in the design cycle. What is needed to realize a
breakthrough in this field is a tool that can predict quan-
titatively and dynamically the corrosion behaviour of or-
ganic coated metals.

The scientific motivation for the project is to build a
knowledge and technology platform required for achiev-
ing such a prediction of durability behaviour and estima-
tion of lifetime of organic coated metals under long-term
environmental aging and corrosion conditions. This is a
very challenging task, as corrosion of an organic coated
metal is the result of an intense interplay between sever-
al physical phenomena that need to be understood and
modelled. The task of the MPIE will be to identify the un-
derlying processes of the corrosion driven coating delam-
ination and to provide experimental access to key param-
eters enabling us for its reliable simulation.

Over the recent years the MPIE has developed a number
of techniques, such as the hydrogen permeation based
potentiometric method for obtaining full 1(U) curves for
oxygen reduction at buried interfaces (see e.g [1]). In
the reporting period substantial new insights have been
obtained on the key mechanisms of corrosion driven
delamination. So far, the following key processes were
identified: 1) insertion of cations from the corroding de-
fect/delaminated interface into the intact interface at the
delamination front, which results in 2) a pull down of the
electrode potential, which in turn 3) leads to an onset of
oxygen reduction and subsequent 4) delamination. The
5) electron flow from the defect to the delaminating (and
delaminated) interface that ensures steady oxygen re-
duction is accompanied by an according 6) cation migra-
tion along the delaminated interface. Contrary to the cur-
rent common opinion that either oxygen reduction at the
delamination front (for more resistant coatings) or cation
migration (for weaker coatings) play the rate determining
role for the progress of delamination, the results obtained
so far indicate that in all cases the cation insertion at the
front seems to be the kinetically limiting step. This step
was found to depend on the electrode potential at the
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Fig. 1: Progress of migration in humid nitrogen atmosphere for

polyethylene glycol (PEG) coatings with different additions of TPOL:

(2,4,6-(trimethylbenzoyl) diphenylphosphine oxide) initiator. Initially

the migration rate is similar to the one of delamination (full lines).

front, which in turn is affected by the ohmic drop caused
by the cation migration along the delaminated interface.
This ohmic drop in turn is caused by the degree of delam-
ination at the interface, i.e. it depends on the remaining
resistance against cationic mobility.

Thus, a quite complex process unfolds and the key idea
at the MPIE was originally to investigate the underlying
steps 1)-6) separately. However, it proved difficult to sin-
gle out the different individual steps and to investigate
them independently. For instance, it was assumed, based
on earlier work, that migration at the interface could be
investigated without being affected by oxygen reduction
in an inert humid nitrogen atmosphere. However, it was
found that migration seems to be critically affected by
adsorbing species from air. In many cases the cation mi-
gration in nitrogen, which was found to be initially often at
a similar rate as delamination in air, was slowing down to
a halt after a few hours (e.g. Fig.1). Whether this is linked
to desorption of initially adsorbed CO,, which we found to
play an important role in migration [2], or even adsorbed
0, (see p. 125), has yet to be elucidated.

Hence, the main focus so far was on the main rate deter-
mining step, i.e. the cation insertion at the front, where
significant progress could be made.
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Cluster of Excellence “Ruhr Explores Solvation”

M. Rabe', M. Rohrwerder’, M. Todorova? J. Neugebauer?

GO, 2CM

The Cluster of Excellence RESOLV (Ruhr Ex-
plores Solvation Science) was established in
November 2012 and the second funding phase
is running since 2019. It is an interdisciplinary
research cluster co-hosted at Ruhr-Universitat
Bochum (RUB) and TU Dortmund. It involves
partners from several departments from RUB,
groups from TU Dortmund, University Duis-
burg-Essen, Fraunhofer UMSICHT Oberhau-
sen, MPI fiir Kohlenforschung, MPI for Chem-
ical Energy Conversion and the MPIE. From
these institutions, currently more than 200 sci-
entists (professors, independent researchers,
postdocs and PhDs) are enlisted in RESOLV [3].

The MPIE departments GO and CM contribute
with their strong expertise in surface science,
electrochemistry and ab initio modelling to

Fig. 1: Experimental setup
for an electrode in the dry
for measurements with
near ambient pressure
x-ray photoelectron spec-
troscopy (XPS). The metal
electrode is electrochemi-
cally charged with atomic
hydrogen on the entry
side. The hydrogen dif-
fuses and sets a distinct
potential at the dry, exit
side where an ultrathin

e — T electrolyte film covers the
@1.2cm ;
interface.
Volume 0.1 mi

the activities of RESOLYV, currently focussing
in research area I: “Local Solvent Fluctuations
in Heterogenous Systems”. To that end in
2020 the joint MPIE-RUB early career research
group: “Spectroscopy at Electrochemical In-
terfaces” was established in the GO depart-
ment. The group uses interface spectroscopic
methods to study solvation and other dynamic
effects at interfaces (see p. 45). The specific
properties of water near interfaces are stud-
ied mainly using vibrational spectroscopic
methods, which yield information about the

Side view

water. In a recently started project, the local
structure of thin water layers on organic nano-
structured self-assembled monolayers with
tuneable surface chemistry will be studied by
local vibrational spectroscopy with nanomet-

e

Conventional model

st
strength of the hydrogen-bonding network of Tﬂ:

Metal surface

Fig. 2: Our ab initio molecular
dynamics calculations led to
a revision of the well-estab-
lished picture of water-metal
bonding. The electron
difference density (top) for
the Pt(111)/water interface
reveals the involvement of Pt
atoms neighbouring the top
water adsorption site (right).
As consequence the number
Ty of available surface adsorp-
tion sites reduces. It also
shows that the chemisorbed
water molecules become
metallic [2].

Revised model
H
O]

Metal surface

ric resolution (AFM-IR).

Further research in the GO department, closely related to
RESOLV is the so-called ,electrode in the dry”. We showed
how to use this concept e.g. for detecting hydrogen in
materials and performed permeation measurements
with high local resolution and high sensitivity. Recently,
this approach was applied to measure full current-poten-
tial curves of oxygen reduction on a dry palladium sur-
face [1], covered with just ultra-thin electrolyte layers in
the sub-nanometre range. Currently, the “electrodes in
the dry” are studied as a powerful tool for an in-depth
characterization of electrochemical double layers and it
is explored how the concept can be transferred to other
electrode materials such as iron(oxide), iridium and gold.

Two projects within the CM department closely related
to RESOLV activities explore fundamental questions of

surface solvation and interface reactions. One project,
carried out in close collaboration with experimental col-
leagues from the University of Duisburg-Essen, focuses
on low index Pt surfaces in contact with water exploring
the interface geometric and electronic structure and the
interplay between water and hydrogen adsorption. The
second project, aims at understanding charge transfer
reactions at the solid/water interface.
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Gas turbines of tomorrow: from atoms to turbine blades

P Kontis, S. Makineni, J. He, S. Katnagallu, X. Wu, A. Saksena, J. Mianroodi,
D. Raabe, B. Gault

The atom probe tomography (APT)
group in the MA department was an
integral part of the second phase of
the SFB/TR 103 “From atoms to tur-
bine blades — a scientific basis for a
new generation of single crystal su-
peralloys”, which ended in December
2019. The joint research centre with
the Ruhr-Universitdét Bochum and
Friedrich-Alexander-Universitat Erlan-
gen-Nirnberg entered its third phase
in January 2020 and is funded by the
German Research Foundation (DFG).

We developed correlative protocols
involving high-end scanning and trans-
mission electron microscopy and
atom probe tomography during the j
second phase [1]. These were then Y
used to study the details of the segre- »
gation of solutes to structural defects
in a range of Ni- and Co-based super-
alloys deformed at high temperature
during the second phase. Forinstance,
we showed that diffusion of solutes
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Fig. 1: An APT reconstruction and analyses of the Re interactions with structural defects
in a creep-deformed Ni-based alloy developed as part of the SFB TR103 (from [5], for
details, see caption in the article).

along crystal defects controls the for-
mation of micro-twins during creep deformation of a Co-
base superalloy [3]. The formation of micro-twins is un-
desirable for the mechanical performance of superalloys.
Our results, provided new insights into a solute diffusion
mechanism occurring during micro-twinning, that can be
exploited during the design of new advanced Co-based
superalloys, by limiting the formation of micro-twins.

Towards the end of the second phase, we focused on the
behaviour of Re, one of the key elements for creep resis-
tant alloys. First, we revealed Re-segregation to disloca-
tions in a creep-deformed model binary NiRe by using the
newly-developed approach of analytical field-ion micros-
copy, and rationalised this through atomistic simulations
[3]. Second, we targeted the low-angle boundaries pres-
ent in a single-crystal Ni-based superalloy containing Re,
and revealed Re segregating to the dislocations forming
the boundary [4].

Finally, we measured Re segregated to dislocations and
stacking faults, along with other solutes. We demonstrat-
ed that the local Re concentration at defects varies over
the course of the creep deformation process. The creep
strain rate fluctuates depending on the stage of the creep
process, and as a consequence, the dislocation velocity
varies throughout the creep deformation. We found less
Re segregated as the dislocation velocity, and hence
creep strain rate, increases. Our experimental observa-

tions have been further supported by atomistic phase
field simulations [5].

Overall, our investigations provide new insights at the
near-atomic level, into processes taking place during
the deformation of superalloys. This fundamental un-
derstanding can pave the way to design materials, which
can withstand higher operational temperatures, leading
eventually to more efficient and environmentally friendly
aero-engines.
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Atomic scale redistribution of carbon during the

transformation from austenite to martensite in steels

T. Hickel', 0. Waseda', B. Gault?, S. Sandlébes-Haut®, P Maugis?,
H. Zapolsky®, F. Danoix®

1CM, 2MA, 3RTWH Aachen University, *Aix-Marseille Université, CNRS, Université de Rouen Normandie, CNRS

The mission of this joint project is to reveal the “Atomic
scale redistribution of Carbon during the TRansformation
from Austenite to Martensite in steels” (C-TRAM). It is
driven, on the one hand, by the applicational relevance of
martensitic steels due to their extraordinary strength and
the adjustability of their toughness and formability over
a wide range by simple technological treatments. On the
other hand, the nonequilibrium distribution of C atoms in
a transforming microstructure is a scientifically exciting
topic.

Both aspects are connected: C atoms are super-saturat-
ed in freshly formed martensite and their concentration
and distribution is decisive for the strength and tough-
ness of the martensite. The distribution (and potential
ordering) of carbon atoms happens at the transformation
front, the austenite-martensite interface. These process-
es, and in particular the underlying kinetics of the C dif-
fusion and the interface mobility are not yet understood
in detail down to the atomic scale, despite their high rel-
evance for the design of martensitic steels with tailored
mechanical properties. Both, theoretical and experimen-
tal investigations are so far restricted to either idealized
material systems or limited resolution of joint structural
and chemical data.
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Fig. 1: Ab initio determined minimum-energy path and impact of C
on the structural evolution from a metastable intermediate struc-
ture (MIS) to the martensite. Figure adapted from [1].

Within this project we address these open questions by
combining high resolution theoretical and experimental
investigations in a complementary approach for Fe-TM-C
steels. This is achieved by a strong team of partners from
France and Germany. On the theoretical side, the exper-
tise of the group of T. Hickel in ab initio thermodynamics

(see p. 71) and structural phase transformations (Fig. 1),
will be combined with ab initio based kinetic simulations
performed primarily by the group of P. Maugis as well as
atomic density field theory and quasiparticle approach-
es performed by the group of H. Zapolsky. On the exper-
imental side, atom probe tomography (APT) performed in
the group of F. Danoix and (high resolution) transmission
electron microscopy (TEM) in the group of S. Sandlébes-
Haut will be used to combine structural and chemical
data. Eventually, correlative TEM-APT analyses to achieve
fully correlative data on the local structure and chemistry
will be applied for selected key samples (Fig. 2).

-
i =

Fig. 2: Correlative study TEM-APT analysis of a Fe-C microstruc-
ture containing austenite and martensite performed at RWTH
Aachen University.

The high significance of this project for the MPIE goes
well beyond the microstructure formation in an important
class of steels. The focus on the martensite-austenite in-
terface involves not only the analysis of the local atomic
interface structures, but also possibly formed interfacial
states during C redistribution. Defect phases are, for ex-
ample, central for the CRC 1394 (see p. 76). Central proj-
ect topics like the structural and chemical distribution of
C, the order-disorder transition of C atoms, the formation
of carbides, and the formation of reverted austenite fur-
ther strengthen the links between the CM and MA depart-
ment. In particular B. Gault was strongly involved when
starting this exciting scientific journey.
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Experiments for optimised CALPHAD modelling

B. Distl, Z. Kahrobaee, M. Palm, F. Stein

Within the framework of the European research pro-
gramme Clean Sky 2 the project ADVANCE is devoted to
improve an existing CALPHAD database for the develop-
ment of more creep and corrosion resistant y TiAl-based
alloys. These alloys are needed for the design of light-
weight, less fuel-consuming aero engines to reduce CO
and NO, emissions and aircraft noise.

2

The ADVANCE project idea has been put forward by
MTU Aero Engines AG, Munich, Germany, who also acts
as topic manager for the project. The MPIE is part of the
international consortium that has been successful in win-
ning the competitive call. At the MPIE the majority of the
experiments including production of about 100 different
alloys under high-purity conditions is performed. Ther-
mo-Calc Software AB, Sweden is compiling the final da-
tabase, performs modelling for checking the consistency
of the data and coordinates the consortium, while Helm-
holtz-Zentrum Hereon, Geesthacht, Germany performs in
situ high-energy X-ray diffraction using synchrotron ra-
diation and Montanuniversitat Leoben, Austria executes
supplementary transmission electron microscopy (TEM)
and atom probe tomography (APT) studies.

Within the project, the Ti-Al side of the systems Ti—Al-X-Y
with X = Nb, Mo, W, O, B, Zr, C, Si and X/Y = Nb/Mo, Nb/W
is studied at temperatures ranging between 600-1300 °C.
For these systems data for phase equilibria at individual
temperatures are either missing or doubtful, and phase
transformations in dependence on temperature may not
have been settled. Though at least part of these systems
have been repeatedly investigated, data are still missing
or contradictory due to the experimental difficulties asso-
ciated with these systems.

At the MPIE, large rods of high-purity alloys are produced
by levitation melting or using an advanced arc melter.
Compositions, impurity contents, and homogeneity are
established by wet-chemical analysis and electron probe
microanalysis (EPMA) of larger areas. Heat treatments
are either performed by encapsulating the samples or
using a double-crucible technique. Both result in a min-
imum uptake of impurities, which is checked again by
wet-chemical analysis. Investigations on alloys of fixed
composition are complemented by analysing diffusion
couples to establish phase equilibria at lower tempera-
tures. After quenching, microstructures are analysed by
light-optical microscopy and scanning electron micro-
scope. The phase content is determined by X-ray diffrac-
tion and compositions of coexisting phases are estab-
lished by EPMA. Temperatures of phase transformations
are determined by differential thermal analysis, employ-
ing sequences of different heating rates. All evaluated
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Fig. 1: Partial isothermal section of the Ti—~Al-Nb system at 1300
°C with experimental results from the literature and own results
regarding the oxygen-related shift of the tie-triangle (aTi)+(BTi)+y
(TiAl) [2].

data are finally used to establish up to seven isothermal
sections for each investigated alloy system and addition-
al vertical sections. Besides experimental work, critical
assessment of existing data is also performed [1].

For the development of creep resistant y TiAl-based al-
loys, Ti-Al-Nb is a key system and respective commer-
cially available materials are known as TNB alloys. A
critical issue is that oxygen has a significant effect on
phase equilibria, shifting the phase compositions and,
thereby, changing the microstructure and thus the prop-
erties of the alloys. Fig. 1 shows that at 1300 °C already
an increase from 200 to 400 wt. ppm O results in a con-
siderable shift of the (aTi) + (BTi) + y (TiAl) tie-triangle to-
wards higher Nb contents. As an uptake of oxygen during
industrial processing and application is unavoidable, the
knowledge of the influence of oxygen impurities on phase
equilibria is essential for any aimed alloy development.

More details about ADVANCE can be found at https://
thermocalc.com/advance
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Combinatorial metallurgy and processing

H. Springer

MA, now also at: Institute of Metal Forming, RWTH Aachen University, Germany

The collaborative research center (CRC)
1232, coordinated by the University of

Fe-032C-XCriwLy

Fe-08C-XCriwe

Bremen, was concerned with the de-

‘Cuenched fom 850 °C

Crmnched from 830 ¢

velopment of a novel high throughput
method for the development of metal-
lic structural materials. The overall aim
was to contribute to the efficient and
focused identification of alloy com-
positions and processing chains for
materials with a specific performance
profile. The method - termed ,Farbige
Zustande” or “coloured states” - com-
bined novel processes for the primary
shaping (especially small droplets), mi-
crostructure formation (“coloration”)
and characterization of microscopic
material samples with sample logistics

as well as mathematical and computer
science based methods for the analyses
of large amounts of data. The goal was
to achieve the transformation of deter-
mined descriptors towards macroscopic
material properties of the performance
profile by a heuristic predictor function.
The method ,Farbige Zustdande" aims at
a paradigm shift in the development of
structural materials towards a resource
efficient high throughput method for
the experimental exploration of novel
groups of materials [1].

In the first funding period of the CRC 1232
starting in 2016, the MPIE was involved
with the project “correlative study to-
wards experimental validation of the high
throughput methodology”, which had two

Q 2 4 L] Lo 12
w5 = TE / MPa #r'

Fig. 1: Heat maps displaying the property profiles of 100 states of Fe-Cr-C steels inves-
tigated with the combinatorial RAP methodology [4].

main objectives. The first was to provide

the CRC with 70 kg batches of conventionally produced
Fe-Cr-C alloys serving as “supports” to validate and cal-
ibrate the high throughput methodology based on small
metallic droplets [1, 2]. The second objective was to inves-
tigate the property profiles of yet unexplored regions of
the Fe-Cr-C system (Fig. 1). By means of the combinatorial
rapid alloy prototyping (RAP) approach developed at the
MPIE [3], materials in a wide range of chromium and car-
bon concentrations were investigated. The resultant prop-
erty profiles of 100 “coloured” states (Fig. 2) were supplied
to the CRC for developing the predictor function [4].

Due to the start of his Heisenberg-professorship at the
RWTH Aachen University, H. Springer left the CRC 1232
at the end of the first funding period. Further participation
of the MPIE was planned by E.A. Jédgle with a focus on
additive manufacturing of aluminium alloys, but funding

of the initiative was not continued. Nevertheless, the col-
laboration established by the CRC between the MPIE and
the Leibniz Institut IWT spawned a joint research into the
development of high modulus steels [5], which is contin-
ued in a project on additive manufacturing of these novel
lightweight design materials funded by the German Fed-
eration of Industrial Research Associations (AiF).
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Damage controlled forming processes

C. Tian', L. Christiansen’, D. Ponge? G. Dehm’, C. Kirchlechner' 3
SN, 2 MA, 3Karlsruhe Institute of Technology (KIT)

Damage is not failure! But materials used in any techno-
logical application contain damaged sites. This is very
obvious for forming processes, where voids or micro/
nano-cracks frequently occur in metallic components.
They can deteriorate mechanical properties such as com-
ponent stiffness, strength and fracture toughness, finally
influencing the application performance and lifetime of
products. However, in traditional processing routes, the
damage generated by forming is not quantitatively con-
sidered and investigated. A common counter measure
is increasing the component thickness to accommodate
the uncertainty of safety potential, which goes against
the light weight and sustainability trend. Therefore, this
project aims at damage-predictable and -controllable
processing routes to fully exploit the materials’ service
potential and deal with the sustainability issue.

The research of the Transregio 188 bridges from mi-
croscale regimes up to meters and is divided into three
topics: forming processes, modelling and materials
characterization. The collaboration partners are RWTH
Aachen University, Technical University Dortmund, Bran-
denburg University of Technology, MPIE and KIT. At the
MPIE, we are engaged in resolving the local mechanical
properties of the constituent phases ferrite and marten-
site in two dual phase DP800 steels, and in physically un-
derstanding the damage initiation from a micromechan-
ical perspective.

=10
fua
gu.a

{110}
m {113}
{123}

a ——{110]

$04 —— {112}

do2 e L

E

5 D=3pm

OGS 150 200 280 300
CRSS [MPa

Fig. 1: A Mathematica drawn ferrite pillar according to the electron
backscatter diffraction (EBSD) orientation showing different slip
traces distinguished by colour (left). Cumulative distribution of
CRSS for slip plane families {110}, {112}, {123} (right) [1].

Through pillar compression tests, we are capable of in-
vestigating the plasticity of constituent phases, for in-
stance, identifying activated slip systems and respective
critical resolved shear stress (CRSS), as shown in Fig. 1.
By microcantilever bending as in Fig. 2, we can extract
fracture initiation toughness of damage sensitive sites,
particularly martensite islands in DP steels. Further, we

apply such characterization techniques as ECCI (electron
channelling contrast imaging) and APT (atom probe to-
mography) to resolve the influence of microstructure and
chemical composition on the resulting mechanical prop-
erties.

According to the research work of the first funding peri-
od, ferrite activates dislocation slip on {110}, {112}, {123}
plane families following Schmid’s law. The CRSS of the
three slip plane systems is found to be very similar with
values of approximately 150 MPa for 2 um sized micropil-
lars. Martensite islands, absorbing most of carbon with
roughly 3 at. % C, show a compressive yield strength up
to 3 GPa. A huge mechanical heterogeneity between the
two phases is quantitatively determined [1-2]. Marten-
site islands initiate fracture in an elastic plastic fashion
[3-4].
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Fig. 2: A representative force displacement curve for a beam show-
ing crack growth during the cantilever bending test (left). Necked
beam geometry contains martensite at the neck region (right).
Martensite in this DP grade has a carbon content approximately 3
at.%. J-integral curve can be extracted [3].

All these findings not only serve as input parameters for
crystal plasticity finite element modelling for our coop-
eration partners, but also contribute to a deeper under-
standing of damage initiation behaviour in dual phase
steels. This topic will be further studied in the second
funding period (2021 - 2024) and supported by novel
electrical resistivity approaches to sense damage.
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Non-destructive tomography with
sub-micrometre resolution

J.-B. Molin"2 L. Renversade?® J.-S. Micha? C. Kirchlechner'2

SN, Karlsruhe Institute of Technology, Karlsruhe, Germany, 3CRG-IF BM32 at ESRF, Grenoble, France

The XmicroFatigue project, funded by the German and
French Research Foundations (DFG-ANR), aims at devel-
oping a novel microscope for interlinking the mechanical
properties and the underlying and evolving defect struc-
ture in three dimensions, non-destructively with sub-mi-
crometre resolution. The microscope is primarily used
for investigating the fatigue damage evolution at a single
grain boundary during cyclic bending experiments.

Why do we need such a tool? Advanced characterization
techniques, like scanning electron microscopy (SEM) or
transmission electron microscopy (TEM), are either sur-
face sensitive or require an electron transparent thin foil.
Surface effects in dislocation mechanics, for instance
the presence of image forces, cause dislocation anni-
hilation at the sample surface, which significantly mod-
ifies the observed material behaviour. Non-destructive
synchrotron-based techniques offer a penetration depth
exceeding the mean free path of dislocations in advanced
microstructures considerable, and therefore allow for
monitoring the “real” mechanical response of materials
at the micron scale.

XmicroFatigue is based on a differential aperture x-ray
microscopy (DAXM) [1], which is combined with a load
frame being able to deform micron-sized samples in
displacement-controlled mode [2]. The microscope is
installed at our partner institute CEA Grenoble, which is
operating the beamline BM32 at the ESRF synchrotron.
A Laue pattern originating from a 1x1x1um?3 sized voxel
can be calculated from partially shadowed diffraction
patterns. Subsequently, the sample orientation, the den-
sity of geometrically necessary dislocations (GNDs) and
the deviatoric strain tensor can be mapped in 3D tomo-
graphically.

a)

Fig. 1: a) Schematic of the micro fatigue experiment on a single
grain boundary. b) Reconstruction of the grain shape and grain
orientation.

The microscope was successfully applied to analyse the
microstructural changes in the vicinity of a grain bound-
ary, which was located at the neutral plane of a focussed
ion beam (FIB) milled copper microcantilever. The sam-
ple was cyclically bent with 3D tomograms before testing,

after %, %, % and a full cycle. A sketch of the experimental
setup as well as a reconstruction of the crystal orienta-
tion is shown in Fig. 1. The two grains (separated by the
grain boundary) can clearly be seen in yellow and green.
Each cuboid represents a voxel with a size of 1x1x1 pm?.
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Fig. 2: Grain boundary angle before loading, after % and % cycles.
Note the significant change in grain boundary angle after % cycle,
which is partly reduced during back-bending.

Our experiments show significant cyclic slip-irreversibil-
ity during fatigue loading: before loading (0 cycles), the
grain boundary angle is 23.7 t0 23.9°. As soon as the sam-
ple is bent in one direction (1/4 cycles), GNDs are not only
stored in the grain interior but also enter the grain bound-
ary, resulting in a local drop of the grain boundary angle to
below 23° (blue region Fig. 2). After straightening the can-
tilever, most of the GNDs previously stored at the grain
boundary leave the grain boundary. However, in some
locations (light blue area) fatigue damage slowly accu-
mulates and GNDs are cyclically stored at the boundary.

The equipment developed within XmicroFatigue was
also successfully used for coherent diffraction [3] ex-
periments and to investigate the orientation spread in
nonporous gold [4]. The project was transferred to the
Karlsruhe Institute of Technology due to the appointment
of C. Kirchlechner in January 2020.
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Optical manipulation and coherent control of
low-dimensional electronic systems

A. S. Razzaq, S. Wippermann

Emerging energy conversion, storage and energy-efficient
computing technologies critically depend on understand-
ing and controlling the precise mechanistic details of
chemical reactions and their dynamics at the femtosecond
time-scale. Based on correlated experimental and simula-
tion techniques - a central focus at the MPIE - the German
Research Foundation (DFG) FOR 1700 research group con-
centrates on the exploration, manipulation and control of
one-dimensional (1D) electronic materials as well-defined
model systems in this context. It fosters networking activ-
ities between the universities of Hannover, Wiirzburg, Pad-
erborn, Osnabriick, Duisburg-Essen and TU Berlin, as well
as the ISAS Berlin, the FHI Berlin and MPIE. In the current
running period, additional collaborations have been estab-
lished with the MPI for Biophysical Systems, Gottingen, in
conjunction with the SFB 1073 - “Atomic scale control of
energy conversion”, and the IBS Center for “Low Dimen-
sional Electronic Systems”, Pohang.

FOR 1700 particularly targets surface-supported atomic
wires, featuring fascinating fundamental physical proper-
ties, such as electronic instabilities with associated phase
transitions, charge-density wave (CDW) formation and
non-Fermi liquid behaviour. The Si(111)-(4x1)In surface is
one of the most widely investigated systems in this con-
text. It exhibits a reversible metal-insulator transition into
a CDW ground state with (8x2) translational symmetry at
temperatures below T, = 120 K. This transition is of 1% or-
der, hampered by an energy barrier. We demonstrated that
the insulating and the metallic phases are able to coexist
at temperatures close to T, giving rise to a phenomenon
called electronic phase separation (EPS) and the forma-
tion of novel types of interfaces, such as metal-CDW junc-
tions [1]. The transition itself is driven by multiple soft pho-
nons with a strong coupling between electronic and lattice
degrees of freedom. Different superpositions of these
phonons transform the wires into structurally distinct but
energetically degenerate CDW states. As a consequence,
the CDW phase supports fundamental excitations that
take the form of interfaces between these degenerate
states, and that feature topological properties with asso-
ciated chiral edge states inside the CDW band gap.

For all these reasons, atomic wires are promising tar-
gets in order to develop and test coherent optical control
schemes inspired by concepts from femtochemistry. We
design suitable control schemes and explore how intense
light fields and femtosecond laser pulse sequences can
be used to guide the nuclear and electronic degrees of
freedom through their complex multi-dimensional po-
tential energy landscape into new states of matter. Fig. 1
shows an example at low temperatures, where a specific
CDW state is targeted with a fs laserpulse sequence and
optically switched into a supercooled metallic state.

Coherent Optical Contral:
'-‘-3'33: ight-induces guiding of nuclear and
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Fig. 1: Ground and excited-state potential energy surfaces (PES)
along a reaction coordinate, that transforms surface-supported
indium atomic wires in an insulating CDW state into a supercooled
metallic phase. Schematic structural models are shown below the
PES, where red balls indicate indium atoms. An optical transition
between the filled/empty electronic orbitals marked in blue/green,
respectively, excites a displacive shear motion, indicated by white
arrows, and thereby creates coherent oscillations of the wire struc-
ture along the reaction coordinate. A subsequent optical pulse
with a carefully timed delay At__ selectively drives the system over

the reaction barrier (in-phase excitation) or de-excites the system
(anti-phase exc.).

Our research activities focus on understanding outstand-
ing fundamental open questions in the context of low
dimensional electronic systems and benefit from mutual
insights obtained in different areas of interface chemistry
and surface science research at the MPIE. In order to fos-
ter exchange at aninternational level, in February 2019 we
conducted a three-day workshop at Ringberg Castle on
“Surface Science: The Past, Present and Future”, in order
to bring together leading scientists from the areas of low
dimensional electronic systems, surface spectroscopy
and strongly correlated systems.

On-going research explores how to further extend our
coherent control scheme to achieve mode-selective con-
trol over the individual soft phonon modes that drive the
various structural and electronic transitions inherent to
low-dimensional electronic systems.
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Hysteresis design of magnetic materials for efficient
energy conversion

B. Gault, D. Palanisamy, K. Schweinar, N. Polin, Z. Rao

MA
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Magnetic properties are, in
part, underpinned by the material’s microstructure and its
composition, yet much remains unknown of the relation-
ships linking these. As the importance of magnetic mate-
rialsis increasing worldwide, interest was growing across
the MA department to expand our research further into
magnetic materials [1]. We then initiated a collaboration
around the analysis of magnetic materials by correlative
transmission electron microscopy / atom probe tomogra-
phy with O. Gutfleisch from TU Darmstadt, a world-leading
expert [3, 4, 5]. We managed to measure the local compo-
sition at twin boundaries that help explain the magnetic
properties of 1:12 compounds, and demonstrated the im-
portance of the phase organisation and composition near
grain boundaries in pinning-type magnets, by an original
approach combining isotope-labelled hydrogen and atom
probe tomography.

0. Gutfleisch then invited to join forces and apply to the
German Research Foundation (DFG) for a collaborative
research centre joining TU Darmstadt and the University
Duisburg-Essen. The first phase of this Collaborative Re-
search Centre (SFB) TR270 started in January 2020. He
also now leads the De Magnete group at the MPIE (see
p. 25). The key motivation for this SFB TR is to advance
the understanding of the complex interplay between local
phase morphology and composition, structural defects,
and the hysteresis and magnetic properties of bulk mag-
netic materials.

A scientist in the atom probe group now performs primar-
ily atom probe tomography on novel materials developed
across the collaborative research centre, mostly target-
ing hard magnets. Based on these insights, we can es-
tablish the foundation for designing novel, sustainable
and efficient permanent materials. In parallel, we are also
contributing to the SFB by developing machine-learning
based data processing techniques facilitating the analy-
sis of these bulk permanent magnets [5].
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Research funding

K. Hiibel

Research Coordination Office

Professional support in research funding

The major goal of providing professional support in re-
search funding is to increase the career prospectives of
our scientists. K. Hiibel is providing expert advice on in-
ternational, European and national funding opportunities.
She gave advice on all kinds of funding from individual
(e.g. Humboldt Research Fellowship for Postdoctoral Re-
searchers, Marie Sktodowska-Curie Individual Fellow-
ships or ERC Grants) to project funding (e.g. Horizon
2020, German Ministry for Science & Education or Ger-
man Research Foundation). Furthermore, special atten-
tion was drawn to prizes and awards.

Competitive applications

Professional and administrative assistance was provided
for researchers throughout the whole process of appli-
cation. Support was given in identifying the right funding
scheme fitting to the scientific profile or project needs, in
proposal writing as well as in budget calculation.

Yearly, K. Hiibel is organizing together with V. Tegeth-
off from the Max Planck Institute for Radio Astronomy
(Bonn) and the National Contact Point ERC a Workshop
“Writing competitive ERC Starting and Consolidator Grant
proposals”. This workshop is a special offer to junior sci-
entists at Max Planck institutes in North Rhine-Westpha-
lia and always well attended.

K. Hiibel regularly gives a talk “Competitive Propos-
al Writing” in order to qualify the researcher for writing
high-quality, well-structured proposals.

Interview training

Especially applications for group leader funding often in-
clude interviews. Those are intensively practiced with par-
ticipation of the research coordinator, the PR officer (see p.
104) and of course experienced scientific colleagues.

Project management

Support in project management was also given. This in-
cluded assistance in setting scientific project reports as
well as in financial reporting. Project reporting was done
in close collaboration with the MPIE administration.

Career development

A special focus was set on the career development of
young scientists. This included not only finding the right
funding scheme that fits to their scientific profiles but
also strategic advice for their career development. K.

Fig.1: B. Gault (in front) received the Gottfried Wilhelm Leibniz
Award 2020. On the picture he is seen with his team ready to cele-
brate the award.

Hibel is supporting the researchers in doing a personal
strengths & weakness profile to find the right direction.
This includes also the option to use the respective skills
of each researcher in diverse fields around science (e.g.
research coordinator, consultant, founding a start-up).

In general, support was given to junior scientists work-
ing at the MPIE as well as to prospective junior scientists
planning to work at the MPIE. Together with the female
scientist mentor C. Scheu (see p. 96) special support
was provided to female senior postdoctoral researchers
as well as young group leaders on their way to become a
professor by giving focussed seminars on topics like sci-
entific CV, competitive proposal writing or group leader
funding.

Selected research funding (2019-2021)

B. Gault was awarded the Gottfried Wilhelm Leibniz Award
2020 of the German Research Foundation (DFG) which is
the highest German research award.

Y. Ma received the Walter Benjamin Grant of the DFG. He
was one of the first grantees awarded in frame of this new
funding scheme.

C. Scheu got funding from the Federal Ministry for Eco-
nomic Affairs and Energy: PAULL - Activation of ultra-long
lifetimes of fuel cells.

S.-H. Zwaka won the DFG competition on international
research marketing with her concept: Coffee with Max
Planck: Research Opportunities at the MPIE.
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Promotion of young scientists

K. Hiibel

Research Coordination Office

We are highly committed to promoting young scientists
at all career stages. The success of our intense coaching
and training initiative is outlined in the following:

Scientific honours and apprenticeship awards

In 2020, B. Gault was awarded the Gottfried Wilhelm Leib-
niz Award of the German Research Foundation (DFG). In the
same year, the MPIE was ranked first in Engineering Sci-
ences in the Humboldt ranking. It was also ranked 3™ place
over all sciences of non-university research institutions.
Between 2019 and 2021 our young scientists got more
than 50 prizes, awards and grants like the Walter Benjamin
Grant from the DFG. The great success of our research-
ers is also due to the expert support in writing competitive
proposals of our research coordinator K. Hiibel (see p. 95).
Also, our apprentices got honoured: from 2019-2021 they
were awarded twice with the Apprentice Prize of the Max
Planck Society (MPG) as well the Apprentice Prize of the
Chamber of Commerce Diisseldorf. In addition, our young
materials testers won the first place at the Innovationsse-
mester competition of the Wissensregion Diisseldorf e.V.

Scientific output

The success of our intense coaching and training initia-
tive is reflected by high scientific output: Between 2019-
2021 junior scientists were author for 4 Nature papers,
23 Nature Communications, 4 Nature Materials and 6 Sci-
ence Advances papers. Our young scientists are encour-
aged and financially supported to present their research
results in international conferences, which is in addition
supporting their networking activities and their recogni-
tion within the scientific community. During the Corona
pandemic, our young scientists continued to present their
research results in a variety of international virtual confer-
ences and learned how to communicate and network in
diverse online formats.

In the past 3 years, more than 20 of our scientists se-
cured international professorship appointments at lead-
ing research institutes and universities like the Imperial
College London/UK or the Karlsruhe Institute of Tech-
nology (KIT)/DE. We support our senior postdoctoral re-
searchers as well as our group leaders in doing their next
career steps. The directors are sharing their expertise on
selection committees for becoming university professor
by training the interview situation with the respective re-
searcher. Our research coordinator, K. Hiibel, is assisting
our researchers in career planning. C. Scheu is the “MPIE
Female Science Career Mentor”. Together with K. Hiibel,
J. Duarte (group leader), and S. Degner (gender equality
officer, p. 99) she supports female senior postdoctoral re-
searchers as well as young group leaders on their way to
become a professor. Between 2019-2021 5 of our female

scientists were selected to participate in the MPG Sign
up! programme preparing them for leadership positions.

Career talks from our network

A variety of lecture series have been set up to support our

young scientists in their career:

— Career talks by university professors who were MPIE
scientists formerly

— Alumni talks by scientists in industry and academia
organised by the imprs surmat

— ,Be your own boss - how to found a start-up”: sci-
entists who successfully started their own business
share their experience

Teaching and supervision

Teaching expertise and supervision activities are import-
ant prerequisites for an academic career. We encourage
our researchers to do both which is facilitated by our
collaboration with the Ruhr-Universitat Bochum and the
RWTH Aachen University. To prepare our young scientists
for lecturing, teaching rehearsals for postdocs were orga-
nized by H. Zhao to receive constructive feedback from
their colleagues.

From researchers for researchers

We convey the importance on acting in concert and of ef-
ficient interdepartmental research to our junior scientists
- a spirit which is fortunately taken over. Our PhD stu-
dents organize MPIE lectures, where the group leaders
and directors share their knowledge on different exper-
imental and theoretical methods to the audience. Also,
interdepartmental meetings are organized on a regular
basis to further develop our interdepartmental research
projects. In addition, the MPIE supports the PhD repre-
sentatives in organizing diverse soft skill trainings.

Science communication

The institute’s PR officer Y. Ahmed Salem (see p. 104)
is teaching our young scientists in communicating their
science to different target audiences. Researchers get a
PR coaching if they are invited to give an interview or if
a TV-movie is made to present their research. In 2020,
six researchers had the chance to explain their latest
publications in professional films. Five of our young sci-
entists won the communication award in frame of our in-
ternal video competition. They will explain our science to
a non-scientific public in professional videos and act as
science ambassadors. For this purpose they will receive a
professional training on storytelling skills. All videos will
also be published on our social media channels and serve
as outreach activity for the scientists’ CV.
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International Office

S.-H. Zwaka

Research Coordination Office

The International Office supports the MPIE's international
researchers in their relocation to Diisseldorf and during
their stay in Germany.

About 160 international researchers from more than 30
countries, mostly from outside the EU, conduct research
at the MPIE. S.-H. Zwaka supports them - in her function
as International Officer - from the moment they receive
their job offer onwards.

To ensure a smooth relocation to Diisseldorf, the Inter-
national Office assists with the visa process and keeps
close contacts to landlords of apartments near the MPIE
to help researchers find housing.

From the point of their arrival to the end of their stay, the
International Office is their point of contact regarding all
aspects of everyday life in Germany, including German
immigration law, social insurance, taxation, housing and
child care. Information is provided by personal consulta-
tion, via email as well as through the institute’s intranet.

In addition to the personalized information, the Inter-
national Office organizes events on topics relevant to
international researchers’ life in Germany. Events and
informative sessions held in the past were for instance:

“Welcome Coffee +", a get-together to better integrate
new international researchers.

“How to: Business trips”, an informative session on apply-
ing for and filing expenses for business trips.

“Info session on pensions in Europe and VBL’ held by
speakers from “findyourpension.eu”.

“International BBQ", the institute’s interdepartmental
summer party.

Sinceits startin 2018, the International Office has reached
out to the Welcome Center of the Heinrich Heine Universi-
ty (HHU) Disseldorf to allow for synergies in catering to
the needs of international researchers in Diisseldorf. The
MPIE's international researchers have since then been
admitted to participate in informative sessions organized
by the HHU'’s Welcome Center, such as:

“German Taxes”, a session on German income taxes.
“German right of residence”, a session of residence titles
held by a representative of the immigration office Diissel-
dorf.

The International Office also coordinates the participa-
tion in German courses for the institute’s international
researchers.

The German courses are held at the HHU and the expens-
es are covered by the MPIE. In cases where courses can-
not be taken at the HHU, there is the option to be partially
refunded for courses taken at private language schools.

The MPIE’s International Office is also part of the Max
Planck Society’s (MPG) International Office network
and the Euraxess Germany network. The participation in
those networks allows for quick sharing of information
regarding visa, immigration and social insurance law in
Germany. This has proven especially helpful during the
Covid-Pandemic, when legislation regarding international
travel changed quickly.

To ensure the smooth solution to complicated visa cases,
S.-H. Zwaka is also in touch with representatives from the
immigration office Diisseldorf.

To better accommodate the partners of international re-
searchers, the International Office refers them to Diissel-
dorf’s Expat Service Desk, where they can receive con-
sultation on job search in Germany. The service is free of
charge for qualified expats residing in Diisseldorf.

Coffee

v lLl

In 2019, S.-H. Zwaka was awarded the “International Re-
search Marketing prize” funded by the German Federal
Ministry of Education and Research (BMBF) for the con-
cept “Coffee with Max Planck”, a seminar series which
aims at recruiting talented young researchers to the
MPIE.
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PhD Representatives

R. Dsouza', L. Frommeyer? A. Gedsun? M. C. Paulantonio® S. Pemma?,
M. Poul, N. Samiseresht?, E. Woods?®

'CM, 2SN, 3MA, *GO

The PhD Representa-
tives are a group of
engaged PhD students
across all departments
at the MPIE. Our task is
to advocate for the in-
terests of PhD students
at the institute and to
build a strong network.

The external PhD
representative gets
elected each year and
represents the PhD
students of the MPIE at
the Max Planck Society.
We are involved in the
PhDnet, the platform
for all PhD students
across the Max Planck
Society, and closely
follow their activities.
The participation in the

by ¥ MIRE P‘.‘w---x.;—m:m.'-"&

PhDnet LERGURMAT

Fig. 1: PhD student events and collaboration [1-3].

PhDnet Survey and the

follow-up discussions about the survey results with both,
students and institute directors is an important collective
involvement towards better working conditions at the in-
stitute. We see our role as an essential contribution to the
PhD students, not only in their working life, but also to help
them together with the International Office in settling when
arriving from a new country/city, and in getting to know
our institute’s structure. We also organize social activities,
such as board game nights and welcome events for new
students. There, we inform newcomers about important
things to know in our institute and all aspects of local life.
Our online PhD portal provides the latest news around stu-
dent life and relevant administrative help, e.g., enroliment
at local universities and PhD defense procedures.

During the Corona pandemic, our social activities, meet-
ings, and lectures moved to online platforms. The PhD
Representatives organized an online prediction game for
the Euro 2020 involving all employees at our institute this
year. We are looking forward to a better situation where
in-person meetings can be easily planned and re-engage
in helping to organize our excursions, Christmas party,
and barbecue events. Moreover, we are responsible ev-
ery year for our Institute’s merchandise, ordering and dis-
tributing hoodies and T-shirts with our logo for everyone
interested in it.

We collaborate closely with the doctoral program of the
institute IMPRS-SurMat. Some of their events, like regu-
larly organized soft skill courses or excursions, e.g., the
visit to Thyssen Krupp steel plant in 2019, are also open
to non-SurMat PhD students.

The PhD Representatives have regular meetings with our
institute board of directors, group leaders, and the works
council where we discuss and address topics important
to our colleagues. Improving working conditions has
been one important issue in the last years. To this end,
we also organized an online meeting for all PhD students
with our administration department to explain different
contract conditions. One of our main future focuses will
continue to be the elimination of salary disparities that
exist among PhD students.

References
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Equal Opportunities/ Gender Equality

S. Degner

Administration

During the last three years the MPIE has consequently
worked on the realization of its gender equality plan with
the following main focus

1. reconcile the demands of family and career
2. raising awareness with regard on gender aspects

3. development of gender-responsive structures (e.g. re-
cruitment-processes)

In autumn 2020, S. Degner was re-elected as Gender
Equality Officer; a substitute could not yet be identified.

Here are the main measures - following our equal oppor-
tunities strategy - taken since 2019:

— parent-child-room, installed in spring 2020

— Gender Equality Office with fixed consultation hours
once per week

— promotion of gender & diversity awareness at all levels
(target group-oriented seminars and talks/ presenta-
tions)

— implementation of gender-equitable language: to be
used in all documents/ statements; further actions
taken for special target group by a programmed in-
struction

— accompanying female scientists on their academic
career path/ coaching since 2019 (with C. Scheu)

Excellent basic research and the promotion of young tal-
ents are the pillars that shape the work at our institute.
However female scientists often decide against a career
in academic research despite their talent and excellent
performance.

The promotion of women with regard to their profession-
al development is therefore one of the main areas of our
gender equality work. In addition, female scientists with
their professional achievements and innovative ideas will
be presented more visibly than before, both internally and
externally, in order to be perceived by all parts of society
as high achievers and high potentials and thus to be able
to act as role models and impulse providers.

For this reason, our institute has worked on several ap-
proaches to improve the existing situation.

C. Scheu, leader of the independent research group “Na-
noanalytics and Interfaces” is mentor for senior female
scientists. She is also member in our working group “fe-
male scientists at MPIE”, together with K. Hiibel, head of
the Research Coordination Office, J. Duarte, leader of the
group “Hydrogen Mechanics & Interfaces”, and S. Degner,
Gender Equality Officer. The group meets once per month
and focusses on improving the situation for female sci-
entists and to support them actively, e.g. by training of
interviews for becoming a group leader or professor. First
initiatives were:

A talk on “Obstacles in the scientific career of female
scientists - reports of experience” by a female profes-
sor (S. Korte-Kerzel) from RTWH Aachen University -fol-
lowed by intensive discussion- in February 2020. Target
audience were all group leaders (female and male) at the
MPIE.

InJanuary 2021, we realized a 2-day career seminar about
communication and leadership, which was very fruitful
and in consequence we established the “female scientist
lunch”. The group of mentees meets regularly to address
and discuss topics of interest for them, e.g. “Pregnancy
during my scientific career”. Furthermore, we had topics
like “Drafting a good scientific CV”, “Writing a competitive
proposal” or “Group Leader funding”.

In addition, awareness enhancing online events on the
following topics were held in 2020:

1. gender: “What does gender have to do with physics?”
talk with following discussion by T. Brage, Physics De-
partment, University of Lund /Sweden

2. diversity: “No sexuality please, we are scientists”
talk by B. Britton, materialist scientist from Imperial
College, London /GB followed by a discussion.

Both formats had a huge audience (about 80-90 partici-
pants) with an extended discussion afterwards, what has
shown the demand for these formats at our Institute.
Further action will follow in autumn 2021 aiming for eth-
nicity aspects and on (in-)visibility of female scientists
(papers, publications etc.)
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Family service

S. Degner’, S.-H. Zwaka?

1Administration, 2Research Coordination Office

With the aim of sup-
porting our employees
in maintaining a good
balance between fami-
ly and career, the MPIE
offers and further devel-
ops several measures
to better reconcile work
and family life.

One pillar is the
“pme-Familienservice”,
also contracted by our
mother organization, the
“Max Planck Society for
the advancement of Sci-
ence” (MPG).

The “pme Familienser-
vice” offers information
and support on different
aspects of childcare,
such as: Finding child-
care, emergency child
care in case of illness of
a child and au-pairs. It also offers a holiday programme
for the employee’s children to better bridge the time that
child care facilities are closed during holidays. Further-
more, it offers seminars on parenting and juggling career
& care work. The other subject of pme is covering elder
care aspects. Similarly, the “pme Familienservice” helps
to find nursing staff for elder care or places in a care-
home. The costs for counselling and mediation services
are borne by the institute.

opyright: pme Familensel‘.e-

To react to the corona crisis, the institute expanded the
family service contract on an online training and educa-
tion programme.

The second pillar of our support measures is the child-
care offer of the MPIE. Since 2017, the institute reserves
between two to four child care places per year in two child
care facilities near the institute for children aged one to
three years. This is especially useful for international re-
searchers moving to Germany with their families and for
those who are unfamiliar with the German childcare sys-
tem. To complement this, the institute also informs about
the German child care system and consults researchers
on how to find childcare in Diisseldorf, apply for public
child benefit as well as public parental allowance after the
birth of a child.

Young scientists can apply for the MPG childcare subsidy
for infants. PhD students and postdocs can submit their
applications to the MPIE to receive a subsidy of the costs
for créches, childminders or babysitters who provide an
official bill for their services. The subsidy funds up to fifty
percent of the costs - maximum 400 Euros per month. To
be eligible, both parents need to work a minimum of fifty
percent and toddlers should be aged between three and
twelve months.
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Corporate health management

C. Rogge

Administration

Excellent research needs excellent scientists. Excellent
scientists are highly qualified experts in their field. How-
ever, they can only utilize their potential when they are
healthy, motivated and happy in their job. Therefore, the
people’s health at the MPIE is a crucial factor for the sci-
entific success of the institute.

The responsibility of the corporate health management
(CHM) at the MPIE is to evaluate continuously the per-
sonal situation of the employees and their working envi-
ronment as well as their wishes and requirements. The
CHM-Team aims to preserve and raise awareness for
this important resource as well as harmonizing person-
al well-being with working conditions. Several measures
have been taken:

Since 2018 MPIE, Health Days are taking place to ensure
that all colleagues are informed about the activities of the
CHM and to raise the awareness for the importance of
healthy working conditions. Methods of health analysis
(posture diagnostics, back check analysis, body stability
test) and training for health improvements were offered.
Because of the Corona pandemic, the Health Days could
not take place in 2020 and 2021.

Fig. 1: Employees are taking part at a gymnastic unit to implement
easy exercises into their daily life. Gymnastic units are now offered
twice a week at the MPIE as a so-called animated break during work.

Corporate health management needs data

As targeted suggestions need data the CHM carried out
a survey on Psychological Stress at Work. There was a
good participation rate of 54 % out of 270 colleagues.
The overall results showed that the working conditions at
MPIE are predominantly rated as above average.

The following categories were emphasized

Attachment to the workplace/ job satisfaction
— Influence on the work

Development opportunities

Leadership quality
Trust/fairness/appreciation

The measures in the context of the Corona pandemic were
also rated very positively. There are areas that should be
investigated more deeply and that could be improved:

— Disengagement (doing work-related things outside of
work hours, being available at work during free time)

— Work-privacy conflicts

— Burnout symptoms/ inability to switch off

However, all three identified areas only slightly deviated
from the average.

Corporate health management initiatives

Due to the study several measures are planned or have
been already implemented e.g. a vaccination was offered.
The vaccination campaign was organized and accompa-
nied by K. Kudlich (Company Safety Officer).

The appointment of “health ambassadors” is planned.
The ambassadors shell keep contact and inform the
members of the different departments concerning corpo-
rate health measures.

Based on the finding that physical fitness is an import-
ant factor for the personal well-being, the following steps
were initiated:

— Motivational speeches with exercises “My moving
workplace” and “Ergonomics at workplace” by D.
Nyarko.

— Impulse lecture “My back and me”.

— Workshops e.g. concerning “Mental and physical
health at workplace” and “Healthy Leadership”.

— Prevention measures for stress relaxation in form of
exercises like Qigong/Daoyin, Tai Chi Chuan and back
training and relaxation.

The Fiirstenberg Institute offers free of charge psycho-
logical support in form of anonymous ad hoc one-on-one
coachings to MPIE co-workers.

In addition, the CHM supports the integration into em-
ployment of temporarily sick colleagues.
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Alumni networking

B. Kohlhaas

In over 100 years of MPIE tradition, thousands of employ-
ees have worked and researched in various areas and
departments, thus contributing to the institute’s success.

For many scientists, the Max-Planck-Institut fiir Eisenfor-
schung (MPIE) was an important milestone in their ca-
reer where they established scientific contacts and built
friendships. We take a great interest in the career of our
alumni and thus have created the MPIE alumni network.

Alumni - who are they?

Everyone who has worked at the Max-Planck-Institut fiir
Eisenforschung can join the alumni network.

For us at the MPIE, alumni encompass all former employ-
ees: experienced and junior scientists, colleagues from
the scientific support sector, “retirees” who continue to
be active in the field as well as former guest scientists
- in short: everybody who wants to stay in contact even
after their time at the Institute.

Alumni network - what is it?

In order to promote close contact and lively exchange
among former institute members and active staff, the
alumni network of our institute was founded in 2003 with
currently more than 1000 members from over 30 coun-
tries. Membership in the alumni network is free of charge.

Alumni membership — what are the benefits?

Our alumnirepresent an integral part of our network. They
are informed about MPIE-related news, events and activ-
ities via e-mail. Regular notifications, e.g. via the MPIE
newsletter or through social networks (LinkedIn, Twitter),
will keep them up to date on topics at the MPIE as well.

The alumni network offers opportunities for joint events,
publications and projects beyond the alumni’s time of
employment at the MPIE.

Other options for cooperation include guest visits, men-
toring or scientific collaboration.

Fig. 1: Networking at the 100 years anniversary (K. Velmans,
MPIE GmbH).

Alumni networking — what are the aims?

Our aim is to further expand the existing network in order
to continually strengthen alumni relations both with the
MPIE as well as among our alumni across fields of work
and generations, across national borders.

A network of this kind enables all of us to initiate and de-
velop cooperations; it brings about the involvement of
alumni in research and, last but not least, contributes to
career promotion.

Keep in touch
In addition to registration in our alumni database, alumni

are offered the following opportunities to network with
other MPIE alumni and to get actively involved:

MAX Intranet (MPIE)

by e-mail (alumni@mpie.de)

— Alumni news at https://alumni.mpie.de
Social networks (LinkedIn, Twitter, XING)
Max Planck Alumni Association e.V. (MPG)
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Sustainability in the work life:
Team Green and the we4bee project

B. Breitbach’, E. Gattermann?, H. Springer®

SN, 2RCO, 3MA, RWTH Aachen University

Every day, scientific progress at the MPIE advances our
understanding of materials aiming for a sustainable fu-
ture of our society. Equally important, however, is a sus-
tainable and ecological working environment. That moti-
vated us to launch our participation in the we4bee project
in 2019. The Team Green started its activities in 2020.

The we4bee project

The decline in the insect population as part of a biodiver-
sity crisis is starting to become noticeable in Germany.
Insects are not only an important part of the food chain
as a protein source for various animal species, but they
also occupy pivotal functions in the ecosystem, such as
the pollinating of plants. It follows that an adequate sup-
ply of food for mankind is directly dependent on a healthy
insect population.

Fig. 1: Bee house at the roof of hall 8. Cameras and high-tech
sensors explore the life of the bees.

An important first step to counteract this problem is to
raise general awareness of the topic of insects and bio-
diversity. Honeybees have a very positive image, mainly
due to their high pollination capacity, but also for their
production of tasty honey and useful wax. They therefore
represent ideal ambassadors for the insects as a whole.

This approach is used by the wedbee project, initiated
by the emeritus biologist J. Tautz from the Julius Maxi-
milians University of Wiirzburg. With the help of various
teaching, educational and research institutions, this proj-
ect aims to bring knowledge about honeybees and their

importance for our ecosystem to as many people as pos-
sible. The project provides beehives equipped with mod-
ern sensors to be set up at various locations. With the
help of the sensors, the most important data of the bee
colonies, as well as weather and environmental data are
collected. The members of the facilities take care of the
individual bee colonies on site. The data is recorded cen-
trally online by the University of Wiirzburg and then used
to clarify various scientific questions.

The MPIE applied successfully as one of the first hun-
dred locations at the start of the project in 2019. In July
2019, B. Breitbach, a technician at the institute and hob-
by beekeeper for many years, settled a colony of bees
on the institute’s premises, initially in a conventional
beehive to allow them to settle in. A part of the roof of
Hall 8 was chosen as the installation site, as the bees
are not expected to disrupt the institute’s operations and
vice versa. In December 2019, the beehive equipped with
scientific measurement technology was delivered. Since
the move of the bee colony into its new scientific home
in May 2020, the MPIE is contributing its data to the we-
4bee project.

The Team Green

The MPIE’s sustainability group set up in 2020 under the
name Team Green, and is part of the MPG'’s sustainabil-
ity network. The goal of the group is to help the working
environment at the institute become more sustainable
and environmentally friendly while making the work itself
more pleasant as well as supporting the local ecosystem.
The initiative is supported by the directors of the MPIE.

The first successfully implemented project of Team
Green was the introduction of consistent waste separa-
tion and the proper disposal of empty toner cartridges.
For this purpose, yellow garbage cans for packaging
waste were introduced, a collection point for empty toner
cartridges that is accessible to all employees was set up,
and corresponding informational material was published
on the institute’s intranet and on notice boards.

In 2021, part of the institute’s grounds will be re-vegetat-
ed with insect-friendly flowering plants. This will benefit
the insect population in general and the flying members
of the we4bee project in particular.

Other issues the group plans to address are mobility
(business trips and infrastructure for bicycles) and ener-
gy consumption.
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Public outreach

Y. Ahmed Salem

Research Coordination Office

Communication is getting faster, in-
terconnected and reaches more and
diverse people through nearly overall
available technology. The same ap-
plies to corporate communication,
which has to be at the pulse of time.
The MPIE's press and public rela-
tions has experienced a vast change
in the reporting period 2019-2021. It
reaches out to a broader audience
through newly set up social media
channels and responds faster and
more precise to evolving topics in re-
search and society through agenda
surfing. How does this happen?

Website and social media

Fig. 2: Behind the scenes — A. Garzon is explaining her research about catalysts. The film
is available on our YouTube channel.

The MPIE's website has been relaunched in 2020 to a
responsive design, which enables users to surf through
the website with any device without experiencing loss in
style or information. Moreover, the relaunch comprised
an update of the overall style to a more modern appear-
ance in accordance with the corporate design of the
Max Planck Society. The website now also comprises
so-called tag lists, which sum up all projects and news
about our hot topics sustainability (with the subtopic hy-
drogen), digitalization, microstructure-property relations,
innovative materials, materials under harsh environments
and advanced method development (https:/www.mpie.
de/4197842/key-topics). These lists are automatically
updated and serve e.g. journalists as easily accessible
sources of information.

The MPIE now also

hosts several social
media channels to
reach early career

researchers and stu-
dents. The aim is to
recruit new talents and
increase the institute’s
publicity. A Linkedin
channel was set up in
March 2020 with 3813
followers by December
2021, mainly from in-
dustry and academia.
The twitter channel,
which was set up in
April 2021, currently
has 481 followers and
our new YouTube channel (since July 2020) has 639 fol-
lowers. The Linkedin and Twitter channels do not only

| Vs =
Climate change is the most urgent
problem facing us right now, At
MPIE, | want to spend my energy, my
tirme on trying to find solutions for a
sustainable future.

Fig. 1: Linkedin post design for the
campaign “Women at MPIE”.

show adapted content from the MPIE's website, but also
highlight content which is not displayed on the website
as news or press releases. This content comprises e.g.
selected publications, job openings, and a new social
media campaign “Women at MPIE", which presents every
two weeks a MPIE female scientist and her path into re-
search. The MPIE YouTube channel presents videos made
by the PR of the institute, by the researchers themselves
or professionally made videos. This has been enforced
by a very successful cooperation with an external agency
funded through the Max Planck Society. The MPIE sci-
entists are selected by the PR officer and the directors
and get their own video interview highlighting one of their
recent publications. In 2020, a new recruiting film was
made highlighting some of our hottopics in research and
why it is worth working at the MPIE. Moreover, in 2021 the
PR officer organized an inhouse science video competi-
tion. The five winners R. Aymerich Armengol, R. Changizi,
A. El-Zoka, R. Hosseinabadi, and E. Ibrahim Saad will get a
storytelling and camera training in January 2021 and will
each be filmed presenting one of the key research topics
of the MPIE. They will act as science ambassadors for the
MPIE and can benefit from the films and training for their
CV and communication skills.

Corporate design

Design trends keep on changing and so does our corpo-
rate design. We have a new design since the end of 2020
with new templates for posters, presentations etc. and
with a new logo. The design is based on the corporate
design of the Max Planck Society (MPG) to be easily rec-
ognized as a Max Planck institute and support a strong
brand communication. The MPIE’s logo, which consisted
of the Minerva (logo of the MPG) and the symbol for iron
metallurgy, was adapted to the new funding scheme of
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Fig. 3: Development of the MPIE logo: left) from the beginnings till 2017 middle) from 2017 till 2020 to celebrate the 100 years anniversary
and right) in accordance to the new financial situation of the institute and the new corporate design.
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Fig. 4: Developments in metallurgy are now more needed than ever. The picture is an example of the
illustrations made by T. You, a graphic design student hosted by the PR.

2021). Besides the articles
in newspapers, two publica-
tions are worth mentioning:
an article about corrosion
published in the journal GEO
(October 2019) - a journal
that presents detailed doc-
umentaries about diverse
topics. And an article about
additive manufacturing
published in the MPG jour-
nal TechMax - a journal for
teachers and pupils (Novem-
ber 2019).

Internal communication

The internal communication
was characterized by the
crisis communication due to
the Covid pandemic and are-
launch of the intranet from a

the MPIE and comprises now only the Minerva (Fig. 3).
The PR now also hosts a student graphic designer, T. You,
who helps in creating new eye-catching illustrations (Fig.
4), which are especially helpful in social media communi-
cation. Moreover, the website design goes hand in hand
with the corporate design thus enforcing a high recogni-
tion value.

Press relations

The press relations of the MPIE consist of press releases,
short news, articles and other printed and online publica-
tions, which are written or supervised by the PR Officer.
Press releases are send out to journalists, published on
the MPIE website and on the idw, an online service offer-
ing latest news to a wider range of interested journalists
and people from industry and academia. They are also
summed up on our new social media channels. A special
publication is the MPG yearbook, where all Max Planck
institutes contribute with texts about their research. Only
15 out of more than 80 articles are selected by the MPG
and printed in a special highlight book, which is distribut-
ed to politicians. The MPIE’s texts were selected twice in
the reporting period for this special highlight book with
texts about additive manufacturing and sustainable al-
loys. The MPIE’s research is getting more attention, also
from TV and radio channels. We had 2 interviews for TV
broadcast, one about our we4bee project (September
2020, see p. 103) and one about green steel (July 2021);
and one radio interview about iron aluminides (June

self-maintained platform to
the platform provided by the MPG. The Covid pandem-
ic made it necessary to provide up to date information
on all regulations published by the German government
and adapted in the institute like home office rules, travel
regulations, vaccine possibilities etc. These regulations
were distributed via email to the MPIE staff and collected
on the intranet. The PR also summed up all regulations
in a FAQ and supported the MPIE board in answering all
evolving questions, especially during the first months of
the pandemic.

The intranet relaunch took place in August 2021. The idea
was to have an easily accessible platform for all MPIE
members to get information on internal matters and the
services and information provided by the MPG. The new
intranet is now the gateway to the whole Max Planck
world. Main MPIE services and contact persons are pre-
sented and the respective persons in charge of a certain
topic can maintain their intranet pages by themselves.
This was possible through trainings for all persons who
present information on the intranet and guarantees that
the available information is always up to date and does
not depend on the availability of the PR officer.

Events and special guests

The PR organized several live events before the beginning
of the Corona pandemic. We had three KopfSalat events,
which is a series taking place twice a year at the MPIE and
inviting speakers from all fields of research to give gener-
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ally understandable talks to
a broad public with the aim
to foster the popularity of
the institute in and around
Disseldorf. Nobel Prize
Winner S. Hell (Max Planck
Institute for Biophysical
Chemistry, Géttingen) gave
a KopfSalat talk in April 2019
about advanced micros-
copy. S. Zaefferer (MPIE)
gave a talk about crystals in
metals in September 2019
and T. Bertram (Technical
University Dortmund) about
self-driving cars in February
2020. The talk of S. Zaef-
ferer took place in frame of
the Disseldorf Researchers’
Night, where the MPIE also
presented its work on addi-
tive manufacturing and on
measuring material proper-

Fig. 5: M.J. Duarte Correa is explaining her research on hydrogen resistant coatings to S. Kaufmann,
delegate of the Federal Ministry for Education and Research in September 2020.

ties. Moreover, the doctoral

researcher A. Dutta participated at a science slam and
won the second prize. The Girls Day was organized for
March 2020, but did not take place due to the Covid pan-
demic. However, the institute was able to participate for
the first time at the Pint of Science event in May 2021,
which took place online with the MPIE researchers B.
Bellon, U. Giider and V. Devulapalli. In cooperation with
the MPG, D. Raabe was also able to give two online talks
on sustainable metallurgy in November 2020 and March
2021 targeting a broad public.

The PR also organized several lab tours for students, sci-
entists and politicians like a tour for a student group from
South Dakota, USA, and for delegates of the Korean Steel
Association, both in January 2019. Furthermore, several
politicians concerned with sustainability and hydrogen
economy were invited to the MPIE, like S. Kaufmann, del-
egate of the Federal Ministry for Education and Research
for green hydrogen.

A special project: historical review

The MPIE celebrated its 100 years anniversary in 2017.
In preparation for this anniversary, an agency special-
ized on history reviews was tasked to research about
the institute’s history. During this research, the agency
discovered unknown insights into the years of Nazi oc-
cupation. These insights were the reason to begin a new
project about the events during this critical phase of the
institute. In coordination with K. de Weldige and Y. Ahmed
Salem, the agency studied diverse archives and finally
summed up all findings in a publicly available wiki and a
detailed manuscript, available on demand. The wiki of-
fers detailed information on persons, historic events and
research of that era. The wiki is available on the MPIE's
website: https://www.mpie.de/4026021/geschichte. It is
also planned to organize a KopfSalat talk with the histo-
rians to inform people transparently about the past hap-
penings and thus educating future generations.
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Department of
Computational Materials Design (CM)

J. Neugebauer

Scientific Objective and Department Structure

The research activities of the department Computational
Materials Design rest on three pillars: (i) development and
implementation of advanced ab initio guided methodolo-
gies and algorithms, (ii) application of these tools to ad-
dress fundamental materials science questions, and (iii)
utilization of these insights to explore and identify nov-
el strategies in materials design and synthesis. Based
on these pillars fundamental mechanisms controlling
the microstructure, the properties and the synthesis of
a wide variety of materials, ranging from metallic alloys
over semiconductors for optoelectronic and high-power
electronics to electrochemical systems, could be — often
in close collaboration with our experimental partners at
the MPIE - successfully studied.

In the reporting period several major successes have been
achieved: Our recent developments in advanced numeri-
cal/physical algorithms, machine learning and automat-
ed workflows opened the opportunity to study structurally
and/or chemically complex materials systems that were
until recently out of reach for ab initio based simulation
methods. Examples are compositionally complex mate-
rials consisting of four or more chemical species [1-14;
see p. 210, p. 194, p. 208 ], electrochemical interfaces as
relevant for corrosion or energy conversion [15-18; see p.
224,p. 69, p. 198], the structural, mechanical and chemical
interplay at crystal defects resulting in defect phases [19-
24; see p. 192, p. 196, p. 206] and the impact on mechan-
ical properties [25-27; see p. 194] and the mechanisms
controlling the resolution and interpretation of advanced
experimental techniques such as, e.g., atom probe to-
mography (APT) [28-31].

Many of these applications became only possible by sys-
tematically extending our in-house developed materials
science integrated development platform pyiron [www.
pyiron.org; see p. 72; 32-36]. In the last three years py-
iron has evolved as a highly efficient tool that provides
and combines all steps occurring in the development and
application of our advanced simulation techniques. The
expertise gained by developing pyiron as well as its rapid
prototyping, data handling and high performance com-
puting capabilities brought the department into an ideal
position to successfully initiate and join large scale dig-
italization projects in industry and academia. Examples
are the National Research Data Infrastructure (NFDI)
initiative (see p. 81), which aims to establish a unified re-
search data infrastructure for universities and academic
research organizations, or the Platform MaterialDigital
(see p. 80), which wants to provide such an infrastructure
for industry. It also helped to establish large scientific

networks such as the Collaborative Research Centre on
defect phase diagrams (see p. 76) by providing the nec-
essary data and workflow infrastructure. Many of the sci-
entists working in these projects are highly active in the
further development of pyiron. They formed a board of
core-developers that together with external developers
outside MPIE introduces, supervises and directs the im-
plementation of new features, simulation tools and ontol-
ogies.

This newly developed expertise in big data analytics,
machine learning and software engineering made the
department attractive for scientists interested in com-
bining this expertise with materials science concepts and
changed partly its scope and composition. It also allowed
the department to successfully extend the powerful con-
cepts developed in previous years. Examples are the ex-
tension on the fully ab initio computation of key thermo-
dynamic quantities such as free energies from unaries
to compositionally complex alloys [19-20, 27, 37-45], the
transition of labour intensive computations into a fully
automated approach to determine precise melting tem-
peratures [36], a correction schema to enable accurate ab
initio calculations of the technologically highly relevant
class of semiconductors exhibiting spontaneous polar-
ization [46)], or to model the impact of the extreme electric
fields occurring in atom probe tomography [28, 47].

Utilizing machine learning concepts together with the
above simulation techniques also opened a new class of
joint activities with the other departments to boost ex-
perimental resolution and interpretation. For example,
these techniques have been successfully used to achieve
chemical resolution for field ion microscopy (FIM) mea-
surements (see p. 220), to reveal solute-vacancy interac-
tion in APT [29] or to design a fully automated segmen-
tation algorithm for atomic resolution microscopy [30].

The rapid prototyping capabilities, the interactivity of py-
iron, and the ease to create automated workflows also
enabled the department to develop and implement new
group activities to handle the restrictions imposed by
social distancing measures due to the COVID-19 pan-
demic. The traditional department retreat was replaced
in 2020 by a three-day hackathon, where small groups
consisting of 3-6 scientists were identifying challeng-
ing materials science simulation topics and were jointly
developing, coding, and testing algorithms and tools in
interactive sessions. This first hackathon was so suc-
cessful, that many of the participants proposed to make
this aregular event. As a result, 3-5 groups with changing
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participants organize weekly two-
hour hackathons on various topics,
where members of the department
develop, program and discuss new
simulation tools and algorithms (see
p. 216). Also, based on the success
and the grass-root organization of
these meetings a Journal club has
been established, in which key ideas
of selected publications are not only
discussed, but actually implement-
ed and tested. The highly interactive
character of these meetings, enabled
e.g. by Jupyter notebooks and pyiron,
helped us tremendously in integrat-
ing new members of the department
when home-office was enforced.

Many of the breakthroughs achieved
in method development [15-17, 46-
60], application [52, 61-71] or design
[72-83] became only possible by
combining the individual expertise
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Fig. 1: The CM department (2021)

developed by the groups in the de-

partment. Examples are the development of algorithms
that combine spin-constraints and highly efficient atomic
relaxation techniques (Freysoldt group) with high-per-
formance statistical ab initio thermodynamics sampling
approaches (Grabowski and Hickel groups). These algo-
rithms and techniques are implemented in pyiron (Hick-
el and Huber groups) and applied to complex materials
such as high-entropy alloys (Kérmann group; see p. 55)
or defects/surfaces and their phases (Hickel, Huber,
Lymperakis, and Todorova groups). Also, combining the
individual group expertise resulted in powerful new con-
cepts and simulation tools, allowing to extend available
DFT (density functional theory) codes such that they de-
scribe a new level of physics and phenomena. Examples
are the development of a thermopotentiostat to realisti-
cally model the impact of extreme electric fields present
at electrochemical interfaces (Wippermann (GO), Freyso-
Idt and Todorova groups), a new approach to boost size
convergence for materials exhibiting spontaneous po-
larization or piezoelectricity (Todorova and Lymperakis
groups) or to describe atomistic and electronic structure
phenomena occurring at cutting edge experiments and
that impact their resolution (Freysoldt in collaboration
with Gault (MA) and Liebscher (SN) groups).

The high international visibility of these developments
and studies opened prestigious job opportunities for
several members of the department. The head of the “Ab
initio Thermodynamics group” and ERC Starting Grant
Awardee (see p. 51) B. Grabowski, accepted a profes-
sorship position at the University of Stuttgart in 2019.
L. Lymperakis, who is heading the group “Growth Mod-
elling” received a professorship position at the Universi-
ty of Crete. T. Hickel, head of the “Computational Phase
Studies” group, accepted a position as division head at
the Federal Institute for Materials Research and Testing,
BAM. To strengthen the collaborations and links between
BAM and MPIE, with a particular focus on digitalization

topics and large scale networking projects (see p. 80 &
81), he holds now a 50% position at both MPIE and BAM.
S.-H. Yoo successfully applied for an Energy for Future
(E4F) Postdoctoral fellowship - an initiative of the Hori-
zon 2020 MSCA-COFUND Programme - to go to Imperial
College London. J. Janssen, the lead developer of pyiron,
graduated with distinction (summa cum laude) and start-
ed a PostDoc position at Los Alamos National Lab.

In the last period two new groups have been established:
L. Huber started in 2019 a group on the “Thermodynam-
ics and Kinetics of Defects” (see p. 41). In Fall 2021, E.
Bitzek, formerly professor at the University of Erlan-
gen-Nirnberg, established a new W2 group on “Micro-
structure & Mechanics” (see p. 37). His expertise e.g. in
large scale atomistic simulations, fracture mechanics
and mesoscale approaches ideally complements the
electronic structure and atomistic expertise already ex-
isting in the department and opens exciting new links to
the other MPIE departments as well as to external collab-
oration partners.

To foster collaborations with leading experts worldwide,
members of the department actively engaged ininitiating
and organizing international workshops and symposia.
Due to the Corona restrictions many of these were online
workshops: Examples are two hands-on workshops uti-
lizing pyiron. In one workshop with more than 250 partic-
ipants it was shown how atomistic free energy calcula-
tions can be combined with CALPHAD concepts to obtain
phase diagrams. Another hands-on workshop with ~100
participants was used to demonstrate all steps necessary
to generate modern machine-learning potentials. Also,
our successful biannual workshop series on “Ab initio De-
scription of Iron and Steel” (ADIS; T. Hickel) took place
in November 2020. C. Freysoldt was co-organizer of the
BiGmax summer school, a MPG funded initiative to boost
machine learning concepts in materials science. Further-
more, several symposia at international conferences like



Fig. 2: The last in-person retreat of the CM department took place in October 2019
in Domburg (NL) with participation of colleagues from ICAMS and the TU Delft.
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tive and prestigious research grants. Z.
Wang received a FP-RESOMUS Postdoc-
toral Fellowship. M. Todorova was award-
ed with the Boost! Programme of the MPG
that provides substantial funding and
resources to propel the carrier of MPG
group leaders. S. K. Bavajigari received a
Humboldt Fellowship in Fall 2021.

Due to the expertise of the department
in developing tools for big data analytics
and advanced data storage with focus on
computational materials science mem-
bers of the department became highly
active in national and international com-
munity activities related to digitaliza-
tion in materials science. T.Hickel and
E. Bitzek are heading the NFDI-MatWerk
Task Areas “Workflows and Software
Development” and “Materials Data In-
frastructure”, respectively. T. Hickel and
J. Neugebauer are Members of the Plat-
form MaterialDigital Steering Committee.
J. Neugebauer also served as an elected

the DPG (J. Neugebauer, F. Kérmann, M. Todorova) and
MSE (L. Huber) were organised. M. Todorova organized in
Spring 2021 a virtual retreat together with partner groups
at ICAMS (Ruhr-Universitat Bochum) and Delft university
consisting of presentations and interactive hands-on ses-
sions. (see p. 247).

The high quality and visibility of their research enabled
members of the department to receive highly competi-

member of the DFG review board (Fac-
hkollegiat) Materials science (until Summer 2020) and
was elected into the supervisory board of the Karlsruhe
Institute of Technology (KIT). Together with G. Eggeler
(Ruhr-Universitat Bochum) he is also the speaker of the
new Max Planck Research School on Sustainable Metal-
lurgy (SusMet) starting in Jan. 2022 (see p. 74).

In the following, a brief overview of the activities and re-
search highlights of the groups in the department is given.

Research groups

Computational Phase Studies (T. Hickel)

The group “Computational Phase Studies” is devoted to
the physics of (meta)stable thermodynamic phases in
metals as well as transitions between them. Its major vi-
sion is an ab initio based prediction of thermodynamic
bulk and defect phase diagrams, being directly related to
many technologically relevant properties and processes
in metals. Over the last three years, the group made again
substantial progress in developing methods and applying
them to advanced material systems. This applies in par-
ticular to the following fields of research:

— The desire to push ab initio thermodynamics to its lim-
its, to resolve, for example, the coupling of thermody-
namic, chemical and mechanical degrees of freedom,
the stabilization of structural modulations, the life
time of quasiparticles, or hitherto unclear features in
experimental data.

— The prediction of phase stabilities next to extended

defects, such as grain boundaries, stacking faults and
interfaces.

— The chemo-mechanical coupling during precipitate
growth in structural materials, such as steels and Al
alloys.

— The application of the developed thermodynamic
methods to novel functional material systems.

— The development of generalized workflow solutions
that make the simulations in the above-mentioned
fields transparent and reproducible.

The research in the group is more and more character-
ized by digitalization strategies within the department
and well beyond. The main motivation for the group is
to convey the innovative methodological developments
from one project to the other and to provide a flexible
environment that allows a quick adaptation to new ideas
and concepts. The integrated development environment
(IDE) pyiron is ideally suited for this purpose. Its philoso-
phy and success have already been outlined before (see
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p. 72). Particularly relevant in the context of the group is
the deployment for the complex simulation protocols re-
quired for ab initio thermodynamics.

One of the fundamental concepts of pyiron is to consider
data and workflows as a unity. In this way the FAIR (find-
able, accessible, interoperable, reusable) data policies,
which are pushed forward by national and international
consortia, are automatically fulfilled. The philosophy of
pyiron is, therefore, a cornerstone of large-scale nation-
al initiatives like Platform MaterialDigital (see p. 80) and
NFDI MatWerk (see p. 81).

To ensure the sustainability of the digitalization activities
the group head (T. Hickel) received the offer to start a
second employment at the BAM Federal Institute of Ma-
terials Science and Testing. His intention is to establish
another centre for the development of workflows in mate-
rials science at a place that has the strategic mission of
the government to ensure standards, quality, and safety in
materials science. At the same time, BAM offers the op-
portunity to spread the developed digitalization concepts
within one institution to a large number of stakeholders
from different disciplines in materials science, including
multiscale simulations and experiment, but also the inter-
face to chemistry and engineering. BAM has the potential
to give Platform MaterialDigital, NFDI-MatWerk and the
workflow solutions therein a long-term perspective and
operation centre, well beyond the funding period of these
initiatives. In order to build up these new scientific and
strategic developments at BAM, T. Hickel had to reduce
his employment and time budget at MPIE to 50%, starting
from 1 August 2021. Altogether, a substantial part of the
group resources in the last three years has been invested
in these digitalization activities.

In the field of ab initio thermodynamics, the previous
achievements in handling all entropy contributions to the
Gibbs free energy with highest-possible accuracy have
been used to investigate the coupling of different degrees
of freedom. One highlight was the prediction of phonon
lifetimes, resulting from the interaction of phonons with
other phonons [48], with chemical disorder [60], and with
magnetic disorder [37] (A. Glensk, B. Dutta). These stud-
ies emphasize the dominance of local effects such as the
anharmonicity of local pair interactions [48] as well as
fluctuations of the local chemical environment [60]. The
consideration of local magnetic fluctuations has revealed
that the assumptions of a spin-space averaging approach
are for realistic materials and time scales sufficient, to de-
scribe their phonon spectrum [37] (B. Dutta).

Our approaches in ab initio thermodynamics have
strengthened the ab initio guided calculation of phase di-
agrams. As part of the efforts towards a third generation
of Calphad databases, novel concepts for a parametri-
zation of the solid phase beyond the melting point have
been investigated for Al alloys [38] (A. Glensk). Further-
more, an assessment of magnetic models has been per-
formed by a comparison with ab initio based Monte-Carlo
simulations for hard-magnetic materials [72] (H. S6zen)
and the applicability of empirical rules has been tested
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Fig. 3: Comparison of experimental (open squares) and theoreti-
cally computed (filled circles) c/a ratio of Fe-C alloys as a function
of C concentration at room temperature. Calculations with (green
circles) and without (orange circles) considering anharmonicity
have been compared. Figure adapted from [26].

such as Neumann-Kopp in a temperature regime where
anharmonic vibrations are relevant [39] (A. Gupta). Re-
cently, thermodynamic approaches have been applied
to predict the stability of chemically complex carbides
(L. Sreekala). In addition, the thermodynamics of binary
Fe-Mn alloys has been extended to machine learning ap-
proaches to handle the complexity of magnetic interac-
tions in metallic alloys [62] (0. Waseda).

The thermodynamics of defects is a third major topic of
the group that substantially gained importance after the
establishment of the CRC1394 “Structural and chemical
atomic complexity” (see p. 76). The extension of the con-
cept of bulk phase diagrams to defect phase diagrams is
one of the major visions of these activities [19]. Substan-
tial breakthroughs in the development of these concepts
have been achievement in the context of stacking faults
in an off-stoichiometric Fe,Nb Laves phase [20] (A. Zen-
degani). We have transferred the established convex hull
representation to a phase diagram as a function of chem-
ical potentials and have included the coherency strain as
an additional degree of freedom (see p. 192). These con-
cepts are currently extended to other material systems
such as Mg alloys (A. Tehranchi, P. Mathews) and Al al-
loys (P. Chakraborty, A. Aslam).

The thermodynamics of defects in magnetic materials
is particularly challenging due the different time scales
of magnetic fluctuations and atomic relaxations. Taking
this properly into account, has a substantial impact on
the atomic relaxation next to vacancies and therefore
the vacancy formation and migration energies [40]. The
decisive role of planar defects has also been investigat-
ed in magnetic materials, where the presence of twin
boundaries has been found to substantially reduce the
size of magnetic domains in MnAl Heusler alloys [63] (O.
Hegde).



Several investigations have again been devoted to mech-
anisms in structural materials. One of the outstanding
findings, is related to the competition between interstitial
ordering in Fe-C alloys and the segregation to extended
defects such as dislocations (Fig. 3). We have predicted
an effective decrease of this segregation for high intersti-
tial concentrations, which was confirmed by atom probe
tomography [26]. Other works are related to the kinetics in
these materials as, for example, the multicomponent in-
terdiffusion in Ni-Al alloys [60]. The research on hydrogen
embrittlement of structural materials was boosted by an
European RFCS grant on the “Hydrogen interaction with
retained austenite under static and cyclic loading condi-
tions” that is coordinated by T. Hickel. One outstanding
finding within this project is the change of phase sta-
bilities due to the presence of hydrogen (A. Tehranchi).
Similarly, the interplay of hydrogen with carbides in steels
has been investigated (L. Sreekala, Fig. 4). A fruitful col-
laboration with the group of B. Gault within the ERC proj-
ect SHINE (see p. 50) has led to amazing insights into the
competition of precipitates and grain boundaries in the
hydrogen embrittlement of Al alloys (P. Chakraborty).

Fig. 4: Research strategy for exploring chemical trends in the sol-
ubility of H in complex Fe-Cr-Mn carbides taking the chemical and
structural complexity into account. The employed machine-learn-
ing approach is based on fundamental insights obtained from
density functional theory.

The computational design of functional materials was
on the one hand devoted to hard-magnetic alloys. Using
the example of CeFe,,Ti revealed that the high-through-
put optimization of certain key descriptors needs to be
combined with an analysis of the phase stability of these
alloys [45]. Based on these insights, we have analysed in
an upcoming work, how this stability can be influenced by
alloying elements (H. S6zen). On the other hand, a similar
approach has been applied to Fe-based superconduc-
tors. Here, the delicate interplay of magnetic and van-
der-Waals interactions have been used to describe the
structural stability and the consequences for supercon-
ductivity in FeSe alloys [49]. This provided us the chance
to systematically explore the impact of alloying elements
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such as S and Te on these properties (F. Lochner). In this
way, we were able to demonstrate the relevance of our
thermodynamic methods for novel materials and innova-
tive applications.

Defect Chemistry and Spectroscopy
(C. Freysoldt)

The group “Defect Chemistry and Spectroscopy” works
on atomic-scale simulations of electrical charging phe-
nomena by means of ab initio methods, and develops
state-of-the-art methods and concepts for this purpose.
Additionally, the group is growing towards machine-learn-
ing from the rich data sets produced by the key experi-
ments at MPIE, notably electron microscopy and atom
probe tomography.

The performance of functional energy materials - opto-
electronics, solar cells, power electronics, batteries etc.
- is intimately linked to where the electrical charges are
stored at the atomic scale, and which processes are en-
abled or hindered at the relevant sites. Ab initio electronic
structure theory is the decisive work horse for predic-
tive simulations, but very challenging in practice due to
the coupling of electronic effects at the local scale with
macroscopic fields created far away, or artificially intro-
duced by the modelling approach. While the group had
long concentrated on the role of point defects in bulk
materials, this has been gradually broadened to include
surface- and interface effects, which are often of cen-
tral importance in devices. This long-standing expertise
is shared with other groups (Todorova, Wippermann) to
support their innovations in electrochemical simulation
techniques [15; see p. 69].

In the area of point defects, the group engages in vari-
ous international collaborations. The recently developed
charge correction scheme for surfaces and interfaces
[50] has enabled investigations of defects in 2D materi-
als in collaboration with R. Hennig (University of Florida),
notably in MoS, [65]. Based on an initiative by Y. Kumagai
(Tokio Institute of Technology), the charge correction
scheme for bulk defects was further extended to vertical
excitations in ionic materials [51]. The group's reputation
is further underlined by the fact that several students
from abroad recently secured funding for short- and long-
term visits, which will take place once the pandemic sit-
uation permits.

The simulations of surfaces under extreme electric fields,
such as encountered in atom probe tomography (APT) or
field ion microscopy, have now been firmly established.
M. Ashton, Alexander von Humboldt awardee, not only
revealed a field-controlled two-stage evaporation path in
field evaporation [28] (Fig. 5), but also addressed the puz-
zling behaviour of H in APT. The group maintains close
bonds to the experimental APT group (B. Gault) and aims
at deepening the understanding of field evaporation mech-
anisms from a DFT perspective (S. Katnagallu, since July
2021), as well as establishing an ab initio theory of field
ion microscopy (S. Bhatt, PhD student since May 2021).
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Fig. 5: Visualization of field-controlled two-stage field evaporation
paths of tungsten [28]. The red balls visualize the barrier position
at different applied fields. A kink site atom may first roll up the step
(lower set of barriers), and then evaporate from the step-position
(upper part). At fields above 4 V/A, the upper barrier vanishes

and the kink atom undergoes direct evaporation from its original
position.

All these method developments would not be possible
without the SPHInX package [84] as the code framework,
which continues to be enhanced by the group. In addition
to strengthening the integration with pyiron to exploit the
latest features of the SPHInX DFT code, a complete re-
writing of the algebraic core classes and partial reorgani-
zation of the physics code base has been undertaken in
2020 to overcome existing limitations, improve the main-
tainability, adopt a modern C++ standard, and simplify fu-
ture extensions. This was released as SPHInX 3.0. In this
context, significant efficiency gains for the k.p module
could be realized (collaboration with 0. Marquardt, Wei-
erstral-Institut Berlin).

As a new direction, triggered by the Max Planck network
on Big-data driven material science (BiGmax, see p. 82),
the group has started to explore machine-learning from
the huge experimental data sets produced in electron
microscopy and atom probe tomography. The unique
opportunities coming from data-rich, yet noisy experi-
mental signals that exhibit recurrent, but fuzzily defined
patterns will require automated analysis tools that exploit
material science domain knowledge. In electron micros-
copy (see p. 222), an efficient and robust segmentation
of atomic-resolution images and videos, based on crys-
tal symmetry descriptors was developed (N. Wang) [30].
Moreover, by adopting the idea of physics-informed neu-

ral networks it was demonstrated that a coarse-grained,
very compact phase-field representation can be extract-
ed from in-situ STEM time series (video sequences) of
phase transformations and evolution (N. Wang, now L.
Sreekala).

These activities have been further extended in the frame-
work of the newly established Helmholtz Data Science
School for Life, Earth, and Energy (HDS-LEE), which MPIE
has joined as a partner institution. Embedded in the in-
stitute’s strategy to push forward sustainable metallurgy,
the first project aims at designing scrap-compatible Al
alloys to increase the fraction of recycled Al, thus leverag-
ing CO, emission from Al production from primary sourc-
es. The fate of unintentional alloying elements from un-
sorted scrap and the impact on mechanical performance
is based on data mining from thermodynamic databases
as well as from atom probe tomography. For the latter,
a largely automatized workflow for detailed precipitate
analysis was established (A. Saxena) — and immediate-
ly found applicable to entirely different material classes
(Fig. 6).

Fig. 6: Automatic identification of precipitate phases via clustering
in compositional space (upper image: black, red) in an APT data set
from Fe-doped SmCo magnets, and subsequent segmentation into
individual precipitates via DB-SCAN. APT data from N. Polin (MA).

Thermodynamics and Kinetics of Defects
(L. Huber)

The “Thermodynamics and Kinetics of Defects (TKD)"
group headed by L. Huber since 2019 focuses on the be-
haviour of defects -- grain and phase boundaries, disloca-
tions, and point-defects at the atomic scale using classi-
cal, quantum, and machine learned representations. An
example of this work, a defect phase diagram, is shown
in Fig. 7. Since its inception, the group has had two MSc
students graduate: R. Dsouza studying the impacts of
anharmonicity on diffusion (“Fully anharmonic self-dif-
fusion coefficients using the Finite Temperature String
method”, RWTH Aachen, Dec. 2020), and V. Bhuva study-



ing atomic clustering behaviour (“Algorithms for optimal
chemical ordering “, Universitat Passau, Sept. 2021). R.
Dsouza has continued in the group pursuing his doctorate
with a focus on anharmonic contributions to free ener-
gies. In Feb. 2020 M. Poul also joined the group as a PhD
student. His work lies within our collaborative research
centre CRC1394 with RWTH Aachen (see p. 76) and is on
developing machine learned potentials suitable for com-
plex phases and solute-defect interactions. The scope
of research activities within the TKD group is given more
completely on page (see p. 41).

Members of the TKD group are also heavily involved in
the development of the CM department’s open-source
pyiron IDE (see p. 72). In September 2020 the group hired
N. Siemer as a full time software developer. As part of
his work to bring pyiron beyond atomistic simulation and
make it relevant for our experimentalists, he has worked
on a graphical user interface (GUI) for pyiron and collab-
orated with our experimentalist colleagues to develop
comprehensive metadata schemes for digitalizing over
22 different experimental activities, e.g. TEM measure-
ments, tensile tests, and various sample preparation rou-
tines. L. Huber and N. Siemer, together with M. Poul, were
also heavily involved in the evolution of pyiron from a sin-
gle monolithic package to a collection of modules, each
with its own specialization and all with state-of-the-art
continuous integration/continuous development (CI/CD)
workflows. Since this split the TKD group has contributed
to various specialized modules, e.g. incorporating finite
element codes to bring pyiron into the regime of continu-
um mechanics (L. Huber), and powerful streamlining for
the architecture pyiron uses for data storage and retrieval
(M. Poul). R. Dsouza and V. Bhuva's scientific work is also
fully integrated with the pyiron environment. In particular,
R. Dsouza along with L. Huber and a collaborator at Mon-
tan Universitat Leoben developed a generic scheme for
workflows on directed cyclic graphs.

In addition to digital infrastructure, TKD members are
involved in a variety of organizational and social infra-
structure activities. R. Dsouza and M. Poul represent the
CM department to MPIE's PhD student board, and L. Hu-
ber serves on the research data management team for
CRC1394 and MPIE TeamGreen (see p. 103). M. Poul has
also been particularly active in workshop organization,
helping to coordinate and execute both the RUB ICAMS
POTENTIAL workshop [85] and a pyiron workshop on cal-
culating phase diagrams [86]. M. Poul and R. Dsouza also
acted as teaching assistants in J. Neugebauer’s recur-
ring electronic structure course and L. Huber facilitated
a series of hands-on simulation sessions for a graduate
level course at RWTH Aachen in the winter semester of
2020/21.

Microstructure and Mechanics (E. Bitzek)

The new group of E. Bitzek (see p. 37) on “Microstruc-
ture and mechanics” ideally complements the expertise
already present at CM and strengthens the departments
activities regarding mechanical properties and failure of
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Fig. 7: Top: A grain boundary phase transition in Al by classical
molecular statics. Bottom: An simplified defect phase diagram for
the same boundary in an Al-Mg alloy as function of temperature
and Mg chemical potential.

Fig. 8: Superdislocation interacting with precipitates obtained

by APT of a superalloy. The colour represents the resolved shear
stress acting on the superdislocation caused by the lattice misfit
of the precipitates, which can affect the strengthening mechanism
by decoupling the superpartial dislocations [87].

materials. With its background and its methods, the new
group can directly contribute to research throughout the
departments, as has been already demonstrated by sev-
eral collaborations. Collaborations with groups working
on high entropy alloys and concentrated solid solutions,
high temperature materials, hydrogen in materials, nano-
mechanics and nanostructured materials are expected to
lead to synergies with the microstructure and mechanics
group. Additionally, the new group broadens the scope of
MPIE by including new classes of materials like bulk ox-
ide, polymer or metallic glasses, and strengthens its activ-
ities in research data management and the NFDl initiative.
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Electrochemistry and Corrosion
(M. Todorova)

The “Electrochemistry and Corrosion” group aims at un-
derstanding how interactions with the environment affect
and modify materials and their properties. Hereby, the
strong focus on corrosion and electrochemical process-
es, where solid/liquid interfaces play a central role, con-
tinuously challenges the use of conventional techniques
and drives us to extend existing methods and/or develop
new approaches, enabling us to gain an in-depth atomis-
tic understanding of the physical and chemical processes
taking place at surfaces and interfaces (Fig.9). Particular-
ly fruitful in this context was the close collaboration with
the groups of S. Wippermann (GO) and C. Freysoldt (CM)
leading to the development of a novel thermopotentiostat
scheme (see p. 69), which allows for a realistic descrip-
tion of electrified solid/liquid interfaces [15].

Reactions at solidliquid interfaces under app ied

Fig. 9: Reactions at solid/liquid interfaces under realistic
conditions of applied bias. The voltage is applied between two
electrodes (yellow and cyan balls), which sandwich the water
electrolyte (oxygen: red, hydrogen: white). Calculated reactions
and reaction paths occurring at the interface are highlighted.
Left: H, evolution on Pt(111). Right: Mg dissolution under anodic
conditions.

Exploring the connection between applied potential and
water interactions with solid surfaces the work of S.
Surendralal [16] provided fascinating insights into the
H/H,0/Pt(111) system und led us to re-evaluate existing
models of water-metal bonding, Fig. 10 (see p. 224). We
continue with this work by evaluating the energetics of
the system, investigating both free energy profiles gained
from the performed ab initio molecular dynamics calcu-
lations, as well as the impact a change in the hydrogen
chemical potential has on the H coverage at the surface.
Recently, the work was extended to the consideration
of a more open surface orientation Pt(100) by Z. Wang.
In both cases, we closely collaborate with the group of
Prof. R. K. Campen (University Duisburg-Essen) exploring
spectroscopic signatures to gain a better understanding
of mobility and reactivity at and of the surface.

The award of a FP-RESOMUS fellowship (see p. 86) to Z.
Wang enables him to address very fundamental ques-

tions related to charge transfer reactions, which are at the
heart of any electrochemical process, at solid/liquid in-
terfaces. Using model systems, he explores, for example,
the interaction between solvation shells or the change in
water screening properties during a dissolution process.
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Fig. 10: Top: Charge density difference showing the charge redis-
tribution in the H/Pt(111)/H,0 system. Side view of the charge dis-
tribution of a water molecule chemisorbed on top of a Pt atom with
respective charges Dq obtained by integration over the volumes
indicated by the red dashed lines (left). Top view of the charge
redistribution for different coverages of co-adsorbed H (middle,
right). Bottom: Conventional model for chemisorbed water-metal
bonding (left) and revised model, based on our findings (right).
Adapted from [16].

Further work concerned with the transfer of electrons in
the context of electrochemical reactions was carried out
in collaboration with the group of D. Marx (Ruhr-Universit&t
Bochum) within the Cluster of Excellence RESOLV. S.Yoo
utilised alignment techniques commonly used in semicon-
ductor physics, to identify the mutual position of relevant
energy levels with respect to each other. This allowed elu-
cidating the role of electron transfer between a surface
oxygen vacancy on TiO, and an adsorbed Au nano-cluster,
highlighting the importance of considering the dynamic
nature of the cluster and providing fascinating insights
into the catalytic activity and reactivity of this system [17].

During our investigations related to the role of point de-
fects in the growth of oxide barrier layers during corro-
sion, we realised that materials like ZnO, important in the
context of the corrosion protection of steels, suffer some
limitations in the description of their electronic structure.
S. Yoo tracked this back to the presence of spontaneous
polarizations, which is not accounted for by conventional
passivation schemes used when modelling semiconduc-
tor surfaces. This led us to develop in collaboration with
Prof. C. Van de Walle (UCSB, USA) a robust generalized
passivation method that accounts for the effect of spon-
taneous polarization for pyroelectric materials and cor-
rectly describes the asymptotic bulk limit [46].



While ab initio techniques are a prerequisite to obtain an
accurate description of the electronic structure during
processes triggered by interactions with the environ-
ment, they impose restrictions like, e.g., system size or
achievable time scales. Aiming to overcome these and
other limitations, and further improve the realism of our
models in describing processes at electrified solid/liquid
interfaces, we closely collaborate with the group of S.
Wippermann (GO). During weekly hackathon sessions we
explore various ideas and directions aiming to overcome
such limitations, and/or explore new directions.

The use of thermodynamic concepts and various flavours
of defect phase diagrams have always been an integral
part of the activities in the “Electrochemistry and Corro-
sion"group. The establishment of the CRC1394 (see p. 76)
has recently intensified these activities, which are carried
out in close collaboration with the groups of C. Scheu
(SN), T. Hickel (CM) and L. Huber (CM). S.K. Kanachari
Bavajigari focuses on the solid solution of Ca and Al in a
Mg matrix. Constructing surface and interface Pourbaix
diagrams, i.e. thermodynamic diagrams providing infor-
mation about the stability of phases depending on the
electrode potential U and the pH of the solution, he ex-
plores the connection to the chemical potential variations
of the involved species. His recently obtained Alexander
von Humboldt postdoctoral fellowship will allow him to
explore the atomistic mechanism of the role of Fe in Mg
corrosion. E.l. Saad, who looks into routes for efficient
free energy calculations, supports these activities.

Thermodynamic modelling and surface phase diagrams
have also proven extremely valuable during the course
of recent collaborations with the group of B. Gault (MA).
They enabled us to explain the role of H as a contaminant
in Atom probe experiments [59] (see p. 198) or account for
different conditions employed to synthesise Pd nanopar-
ticles. In close collaboration with the groups of B. Gault
(MA), T. Hickel (CM), C. Scheu (SN) and 0. Kasian (GO) we
were able to gain amazing insights into the contamination
of nanoparticles during synthesis [18] and its impact on the
catalytic activity of such particles (see p. 198 & 184).

Growth Modelling project group
(L. Lymperakis)

The growth modelling project group focuses on the epi-
taxial growth and the properties of semiconductors,
nanostructures, and 2D heterostructures by means of
ab-initio based simulations. Within the reporting period
L. Lymperakis is Co-Pl of an EU and BMBF co-funded
project (UltimateGaN: Research for GaN technologies,
devices and applications to address the challenges of
the future GaN roadmap) and a DAAD (Deutscher Akade-
mischer Austauschdienst) funded project (Strain Tuning
of 1lI-V Semiconductor Nanowires, TUNE). Topics ad-
dressed by the growth modelling group include, but are
not limited to surfaces and extended defects in materials
for power- and opto- electronic applications, synthesis
and properties of novel llI-Nitride ternary alloys, and in-
terfaces in Silicon.
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Group IlI-Nitrides constitute one of the most important
families of semiconductor materials with technological
applications in the fields of energy efficient optoelectron-
ic and power electronic applications. Crystal defects, in
particular dislocations constitute a long-standing contro-
versial topic in these materials. Although highly efficient
optoelectronic devices operate at dislocation densities
as high as 108 to 10'° cm2, GaN-based power electronics,
a key component in future smart grid power applications,
is severely affected by them. Dislocation and associat-
ed V-pits, i.e., structural defects which are formed when
dislocations pin a surface or an interface, have been pro-
posed to be the root cause of device leakage and break-
down and are considered to be one of the major limiting
factors in achieving the full potential of nitride-based
power electronic devices. An intriguing feature of these
defects is that experimental evidences suggest that they
are associated with open core structures, thus forming
nanopipes with diameters of a few nms.

The formation of both nanopipes and V-pits is the re-
sult of a complex interplay between strain energy and
surface energies. A necessary prerequisite to control
the formation and the properties of these defects is to
derive the surface energies of low index semipolar and
nonpolar planes with respect to the energy of the (0001)
GaN surfaces. In a first step, S. Yoo developed a novel re-
construction inspired passivation scheme that allows to
unambiguously investigate the energetics and electronic
properties of semipolar surfaces of semiconductors with
a singular polar axis [52]. This scheme is generic and ro-
bust and can be straightforwardly employed in first prin-
ciples investigations of low-symmetry surfaces as well
as in high-throughput and/or machine learning studies.
Based on this scheme S. Yoo calculated the surface ener-
gies of low index GaN planes and constructed a Wulff dia-
gram as well as a 'V-pit’ phase diagram, which describes
the equilibrium size and shape of V-pits as a function of
the ambient growth conditions. This diagram reveals that
under typical growth conditions, the GaN polar planes
are intrinsically unstable against the formation of V-pits
with equilibrium lateral sizes up to a few tenths of a nm at
sites where screw threading dislocations reach the sur-
face. The defect formation is driven by the preferential
decoration of the surfaces by hydrogen, which reduces
the surface energies.

The formation and the properties of dislocation induced
nanopipes in lll-nitrides was investigated by combining
first principles with large scale empirical potential calcu-
lations (see p. 190). Based on these calculations we con-
structed a dislocations’ phase diagram which describes
the energetically most favorable core structures as func-
tion of the growth conditions. A general trend that emerg-
es from the aforementioned phase diagram is that nano-
pipes are energetically favorable under technologically
relevant growth conditions. Although nanopipes exhibit
large free surface areas which increase the energy, they
can be energetically favorable if the surface energy is
compensated by the core and strain energy of the materi-
al removed to create the open core dislocation. Under the
aforementioned conditions the cation and anion dangling

O
o
3
°
c
=
)
=2
o
=}
o
<
)
=
®
=,
o
»
O
@
@,
@)
S




MAX-PLANCK-INSTITUT
FUR EISENFORSCHUNG GmbH

c
A=)
@
)
o
B
©
=
[9)
&
©
=
©
c
o
)
©
&
=
o
(S
[e]
(@)

—_
N
o

bonds at the open core inner surfaces are passivated by
NH, molecules and H atoms, respectively. This reduces
considerably the surface energy and the formation of
nanopipes with hexagonal cross section and equilibrium
diameters ranging for =1 to =2 nm is energetically favor-
able. The formation of nanopipes has important implica-
tions for the efficiency and reliability of power electronic
devices: Nanopipes and the associated inner surfaces
constitute efficient paths for impurities diffusion and of-
fer high density of active sites for incorporation.

Using its strong expertise in ab initio techniques and
compound semiconductors, the group was instrumental
in performing a wide range of joint computational and
experimental studies. Examples are studying the opto-
electronic properties and carrier confinement in InGaN
quantum structures [66], strain engineering to achieve
high In content InGaN Quantum Wells [67] (in collabora-
tion with the Leibniz Institute for Crystal Growth, Berlin),
the substitutional synthesis of sub-nanometer InGaN/
GaN quantum wells [68] (in collaboration with the Aris-
totle University of Thessaloniki, Greece and the Helm-
holtz-Zentrum Dresden-Rossendorf, Dresden), the inves-
tigation and design of novel Al, Si,,;N,, compounds [69]
(in collaboration with the Université Cote d’Azur, CRHEA-
CNRS, France), or unravelling the mechanism leading to
semi-insulating Carbon doped GaN [70] (in collaboration
with Infineon Technologies Austria).
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Fig 11: Interface phase diagram showing the most stable interface
reconstructions and orientation (faceting) as function of the GB
inclination angle in silicon. The solid black curve indicates the
boundary between GBs having an asymmetric (A) - or symmetric
(S)-{112} facet. The cross-hatched area denotes the stability region
of the higher energy S-{112} facets. The black shaded area marks
the region of geometrically inaccessible facet periods and inclina-
tion angles. Inset: Schematic representation of a 33 tilt GB (dashed
line) inclined with respect to {111} faceted toward {111} and {112}
facets. Right panel: Relaxed atomic geometry of the S-{112} and the
A-{112} GB viewed along (110). Adapted from [21]

Applying its deep expertise on surfaces the group ex-
tended its activities in the investigations of interfaces in
polycrystalline materials. In multi- and polycrystalline Si,
the base material in today’s photovoltaic industry, grain
boundaries (GB) severely impact device performance. GB
faceting severely impacts their behaviour. The mecha-

nisms underlying faceting of GBs in Si were investigated
by employing DFT and MEAM (Modified Embedded Atom
Method) potential calculations [21]. The picture deduced
by our calculations contradicts the common perception
that the properties of faceting are merely driven by the
anisotropic GB energies. Although anisotropic GB en-
ergies are a prerequisite for GB faceting, higher energy
metastable GB phases are stabilized by thermodynamics
and not kinetics when constituting the facets at line junc-
tions (Fig 11). This insight has implications for the design
of electronic and structural materials: Microstructures
that allow for large facet periods stabilize line junctions
accommodated by dislocations. In contrast, fine granu-
lar structures that limit facet periods promote line junc-
tions without extended line defects and long-range strain
fields.

Complex Concentrated Alloys (CCA)
project group (F. Krmann)

The “Complex Concentrated Alloys (CCA)" research
group of Fritz Kdrmann, established back in 2018 (see p.
55), aims in particular at the method development and
application to complex concentrated alloys [8] including
the prominent class of high entropy alloys (see p. 210, p.
194, p. 208).

Machine learning potentials — method development

Akey achievement within the last years has been the com-
bination of modern machine learning interatomic poten-
tials (MLIPS) with ab initio calculations [1-4]. Two kinds of
MLIPS have been applied to the challenging class of mul-
ticomponent alloys. One is the low rank potentials [1, 3, 4],
a highly efficient on-lattice potential, suitable to explore,
in combination with Monte Carlo simulations chemical
orderdisorder transitions in multi-component alloys [1, 3,
4]. It can account for local lattice relaxations, which can
qualitatively alter the computationally predicted ordered
phases [1]. Short-range order, which impact on materials
properties is currently attracting significant attention,
can be readily computed. Applications include prototyp-
ical bcc NbMoTaW and AINbTiV alloys [1,4] as well as re-
cently discovered [73] ultra-strong fcc VCoNi alloys [3].

The second type of MLIPS are the moment tensor po-
tentials (MTPs), fitting accurately energies, forces and
stresses. Based on thermodynamic integration, highly
accurate free energies, including anharmonic contribu-
tions can now be computed for multicomponent alloys,
outperforming previous empirical potentials [2]. In com-
bination with active learning [41] and novel structural
descriptors [74], these potentials can be used to explore
wide composition and temperature ranges to predict
temperature-compositional phase diagrams such as the
omega-bcc-liquid stability in bee TiZrHfTa alloys [41].

Selected applications

The vast compositional phase space and chemical com-
plexity of multicomponent alloys offers possibilities to
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Fig. 12: (a), (b) Difference in the
Stacking Fault Energies (SFEs) of
quinary Cr,,Mn,Fe Co,,Ni, CCAs
compared to a reference alloy

magnetic and in the (b) antiferro-
magnetic states obtained from ab
initio calculations [75]. Triangle
symbols show the experimen-
tally investigated compositions.
Two reference alloys, namely,

the Cantor alloy (square) and
Cr,,Mn,,Fe,,Co,Ni, (circle), which
is known to show transformation
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induced plasticity (TRIP), are also
shown. The colors of the symbols
show the dominant deformation
behavior of the corresponding
compositions; orange and red are
for TRIP and twinning induced
plasticity (TWIP), respectively.

(c) Comparison of mechanical
responses of three investigated
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Fig. 13: Graphical representation
of the active learning schema
used to design Machine Learning
Moment Tensor Potentials for
bce multicomponent alloys [41].
(I) Configurations (cfgs.) are
sampled from MD trajectories
Training () Sampled configurations are

}‘ set shortlisted based on the MaxVol
criterion [41]. (Ill) After assigning
DFT energies/forces/ stresses
they are appended to the training
set. (IV) Training of a new MTP
able to “work” in larger configu-
rational space. This procedure is
repeated until no new configura-
tions are sampled from the MD
trajectory.
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tune alloy composition for improving intrinsic materials
properties. Key ingredients in this respect are, e.g., local
lattice distortions and atomic level pressures [7, 10,12] as
well as stacking fault energies [75, 79, 80] (see p. 194 &p.
208). Based on high-throughput calculations and careful
consideration of magnetic effects, the intrinsic interplay
of magnetic entropy and chemical composition has been
revealed for Cantor based fcc alloys, allowing to develop
in cooperation with our experimental colleagues a num-
ber of new transformation and twinning induced plasticity
high entropy alloys [75]. Interstitial alloying introduces a

further challenge due to the immense phase space of lo-
cal chemical environments. New thermodynamic statisti-
cal methods were developed to account for this allowing
to predict the impact of interstitial elements for fine-tun-
ing the alloys stacking fault energies [5, 13, 81]. Further
opportunities are in the field of precipitation-strength-
ened CCAs [14, 82]. To improve the magnetic proper-
ties tuning with non-magnetic elements [82] as well as
spinodal composition has been introduced as design
concepts for CCAs [76] showing that in combination with
ab initio predicted energetics, the magnetic properties

Cr,,Mn,,Fe,,Co,Nig in the (a) para-
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such as Curie temperature and saturation magnetization
can be readily improved (see p. 210). Also surface sta-
bility of CCAs has attracted enormous attention recently
as potential game changers in heterogeneous catalysis,
showing much higher catalytic activities as simple rule
of mixture would suggest. Recent research efforts are
therefore also devoted to study surface segregation and
stability of various CCAs [22, 9].
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Department of
Interface Chemistry and Surface Engineering (GO)

M. Rohwerder’, J. Neugebauer? (provisional department head)
GO, 2CM

Introduction

The Department of Interface Chemistry and Surface Engi-
neering (GO) is mainly focussing on corrosion and electro-
chemical 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 to-
wards new or better, energy saving and efficient, cheaper
and longer lasting materials for applications as structur-
al (in particular steels and other alloys) and functional
materials, e.g. for fuel cell catalysts, pre-treatments and
smart coatings amongst others. The department currently
hosts four research groups. The different groups focus on
high-throughput methods and the development of combi-
natorial methods in adhesion science and electrochemis-
try, on characterization of electrified interfaces by comple-
mentary 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 simula-
tion. We combine electrochemistry with a surface and
interface science approach, and in most projects we com-
plement both, experimental studies on atomically well-de-
fined 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.

Of crucial importance in the last three years was to sta-
bilize the department. Since the head of the department
M. Stratmann, took over as president of the Max Planck

Society in June 2014 and is officially on leave from his
position at the MPIE, significant changes took place in the

Research Groups

Science
*  Functional Coatings,

Healing

Process Technology

Fig. 1: Current research portfolio and expertise.

Scientific Interests

*  Electrochemical Surface

*  Catalysis and Corrosion
Surfaces and Interfaces, Self-

«  Fundamental Research on
Surface and Coating Related

department. M. Rohwerder took over the coordination of
the department and J. Neugebauer (head of the depart-
ment “Computational Materials Design”) acts as tempo-
rary head of the department. Most notably the number of
research groups shrank quickly from six in 2014 to two
in 2019. However, the research group of A. Erbe (Optical
Spectroscopy) remained very active as a guest group un-
til end of 2019, and the one of K. Mayrhofer (Electrocatal-
ysis) t00, to be followed by the very active guest group of
0. Kasian (Dynamic Electrocatalytic Interfaces, until end
of 2021). In 2020 the early career research group “Spec-
troscopy at Electrochemical Interfaces” was established
in the GO department as joint research group of the MPIE
and the cluster of excellence RESOLV (www.solvation.de)
located at the Ruhr-Universitdt Bochum (RUB). The group
uses interface spectroscopic methods to study solvation
and other dynamic effects on solid surfaces interfaces
(see p. 45). By establishing this new group important ex-
pertise could be regained.

The department is actively participating in various col-
laborative research efforts with internal and external
partners. An important example is the German Research
Foundation (DFG) Cluster of Excellence “Ruhr Explores
Solvation” (RESOLV), which is centred at the RUB'’s Fac-
ulty of Chemistry and Biochemistry. Our contributions to
solvation science in RESOLV focus on the role of solvents
in electrochemical reactions, and solvation of interfaces
(see p. 86).

With its versatile experimental and theoretical expertise
(Fig. 1) the GO department is in the unique position to as-
sist and promote also diverse industrial research espe-
cially in investigating the underlying fundamental elec-
trochemical reaction mechanisms and kinetics.
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For instance, the electrochemical oxygen reduction reac-
tion (ORR) - a key process in corrosion as well as energy
conversion - has been the focus of several joint research
projects in the department aiming at a fundamental un-
derstanding of its mechanism for better control in corro-
sion 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 op-
erando spectroscopic experiments. In the reporting peri-
od besides 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 (see e.g. “Electrocataly-
sis” and “Spectroscopy at Electrochemical Interfaces”
reports below). The knowledge obtained in the funda-
mental research on electrochemical key reactions such
as oxygen reduction and oxygen evolution play a crucial
role in helping us to unravel practical problems met in in-
dustrial applications or processes such as in corrosion,
batteries and fuel cells.

Several research projects focus on industrial process-
es such as pickling and alternative surface treatments.
A special collaborative interest of the institute is hydro-
gen in steel. The activities in this field have been further
enhanced, complementing experimental and theoretical
methods in cooperation between the departments play

Fig. 2: Part of the GO department with M. Stratman during an
excursion at the department retreat at Ringberg Castle in 2021.

an important role. In the GO department in particular the
Scanning Kelvin Probe and Scanning Kelvin Probe Force
Microscopy were further developed in combination with
complementing techniques to uniquely and directly de-
tect hydrogen in steel and even through zinc-based alloy
coatings.

Scientific Concepts and Broader Impact

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

Electrochemical sciences

Fundamental research on electrochemical interfaces is a
key activity within the GO department as an in-depth char-
acterisation of these interfaces or interphases is of indis-
pensable importance for a full mechanistic description
of electrochemical processes in the key areas corrosion
and electrocatalysis. In the recent years extensive col-
laborative experimental and theoretical work focussed
especially on the electrochemical oxygen reduction re-
action (ORR), a fundamental electrochemical reaction
relevant in both corrosion as well as energy conversion
processes. At metal surfaces the ORR is the cathodic
partial reaction 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 im-
proving 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 according ab initio simulations. Comparison
with experimental results, however, is difficult, because

reliable experimental in situ data for instance of reaction
products are difficult to obtain from the electrochemi-
cal double layer region, which is buried from most sur-
face analytical techniques by a layer of bulk electrolyte.
Thus, experimental feedback is more or less missing.
Of increasing importance here is our surface science
approach for fundamental investigation of electrode
surfaces. This is a long-term research topic within the
department. For this we have developed a novel method-
ology that allows to fully control not only the potential of
electrodes covered by just ultrathin electrolyte layers, but
also to measure the full current density-potential correla-
tion (1(U) curves) for electrochemical reactions such as
oxygen reduction on that same electrode. This methodol-
ogy is based on combining Kelvin probe with a hydrogen
permeation experiment, which allows for the first- time
direct measurement of e.g. the oxygen reduction kinetics
at the buried interface, first performed and proven to work
in a modified Devanathan-Stachurski set-up where at the
exit side the potential was measured instead an oxidation
current density. These electrodes are just covered by ul-
trathin electrolyte layers denoted by us as “electrodes in
the dry”. The humidity of the environment can be adjusted
to different partial pressures of water, thus adjusting the
exact thickness of the electrolyte layers. This novel ap-
proach enables us to control the structure of the double
layer in a so far unimaginable way. For instance, under full
potential control electrodes with double layers containing



water in the sub-monolayer range can be realized and still
the full current-potential dependence for electrochemical
reactions such as oxygen reduction can be obtained. For
the first time this should make a fully controllable elec-
trode accessible for analytical techniques for in operando
investigation without any restrictions, as for instance sur-
face analytical tools such as near ambient pressure x-ray
photoelectron spectroscopy (NAP-XPS) and infrared spec-
troscopy. In accordance with the importance of the oxygen
reduction reaction for the department, the main activities
of the current research focus on this reaction. However,
most of this work so far has been carried out on palladium
terminated surfaces. Hence, besides investigating ORR on
such electrodes, also very fundamental research on the
general applicability of the “electrode in the dry” concept
on different electrode materials, such as Pt, Ir and Ay, is
carried out (see “Corrosion” group report below).

This experimental part of our activities on electrochem-
ical sciences is accompanied by work in the atomistic
modelling group where in cooperation with the CM de-
partment a novel approach to control the electrode po-
tential was developed, that can be used equally well to
perform empirical or ab initio molecular dynamics simu-
lations (see “Atomistic Modelling” group report).

Many of the research projects allocated in the field of
electrochemical sciences are closely related to the
DFG-funded Cluster of Excellence RESOLV with the RUB.
One example is the “electrodes in the dry”, but the main
activities are carried out in the MPIE-RUB early career re-
search group “Spectroscopy at Electrochemical Interfac-
es” (see below and p. 45).

Corrosion

The aim of the department is to obtain fundamental in-
sight into corrosion mechanisms with the aim to develop
advanced countermeasures.

During the last three years the corrosion research of the
department covered a wide range of topics in the areas
of aqueous and atmospheric corrosion processes and
their inhibition, covering both fundamental and applied
aspects. A key technique for corrosion research remains
the Scanning Flow Cell (SFC). Using the SFC system with
downstream analytics such as mass spectroscopy or
UV-vis analysis allows electrochemical high-throughput
screening and characterization of corrosion properties of
material samples. This method, which was developed in
the GO department, has become a routine technique for
corrosion research and was applied on a wide range of
materials, also in the last three years.

The investigations by SFC are mainly focused on the
fundamental active dissolution kinetics. Atmosphere
change experiments in the Kelvin Probe, on the other
hand, are providing information primarily about the reac-
tivity of the surface oxides of the as prepared samples
and to some extent the initial stages of long-term perfor-
mance, depending on the exact exposure conditions and
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the duration of the experiments. One example is the per-
formance of zinc alloy coatings. The effect of changes
from oxygen free to oxygen containing atmospheres and
back on the potential measured by Kelvin probe on the
surface of such a coating are taken as an indicator for
the reactivity of the corresponding surface oxide, which
was indeed found to correlate well with observed corro-
sion behaviour. However, it was now found that there are
also exceptions from this (see “Corrosion” group report).
Concerning atmospheric corrosion, our main focus is on
the delamination of organic coatings. Organic coatings
are commonly employed to protect materials against
corrosion. On steel, including galvanised steel, cathodic
delamination is the main mechanism of failure of these
coatings. In this delamination mode oxygen reduction at
the buried interface and especially the radicals produced
as intermediates or side products play a crucial role in
destroying the adhesion at the interface. In order to im-
prove the delamination resistance, the standard strategy
is to use pre-treatments prior to application of the organic
coating that effectively inhibit electron transfer reactions
at the interface and thus also oxygen reduction. Exam-
ples are chromatation and phosphatation, where the first
is more or less fully banned now and on the latter there is
strong pressure to replace or even skip it. GO department
is involved in corresponding research. The main problem,
however, is that any development of novel pre-treatments
and coating concept is slowed down by the required
long-term evaluations. Unfortunately, up to now no real
break-through has been made in a simulation of the de-
lamination process and long-term prognosis. An import-
ant requirement for such simulation is of course a deep
insight into the underlying mechanisms and knowledge
about the key processes. In the reporting period import-
ant insights were obtained on the fundamental mecha-
nisms of this process (see p. 85 and below).

High temperature reactions

Reactions at high temperatures is another topic that is
investigated within the GO department. Special focus has
been on short term high temperature treatments that are
crucial in many industrial processing steps in steel mak-
ing, such as hot rolling and recrystallization annealing
before hot dip galvanizing, where they cause significant
external and internal oxidation. These relatively short
processing steps are generally not much investigated yet
and are determined by kinetics of oxygen uptake, nucle-
ation and growth of oxides and only to limited extent by
diffusion, usually considered of key importance in high
temperature oxidation, which leads to final morphologies
that are often far from equilibrium. More recently this re-
search is replaced by investigations on direct reduction
of iron ores by hydrogen (see “Corrosion” group report).

Functional surfaces, interfaces, coatings
and materials

Our research on functional surfaces, interfaces and coat-
ings is mainly focused on improving the long-term stabili-
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ty of coatings applied on metallic substrates. The targeted
main functionalities of coatings and interfaces are smart
sensing of and protection against corrosion. For this, new
concepts are developed and in-depth investigation of cru-
cial fundamental processes were performed. Of especial
importance for achieving high-performing self-healing
response are fast trigger signal spreading and also suf-
ficiently high transport of active agents from within the
coating to the defect site. This requires an in-depth funda-
mental understanding of these processes and about the
possibilities to optimize them. The related research covers
the whole coating system, from nano-containers for stor-
age of active agents, over suitable active agents to tailor-
ing properties of all involved surfaces and interfaces. Es-
pecially promising for optimized trigger signal spreading
and transport of active agents seem to be interfacial layers
of conducting polymer (see “Corrosion” group report).

Also, bulk functional materials are investigated, such as
e.g. quantum dot solids which are of high interest for cre-
ating novel quantum materials with targeted properties
with possible applications, e.g., as next-generation light
absorbers for photovoltaics, photoelectrochemistry and
power electronics. IlI-V semiconductor-based Quantum
dot solids, consisting of e.g. InP or InGaP nanocrystals,
are among the most widely investigated materials sys-
tems due to their potentially superior optical properties
and lower toxicity, compared to commercially available
II-VI quantum dot solids. Whereas narrow emission line
widths are readily achieved in 1I-VI quantum dot solids,
I1I-V systems still suffer from inferior colour purity due to
broad emissivity and poor photoluminescence quantum
yields. We recently demonstrated that nanocrystal stoi-
chiometry dispersion is a major source of trap states and
largely responsible for the observed emission broadening
(see “Atomistic Modelling” group report).

Another important topic are electro responsive ‘smart’
interfaces which are of interest for applications in micro-
fluidics, separation systems, biosensors and -analytics.
(see “Spectroscopy at Electrochemical Interface” group
report).

Industrial processes

The expertise of the department is of great relevance for
the investigation of fundamental aspects of industrial
processes.

Fundamental problems of oxidation and hydrogen up-
take during industrial production steps of high strength
steel sheet have been a longstanding focus of the de-
partment and many of the activities within the reporting
period on these topics are based on that earlier work.
A high performing high temperature lab is available for
fundamental investigations of according industrial pro-
cesses, which is currently restructured in order to sup-
port the new inter-departmental focus on direct iron ore
reduction.

Joining different materials by welding is an important in-
dustrial process, but some material combinations 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 the
role of surface treatments on the interface chemistry on
cold welding of steels and aluminium alloys was investi-
gated (see below reports by the “Corrosion” group and the
former “Interface spectroscopy” group). The department
was here mainly involved with chemical and electrochem-
ical surface treatment and ex situ investigation of the re-
sulting interface.

Scientific Groups

Corrosion (M. Rohwerder)

The main scope of this group is to address fundamental
questions of corrosion and surface and coating technol-
ogy by isolating the crucial problems behind them and
designing model experiments and model samples for
their systematic investigation. Three exemplary research
projects, in collaboration with external partners, that
stand quite nicely for the research in the group are: “H2
free - Investigation and modelling of hydrogen effusion
in electrochemically plated ultra-high-strength-steels
used for landing gear structures” within the CleanSky pro-
gramme of the Horizon 2020 - Research and Innovation
Framework Programme; "MAXCoat - MAX-Phase coat-
ings for corrosion protection of bipolar plates for mobile
fuel cells”, financed by the Federal Ministry for Economy
and Energy; and “PredictCorr - Prediction of durability and
lifetime of organic coated metals under long-term envi-

ronmental conditions”, financed by the Flamish Research
Foundation (see p. 85).

In detail the main activities on the research interests in
the Corrosion group can be summarized as follows:

1. Elementary steps of electrochemically driven
de-adhesion of organic coatings

Fundamental research on coating delamination is of par-
amount interest for the department. This is, however, very
challenging, because coating delamination is extremely
complex and the buried interface is difficult to investi-
gate, asitisinaccessible for most analytical tools. A huge
breakthrough was the new approach based on a potenti-
ometric measurement of the equilibrium potential of the
oxygen reduction and oxidation of hydrogen permeating
from the backside of the sample to the buried interfaces,



denoted by us as permeation based potentiometric meth-
od (ppm). This approach overcomes the main obstacle
preventing electrochemical measurements at the bur-
ied interface, the high resistance of the organic coating
against ionic current that makes a controllable polariza-
tion of the interface by standard three electrode set-up
impossible. From the hydrogen uptake on the entry side
thus a full current-potential relationship curve (I (U)) can
be constructed, as could now be shown even for the case
that the exit side is not immersed into electrolyte [1], just
as it is of relevance for the situation met during corrosion
driven delamination under atmospheric condition.

The investigations focus on two sets of samples: one are
well defined samples based on inert noble metal, which
allow well controllable structuring of the buried interface
and integration of functional groups e.g. by use of self-as-
sembled molecular films at the interface [2-4], which are
considered for developing dedicated model samples for
very fundamental studies. The other set is currently more
important and is focussed on technically more relevant
samples, such as coated iron/steel and zinc, and some
experiments were also performed on coated aluminium
alloy. In the reporting period the main focus was on coat-
ed iron and steel, mainly within the PredictCorr project
(see p.85). The idea of that project is to provide the tools
for along-term prediction of coating performance. At the
MPIE the focus is on unravelling the underlying mecha-
nisms and providing information about the corresponding
kinetics. One planned activity is to investigate the oxygen
reduction kinetics at the buried interface between met-
al and organic coatings, using the hydrogen permeation
based method developed in the group [1]. To be precise,
the investigations should include the interface at differ-
ent stages of the delamination process: the intact inter-
face, where degradation is initiated right at the delami-
nation front, in the delaminating area, where there will be
furthermore different stages of delamination, depending
on the exact position, and within the delaminated area.
Hence, owing to the complexity of this task it was decid-
ed to focus first on the very first step of delamination,
i.e. is the insertion of cations, migrating from the defect
site, into the intact interface. This leads to a correlated
decrease in potential at the interface and thus enabling
the onset of oxygen reduction. Hence, this can be con-
sidered as the first step of delamination. So far, the role
of cations in cathodic delamination was solely discussed
as migration of cations from the corroding defect to the
intactinterface, i.e. along the delaminated interface. This
cation migration is required to ensure charge neutrality,
i.e. to compensate the electron flow along the interface
from the defect to the delaminating and delaminated in-
terface, that is required for the oxygen reduction reaction
at the decreased potentials. It was assumed until now,
based on the work by M. Stratmann et al. that a square
root dependence on time for the overall delamination rate
is associated with cation migration as a rate determin-
ing step. A linear time dependence, on the other hand, is
generally believed to be indicative for oxygen reduction
as rate determining step. However, as mentioned, the
very first step has to be that cations move into the intact
interface, which, if rate determining, is expected to also
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Fig. 3: Top: delamination rates measured for a PVB (polyvinlybutyr-
al) coating applied onto iron, for either KCL or LiCl as electrolyte in
the defect, plotted as a function of the potential at the delami-
nation front. Since the rate also depends on cation size, oxygen
reduction seems not the rate determining step here. It is assumed
that rather the insertion of cations into the yet intact interface
(bottom) is the rate determining step.

possibly lead to a constant delamination rate. The idea
for investigating this in more detail was at first to perform
studies in the absence of oxygen, such as e.g. in humid
nitrogen. In that case no oxygen reduction occurs and
hence no delamination, i.e. the interface stays undam-
aged. It was already shown by M. Stratmann et al. that
in that case the ingress of cations into the intact coat-
ing can be monitored by Scanning Kelvin Probe (SKP). It
seems reasonable to assume that the overall rate of this
cation ingress is determined either by the migration of
cations along this interface or by the first insertion of cat-
ions in the yet cation free interface at the migration front.
Within the PredictCorr project different model samples,
featuring different coating types and different surface
treatments of the underlying steel were provided and
it was found that for most of these the overall rate was
depending on the square root of time and that the initial
migration behaviour in nitrogen atmosphere was nearly
identical to the one of delamination. This is difficult to ex-
plain, if cation migration was the rate determining step
of delamination, as in the one case the cations migrate
along a delaminated interface, in the other case along an
undamaged, intact one (see p. 85). Hence, it seems like-
ly that the rate determining step in both cases might be
the initial ingress of cations into the yet unaffected inter-
face, also denominated in the group as cation insertion.
Also, other indications for this were discovered in other
research projects. For instance, it was found that ad-
sorbed species such as CO, [5] on coated zinc and even
0, on novel chromium coatings [6] have a huge effect on
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delamination/migration. Since during delamination the
delaminated interface is characterized by relatively high
rates of oxygen reduction and for the case e.g. of zinc
also by anodic zinc oxidation and dissolution, it seems
unlikely that the presence of small amounts of CO, could
have a significant effect on ion mobility at that interface.
This means that the observed effects are most likely
rather related to the intact interface, i.e. the initial cation
insertion step into the intact interface.

Related observations were made within PredictCorr, too.
For instance, the observed initial similarity between de-
lamination behaviour in air and migration behaviour in
nitrogen was found to change after a while (see p. 85).

For some of the coating systems the migration in ni-
trogen atmosphere slowed down after a few hours and
in some cases even came to a total halt. It is assumed
that this is due to changes at the interface caused by the
change of atmosphere and is object of intense current
research. Despite of the unexpected high complexity
also of the cation insertion and migration processes, it
was possible to make significant progress. Key to this
was a new experimental procedure wherein the defect
edge, where the delamination is initiated, is not left to
freely corrode, but instead is stepwise polarized to a se-
quence of well controlled potentials. Thus, it was found
that the cation insertion process at the delamination
front depends sensitively on electrode potential at the
front, but also on cation size (Fig.3). This is object of in-
tense current research.

2. Intelligent self-healing concepts for corrosion
protection

In the last three years the research on intelligent self-heal-
ing concepts for corrosion protection could build on many
years of intense activities on that topic. While in prior works
especially safe storage of active agents and their corro-
sion triggered release from capsules were at the focus of
our research, as well as the functionality of intrinsically
conductive polymers (ICP) as switchable encapsulation
material and for use as isolated agglomerates for reducing
delamination rate by surrounding protection zone effects
[7, 8], the focus of the activities has now shifted towards
additional coating functionalities, such as corrosion sens-
ing and signalling within coatings [9], as well as combina-
tions [10] , or improving the transport of active agents for
corrosion inhibiting and/or restorage of damaged organic
coating from their storage site inside a coating towards
the defect. For the latter once more ICPs were investigat-
ed. While in the last reporting period it could be shown that
ICP films can significantly enhance trigger signal spread-
ing, thus ensuring a fast and widespread release of active
agents upon onset of corrosion, now it was investigated
in how far they also can enhance the transport of the re-
leased active agents towards the defect site. For this, a
dedicated novel experimental set-up was designed and
successfully utilized (Fig.4) and it could be shown that
indeed especially for cationic and neutral active agents a
significantly enhanced supply of these can be provided by
large networks of (partially reduced) ICPs [11].

The reason for the excellent cation mobility in the partially
reduced ICP network is that by electrochemical reduction
ICPs are becoming at least to some extent cation-perm-
selective. It is assumed that the also observed very high
mobility of the uncharged active agents might be due to
a correlated switch from rather hydrophobic to rather hy-
drophilic behaviour of the ICP upon (partial) reduction.
This is object of current research.

Hence, in sum it seems that contrary to longstanding as-
sumptions, based on our earlier findings, that large net-
works of ICP, such as continuous ICP films or extended
agglomerates of ICP particles, would rather reduce the
corrosion protection properties of a coating than improve
it, when making use of these new functions, such extended
networks might allow realizing novel smart corrosion pro-
tection coatings with significantly improved self-healing
capabilities.

e

Fig. 4: Schematic drawing of the set-up used for the transport stud-
ies: the coating system is placed between two reservoirs. One is for
simulating the defect (left) and the other serves as reservoir for active
agents. This allows to study the effect of variations in the coating sys-
tem and of the nature of the different active agents on their transport
through the bulk coating and alongside the different interfaces [11].

However, for this it is important to ensure that the spread-
ing of ICP reduction from a corroding defect site is at
some point stopped, even if the corrosion in the defect
cannot be stopped and continues. Otherwise, the coat-
ing would quickly fail over a large area. Now it was found
that by use of suitable counter-anions, the reduction and
delamination of continuous ICP layers cannot only be
stopped after a certain while, but both can be reversed,
i.e. a full self-healing of the ICP layer and restorage of
the interface can be achieved. This is an important re-
quirement also for full self-healing: the ICP film is quick-
ly reduced and the interface delaminated for fast signal
spreading, release and transport of active agents. But
upon healing of the defect both ICP film as well as inter-
face are restored again. Importantly, this occurs not only
readily when the defect is successfully inhibited, but also
without that, preventing disastrous failure of the coating.
How that works even in the presence of a still actively
corroding defect is, however, not fully understood yet, but
object of intense current research. A new activity within
the department is research on novel inhibitor concepts
for mitigating delamination and corrosion, see e.g. [12].



3. Corrosion

While in the past the main corrosion activity within the
department was mainly on organic coating delamination
and the role of the metallic substrate (or rather the pas-
sive layer on its surface) beneath the organic coatings,
in the last three years more classical corrosion topics
have re-gained importance. Most notably passive layers
and their failure are now of increasing research interest
in the department, see e.g. [13, 14]. One main motivation
for this is the search for novel materials for bipolar plates
that are used in fuel cells. The challenge here is that on
the one hand a highly passive surface layer is targeted,
on the other hand at the same time a high conductiv-
ity. This is object of current research within the project
MaxCoat (in cooperation with the Zentrum fiir Brennst-
offzellentechnik in Duisburg and the Leibniz-Institut fir
Plasmaforschung und Technologie in Greifswald), where
MAX phases, which are known to show high conductivity
and high chemical stability, are investigated as a possi-
ble coating material for bipolar plates. Fast feedback on
even smallest defects and the general electrochemical
performance of these coatings is provided at the MPIE
by means of the scanning flow cell method in combina-
tion with inductively coupled mass spectroscopy (SFC-
ICPMS). This approach was also successfully applied
in other projects, such as e.g. elucidating the corrosion
protection performance of magnetron sputtered TiMgN
hard coatings [15].

In fuel cells potential-triggered passivation of e.g. TiC
supports may have a great potential for increasing life-
time of Pt-catalysts. Our results have shown that the
deposition of a closed Pt film onto a TiC support pro-
tects the latter from dissolution up to about 1.05 VRHE.
At higher potentials where Pt oxidation and dissolution
occur, the underlying TiC heals out the defects and imper-
fections created in the Pt film by building up a protective
oxide layer that stops further degradation [16].

Also, corrosion properties of novel light-weight materi-
als are investigated. For instance, in cooperation with H.
Springer from the MA department the effect of Al and Cr
additions on the mechanical, physical and corrosion prop-
erties of Fe was investigated in a combinatorial approach
for screening suitable compositions as the basis for
the alloy design of novel lightweight corrosion resistant
steels. It was found that upon decrease of Cr content in
the alloy and increased Al content, also in the passive layer
chromium is more or less replaced by aluminium while a
quite significant degree of passivity is preserved [14].

On the other side of the spectrum of our activities on
corrosion were studies on erosion-corrosion, with a fo-
cus on degradation processes as they occur in pipelines
transporting slurries e.g. in the mining industry [17], and
investigations on the effect of surface treatments on the
stability and degradation of cold pressure welded com-
ponents [18, 19].
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FUR EISENFORSCHUNG GmbH

ECCS @ 6V Native Cr oxide @ 2V

1.5 nm Cr-O @ &V 12 nm Cr-Q @ &V

Fig. 5: Current maps obtained by current sensing atomic force
microscopy (CS-AFM) on differently terminated chromium layers
(note the lower applied bias between tip and sample for the native
chromium oxide covered sample). ECCS denotes the standard
chromium coating deposited electrolytically from Cr(VI) containing
electrolyte, which has to be replaced for environmental and safety
reasons, and Cr-O, an electrochemically deposited additional
chromium oxide film on top of a chromium layer deposited from tri-
valent Cr containing electrolyte (1.5 and 12 stand for 1.5 and 12 nm
of the Cr-O film). The differences between the different samples
are of interest as well as the heterogeneity.

4. Semiconducting properties of surface oxide films

The semiconducting properties of surface oxides play a
crucial role especially in atmospheric corrosion and coat-
ing delamination. One huge research field are zinc alloy
coatings, where alloying with magnesium and aluminium
can result in significantly enhanced performance. In gen-
eral, the composition, structure and the related properties
of oxides are of utmost importance for the performance
of coating systems applied on metals. In the reporting
time an important activity was the investigation of the
oxide layers on electrochemically deposited chromium
coatings on steel, where strong differences in conductiv-
ity were found for different kinds of the terminating chro-
mium oxide layers (Fig. 5).

Especially insulating was a strongly O-deficient metasta-
ble Cr-O phase [6], where already ultra-thin films showed
only extremely low conductivity. Also, cathodic delami-
nation was found to be strongly inhibited by such oxide
films, which at the first look would be assumed to be
directly linked to the low conductivity which would also
suppress oxygen reduction.
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However, it was also found that cation mobility on these
oxides is also extremely low and interestingly depends
on partial pressure of oxygen in the environment. By am-
bient pressure photo-electron spectroscopy (AP-XPS) it
was found that indeed oxygen adsorption on these ox-
ides is sensitively responding even on slight changes of
oxygen partial pressure. This oxygen adsorption results
in quite significant changes in potential upon switching
between nitrogen and oxygen containing atmospheres,
as can be measured by SKP. This has never been ob-
served before for such delamination resistant samples.
Usually a large response is a sign for fast delamination
behaviour.

More recent is our research on the effect of hydrogen on
the properties of the oxide in the passive layers of metals.
Our motivation for this research is to investigate how the
work function of different oxide, or rather the electrode
potentials established on their surface in different envi-
ronments, depends on hydrogen activity. This knowledge
can be used e.g. for the study of oxygen reduction at bur-
ied interfaces, and for hydrogen detection in or measure-
ment of its permeation through materials at high local
resolution. This is closely related to our research on the
“Electrochemistry in the “dry”.

5. Electrochemistry in the “dry”

Electrodes covered by just ultra-thin electrolyte layers are
another important topic within the corrosion group. This
is of practical importance e.g. for our fundamental stud-
ies on atmospheric corrosion, where we take the potential
change on the (oxide covered) surface of a metal upon
switching the atmosphere between air and nitrogen and
back as an indicator for its reactivity. However, electrodes
in the “dry” are of general importance. Many phenome-
na in corrosion and electrochemistry are occurring on
electrodes that are not immersed into bulk electrolyte or
covered by bulk-like electrolyte layers, and these are still
not well understood. Maybe the most fascinating result
of this work is that the electrochemical oxygen reduction
reaction on the surface of palladium just covered by one
to two monolayers of water, is in principle the same as
on an electrode immersed in acidic bulk electrolyte, just
without the mass transport limitation for oxygen [1]. Be-
cause for an electrode immersed in electrolyte the dou-
ble layer is more extended, this directly raises questions
about the structure of the electrochemical double layer,
which is here confined to just one or two monolayers with
protons as counter ions, and how this determines the re-
action kinetics. This question is at the focus of intense
research on emersed electrodes, where it is possible to
include also other ions into the electrochemical double
layer and to tune the water layer thickness via the rela-
tive humidity in the atmosphere the emersed electrode is
exposed to. It could be shown that during emersion even
into dry nitrogen atmosphere a water layer is preserved
and that the water molecules in this layer are assuming
an orientation that is determined by the potential. The
effect of additional water layers, adjusted by higher rel-
ative humidity, is object of current research, as well as
the question what their effect is on the kinetics of reac-

tions such as oxygen reduction. While the investigations
on emersed electrodes are so far mainly carried out for
gold as electrode material, the “hydrogen electrode in the
dry” concept is investigated in parallel for other materi-
als besides palladium [1], such as iridium and gold. The
idea is to combine the concept of the emersed electrode
with the concept of polarisation from the backside by ad-
justing there a well-defined H activity [1], usually by elec-
trochemical polarisation. Interestingly, the “hydrogen
electrode in the dry” on Irand Au is depending sensitively
on relative humidity. While for Pd there is 1:1 relation be-
tween potential applied from the backside and potential
measured by Kelvin Probe on the “dry” electrode in low as
well as in high relative humidity, for Ir, for instance, such
a 1:1 correlation is observed only at high humidity, while
at lower humidity the response is less than 1:1, the closer
to it the higher the humidity. This is object of current re-
search. Interestingly, the linear relation remains. It should
be pointed out here, that it still remains unclear why a lin-
ear relationship is observed in the first place, since as the
equilibrium reaction on the electrode surface is: H,, <
Had <> H*+e™ . Hence, an increase in H in the metal should
lead to an increase in H* in the nanoscopic layer, because
the ultra-thin water layer in contrast to bulk electrolyte
has no buffering capability. However, the observed be-
haviour, i.e. the linear 1:1 correlation between applied and
measured potential, is in accordance only with a pinned
pH. First results obtained by in operando study of such a
hydrogen electrode on palladium indicate that adsorbed
CO, contamination might play a role in the pH buffering.
On iridium, however, significantly lower contamination
levels have been observed, but still a linear correlation is
found. The role of contamination layers is one aspect to
be studied especially with ambient pressure photoelec-
tron spectroscopy (AP-XPS). Also, for the planned com-
bination of emersed and dry electrode AP-XPS will play a
crucial role, but a new experimental AP-XPS set-up had to
be designed for that and is currently being built up. This
research on electrodes in the “dry” will also play a role
in the GO department part within the continuation of the
excellence cluster RESOLV.

Besides this very fundamental focus on the electro-
chemical double layer, also more applied aspects of the
electrode in the “dry” are investigated. One is to use the
changes in potential induced upon switching from humid
nitrogen to hydrogen containing atmospheres on the sur-
face of a metal for obtaining information on correlated
adsorption energies at the corresponding solid/liquid in-
terface and for providing insight into their role in electro-
catalysis of the hydrogen evolution reaction [20, 21]. An-
other important reaction is of course oxygen reduction,
which is a key reaction e.g. in corrosion, coating delami-
nation as well as in fuel cells. Our research could provide
very strong indications that the “bare” catalyst particles,
which are just covered by adsorbed water in the monolay-
errange, can be electrochemically active and can provide
ORR at high rates. For ORR on a “bare” catalyst particle in
a membrane electrode assembly (MEA), protons have to
be delivered from the ionomer in the vicinity. It is reported
that proton transport can readily occur on the surface of
the metallic catalyst, e. g. for Pt via Pt-OH or Pt H. Thus,



as supported by our results, catalysts not covered by ion-
omer may play an important role in the overall ORR activ-
ity of the MEA. [1].

6. Measurements of Hydrogen distribution and effect
on embrittlement

The novel SKP and SKPFM based method for hydrogen
mapping by making use of the “hydrogen electrode in the
dry” has by now become an established tool for our re-
search on hydrogen related topics, in close cooperation
with other departments [22, 23].

Trying to optimize how to carry out high resolution map-
ping of local hydrogen distribution also of materials
with very fine microstructure is a key focus of current
activities. This is made difficult by too high back-ground
intensities of hydrogen and is tried to be solved by pre-
paring much thinner samples and/or restricting hydrogen
loading to an ultra-thin zone at the surface, as far as that
is feasible (see p. 68). Especially noteworthy is another
also quite fundamental research project where we try to
evaluate the importance of the full 3D-parameter range of
mechanical strain, hydrogen activity and exposure time
on hydrogen induced material failure. This interesting
project was unfortunately especially severely delayed by
the pandemic, but is now going into a very promising di-
rection.

In another research project (in the Horizon 2020 frame-
work (H2Free)) it is tried to obtain important input data
for the modelling of hydrogen release from zinc-alloy and
cadmium coated landing gear components. This is a very
challenging task and a combination of novel cutting-edge
application of Kelvin probe for measuring hydrogen per-
meation and its distribution inside the materials and ther-
mo desorption analysis is applied. It was found that de-
formation layers at the surface of the high strength steel
are significantly complicating the analysis, leading to a
very challenging task.

7. High temperature reactions: from grain boundary
reduction to direct reduction of iron ores by hydrogen
and ammonia

In cooperation with the Universitat Duisburg-Essen and
the University of Waterloo also graphene deposition on
GaN was investigated. One of the bottlenecks in the im-
plementation of graphene as a transparent electrode in
modern opto-electronic devices is the need for compli-
cated and damaging transfer processes of high-quality
graphene sheets onto the desired target substrates, such
as GaN. By replacing the commonly used hydrogen (H,)
process gas with nitrogen (N,), it was possible to sup-
press GaN surface decomposition while simultaneously
enabling graphene deposition at < 800 °C in a single-step
growth process. At the MPIE mainly characterization via
XPS was carried out, demonstrating that the result ex-
ceeds the so far best reported values for directly grown
graphene on GaN in literature [24].

MAX-PLANCK-INSTITUT
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The investigation of high temperature reactions has been
a key expertise within the department for decades. While
in the past mainly oxidation processes were investigat-
ed in our high-temperature lab, such as in the reporting
period the selective oxidation at the grain boundaries of
various binary and ternary iron-based alloys [25, 26], the
focus is now mainly on investigating the direct reduction
of iron ores by hydrogen or ammonia.

Our research on internal oxidation of Fe-Mn-Si alloys [25,
26], which addresses the problem of grain boundary oxi-
dation upon hot rolling of steels, revealed that the extent
of the oxidation increases significantly with increasing
Si content. Interestingly, an external (Fe0),_(MnO), lay-
er of several tens of nanometres thickness was formed
on all the alloys. Nevertheless, the external layer did not
impose diffusion inhibition on the oxygen uptake, but this
(Fe0),_(MnO0), layer was found to have a crucial influence
on the kinetics at the studied annealing conditions. As the
FeO content of the oxide layer increases with more silicon
concentration in the alloy, the layer is suggested to facili-
tate the O-uptake kinetics [25]. In more fundamental stud-
ies on pure iron and binary Fe-Si and Fe-Mn alloys, carried
out in our ambient pressure XPS set-up, it was found at
low oxygen partial pressure just below the oxidation of
iron at the elevated temperature of about 700 °C, that a
significantly decreased oxidation behaviour for iron was
observed at the surface of the Fe-Si alloys upon cooling,
indicating a significantly enhanced oxygen uptake in that
case [27].

As concerns the experiments of direct reduction of iron
oxides, the high-temperature lab of the GO department
is currently re-organized to meet the new requirements.
For instance, while in the past the focus was on ultra-low
mass changes at the surface and at grain boundaries,
now the whole bulk of the sample shows a mass change,
which for typical sample sizes is at the limit of our del-
icate high-sensitive equipment. On the other hand, the
high mass sensitivity allows also to measure e.g. small
cut single crystal iron oxides. First experiments with such
single crystalline materials have been started. First re-
sults obtained on more classical pellets show that the rel-
atively easy nucleation of magnetite and the subsequent
wiistite as well as the fast solid-state diffusion (most like-
ly inward diffusion of Fe?*) through the iron oxide product
layer are the main reasons for the fast reduction kinetics
of the hematite to wiistite. The third step, viz. the reduc-
tion of wiistite into iron is — during the final 20 % reduc-
tion regime — nearly an order of magnitude slower. This
effect can be most likely attributed to the sluggish mass
transport (particularly of the outbound O solid-state dif-
fusion) through the already formed iron product layers
surrounding the wiistite. Near-atomic scale chemical
probing reveals the presence of nano-sized Fe-contain-
ing transient-state oxides and the accumulation of cer-
tain gangue elements i.e. Ti and Na at the metal/oxide
interface, both of which are assumed to be another cause
for the slow reduction kinetics at the late stages of the
wiistite reduction [28].

3
=3
(0]
=
=4
Q
(@}
(¢}
(@)
>
(0]
3,
(%]
—
=S
<
QO
>
o
(2]
c
=
=4
Q
(@}
(0}
m
>
(o]
3
(03
®
=5
=
(o]

w
w




MAX-PLANCK-INSTITUT
FUR EISENFORSCHUNG GmbH

(=]
c
=
(5}
(5}
=
(@]
c
L
(]
(&)
©
Y—
—
>3
N
©
c
@©
>
j-
fraer}
@
£
(5}
<
O
(9}
O
©
Y—
=
(<)
—
[

Atomistic Modelling (S. Wippermann)

In order to surmount materials-related challenges in the
context of sustainability, optoelectronics, energy con-
version and storage it is of critical importance to under-
stand, predict and control the precise mechanistic details
of interfacial chemical reactions and their dynamics at
the femtosecond time-scale. The “"Atomistic Modelling”
group develops and applies accurate simulation tech-
niques in close collaboration with experiments to explore
light-matter interaction in nanostructures, electrified in-
terfaces between nanostructures and liquid electrolytes,
and their ultrafast dynamics.

Quantum dot solids with targeted properties are of partic-
ular interest in this context. Colloidal nano-scale building
blocks, e.g. nanocrystals, can be used as “artificial atoms”
and assembled into quantum dot solids. These nanoma-
terials located at the borderline between molecules and
solids feature intriguing exciton-electron-phonon dy-
namics, where light can directly affect their fundamental
physical properties. Moreover, nanocrystal assemblies
provide opportunities to create quantum materials with
targeted properties with possible applications, e.g., as
next-generation light absorbers for photovoltaics, photo-
electrochemistry and power electronics. Fig. 6 shows a
prototypical example of a quantum dot solid, consisting
of semiconducting core/shell nanocrystals. Either organ-
ic molecules or chalcogenidometallalate complexes can
be used as “conductive glue”, linking the individual build-
ing blocks.

Fig. 6: Schematic representation of a quantum dot solid, consist-
ing of "magic-sized” nanocrystals assembled into a superlattice.
Organic molecules or chalcogenidometallate complexes can be
used as surface-selective linkers and “conductive glue”, connect-
ing the nanocrystals both mechanically and electrically.

The Atomistic Modelling Group was awarded a NanoMat-
Futur-Grant from the Federal Ministry of Education and
Research (BMBF) with a total value of 1.8 Mio. Euro 2014
to explore the nano-scale internal interfaces inherent to
quantum dot solids and their impact on the emerging

macro-scale electronic and optical properties. In addition
to our existing collaboration with the Pritzker School for
Molecular Engineering at the University of Chicago, two
new collaborations were established within the current
running period from 2018 — 2021 with the Institute of Ba-
sic Science Center for Nanoparticle Research and Center
for Nanointegration at the University of Duisburg-Essen,
respectively.

I1I-V semiconductor-based quantum dot solids, consist-
ing of e.g. InP or InGaP nanocrystals, are among the
most widely investigated materials systems due to their
potentially superior optical properties and lower toxicity,
compared to commercially available II-VI quantum dot
solids. Whereas narrow emission line widths are readily
achieved in II-VI quantum dot solids, IlI-V systems still
suffer from inferior colour purity due to broad emissivi-
ty and poor photoluminescence quantum yields. We re-
cently demonstrated [29] that nanocrystal stoichiometry
dispersion is a major source of trap states and largely re-
sponsible for the observed emission broadening. Where-
as lI-VI quantum dot solids require only nanocrystal size
control to achieve narrow emission, it is necessary to re-
alize in addition nanocrystal stoichiometry control in the
case of lll-V quantum dot solids.

Anomalously strong temperature-induced shifts of the
electronic bandgaps are another important source of
emission broadening. In order to reveal the origin of these
anomalous shifts, we used so-called magic-sized nano-
clusters as atomically precise model systems for nano-
crystals with zero dispersion in both size and stoichiome-
try. Tantalizingly, approaches that are commonly employed
to accurately calculate temperature-dependent bandgaps
in bulk materials have been known to predict qualita-
tively wrong results for nanocrystals since more than a
decade ago. We conjectured that these shortcomings
of traditional approaches are caused by their inability to
take exciton-phonon coupling into account. We therefore
developed a novel approach that allows us to accurately
compute temperature-induced band gap shifts using con-
strained ab initio molecular dynamics (AIMD) simulations
on the excited state potential energy surface and atomistic
thermodynamics, where the band gap is computed as the
Gibbs free energy of exciton formation. In contrast to exist-
ing methods, our approach explicitly takes the fully anhar-
monic exciton-phonon coupling into account.

We revealed [30] that the experimentally observed anom-
alous colour shifts with temperature are caused by exci-
tonic bond-softening: in nanocrystals, the excitons are
distributed over only a small number of atoms due to the
strong quantum confinement. In consequence, the occu-
pation of antibonding states due to the presence of the
excitons significantly weakens the interatomic bonds,
leading to a pronounced exciton-induced red shift of the
phonon density of states (PDOS). This shift is almost two
orders of magnitudes larger than the corresponding one
observed in bulk materials. The red-shifted PDOS in turn
is responsible for the anomalous bandgap shift due to its
impact on the Gibbs free energy of exciton formation. Our
results underline the importance of explicitly considering



exciton-electron-phonon coupling in nanostructures and
suggest how to design systems with improved optical
properties.

Another fascinating example of ultrafast light-matter
interactions is the precise optical control of structural
transitions at the “quantum limit” in the regime of direct-
ed and deterministic nuclear motion. Chemical compo-
sition, pressure and temperature are commonly utilized
to control and tune the properties of materials. Beyond
these established concepts, here we explore how intense
light fields and coherent control schemes inspired by
concepts from femtochemistry can be used to guide the
nuclear and electronic degrees of freedom through their
complex multi-dimensional potential energy landscape
into new states of matter.

To this purpose, the Atomistic Modelling Group estab-
lished a new collaboration between the DFG FOR 1700
research group (see p. 93), the Institute of Basic Science
Center for Low Dimensional Electronic Systems and the
Max Planck Institute for Biophysical Systems. We use
the atomic wire array known to form on the Si(111)-(4x1)
In surface as an atomically precise model system in or-
der to develop techniques for observing and controlling
chemical bond-making and bond-breaking processes at
the femtosecond time scale. Each atomic wire on this
surface consists of two coupled monoatomic chains. At
temperatures below T, = 120 K, both chains undergo a
period-doubling metal-insulator transition into a charge
density wave (CDW) phase, driven by a triple-band Peierls
instability. Thereby, formerly delocalized metallic states
now become localized and form covalent bonds. This
transition is of 1%t order, hampered by an energy barrier.
We demonstrated that the insulating and the metallic
phases are able to coexist at temperatures close to T,
giving rise to a phenomenon called electronic phase sep-
aration (EPS) and the formation of novel types of interfac-
es, such as metal-CDW junctions [31].

The transition itself is driven by multiple soft phonons
with a strong coupling between electronic and lattice de-
grees of freedom. Due to the coupling between the two
monoatomic chains, different superpositions of these
phonons transform the chains into structurally distinct
but energetically degenerate CDW states. Moreover, the
coupling introduces a band inversion. As a consequence,
the CDW phase supports fundamental excitations that
take the form of interfaces between these degenerate
states, and that feature topological properties with asso-
ciated electronic chiral edge states inside the CDW band
gap. In analogy to knots in a string, these topological
states can be used to store and even process information
at the molecular scale.

For all these reasons, atomic wires are promising targets
in order to (i) explore the dynamics of chemical bond for-
mation at the femtosecond time scale and (ii) develop,
implement and test coherent optical control schemes
using femtosecond laser pulse sequences. Based on our
constrained AIMD approach, we design suitable pulse
sequences and simulate the induced reaction dynamics.
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Depending on the targeted optical transition, a specific
CDW state can be transformed e.g. into another structur-
ally distinct CDW state or a supercooled metallic state.
Fig. 7 shows a schematic outline of these concepts.

Fig. 7: Schematic representation of structural motifs observed

in the atomic wire array formed at the Si(111)-In surface. At room
temperature, each indium wire consists of two coupled monoat-
omic indium zigzag chains. Below T, = 120 K, the wires undergo a
period doubling triple band Peierls transition into one of multiple
possible charge density wave (CDW) states. The coupling between
the monoatomic chains induces an electronic band inversion, lead-
ing to the formation of chiral topological edge states at domain
boundaries between different CDW states. Exciting specific optical
transitions by fs laserpulse sequences with carefully timed delays
At , allow us to form or dissolve specific chemical bonds.

Extending these concepts, we recently started to explore
the interaction of nanostructures with liquid electrolytes.
Emerging energy conversion and storage technologies,
such as artificial photosynthesis and power-to-X devices,
critically depend on precisely engineering the chemical
dynamics, reactivity and selectivity of interfaces between
optically excited or electrified nanostructures and liquid
electrolytes. Based on the Modern Theory of Polariza-
tion, we develop methods to incorporate electric fields
in density-functional theory (DFT) and apply them to an-
swer fundamental questions in the thermodynamics and
transformation of electrochemical semiconductor-liquid
interfaces.

In electrochemical experiments, the applied potential is
held at a value that is constant on average at the mac-
ro-scale, but electronic and ionic charges fluctuate and
transfer freely into and out of the region close to the inter-
face, that is targeted by our simulations. In consequence,
when studying elementary processes at electrified inter-
faces by DFT, we must treat the local surface charge not
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as a constant, but as a thermodynamic degree of free-
dom with temperature-dependent fluctuations. In collab-
oration with the CM department and building on our finite
electric field techniques, we recently introduced a “ther-
mopotentiostat”: a novel approach to control the elec-
trode potential that can be used equally well to perform
empirical or ab initio molecular dynamics simulations
[32]. By design, (i) it satisfies the fluctuation-dissipation
theorem exactly and is thus cleanly embedded into ther-
modynamic theory, (ii) requires only quantities that are
either readily accessible in DFT codes or are known from
the specific setup, and (iii) it is straightforward to include
in any existing DFT code.

In order to demonstrate the performance of our thermo-
potentiostat approach, we considered a topic that had re-
cently gained a lot of attention. Recent experiments per-
formed in the A. Geim group (University of Manchester)
showed that a water film confined to a few nm thickness
changes its dielectric behaviour from the bulk dielectric
constant of 80 down to 2. Thus, the presence of solid-wa-
ter interfaces appears to modify the dielectric response
of water from a highly polarizable medium, which is con-
sidered to be the origin of the unique solvation behaviour
of water, down to a response that is close to the vacuum
dielectric constant. Understanding and being able to qual-
itatively describe this mechanism is crucial, since interfa-
cial water is omnipresent and electrochemical reactions in
particular occur within the interfacial water region.

Because of the relevance of this question in fields as di-
verse as electrochemistry, corrosion and electrocataly-
sis, multiple computational studies addressed dielectric
properties of nanoconfined water. These studies gener-
ally rely on Kirkwood-Frohlich theory, using the variance
of the total dipole moment fluctuations per volume, or on
the theory of polarization fluctuations. However, the exact
location of the boundary between the electrode and the
dielectric is ill-defined. Past studies therefore reported
only dipole fluctuations perpendicular to the electrode
surface, but not the dielectric constant itself.

Our thermopotentiostat approach allows us to address this
question directly, since our computational setup shown
in Fig. 8a exactly reproduces the experimental situation.
Here, liquid water is confined between two electrodes
where the electrode charge is actively controlled by our
thermopotentiostat. Fig. 8b shows the calculated static di-
electric constant as a function of the water layer thickness,
compared to the experimental data from the Geim group.
Consistent with the measurements, our results display a
pronounced decrease of the dielectric constant compared
to the static dielectric constant of liquid bulk water, that
persists for electrode separations exceeding 100 nm.

In order to understand the origin of the decreasing dielec-
tric constant with decreasing electrode separation, we
computed the local inverse static dielectric constant as a
function of the normal distance to the electrode surface,
cf. Fig. 8c. At the position of the electrode surface, the in-
verse dielectric constant drops sharply and intersects the
water bulk value at ~ 3 Angstrom above the surface. With
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Fig. 8: a) Computational setup, consisting of liquid water confined
between two electrodes. The electrode charge is actively controlled
by our thermopotentiostat. b) Static dielectric constant for TIP3P
water as a function of electrode separation, calculated using ther-
mopotentiostat molecular dynamics (MD). Quantitative differences
with respect to the measurements encode chemical information
on the specific surfaces used in the experiments, as our model

is based on generic hydrophobic electrodes. Experimental data
reproduced with permission from Science 360 (2018) 1339. ¢) Local
inverse dielectric profile and O/H number density profiles. Repro-
duced with permission from the American Physical Society [4].

further increasing distance, it assumes negative values
for interfacial water and then approaches the bulk water
value in an oscillatory fashion. Beyond a normal distance
of ~ 9 Angstrom, the dielectric constant of bulk liquid wa-
ter is recovered. Our results demonstrate that the region
with modified dielectric properties is closely confined to
the region of interfacial water. Introducing a continuum
surrogate model informed by the dielectric profile shown
in Fig. 8c, we demonstrated that the local dielectric prop-
erties of water close to the interface are indeed respon-
sible for the observed reduction of nanoconfined water’s



dielectric constant compared to the static dielectric con-
stant of bulk water [32].

This intriguing behaviour of the polarization density
within interfacial water resembles the physics of Frie-
del oscillations at metallic surfaces, albeit with a much
stronger amplitude. The wavelength of the oscillations
corresponds to the size of the water molecules. A nega-
tive local dielectric constant implies a net attractive force
between like charges. On-going research builds on these
findings to explore the formation and structure of electro-
chemical double layers and charge transfer reactions at
electrified solid-water interfaces.

We note that the calculation of dielectric profiles from
polarization fluctuations requires hundreds of nanosec-
onds of statistical sampling, in practice enforcing the use
of classical molecular dynamics. In contrast, the use of
stochastic canonical sampling in our thermopotentiostat
technique in conjunction with finite electric field methods
allows us to rely purely on thermodynamic averages rath-
er than variances. Thus, the required computational time
to converge the dielectric profiles is reduced by more
than two orders of magnitude, placing these types of
calculations now well within reach of ab initio molecular
dynamics simulations.

These research activities focus on solving outstanding
fundamental open problems in the context of light-matter
interaction in nanostructures, low dimensional electronic
systems and electrified interfaces.

Our activities benefit from mutual insights obtained in dif-
ferent areas of interface chemistry and surface science
research conducted at the MPIE. In order to foster also
exchange at an international level, in February 2019 with
the FOR 1700 research group (see p. 93). we conducted
a three-day workshop at Ringberg Castle on “Surface
Science: The Past, Present and Future”, in order to bring
together leading scientists from the areas of low dimen-
sional electronic systems, surface spectroscopy and
strongly correlated systems. For April 2020, together with
the CM department we planned a three-day workshop at
Ringberg Castle on “Electrified solid/water interfaces
- theory meets experiment”, inviting leading scientists
from the fields of electrochemistry, solvation and spec-
troscopy. Due to the CoViD-19 situation, this workshop
has been rescheduled to March 2022.

Interface Spectroscopy (A. Erbe)

This group was active as a guest group until end of 2019.
Strong activities of that group were in the field of optical
methods development. In collaboration with the former
research group “Interaction Forces and Functional Mate-
rials” of M. Valtiner (now professor at TU Wien, Austria) a
novel method for the analysis of data acquired in a typical
surface force apparatus experiment has been developed.
This method adapted known matrix methods for analys-
ing reflectivity spectra with the specific requirements of
the optics of surface force apparatus measurements.
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This method helps to overcome limitations in the approx-
imations of classical methods [33].

In a collaboration between the MPIE, the University of
Pisa, the Italian National Research Council and the In-
dian Institute of Technology Dhanbad, a novel micro-
wave-based polymerisation technique was used to make
poly(styrene) microspheres with few pm diameter that
contained a lasing dye. The resulting particles have been
shown to be amongst the world’s smallest polymer-based
whispering gallery mode supporting micro-resonators,
and are suitable for sensing the environment at the par-
ticle / solution interface via changes in the interfacial re-
fractive index [34].

In a collaboration with the Norwegian University of Sci-
ence and Technology, infrared imaging was used to im-
age subsurface modifications of silicon, which were pre-
pared by the partner with a non-linear optical laser writing
technique [35].

Fig. 9: Results of in situ electrochemical spectroscopic ellipsom-
etry. The positive/negative peaks in the current density (j) indicate
formation/reduction of thin oxide layers. The measured k-spectra
illustrated as 3D plot indicate reversible changes in the electronic
structure at the onset of the oxygen evolution reaction.

Another topic was the Application of spectroscopic
techniques for investigation of electrochemical and cor-
rosion phenomena. Traditionally, the “Interface Spec-
troscopy” group has used optical techniques for mate-
rials characterisation. In the search for novel abundant
catalytic materials for electrochemical water splitting
the oxide layer growth on manganese during electro-
chemical oxidation and oxygen evolution reaction (OER)
in basic electrolyte was thoroughly studied, in coopera-
tion with M. Rabe [36]. Using Raman and ellipsometric
in situ spectroscopy stable oxide films containing most-
ly a-MnO2 were observed at the onset of OER (Fig. 9).
High Mn dissolution rates were measured during OER,
limiting the applicability as catalyst. However, still a
stationary stable, highly disordered phase was found,
containing MnO, tetrahedra. In a PhD thesis, which was
finalised in the reporting period, zinc corrosion was in-
vestigated in detail by spectroscopic methods with dif-
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ferent collaborators. Besides an imaging of the spatial
distribution of the corrosion products, the detection of a
hydrogen saturated oxygen vacancy as an important de-
fect in the initial corrosion products of zinc in sea water
stands out [37].

Finally, also the work within this group on Surface chem-
istry of reactive materials should be mentioned. As a side
result of a project on zinc pre-treatment with biopolymer
based coatings, a switch in the surface appearance be-
tween black and white when changing the electrode po-
tential of zinc coated with a gelatine-based coating was
achieved [38].

In a study of the surface modification of copper with or-
ganic alkyl thiols, solvent specific adsorbate structures
were found. In particular, the C-S bond in the thiol mole-
cule was found to be cleaved through the strong Cu-S in-
teraction [39]. As part of a systematic study of the interac-
tion of model organic coatings with metal substrates, the
cathodic delamination rates of differently surface bound
poly(styrene) coatings have been compared [40]. Healing
of coating defects upon damage has been an important
focus of the work in the department. In one project, the
inclusion into a pre-treatment of a cyclic oligosaccharide
incorporating a film-forming corrosion inhibitor has been
shown to lead to healing of defects in an organic model
coating on zinc [12].

Spectroscopy at Electrochemical
Interfaces (M. Rabe)

The early career research group “Spectroscopy at Elec-
trochemical Interfaces” was newly set up in 2020 and is

co-funded by the MPIE and the cluster of excellence ‘Ruhr
explores solvation’ RESOLV (see p. 86). It partly stands
in the tradition of the “Optical Spectroscopy Group” of A.
Erbe, and now develops a new independent research pro-
file. Inthe group optical interface spectroscopy methods
are employed for exploring interface characteristics and
dynamic processes. Ongoing and future research activ-
ities specifically focus on interface solvation, a funda-
mental phenomenon occurring whenever a liquid phase
-especially water- terminates at a solid interface. This
specific structural arrangement of solvent molecules on
interfaces plays vital roles for instance in electrochemi-
cal applications, biological reactions or atmospheric pro-
cesses, which require a fundamental understanding. Fur-
thermore, electrochemical in situ spectroscopy is applied
for the study of OER catalysts employed in alkaline water
electrolysis for the production of green hydrogen (for
more details on future and ongoing projects see p. 45).

In several cooperation projects plain or layer covered
metallic substrates or alloys were studied employing the
expertise in spectroscopic ellipsometry (SE). In a collabo-
ration with the Faculty of Chemistry of Silesian Universi-
ty of Technology in Gliwice, Poland, conversion coatings
formed by anodization in alcohols on top of galvanic Zn-
Ni alloy coatings on steel were studied [41]. The coatings
were composed of mixed oxide-alkoxides and featured
high corrosion resistance and optical colouration. The
detailed analysis of the SE data revealed that the visible
colour varies with the layer thickness of the coating, which
was a mixed oxide-alkoxide layer and can be controlled by
the anodization process.

In an internal cooperation with the “Corrosion” group the
formation of water layers on various noble metals in hu-



midified atmospheres up to 98 % rh are examined. For in-
stance, the layers formed under these circumstances on
Pd are ultrathin < 1 nm [1], but electrochemical reactions
underneath such layers play important roles in technically
relevant processes such as electrolysis, fuel cells and at-
mospheric corrosion. Currently, similar studies on Ir and
Au are ongoing.

In a project collaboration with the VDEh-Betriebsfor-
schungsinstitut GmbH (BFI), the optical properties of
steel samples of varying composition are studied by SE.
Aim of the BFl-led project is to develop a system for the
in-line measurement of the steel composition directly in
the liquid melt by reflection spectroscopy. Interesting-
ly, variation of the concentrations of specific elements
such as Ni and Cr have been found to have a significant
influence on the reflectivity of the steel samples at nor-
mal incidence, which supposedly can be exploited for the
planned measurement principle. The technical develop-
ment and pilot implementation at BFI is ongoing and fur-
ther supported by our group.

In order to understand and design electro responsive
‘smart’ interfaces, research has been conducted explor-
ing the interactions of a-helical peptides with interfaces.
Following up on earlier work, performed in the GO depart-
ment that revealed details of the electrochemically trig-
gered reduction of germanium surface termination, this
reversible termination change was employed for a hydro-
phobic/hydrophilic switchable, ‘smart’ interface. By em-
ploying in situ attenuated total reflection infrared (ATR-IR)
spectroscopy it was shown that the hydrophobicity switch
can reversibly trigger ad-/desorption as well as orienta-
tion change of amphipathic model peptides (Fig. 10). The
observed process (ad-/desorption or orientation change)
depends on the adsorbates charge distribution, which in-
dicates that a sensitive balance between hydrophobic and
electrostatic interactions governs the surface attachment.

Chemometric methods are developed and implemented
in the group to improve the analysis of complex or large
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multivariate spectroscopic data. A hard modelling mul-
tivariate curve resolution (MCR) approach was imple-
mented to resolve multivariate spectral data with several
components lying closely together in terms of their peak
positions (as function of photon energy or wavenumber),
but with individual dependencies on a specific control
variable (such as temperature, pH, potential, etc.). The
approach is based on empirical or physical transition
models chosen by the analyst that describe the depen-
dency of the spectral intensity on the control variable.
Within several research projects in the GO department,
this approach has been employed and advanced. For
instance, for the analysis of in situ ATR-IR spectra of
germanium desolvation and photoluminescence spec-
tra of corrosion products on zinc [37]. Most recently,
the implementation was extended to allow a convenient
application to complex data sets with virtually unlimited
spectral components and an individual choice of transi-
tion models. This development significantly eases the
application of the method for different spectroscopic
methods in diverse fields. It is available as open source
library [42]. In a collaboration with Leiden University a
method was developed and implemented for the analysis
of multivariate titration curves of metal binding of multi-
core peptide-metal complexes. By this method circular
dichroism spectroscopy data was analysed to examine
the thermodynamics of folding of the trinuclear Ni(ll) and
Cu(ll) complexes of the designed a-helical peptide trimer
HisAD [43]. Unexpectedly, it was found that the titration
data can only be explained by a 3-state model and it was
shown that this is caused by a mononuclear intermediate
in the folding pathway.

Dynamic Electrocatalytic Interfaces
(0. Kasian)

This is the former group of K. Mayrhofer who left the
MPIE already in 2015, but which was still operating un-
til now, first still headed by K. Mayrhofer and since 2019
by 0. Kasian. 0. Kasian holds the position of head of a
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Fig. 11: Schematic overview of the
applications of a flow cell coupled to
analytics for simultaneous detection of
soluble and volatile reaction products
and intermediates in energy conversion
related applications such as fuel cells
and electrolysis. On-line ICP-MS (induc-
tively coupled plasma mass-spectrom-
etry) allows precise quantification of
dissolution in electrochemistry, while
DEMS (differential electrochemical
mass spectrometry) enables qualitative
analysis of gaseous species formed
during the reaction.
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Young Investigator Group at the Helmholtz Institute Ber-
lin in collaboration with the Helmholtz Institute Erlan-
gen-Nirnberg for Renewable Energy. At the MPIE she was
offered to head the guest group on “Electrocatalysis”. The
research is focused on the dynamic transformations of
the catalytic surfaces under the reaction conditions. The
group develops nanostructured model thin film surfaces
and explores their structural and compositional changes
induced by the catalytic processes and the effect of such
transformations on the mechanism and kinetics of the
reactions in electrocatalysis. This is achieved by combi-
nation of various ex situ and in situ methods.

In fact, until 2020 a part of the research was still focussed
on K. Mayrhofer’s activities, such as on oxygen reduction
[44, 45], hydrogen peroxide synthesis [46], CO, reduction
[47], stability of catalysts [45, 48, 49]. hydrogen evolution
reaction [20] and oxygen evolution reaction [50].

The activities of 0. Kasian at the MPIE were mainly relat-
ed to water splitting.

Understanding the fundamentals of electrocatalytic re-
actions is of importance for the development of efficient
and durable energy conversion and storage devices. In
such devices the target reactions are often accompa-
nied by unwanted degradation or deactivation of the cat-
alysts. These reactions are often ongoing via formation
of common intermediates, which makes mechanistic
studies very complex and requires employment of highly
sensitive analytics. In the “Dynamic Electrocatalytic In-
terfaces " group we have developed an approach to dis-
tinguish between intermediates and products of various
reactions combining isotope labelling with online elec-
trochemical and inductively coupled plasma mass spec-
trometry [51 and Fig.11].

Recently, employing this technique the group aided in
understanding of the water splitting mechanism on iridi-
um-based oxides [51-54], a pivotal and timely topic in the
‘green’ hydrogen production technology. Iridium oxide
anodes are used to catalyse formation of oxygen from
water, because of their superior corrosion resistance
and relatively high catalytic activity. Nevertheless, even
iridium undergoes dissolution in the harsh conditions of
the oxygen evolution. This is especially crucial for cata-
lysts with high reactivity, such as hydrous oxides. Our ap-
proach allowed us to provide a quantitative assessment
of the degree of lattice oxygen participation in the oxy-
gen evolution reaction and the associated degradation of
the Ir-oxides. The data obtained on '80-labeled catalysts
reveal that amorphous hydrous oxides are prone to deg-
radation via so-called ‘lattice oxygen evolution mecha-
nism’, in which oxygen molecule can be formed directly
from the oxide lattice atoms without water discharge.
This oxygen evolution mechanism results in faster deg-
radation and dissolution of Ir. In compact oxide struc-
tures, e.g. rutile Ir0, such mechanism is less probable.

Overall our results provide a contribution to the funda-
mental understanding of the exceptional stability of
Ir-oxides towards the oxygen evolution reaction. The

proposed approach to a quantitative assessment of the
degree of lattice oxygen participation in the oxygen evolu-
tion reaction can be further applied to other state-of-the-
art catalyst systems used in fuel cells or electrolysers.
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Department of
Microstructure Physics and Alloy Design (MA)

D. Raabe

Introduction

Scientific mission

We study microstructures and their influence on the
properties of materials, mostly metals. Microstructure
comprises the structure, size, dimension, patterning, and
chemistry of all lattice defects including vacancies, dislo-
cations, and interfaces. We study individual defects such
as single vacancies (with Field lon Microscopy and at-
omistic modelling) [1-3] and also large statistical defect
ensembles such as light years of entangled dislocation
lines (for instance by X-ray diffraction and crystal plas-
ticity modelling) [4-7].

Microstructure affects all materials, from pure single
crystals [8, 9] to complex engineering alloys [10-13]. It
can change, by orders of magnitude, a material's me-
chanical behaviour (e.g. strength, ductility), electrochem-
ical response (e.g. corrosion, charging behaviour), and
functional properties (e.g. magnetic hysteresis, electrical
conductivity).

For tailoring microstructures and chemistry, we work on
alloy design [14-18], metallurgical processing [19-21],
combinatorial synthesis [21-25], sustainable production
[26-29], and additive manufacturing [30-36].

=2 phases
B0 lattece delects 20 lattice dafecis cracks

precipitates
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roughness

Fig. 1: Microstructure cosmos, consisting of a range of lattice
defects and their chemical decoration features.

Our main analysis tools are computational materials sci-
ence [37-39], machine learning [3, 13, 40-42] as well as
multiscale and multi-probe characterization [18, 43-49].

With this expertise we have developed a knowledge-based
as opposed to the traditional try-and-error-approach to the
development of new materials, microstructures, process-
es, and property combinations, often by reconciling some-
times antagonistic features such as mechanical strength,
ductility and soft magnetic behaviours [20, 50-54].

Impact on society

Since the dawn of mankind, materials have been the
backbone of human society. Today, they are indispens-
able in the fields of energy, industry, transport, health,
construction, safety, and manufacturing. With >2 bil-
lion tons produced every year, metals stand for mas-
sive economic growth, job safety, and wealth increase.
Due to the sheer quantities produced and used, they
also play a central role in sustainability.

Currently, we enter from the age of linear industry into a
circular and digitalized economy. This offers huge op-
portunities to revolutionize production, transport, and
energy supply. These changes affect the daily lives of
billions of people. Advanced metallic alloys, their pro-
duction, use, and recycling are key to this transition, as
they can help enabling a carbon-free, digitalized and
electrified industrial and urban future.

Metals play a twofold role in that context. On the
one hand they enable many products and processes
through which energy can be saved and greenhouse
gas emissions can be reduced. Examples are ther-
moelectrics for waste heat harvesting [55-59], high-
strength alloys for reducing the weight of vehicles we
discuss here cases where metastable phases are not
coincidentally inherited from processing, but rather
are engineered. Specifically, we aim at composition-
al (partitioning [20, 60-63], or magnetic materials
[54, 64-66] for electrical engines. On the other hand,
they are the highest single source of greenhouse gas
emissions, particularly due to synthesis, which often
involves carbon as a reductant, making metallurgy the
biggest single cause for global warming [27-29].

Therefore, we devote our efforts to understand, invent,
and enable advanced materials and processes for a
sustainable and safe future [26-29].

Fields of Special Methodological
Expertise

Computational materials science

Our expertise in this field lies in the theory of micro-
mechanics and its non-linear interplay with chemistry
and phase transformations [5, 55-58]. Recently, we
have also started to include the interaction of micro-
mechanics and redox reactions in our simulations,
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such as needed to describe material decay, corrosion,
and reduction processes in energy conversion applica-
tions, harsh environmental conditions and metallurgical
sustainability.

¥
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Fig. 2: Microstructure simulation considering mechanics, chemis-
try, phase transformations, and redox reactions.

We have cast our research experience and simulation
codes accumulated over more than 25 years into the soft-
ware package DAMASK [5, 37, 59-62], a free material sim-
ulation kit for modelling multi-physics crystal plasticity,
thermal, phase transformation, and damage phenomena
from the single crystal up to the component scale (Fig. 2,
see also p. 73). It is employed by hundreds of academic
users and companies worldwide (https://damask.mpie.
de). We use it for both, predicting microstructure evolu-
tion and the resulting properties on the one hand and for
boundary condition treatment of experiments on the oth-
er hand. This approach enables us to render microstruc-
ture research quantitatively.

Multiscale and multi-probe microstructure characteri-
zation

Our expertise in this domain lies in applying fully cor-rel-
ative atomic-scale and mesoscale probing of struc-ture,
defects and chemistry to the exactly same mate-rial po-
sition, to jointly probe structural, chemical, and property
features e.g. of chemical decoration and transformation
phenomena at internal interfaces, environmental degra-
dation, dislocations, or even single vacancies[18, 43-49].
We use combinations of atom probe tomography (APT)
[63, 64], electron channelling contrast imaging under
controlled diffraction condi-tions (ECCI) [65-68], 3D elec-
tron imaging and backscatter diffraction (EBSD) [69-72],
cross-correlation EBSD [73, 74], and field ion microscopy
(FIM) [1-3], often coupled with theory and machine learn-
ing, for enhanced quantification of the data. We apply
such correlative multi-probe methods to a range of ma-
terials, from well-defined single crystals up to complex
engineering metallic materials. This approach enabled

discoveries such as low-dimensional trans-formations
of chemically decorated dislocation core regions [75, 76],
interfacial spinodal-like chemical decomposition effects
at interfaces [12, 77, 78], or partitioning phenomena [10,
79-82] among several types of adjacent phases and lat-
tice defects.

Increasing focus in characterisation lies in considering
environmental degradation of materials. This is a partic-
ularly challenging task when it comes to the joint charac-
terization of microstructures, damage features, and the
reactants and reactions that are causing the degradation,
involving for instance hydrogen (to study hydrogen em-
brittlement), oxygen (to study corrosion), and light reac-
tive elements such as lithium (to study batteries) [13, 26,
45, 46, 83-85]. Especially hydrogen is extremely hard to
image and once being mapped one must make sure that
it is the hydrogen that was charged in an experiment by
purpose and not the hydrogen that had intruded due to
contaminated experimental conditions. We have there-
fore established a cryogenic and ultra-high vacuum work-
flow that combines a reaction and charging laboratory
hub with plasma focused ion beam, electron optical, and
atom probe tomography characterization instruments
(see p. 47 & 50).

Alloy and process design

In this fields we apply our approaches to make materials
that have property profiles with often conflicting features.
Examples are alloys with high mechanical strength on the
one hand and good ductility, fracture toughness, thermo-
electric performance, hydrogen embrittlement resistance,
or functional properties on the other hand [14-18].

As one example to solve the fundamental conflict be-
tween strength and ductility we introduced a gener-al-
ized metastability alloy design principle [14, 79, 86]. This
means that the thermodynamic stability of the dominant
matrix phase or of a chemically decorated confined re-
gion (such as a single lattice defect or interface region)
of an alloy is compositionally adjusted in such a way that
athermal transformation mecha-nisms (such as twinning
and martensite formation which both profoundly increase
the material’s strength) are activated in a specific win-
dow of the stress-strain regime where they are needed
to coun-teract localization and micro-damage inside the
alloy. This metastability alloy design concept has led to a
number of discoveries of new materials with excep-tional
load-bearing capacity paired with high damage tolerance
[35, 54, 95,97-100].

Another example is in magnetic alloys [12, 48, 87-89]: re-
garding the combination of strength and good func-tional
properties we develop high strength soft mag-netic mate-
rials, for instance by utilising spinodal de-composition or
alloys with high volume fraction of precipitates. Another
direction lies in developing alloys and coatings with spe-
cific compositions and micro-structures that have a high
resistance to hydrogen embrittlement and corrosion [26,
90-92].
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Processes, mechanisms, and materials for sustainabili-
ty and a circular economy

The microstructure-centred approach of the department
enables us to address our latest research quest, namely,
to identify pathways towards enhanced sustainability of
metallic materials, in areas which include reduced-CO,
primary production, recycling of metals, scrap-compati-
ble alloy design, contaminant- and hydrogen tolerance of
alloys, hydrogen-plasma based reduction, electrolysis for
the reduction of oxides, and H-based direct reduction of
iron ores [26—-29].

For this purpose, we have designed and modified a num-
ber of laboratory-scale reactors in which corresponding
experiments can be conducted, under well-controlled
reactive boundary conditions and temperature control as
well as permanent in-operando monitoring through mass
spectrometry. These experiments are conducted in close
cooperation with the group of M. Rohwerder at the GO de-
partment (see p. 125).

Some topics are currently pursued with high activity,
namely, H-based direct reduction of iron oxides, H-plas-
ma-based reduction (see p. Ma group), and the design of
alloys that can tolerate highest possible scrap and thus
impurity fractions.

These projects show two interesting trends, a more spe-
cific and a more general one: Firstly, there are numer-
ous fundamental research questions that can only be
successfully addressed when embracing methods from
process metallurgy and physical metallurgy together. An
example is the immense role of microstructure, fracture,
and porosity on the direct reduction kinetics of solid oxide
minerals exposed to hydrogen or hydrogen carriers [27].

Secondly, on more general grounds, there are multiple
unexplored phenomena and basic research questions in
the field of sustainable metallurgy [29]. This means that
there is much room for new discoveries and the leverage
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of such discoveries on reducing the energy consumption
and greenhouse gas emissions of these industries is po-
tentially very large, equipping the urgent need for improved
sustainability of the metallurgical sector with novel core
competences. This becomes clear when recalling that
about one-third of all industrial greenhouse gas emissions
come from iron and steel making alone [29].

Common scientific motif

The common scientific motif behind the research activ-
ities in the department is the interplay between all the
defects that make up an alloy’s microstructure and their
local chemistry [93]. For revealing the underlying scientif-
ic laws of these interactions we conduct well-designed
experiments and run them in concert with predictive sim-
ulations [5, 37, 67, 71, 108]. We use the resulting insights
for engi-neering applications, particularly for inventing
ad-vanced alloys and more metallurgical processes.
More specific, the aim is the physics-based design of
mate-rials with superior properties and sustainable pro-
cess-es for the fields of energy, mobility, infrastructures,
and health.

Material choices

We aim to understand the fundamental relationships be-
tween specific thermodynamic and kinetic features of
materials and the evolution of microstructure and thus
their effects on mechanical and functional properties.
We therefore select, synthesize, process, and probe ma-
terials along specific intrinsic property gradients, such as
their phase (meta-)stability, solid solution content, stack-
ing fault energy, (athermal) transformation behaviour,
magnetic hysteresis, or chemical reactivity. Along this
systematics we work on the fundamentals of the relations
between synthesis, microstructure, and properties of of-
ten complex and nanostructured materials. Focus is on
metallic alloys such as aluminium, titanium, steels, high
and medium entropy alloys, superalloys, magnesium, and
magnetic and thermoelectric alloys.

Department structure and research groups

The department structure and organization reflects our
understanding of fundamental yet highly flexible re-
search. Some of the research groups pursue long-term
visions of high strategic and methodological relevance
for the department’s mission. Some other groups are
non-permanent, and they are usually extramurally fund-
ed. This helps to rapidly establish new initiatives and to
provide opportunities to young science leaders to pursue
their own ideas and grow new initiatives (Fig. 3).

These non-permanent groups establish not only hubs
for new research directions but they are also career vehi-
cles for postdoctoral researchers who attract extramural
funding, which allows them to establish own research ini-
tiatives. Funding agencies addressed for such initiatives

are for instance the Max Planck -Fraunhofer collabora-
tion scheme or the European Research Council, German
Research Foundation, Federal Ministry of Education and
Research (BMBF), and Volkswagen Foundation. These
groups act as career platforms and rapid idea incubators,
initiating new topics of highest novelty, quality, and scien-
tific success. Most former group leaders of these initia-
tives have gained faculty positions at leading institutions
around the globe.

Another category of groups is placed between the de-
partments and between the MPIE and partner institu-
tions elsewhere. These groups are often also funded by
extramural third-party funds or by partnership programs
of the Max Planck Society (MPG). They establish new
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Fig. 3: Research Groups in the Department Microstructure Physics and Alloy Design, together with Interdepartmental and Partner Groups.

research fields which are placed between the individual
departments and thus form centres for intense cross-dis-
ciplinary research, tapping competences from all depart-
ments and from centres outside of the institute. The in-
terdepartmental and partner groups present their work in
separate sections (see p. 23 - 35).

Long-term research groups

The long term research groups in the department work
on Atom Probe Tomography (B. Gault), Computational
Sustainable Metallurgy (J. Mianroodi), Mechanism-based
Alloy Design (D. Ponge), Microscopy and Diffrac-tion (S.
Zaefferer), and Theory and Simulation (F. Roters).

Atom Probe Tomography (B. Gault)

Atom Probe Tomography (APT) is a high-resolution
characterization technique that provides three-dimen-
sional elemental mapping with near-atomic resolution.
Insights from APT help understand phase formation and
transformations, segregation at interfaces, and parti-
tioning between phases. The group focuses on applying
this burgeoning microscopy and microanalysis tech-
nique to a wide range of advanced materials, with an em-
phasis on correlating the information gleaned from APT
with other experimental and computational techniques
[49, 101, 109-113]. The group has strong ties with nu-
merous other groups within MPIE, in particular with the

group for Mechanism-based Alloy Design, and across
departments, with the Computational Phase Studies
and the independent Nanoanalytics and Interfaces re-
search group.

The group has operated since the installation of a local
electrode atom probe Cameca LEAP 3000X HR in 2009.
In August 2015, a second instrument, a LEAP 5000 XS
was the first of its kind installed in the world, followed in
February 2017 by a LEAP 5000 XR. The LEAP 3000 in-
strument was replaced in 2019 by another LEAP 5000
XR. These state-of-the-art instruments offer a wide
field-of-view, high detection efficiency, and new genera-
tion of UV lasers. These instruments are complemented
by two FEI Helios Dual Beam SEM/FIB (600/600i) and a
FEI Helios PFIB.

The two LEAP 5000 XS and XR instruments are part of
a world unique setup allowing for controlled transport of
APT specimens from a glovebox to a scanning-electron
microscope / focused ion beam to one of the two LEAPs
via an ultra-high-vacuum suitcase. Transport of speci-
mens can also be performed at cryogenic temperatures.
This infrastructure was funded jointly by the BMBF and
the MPG.

Computational Sustainable Metallurgy (J. Mianroodi)

The impact of humans on the environment and climate
has long been scientific fact. Acceptance of this fact



in the non-scientific world has finally reached the point
where many societies and governments have started to
adopt policy and to implement measures geared toward
reduction or even elimination of this impact. Prominent
examples of this include the idea of a climate-neutral,
sustainable, and at least partially circular economy and
production.

A number of scientific and technological challenges
emerge from these considerations for the field of ma-
terial engineering, metallurgy, steel production, ener-
gy storage, battery technology, and recycling. Solving
these outstanding scientific challenges requires prop-
er understanding of the underlying mechanisms and
casting them into interdisciplinary, multi-physics and
multi-scale modelling approaches. Advances in the un-
derstanding of chemical reactions, chemo-mechanical
interaction, mechanical behaviour, defect evolution, and
material degradation, from atomistic scales up to con-
tinuum level, are required to resolve many of the most
pressing challenges and achieve the goal of material
sustainability. These cover every aspect of material life
from extraction to production, processing, manufactur-
ing, service life, and recycling. This very recently estab-
lished group thus focuses on applying and developing
computational methods to solve various challenges
related to materials and processes with important en-
vironmental impact, focusing on problems where the in-
terplay of chemistry, phase transformation, microstruc-
ture, mechanics, and damage plays an important role
enabling their deformation, mechanical response, and
transport properties. Less well known is their influence
on material chemistry. The severe lattice distortion at
these defects drives solute segregation to them, result-
ing in strong, localized spatial variations in chemistry
that determine microstructure and material behavior.
Recent advances in atomic-scale characterization meth-
ods have made it possible
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connection to the underlying physics at atomistic scales
as well as experimental observation are used in the proj-
ects in this group.

Corrosion and damage evolution during the life cycle of
metals is one of the most important underlying reason
of component failure. Topics such as hydrogen embrit-
tlement, stress corrosion cracking, Li-ion battery deg-
radation are important for clean energy storage (either
hydrogen storage or electricity) and are hence also in the
focus of projects in this group. The interplay of chemistry,
mechanics, and damage development at different scales
is important in these topics.

Phase-field, finite element, molecular dynamics, Monte
Carlo, and machine learning methods are the computa-
tional approaches used by the group. Software packages
such as the Diisseldorf Advanced Material Simulation Kit
(DAMASK), MOOSE framework, LAMMPS, and Tensor-
Flow are among the tools employed.

Mechanism-based Alloy Design (D. Ponge)

This group works on the microstructure-oriented design
of advanced high strength steels, high entropy alloys as
well as on engineering Al-, Ni- and Ti-alloys (Fig. 4).

Projects focus on multiple strain hardening mechanisms
such as the interplay of dislocations, twins, and defor-
mation driven phase transformations. Of special inter-
est are confined phase transformation phenomena at
grain boundaries and dislocations [51, 79, 95]. Especial-
ly for materials with high strength, hydrogen embrittle-
ment provides a challenge. Here the damage and failure
mechanisms are analysed in order to develop novel high
strength materials with low susceptibility against hy-
drogen embrittlement [13, 51, 85, 96, 97]. Projects in the

to quantitatively resolve de-
fect types and segregation
chemistry. As shown here
for a Pt-Au model alloy, we
observe a wide range of de-
fect-specific solute (Au[8,
11, 27,39, 114, 115].

One example is the sim-

ulation of H-based direct b7 ]
reduction of iron ore as
an alternative method of { 18

steel production with con-
siderably lower emission
compared to conventional
carbon-based reduction for
instance in blast furnaces.
Modelling the reduction
process by coupled che-
mo-mechanical phase-field
methods including micro-
structure and defect evolu-
tion is an on-going research
topic in this group. Close

30 comcentration map of Al = C

Colored circles represant 3 groups of k-carbides
in a precipitation stage from (a):

o O w-carbides still observed in ()

x-carbides partially or completely
dissolved or menged with GB x-carbides
indicated by red.

w-carbides formed close to and had
O contact with the grain boundary,

They appear in {a) with larger size.

Fig. 4: Formation and growth of grain boundary (GB) k-carbides. a) 3D concentration map of Al+C
of an APT sample containing a high angle grain boundary (GB) in an Fe-28Mn-8AI-1.3C wt.% alloy
aged for 16 h at 550 °C. b) Overlaid image of (a) with a schematic of k-carbides. k-carbides formed
by spinodal decomposition granting them the periodicity as indicated by coloured circles. The
red group benefited from GB diffusion leading to faster growth. Their larger size allows them to
consume the yellow group and grow to the sizes observed in (a). These nano-sized GB k-carbides
embrittle the GB in the presence of hydrogen or at low temperatures. During overaging these
precipitates grow to micro-sizes and compromise the mechanical properties.
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group make intense use of the processing, mechanical
testing, and microstructure characterization facilities at
the institute down to the atomic scale. Projects are pur-
sued in collaboration with partners from modelling, APT,
and microscopy. Theory-guided thermomechanical pro-
cessing is a main pathway for optimizing the microstruc-
tures and mechanical properties of complex alloys. In
this context a main objective of projects in this group lies
in understanding and utilizing elemental and mechanical
partitioning effects among neighbouring phases on the
one hand and among the matrix and lattice defects on the
other hand with the aim to adjust the (meta-)stability of
local phase states [6, 43, 98]. Depending on phase stabil-
ity, deformation driven athermal transformations can be
triggered such as spatially confined transformation-in-
duced plasticity (TRIP) and transformation-inducted
twinning (TWIP). Main examples are the design of ultra-
fine grained, partially metastable, maraging, multiphase,
medium-manganese, martensite-to-austenite reversion,
and weight reduced steels for automotive, manufactur-
ing, and infrastructure applications.

Microscopy and Diffraction (S. Zaefferer)

This group works on two interconnected tasks: it aims
at understanding microstructure formation mecha-
nisms and the relation between microstructures and
properties of materials by investigations on the micro-
scopic level. To this aim the group develops or advances
novel microscopy and diffraction techniques. Currently
the focus lies on techniques in the scanning electron
microscope, in particular on the electron diffraction
techniques (EBSD, 3D EBSD, XR-EBSD, ECCI) [68, 71,
99-102]. Also, the group has expertise in the field of im-
aging and diffraction in transmission electron microsco-
py and X-ray diffraction. With respect to microstructure
formation the group pursues questions on deformation,
recrystallization, and solid-state phase transformations.
Concerning microstructure-related properties the main
focus is on mechanical properties, although, in recent
years, also corrosion and electronic properties are stud-
ied. The spectrum of investigated materials comprises
advanced high strength steels of 1%, 2"4, and 3" genera-
tion (dual phase steels, low alloyed TRIP steels, complex
phase steels, high-Mn steels, quench and partitioning
steels), electrical steels, austenitic stainless steels, su-
peralloys, magnesium-, aluminium- and copper alloys,
intermetallic compounds (aluminides, Laves phases),
and, since shortly, a range of photovoltaic materials
(CdTe, Si, CIGS, GaAs).

Theory and Simulation (F. Roters)

This group develops constitutive models for advanced
materials such as high strength steels. As the mechani-
cal properties are of main interest crystal plasticity mod-
elling builds the core of the activities. For this purpose,
a number of constitutive models have been developed
in the last 15 years. These models cover the full range
from phenomenological descriptions to physics-based
formulations of dislocation slip and other deformation

mechanisms such as twinning induced plasticity (TWIP)
and displacive transformations (TRIP). To facilitate the
implementation of the models the Diisseldorf Advanced
MAterial Simulation Kit (DAMASK, https://damask.mpie.
de/) has been developed.

Meanwhile DAMASK was extended to a multi-field solv-
er to enable treatment of multi-physics problems, e.g.
thermal effects or damage. The full DAMASK capabili-
ties together with many application examples have been
published in an overview paper in 2019 [5]. The extended
functionality necessitated a basic refracturing of the code
together with a change of the in- and output formats. This
work that culminated in the release of DAMASK 3 (see p.
73) was mainly performed in the new ICME group lead by
M. Diehl (see p. 39).

One of the key challenges in using complex continuum
scale constitutive models is the identification of (unique)
parameter sets. To overcome this hurdle a new method-
ology has been developed to fit these parameters based
on macroscopic properties [94]. The same procedures
can be used to study parameter interdependencies and
sensitivities, which in turn can help to improve the model
formulation.

Fig. 5: Creation of a martensitic representative volume element
(RVE); synthetic austenitic microstructure (left) and resulting mar-
tensitic microstructure (right). Colours indicate different crystallo-
graphic orientations; black lines are grain boundaries.

Besides reasonable parameter sets, successful micro-
structure-based simulation of properties relies on high
quality representations of those microstructures. To this
end a tool has been developed to create representative
volume elements for martensite, Fig. 5 [95].

Many industrial processes involve large and heterogenous
deformations. Simulation of such processes is challenging
as heavily deformed meshes or grids often prevent con-
vergence of the numerical algorithms used. The solution
to this problem is remeshing/regridding to create new reg-
ular meshes or grids. While this is a standard technique
in continuum mechanics, the transfer of microstructural
state variables poses additional challenges. Two different
strategies have been implemented in DAMASK to enable
simulation of large deformations [96].
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While all the above sounds rath-
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Fig. 6: Strength-ductility profiles of various classes of metallic materials including novel HEAs

recently developed by the group.

Two of the non-permanent

groups that were founded al-

ready before 2019 are the initiatives for High Entropy
Alloys (Z. Li) and Materials Science of Mechanical Con-
tacts (M. Herbig).

High Entropy Alloys (Z. Li)

The goal of this group is to develop novel high-entropy
alloys (HEAs) with exceptional mechanical, physical and
chemical properties based on the understanding of their
structure-properties relations [21, 91, 106-110]. This is
achieved by using advanced experimental techniques
and the state-of-the-art theoretical methods, in close col-
laboration with the other groups and departments.

Conventional alloy design over the past centuries has
been constrained by the concept of one or two prevalent
base elements. As a breakthrough of this restriction, the
concept of HEAs opens a new realm of nhumerous oppor-
tunities for investigations in the huge unexplored compo-
sitional space of multi-component alloys [111, 112].

While conventional alloys use strengthening mecha-
nisms such as grain boundaries, dual-phase structure,
dislocation interactions, precipitates, and solid solution
(e.g., steels, Ti-alloys, Al-alloys), the novel interstitial
TWIP-TRIP-HEAs concept developed by the group com-
bines all available strengthening effects, namely, inter-
stitial and substitutional solid solution, TWIP, TRIP, mul-
tiple phases, precipitates, dislocations, stacking faults,
and grain boundaries [91, 108, 110, 113, 114]. This leads
to the exceptional strength-ductility combination of the
novel HEAs, exceeding that of most metallic materials
(Fig. 6).

The group conducts projects along a few main topi-
cal fields associated with designing high-performance
compositionally complex alloys, namely, materials with
excellent strength-ductility combination, massive inter-
stitial alloying, alloys with enhanced resistance to hydro-
gen-embrittlement and corrosion, and multifunctional
materials including new alloys combining exceptional
mechanical properties with specific magnetic and invar
property profiles.

Materials Science of Mechanical Contacts (M. Herbig)

The group aims at deepening our understanding of the
materials science phenomena associated with intense
joint mechanical and environmental contacts [115-118].
This is key to revealing a broad range of phenomena re-
quired for improving crucial engineering components
such as bearings, rails, hip implants, extrusion tools, bor-
ing heads, cutting inserts, or dental fillings.

The associated materials science of mechanical con-
tacts is versatile and challenging (Fig. 7). The contact
between two bodies subjected to high forces under
harsh environmental conditions and multiple repetitions
involves complex materials science phenomena: plastic
deformation can lead to fatigue, grain refinement, and
precipitate decomposition. Frictional heat can cause
diffusion, phase transformation, recovery, or recrystalli-
zation. The presence of air, lubricants, or body fluids at
the contact point causes oxidation, tribolayers, or even
corrosion or hydrogen embrittlement. These processes
usually occur simultaneously in service and cannot be
tracked in situ. The analysis of such phenomena requires
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Fig. 7: Microstructure reactions caused by intense mechanical/environmental contacts..

tric current flow through the
bearing (which is of impor-
tance as electric discharge
events have been associated
with the presence of WECS)
can be controlled with this
instrument. These specimens
are compared to samples that
failed during service using
state-of-the-art microscopy.
Individual phenomena are in-
vestigated separately where
possible. Dedicated experi-
ments are conducted to in-
vestigate the mechanisms of
precipitate decomposition by
deformation, heat, and elec-
tricity.

The research activities on
steels are complemented by
research on hip implants where
corrosion and wear between

combined chemical and structural characterization down
to the atomic scale.

One main focus of the group are white-etching-cracks
(WECs), which cause failure in bearings and rails, but
which are in reality ubiquitous in high carbon steel appli-
cations subjected to intense mechanical contacts. This
failure mode causes billions of euros costs worldwide
each year. The group follows a staggered approach to
yield a breakthrough on this long-standing challenge:
Specimen failure under controlled laboratory conditions
is generated using a customized rolling contact fatigue
machine built in-house that simulates test conditions
similar to ball bearings but on self-designed alloys. Both,
lubrication and loading conditions as well as the elec-

the stem and head leads to
adverse tissue reactions. Here, correlative transmission
electron microscopy (TEM) and APT give access to the
complex body/implant interactions.

The group uses all characterization techniques avail-
able at the MPIE, from rolling contact fatigue test rigs
on whole bearings, over mesoscale investigations in the
scanning electron microscope (SEM), down to the at-
omistic scale using TEM and APT. A key competence of
the group is the use of correlative probing, for instance
by combining these techniques to the same sample,
to provide combined 3D structural and compositional
information on near atomic scale, which is often the
only way to answer a long-standing materials scientific
question.

Grand challenges and recent breakthroughs

By bundling the core competences described above the
department members jointly pursue a few ‘Grand Chal-
lenge’ topics, involving also members from all other de-
partments. Details about some of these projects are giv-
en in the section “Interdepartmental Research Activities
- Selected Highlights” (see. p. 182 - 225).

The ‘Grand Challenges’ we pursue are

1. Low-dimensional thermodynamics and kinetics at
lattice defects

2. Understanding and solving hydrogen embrittlement

3. Compositionally complex alloys with special func-
tional properties

Low-dimensional thermodynamics and
kinetics at lattice defects

This topic is about the understanding and local chemi-cal
manipulation of individual lattice defects. These features,
such as dislocations and grain boundaries, influence
mechanical, functional, and kinetic proper-ties of alloys.
Such changes in the defect’s chemical state can be pre-
dicted and experimentally studied under thermodynamic
well-controlled grand canonical conditions, for instance
by single or multi-component solute decoration. This
change in their chemical state leads to changes in ener-
gy, mobility, structure, cohe-sion and can even promote
local phase transformation. In an approach referred to as
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acterization have made it
possible to quantitatively
resolve different disloca-
tion types and arrange-
ments and their respective
segregation chemistry.
One example for a Pt-Au
model alloy is shown in
Fig. 8 [11]. We observe here
awide range of defect-spe-
cific solute (Au) decoration
patterns of much greater

Al e (inmic)

L] m = & & B

iLow angle grain boundar:r'é Glissile dislocation ! | Stacking-fault tetrahedr b

Bat%Au

variety and complexit
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than expected from the tra-
ditional Cottrell cloud pic-
ture. The solute decoration
of the dislocations can be

1 Bat¥ahu
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up to half an order of mag-
nitude higher than expect-
ed from classical theory,
and the differences are de-
termined by their structure,
mutual alignment, and dis-
tortion field. This opens up
pathways to utilize disloca-
tions for the compositional
and structural nanoscale
design of advanced mate-
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E
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rials. We made similar ob-
A servations also for Fe-Mn
and Al-Mg alloys, revealing
by combined atomic-scale

Fig. 8: Study of a Pt-7 at % Au thin film annealed at 1300 K for 15 min.(A) TEM-based bright-field
image of specimen tip oriented normal to the (-1 1-1) crystallographic direction. (B) Misorientation
map from electron diffraction. (C) APT-based reconstruction of the 6 at % segregated Au isosurface
superimposed on the bright-field image from (A). The x at % isosurface represents the region (voxels)

containing x or more at % Au. (D) Spatial distribution of Pt (green) and Au (gold) atoms in the specimen

tip and the isosurfaces from (C). (E) Au at % profiles across particular defects shown in the upper
panels in (F). The direction of the profiles in (E) is indicated by the arrows in (F). These include (i)
Low-angle grain boundary (grey profile normal to dislocation array), (ii) glissile dislocation (yellow
profile parallel to slip plane normal), (iii) stacking fault tetrahedron, and (iv) Frank loop. (F) Top: Each
panel shows an image (middle) of each observed defect type, corresponding defect symbols (left),
and a DMD simulation result (right) in the coloured boxes. The numbers in each box are the Au at %
isosurface (Iso) values for imaging (left) and maximum (max) solute at % near the defects (right). The

characterization and simu-
lation the complexity and
diversity of the chemical
nature of dislocations.

We studied similar phe-
nomena for the case of
grain boundary segrega-
tion and found for exam-
ple complex planar com-
positional decomposition
patterns and even local

maximum values are obtained from the Au at % profile in (E). A length of 5 nm is indicated by the bar.

Bottom: equilibrium Pt-Au phase diagram [11].

austenite reversion of
these decorated interface
regions. In an Fe-9 wt.%

regarded as an undesired phenomenon but it is instead
utilized to manipulate specific defect structures and prop-
erties via local composition tuning [57, 119, 137-139].

As an example, for the case of one-dimensional defects
we studied the solute decoration of dislocations. Dislo-
cations are one-dimensional defects in crystals, enabling
their deformation, mechanical response, and transport
properties. Less well-known is their influence on material
chemistry. The severe lattice distortion at these defects
drives solute segregation to them, resulting in strong,
localized spatial variations in chemistry, that determine
microstructure and material behaviour. Recent advances
in high resolution correlative atomic-scale material char-

Mn martensite we stud-
ied grain boundary embrittlement in the quenched and
tempered state. While solute Mn directly embrittles mar-
tensite 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 and fa-
tigue resistance. The grain boundary segregation is a
local equilibrium state and shifts the chemical working
point from the material’s bulk composition to a locally
much higher composition. With this shift in the local
concentration a number of spatially-confined (hence
low-dimensional) thermodynamic phenomena can be
observed at lattice defects that do not occur in the adja-
cent bulk regions.
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Fig. 9: a, Schematic image of the concept, showing a H-induced crack propagation
crossing a designed solute-rich buffer region, with the solute concentration profile
and the corresponding crack resistance schematically shown on the right side. b,
Electron backscatter diffraction (EBSD) phase plus image quality (1Q) map showing
the austenite—ferrite dual-phase microstructure. fcc, face-centred cubic; bec,
body-centred cubic. ¢, Scanning electron microscopy (SEM)-based energy-disper-
sive X-ray spectroscopy (EDX) map revealing the overall Mn distribution pattern in
the microstructure. The chemical buffer zones are those regions where Mn is highly
enriched (~14-16 at. % Mn) inside the austenite phase (some of them are marked by
elliptical frames). d, High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) observation with EDX analysis, showing the existence
of multiple Mn-rich zones inside one austenite crystal cluster or even one austenite
grain. The selected area electron diffraction and high-resolution transmission
electron microscopy (HR-TEM) images taken, respectively, from the marked circular
and rectangular frames are placed on the right side of the STEM image. The EDX line
profile is taken from the area marked by a white arrow in the EDX map. e, Mechanical
properties of the chemically homogeneous (HOM) and of the chemically heteroge-
neous (HET) alloy variant [95].

Understanding and solving
hydrogen embrittlement

One of the main challenges in the field of
hydrogen embrittlement is to understand
the relationships between the individual
hydrogen-induced mechanisms and their
synergistic interplay in creating actual
damage initiation features that can lead to
catastrophic material failure.

Some of the individual effects that hydro-
gen causes when intruding metallic alloys
are in part well-established. An example
is the hydrogen enhanced local plasticity
(HELP) effect in metals with BCC lattice
structure such as ferritic steels. This
leads to the local softening of the mate-
rial due to enhanced mobility of the dis-
locations. Another effect is the enhanced
decohesion across interfaces that can be
caused by hydrogen decoration (HEDE).
Another important effect is the stabili-
zation of vacancies by hydrogen decora-
tion, leading to super-abundant vacancy
concentrations which can condensate
and lead to porosity. What is much less
understood, however, is how these indi-
vidual mechanisms actually act together
to cause catastrophic damage and failure,
Fig. 9 [95].

In this context, measurements including
sufficient spatial resolution of the asso-
ciated 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 char-
acterization of their individual structural
and chemical state is essential for under-
standing corrosion and the resulting de-
cay and failure mechanisms. Specifically,
site-specific microstructure and composi-
tion characterization is of great relevance.
Instrumentation we use in this context
are correlative atom probe tomography,
Scanning Kelvin Probe mapping (togeth-
er with the departments of G. Dehm and
M. Rohwerder) in conjunction with EBSD
and ECCI as well as nanoscale second-
ary ion mass spectrometry (nanoSIMS).
In the context of imaging hydrogen and
deuterium at the atomic scale particular-
ly the new atom probe laboratory which
is equipped with a cryo-transfer unit and
a charging glove box is essential. Its use
allows charged samples to be exchanged
and probed among different microscopes
and atom probes without any exposure to
air or elevated temperatures (see p. 50).
More details on the latest instrumental



progress at the MPIE are presented on pages see p. 50
and p. 204.

These spatially resolved hydrogen mapping methods en-
abled us not only to establish a relationship between lo-
calised plasticity and cohesion effects in steels but also
to develop a microstructure design approach that sub-
stantially enhances the material’s resistance against hy-
drogen embrittlement. More specific we used our findings
to introduce a counterintuitive strategy where we exploit
typically undesired chemical heterogeneity within the
material’s microstructure that enables the local enhance-
ment of crack resistance and local hydrogen trapping
(Fig. 9). We deploy this approach to a manganese-con-
taining high-strength steel and produce a high dispersion
of manganese-rich zones in the microstructure. These
solute-rich buffer regions allow for local micro-tuning of
the phase stability, arresting H-induced microcracks thus
interrupting the hydrogen-assisted damage percolation.
This effect results in a superior hydrogen embrittlement
resistance (by a factor of two) without sacrificing the
material’s strength and ductility. The strategy of exploit-
ing chemical heterogeneities, rather than avoiding them,
broadens the horizon for microstructure engineering via
advanced thermomechanical processing.

Compositionally complex alloys with
special functional properties

An important class of compositionally complex alloys
with a wide range of mutual solid solubility has been
identified for mixtures of the elements Fe, Ni, Co, Cr and
Mn. These elements offer not just interesting opportuni-
ties for tuning the stacking fault energy and enhancing
the solid solution strength, but they are also known for
their strong spin coupling: Fe, Ni and Co are the stron-
gest single element ferromagnets while Cr and Mn are
the strongest antiferromagnets. These features, together
with a wide range of adjustable valence electron concen-
trations, has triggered interest in developing alloys with
good magnetic and/or invar properties (Fig. 10).

One project in that context targets mechanically strong
soft-magnetic alloys. The motivation behind that is that
a lack of strength and damage tolerance can limit the ap-
plications of conventional soft magnetic materials, par-
ticularly in mechanically loaded functional devices which
are critical for the electrification of transport and indus-
try. Therefore, strengthening of these materials is im-
portant. However, conventional strengthening concepts
usually significantly deteriorate soft magnetic properties,
due to Bloch wall interactions with the defects used for
hardening. We followed therefore a novel concept to over-
come this dilemma, by developing bulk alloys with excel-
lent mechanical and attractive soft magnetic properties
through coherent and ordered nanoprecipitates (<15 nm)
dispersed homogeneously within a face-centred cubic
matrix of a non-equiatomic CoFeNiTaAl high-entropy al-
loy (HEA) [54]. Compared to the alloy in precipitate-free
state, the alloy variant with a large volume fraction (>42
%) of nanoprecipitates achieves significantly enhanced
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Fig. 10: APT and magnetic analysis of a homogenized
Fe,;Co,;Ni,,Mn,,Cu,, high entropy alloy annealed at 600 °C for
several times. APT tip reconstructions of Fe, Ni, Co, Mn, and Cu. 50
at. % iso-concentration surfaces of Cu and in-plane compositional
analysis of the identical sample region marked on the isoconcen-
tration surfaces [89, 106].

strength (=1526 MPa) at good ductility (=15 %), while the
coercivity is only marginally increased (<10.7 Oe). The or-
dered nanoprecipitates and the resulting dynamic micro-
band refinement in the matrix significantly strengthen the
HEAs, while full coherency between the nanoprecipitates
and the matrix leads at the same time to the desired insig-
nificant pinning of the magnetic domain walls.

Another approach made use of tailoring magnetic prop-
erties via spinodal decomposition in compositionally
complex alloys, Fig. 10 [89, 106]. While the original ver-
sion of the high-entropy alloy concept aimed at stabiliz-
ing single- or dual-phase multi-element solid solutions
through high mixing entropy, we modified this strategy
by rendering such massive solid solutions metastable, to
trigger spinodal decomposition for improving the alloys’
magnetic properties. The motivation for starting from a
complex composition for this approach is to provide the
chemical degrees of freedom required to tailor spinodal
behaviour using multiple components. The key idea is to
form Fe-Co enriched regions which have an expanded
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volume (relative to unconstrained Fe-Co), due to coheren-
cy constraints imposed by the surrounding HEA matrix.
As demonstrated by theory and experiments, this leads
to improved magnetic properties of the decomposed al-
loy relative to the original solid solution matrix. In a proto-
type magnetic FeCoNiMnCu HEA, we could show that the
modulated structures, achieved by spinodal decomposi-
tion, lead to an increase of the Curie temperature by 48 %
and a simultaneous increase of magnetization by 70 % at
ambient temperature as compared to the homogenized
single-phase reference alloy. The findings thus open a
pathway for the development of advanced functional
compositionally complex alloys.

Hydrogen-based reduction of iron oxides

Steel is the most important material class in terms of vol-
ume and environmental impact. While it is a sustainability
enabler, for instance through lightweight design, magnet-
ic devices, and efficient turbines, its primary production
is not. Iron is reduced from ores by carbon, causing 30 %
of the global CO, emissions in manufacturing, qualifying
it as the largest single industrial greenhouse gas emis-
sion source. Hydrogen is thus attractive as alternative
reductant. Although this reaction has been studied for
decades, its kinetics is not well understood, particularly
during the wiistite reduction step which is much slower
than hematite reduction.

Some rate-limiting factors of this reaction are determined
by the microstructure and local chemistry of the ores.
Here, we report on a multi-scale structure and composi-
tion analysis of iron reduced from hematite with pure H,,
reaching down to near-atomic scale. During reduction a
complex pore- and microstructure evolves, due to oxygen
loss and non-volume conserving phase transformations.
The microstructure after reduction is an aggregate of
nearly pure iron crystals, containing inherited and ac-
quired pores and cracks. We observe several types of
lattice defects that accelerate mass transport as well as
several chemical impurities (Na, Mg, Ti, V) within the Fe
in the form of oxide islands that were not reduced. With
this work, we aim to open the perspective in the field of
carbon-neutral iron H-based direct reduction from mac-
roscopic processing towards better understanding of the
underlying microscopic transport and reduction mecha-
nisms and kinetics [27].

Reduction based on a hydrogen plasma may offer an at-
tractive alternative to direct reduction. We therefore also
study the reduction of hematite using hydrogen plasma.
The evolution of both, chemical composition and phase
transformations was investigated in several interme-
diate states. We found that hematite reduction kinetics
depends on the balance between the initial input mass
and the arc power. For an optimized input mass-arc pow-
er ratio, complete reduction was obtained within 15 min
of exposure to the hydrogen plasma. In such a process,
the wiistite reduction is also the rate-limiting step for
complete reduction. Nonetheless, the reduction reaction
is exothermic, and its rates are comparable with those

found in hydrogen-based direct reduction. Micro- and na-
noscale chemical and microstructure analysis revealed
that the gangue elements partition to the remaining oxide
regions, probed by energy dispersive spectroscopy (EDS)
and APT. Si-enrichment was observed in the interdendrit-
ic fayalite domains, at the wiistite/iron hetero-interfaces
and in the primarily solidified oxide particles inside the
iron. With proceeding reduction, however, such elements
are gradually removed from the samples so that the final
iron product is nearly free of gangue-related impurities.
Our findings provide microstructural and atomic-scale
insights into the composition and phase transformations
occurring during iron ore reduction by hydrogen plasma,
propelling better understanding of the underlying thermo-
dynamics and kinetic barriers of this essential process
[28].
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Department of
Structure and Nano-/Micromechanics of Materials (SN)
G. Dehm

Scientific mission and concepts

Mission

We perform basic research interlinking mechanical, and
since 2019, the electrical properties of materials with
their microstructure and constitution. Establishing such
links requires multiscale approaches in materials charac-
terization and property measurement. The gained infor-
mation provides a strong basis for designing optimized
material microstructures and systems with respect to
improved lifetime in harsh environments, reduced ener-
gy consumption in transportation or higher efficiency in
energy applications. While obtaining global properties is
often well established, accessing properties that emerge
at small dimensions from ca. 100 micrometres down to
a few nanometres requires novel test strategies and pro-
tocols. We place our focus on adapting and developing
reliable miniaturized experiments to obtain precise infor-
mation on mechanical and electrical properties at these
small length scales [1-7]. The high spatial resolution of
our nanoindentation and 4-point probe based mechani-
cal and electrical experiments, respectively, provide us
access to the properties of individual phases in multi-
phase materials, which are often so far unexplored. Even
more challenging are the complex interactions between
different classes of imperfections such as between dis-
location and grain boundaries [9-11] or dislocations and
point defects [12-15], which is another focus of our work.
As materials are always exposed to certain environmen-
tal conditions in applications, we have recently extended
our small scale mechanical experimental portfolio to low
(-150 °C) and elevated temperatures (800 °C), to variable strain
rates (104s™ - 10%s™) and also to hydrogen exposure - the
latter in the new ERC funded group Hydrogen Mechanics
and Interfaces (J. Duarte Correa). Combining our small-
scale mechanical tools with advanced electron micros-
copy techniques and X-ray diffraction/synchrotron radi-
ation methods allow us to control boundary conditions
and to elucidate underlying deformation mechanisms.
Similarly, in situ electrical characterization permits us
to study site specific various families of defects down
to a single coincidence site lattice grain boundary [16].
Understanding defects requires knowledge of their crys-
tallography, chemical composition, bonding, and atomic
structure. We use advanced scanning transmission elec-
tron microscopy (STEM) techniques, correlative electron
microscopy and atom probe tomography (APT, often in
collaboration with the MA department) to obtain this in-
formation [17-28]. Image simulations, machine learning,
and atomistic simulations often in close collaboration
with the CM department complemented by our new ERC
funded group Atomistic Modelling of Material Interfaces

(T. Brink) guide us with the necessary data interpreta-
tion [11, 13, 23, 26, 27, 29-31].

Our materials portfolio stretches from intermetallic
materials [32-49] to chemically complex alloys / high
entropy alloys (CCA/HEA) [12, 21, 50-56] and thin films
[4, 25, 29, 52, 57-69] with specific aims. For example,
next generation titanium aluminides for aero-engines
target at extreme reductions in CO, and NO, emis-
sion, while iron aluminides show great potential as an
easy-to-recycle material for stationary engines and
critical components in wind turbines. Our research of-
ten begins with establishing ternary phase diagrams,
as literature lacks the requisite accurate data, critical
for obtaining specific phases and microstructures.
For CCA/HEA, we aim at improving high temperature
strength by tailoring the microstructure towards those
of superalloys and elucidate their resistance against
hydrogen in the near future. An alternative approach to
prevent hydrogen embrittlement of alloys is impeding
hydrogen ingress by applying diffusion barrier coat-
ings. This route we examine in a consortium with the
independent research group Nanoanalytics and Inter-
faces (C. Scheu) at the MPIE. We test the impact of
hydrogen on mechanical properties as well as its im-
pact on nanostructure. In addition, we also elaborate
on model materials, such as macroscopic bi-crystals
with the help of the MPIE's central synthesis facility
or elemental metal films fabricated in-house by SN
department in a deposition cluster [10, 25, 59, 70, 71].
Those model materials are employed for very specif-
ic microstructure-property aspects, like the question
if phase transformations of grain boundaries exist in
pure elemental systems and how alloying additions
would influence the transformation [19, 22, 23, 27, 28].

Department structure and laboratories

The department currently consists of 7 research
groups closely interacting on our department’s mis-
sion. The research groups Intermetallic Materials (M.
Palm and F. Stein) and Thin Films & Nanostructured
Materials (M. Ghidelli until Jan. 2020, J. Best since
April 2020) are central to our and the institute’s mate-
rials portfolio. They operate a modern thermodynamic
laboratory, and thin film deposition facilities (with GO
department), respectively. The 2013 established group
Nano-/ Micromechanics of Materials (C. Kirchlechner
until Dec. 2019, J. Best since April 2020) is comple-
mented by the two new groups Hydrogen Mechanics
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and Interfaces (J. Duarte Correa, since 2019) and Nano-
mechanical Instrumentation and Extreme Nanomechan-
ics (R. Ramachandramoorthy, since July 2020). This
puts us now in a unique position for small-scale testing
under hydrogen exposure with an in-house developed
electro-chemical cell for back-side charging [7] (see p.
66), and developing new instrumentation for an expanded
temperature and strain rates (<10* s™) regime and vari-
able gas environments (see p. 56). The group Advanced
Transmission Electron Microscopy (C. Liebscher) hosts
our aberration corrected TEM/STEM instruments (one
probe corrected, one image corrected) as well as two
conventional TEMs and specimen preparation facilities
for conventional techniques and focussed ion beam (FIB)
methods. One major scientific objective revolves around
the ERC Advanced Grant GB-Correlate (G. Dehm) aiming
at resolving and understanding grain boundary phase
transitions in pure and alloyed metals. This task is now
supported by the recently established group Atomistic
Modelling of Material Interfaces (T. Brink, since 01/2020)
financed by the ERC Advanced Grant, which also sup-
ports the group Hydrogen Mechanics and Interfaces (J.
Duarte Correa, since 09/2019). This group performs atom
probe tomography (APT) measurements on the chemi-
cal composition at grain boundaries and maps hydrogen
in materials; the latter often in cooperation with the MA
department. The activities of the former research group
Nanotribology (S. Brinckmann until 12/2019) is now inte-
grated in the group Nano-/ Micromechanics of Materials.
S. Brinckmann, who accepted a tenured position at Re-
search Centre Jiilich, still co-supervises ongoing activi-
ties.

the AvH postdoc Y. Yao is now full professor at Xi'an
(Northwestern Polytechnical University). Several post-
docs became assistant or associate professor in Chi-
na (W. Guo, W. Xia, W. Lu) and India (M. Kini, A. Kumar
Saxena). We also have a large share of former postdocs
and PhD students entering industry (e.g. steel industry,
electronics industry, and companies for scientific instru-
mentation).

We support our department members’ career develop-
ment by personal interview trainings, offering external
soft skill courses and a dedicated MPIE mentoring pro-
gram (see p. 99) for selected female postdoc & staff sci-
entists.

The high quality of our team members’ research is also
well documented by several awards. Examples for our
PhD students are the selection for participation in the
Lindau Nobel Laureate Meeting 2019 (N. Peter), the trav-
el award of the Wilhelm und Else Heraeus Foundation (L.
Frommeyer, 2020), and a Best Poster Award for S. Ahmet
for her excellent work on grain boundaries in aluminium
at the multinational microscopy conference MC2021.
Z. Kahrobaee and M. Palm received the Editor’s Choice
Award of the Journal of Phase Equilibria and Diffusion for
their paper “Critical Assessment of the Al-Ti-Zr System”
[42]. Last but not least the ERC Advanced Grant GB-COR-
RELATE (G. Dehm) (see p. 49), for which the sole selection
criterion is excellence, was granted in 2018 and finances
with 2.5 Mio€ for 5 years a large portion of the depart-
ment’s research work on grain boundary phase transi-
tions.

Fig. 1: The SN department and independent research group Nanoanalytics & Interfaces at the joint 2020 retreat in Lingen. Photo A. Frank.

Personal development, careers and
awards

Changes in our department’s research groups are
strongly linked to the excellent career opportunities of
our scientists. C. Kirchlechner was appointed as tenured
full professor and institute director at Karlsruhe Institute
of Technology (KIT), S. Brinckmann became a perma-
nent group leader at the Research Centre Jiilich, and M.
Ghidelli obtained a permanent staff scientist position at
CNRS (Sorbonne, France). All three remain involved in
co-supervision of PhD students who started under their
guidance at SN department. Two former Alexander von
Humboldt (AvH) awarded postdocs, S. Lee and X. Fang
became group leaders at KIT and TU Darmstadt, while

Our international department members are often sup-
ported by prestigious fellowships from different coun-
tries and societies. In Germany, best known is the Al-
exander von Humboldt foundation, where excellent
researchers are granted 1 to 2 year-long research stays
in Germany. In 2020, D. Chatain, from CINAM - Centre
Interdisciplinaire de Nanoscience de Marseille (France)
received the Humboldt Research Award for established
faculties and Y. Zhu from North Carolina State University
(USA) the Friedrich Wilhelm Bessel Research Award for
emerging faculties. Furthermore, Alexander von Hum-
boldt Postdoc Fellowships were awarded to X. Fang, S.
Lee, Y. Yao, X. Zhou (jointly with MA department), D. Xie,
N. Cheng (jointly with Nanoanalytics & Interfaces), and
Carvalho Silva.



Third party research projects

The SN department is actively integrated in several Ger-
man Science Foundation (DFG) funded collaborative
research centers, which align with the department’s re-
search mission. We are partners of: SPP 2006 Composi-
tionally Complex Alloys - High Entropy Alloys (CCA - HEA),
SPP 1594 Topological Engineering of Ultra-Strong Glass-
es (ended 2020), TRR188 Damage Controlled Forming
Processes, and the SFB 1394 Structural and Chemical
Atomic Complexity: From Defect Phase Diagrams to
Material Properties (started 2020). Within the topic of
HEA/CCA we also had until 12/2020 a joint French-Ger-
man project on the stability of high entropy alloys (HEA)
thin films with partners in Marseille (CNRS), Antipolis (U
Mines Tech), and Bochum (RUB). Part of our hydrogen
activities are funded in a joint project with the Leibnitz In-
stitute in Greifswald, Helmholtz Center HEREON in Gees-
thacht, and the independent research group of C. Scheu
at the MPIE. Within the European Union’s Horizon 2020
research and innovation programme the department
is involved in the project ADVANCE, which is part of the
Clean Sky 2 joint undertaking (see p. 88). Since 2021, we
are part of the new Eurostars project — HINT. The ERC
Advanced Grant GB-CORRELATE drives to a large extend
our research on phase transformations of grain bound-
aries and their impact on material properties (see p. 49).
Furthermore, we perform basic research projects with
international scientific and European industrial partners.
These projects are typically funded by the corresponding
national state authorities such as the ministry of science
or economics. Within the Max Planck Society we are con-
nected to several institutes in the Max Planck PhD school
Surmat and the Big Max activity on Big-Data-Driven Ma-
terials Science (see p. 82). The SN department also hosts
2 international Max Planck Partner groups led by excel-
lent previous department members. The group Designing
Damage Tolerant Functional Oxide Nanostructures (head:
N. Jaya Balila, see p. 32) aims at improving the fracture
resistance of brittle materials by incorporating interfac-
es. The external research group Microstructure Design of
High-performance Materials for Harsh Energy Applications
(head: J. Zavasnik, see p. 35) explores interactions of
light elements (hydrogen, helium) with materials required
for the hydrogen economy and fusion reactors, respec-
tively.

Community service and teaching

The department supports the community by multiple re-
viewing and evaluation activities, serving in scientific and
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scholarly committees, participating as lecturers in con-
ferences and schools, and by (co-)organizing workshops
and conferences. The most prominent examples for con-
ference (co-)organization are: “International Workshop
on Advanced In Situ Microscopies of Functional Nano-
materials and Devices — IAMNano 2019” (G. Dehm, C. Li-
ebscher, C. Scheu, B. Volker), “International Workshop on
Laves Phases” (F. Stein 2019), “High entropy and compo-
sitionally complex alloys” (C. Liebscher, DPG 2019), Met-
als, Alloys and Intermetallics at the Microscopy Confer-
ence MC2019 (G. Dehm), “4®" and 5™ MSIT Winter School
on Materials Chemistry” (M. Palm, F. Stein, 2020, 2021),
“Nanobriicken 2020: A Nanomechanical Testing Confer-
ence” (G. Dehm, C. Kirchlechner, 2020), “TOFA 2020 - In-
ternational Conference on Thermodynamics of Alloys”
(F. Stein, M. Palm), “BiGmax Workshop 2020 on Big-Da-
ta-Driven Materials Science” (C. Liebscher with CM, and
MA, 2020) and “BiGmax summer school ,Harnessing big
data in materials science from theory to experiment” (C.
Liebscher with CM, 2021), “Intermetallics 2019 and 2021"
(M. Palm, F. Stein), “International Conference on Metal-
lurgical Coatings and Thin Films - ICMCTF” (J. Duarte,
2020, 2021), MRS Symposium “In Situ Mechanical Test-
ing of Materials at Small Length Scales, Modeling and
Data Analysis” (G. Dehm 2021).

Our close link to the nearby universities in Bochum (RUB)
and Disseldorf (HHU) is manifested in teaching courses
on advanced TEM (G. Dehm, C. Liebscher), small-scale
mechanical testing (G. Dehm supported by several group
leaders and postdocs), and atomic resolved characteriza-
tion (G. Dehm, C. Scheu), which can be also attended by
our PhD students and postdocs. During the Corona pan-
demic, all lectures were given online. In addition, we make
annual retreats with external guest scientists (except
2020 due to COV19), hold invited talks and discussion
meetings with external scientists, and have a lively week-
ly joint SN and NG seminar series in addition to smaller
group meetings. Since spring 2020, these seminars are
all online.

The SN department is very well connected within the
MPIE as seen by several multi-author papers where differ-
ent techniques of the departments are connected, as for
hydrogen related topics APT (MA), ab initio simulations
(CM), Kelvin probe microscopy (GO), together with our
TEM and small-scale testing capabilities.

The next chapter summarizes our main scientific break-
throughs followed by a more focused report on the scien-
tific achievements of the research groups of the SN-de-
partment.

Main scientific breakthroughs

We have gained new insight in the existence of grain
boundary (GB) phases in elemental metals and alloys by
using thin films as model systems. Prominent examples
are our Cu and Al films grown on (0001) a-Al,O, sub-

strates serving as ideal template systems due to their
strong (111) texture with a large number of connected tilt
grain boundaries ranging from low angle to high angle co-
incidence site lattice (CSL) GB. The strong (111) texture
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permits to resolve the atomic grain boundary structure
by STEM/TEM with subatomic precision for a variety
of GBs. Complementary molecular dynamic (MD) simu-
lations are used to verify/predict stable grain boundary
phases. We observed for the first time experimentally the
coexistence of two different atomic motifs for Cu for a
>19b grain boundary [23]. Very similar motifs exist also
for the Y37 grain boundary in Cu [27]. MD simulations
confirm the observed grain boundary phases to possess
different excess properties (volume, stress) and different
stability ranges depending on temperature and stress.
This shows that even in elemental metals grain boundary
phase transitions occur more frequently than originally
assumed! In order to tackle their influence on material
properties, in 2019 we initiated high-resolution electri-
cal measurements performed at room temperature. To
obtain the resistivity of single grain boundaries we had
to develop a novel approach with high position accuracy
and so far unreached electrical sensitivity [1]. With this
new tool we managed to detect a clear correlation be-
tween grain boundary excess volume and grain boundary
resistivity for different CSL type grain boundaries in Cu
[16]. Along the same lines, our micromechanical exper-
iments on twin boundaries in Cu and Ag accompanied
by MD simulations with the CM department reveal that a
breakthrough stress for transmissible dislocations is in
the range of shear stresses required for cross-slip [9-11,
64]. However, the maximum length of the mobile disloca-
tion segment controls the required stress for dislocation
motion rather than the “breakthrough stress” of the twin
boundary [9, 10, 64]. Confining the dislocation by multiple
finely spaced twins significantly contributes to the stress
increase of nanotwinned materials [10].

Interaction of dislocations with lattice defects has been
advanced by our studies on FeCoCr(Mn)Ni HEA and hy-
drogen charged Fe-Cr alloys. The jerky dislocation mo-
tion observed by in situ TEM straining experiments in the
FeCoCr(Mn)Ni HEA [12, 13], does not require short range

order. We could exclude short range order experimentally
by advanced STEM, STEM-EDS and APT within the reso-
lution limits [12]. MD simulations revealed that even with
random atomic arrangements local fluctuations in the
Peierls stress exert pinning points of different strength
for dislocations [13]. In this collaboration within the SPP
2006 HEA/CEA with the TU Darmstadt we observed that
strongest pinning points arise if Co atoms possess a Cr
rich atomic neighbourhood within the random lattice oc-
cupation [13].

Hydrogen as a future energy source requires a fundamen-
tal understanding of hydrogen embrittlement processes.
This we address by localized nanomechanical testing [7,
14, 15]. Currently single grains with different orientations
in bcc Fe-Cr steels are in our primary focus. We found that
the easier dislocation nucleation with diffusible hydro-
gen leads to an increase in dislocation density and thus
a hardness increase compared to hydrogen-free Fe-Cr.
The results are in accordance with the defectant theory
predicting a reduction in dislocation line energy under hy-
drogen. In contrast to other studies in literature, we could
prove that the Young’s modulus remains unaffected by
the hydrogen ingress. This was only possible due to our
novel back-side charging electrochemical cell developed
in-house [7].

We made also progress in tuning the microstructure for
improved high temperature materials required for CO,
reduced transportation and energy generation. Novel
superalloys based on the HEA system with the base el-
ements AlFeNiTi where accomplished with creep resis-
tance similar to commercial Ni-base superalloys [53, 54,
72]. For Ti-Al and Fe-Al based materials several highly
accurate ternary phase diagrams have been developed in
the last years [38, 42, 73-78]. While this is only a selection
of most prominent examples, further details and exam-
ples are listed in the next sections under the individual
research groups.

Scientific groups

Advanced_Transmission Electron Micros-
copy (C. Liebscher)

Group mission

The mission of this group is to advance modern tech-
niques in the transmission electron microscope (TEM) to
unravel the micro- and nanostructural origins responsible
for the functionalization of materials. We develop novel
4D-scanning TEM (STEM) techniques to explore grain
and phase orientations in nanostructured alloys [30, 43],
advance in situ techniques to observe the dynamic evolu-
tion of complex alloys under an applied strain [12, 79] or
temperature [21, 80] and novel data analysis algorithms
for improving atomic resolution imaging and automating
its analysis [81, 82]. We apply the techniques to discover

novel phenomena at grain boundaries down to atomic res-
olution [22, 23, 26, 28, 83], design new alloys with superior
mechanical properties [20, 50, 53-55, 71, 84, 85] and push
the boundaries in big data driven microscopy. Our goal is
to understand the fundamental physical mechanisms ac-
tive in materials and alloys at the atomistic level, building
the foundation for the design of materials with superior
functional [80, 86] and mechanical properties.

Grain boundary phase transformations

This is the biggest research topic within this group and
covers many aspects across different material systems
[22, 23, 26, 28, 59, 83]. The notion that grain boundaries,
the interfaces separating individual crystals in a polycrys-
talline material, can exist in multiple phase states was es-



tablished by thermodynamic concepts already more than
50 years ago. However, it was not possible to observe
them at atomic resolution since grain boundaries are es-
sentially confined, two-dimensional defects with a width
of only a few atomic distances - buried in the material.
Furthermore, they can adopt complex topographies [87]
and only little is known about the discrete arrangement of
atoms as well as solute species. We combine the synthe-
sis of defined grain boundary geometries, site-specific
sample preparation, atomic resolution characterization
and atomistic modelling to discover the underlying na-
ture of grain boundary phase transformations in metallic
alloys.

It was so far only possible to explore grain boundary
phase transformations in elemental metal systems by
computer simulations. Together with T. Frolov (LLNL,
USA), who is a world leading expert in atomistic model-
ling of grain boundary phases, we developed a direct cor-
relation of atomic scale experimental observations and
simulations of grain boundaries to explore novel interface
phenomena. We could show experimentally for the first
time that two grain boundary phases can occur at sym-
metric and asymmetric 19b(178)[111] tilt grain boundar-
ies in an elemental Cu thin film [23]. As shown in the atom-
ic resolution high angle annular dark-field (HAADF) STEM
image of Fig. 2, the grain boundary structure transforms
abruptly from the pearl phase (blue) to the domino phase
(red). The same structures were found by grain boundary
structure prediction based on an evolutionary algorithm
and their difference in thermodynamic excess properties
suggested that the two-phase pattern observed in exper-
iment emerged from a first order transformation. By fi-
nite temperature MD simulations, we could establish that
stresses are needed to stabilize the metastable domino
phase. However, this could not explain the room tempera-
ture observations in experiment. The key to the answer
of this question was the existence of a new, so far over-
looked line defect, the grain boundary phase junction,
which separates the two grain boundary phases (Fig. 2b).
Temperature dependent MD simulations revealed that
the migration of the phase junction is strongly tempera-
ture dependent and it is made responsible for kinetical-
ly trapping the transforming grain boundary phases for
temperatures below ~500 K, which is ~200 K below the
annealing temperature of the Cu thin film [23]. We are cur-
rently extending these observations to £37¢ [111] tilt grain
boundaries in Cu, where we even witness a nanoscale du-
al-phase patterning of the grain boundary by similar grain
boundary phases [27] (see section Atomistic Modelling of
Material Interfaces, T. Brink). These observations require
a paradigm-shift on how we treat grain boundaries and
may open novel pathways to use the phase behaviour of
interfaces to sculpt advantageous microstructures.

In related work, we have performed controlled segrega-
tion studies of similar £19b[111] tilt grain boundaries by
doping them with Ta and Zr [22]. In the case of Ta, small
nanosized Ta-particles are observed to form at the grain
boundaries, which seem to pin them against movement
during the annealing treatment. We could not observe
any sign of Ta segregation to the grain boundary. This
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is different for Zr, where strong anomalous segregation
is revealed. Our atomic resolution observations coupled
to energy dispersive X-ray spectroscopy showed that Zr
seems to disrupt the regular grain boundary structure
in a £19b(178)[111] boundary, forming a glass-like grain
boundary phase. A different behaviour was found for a
faceted grain boundary, were Zr preferentially segregates
into the facet junctions and disorders their core structure.
These segregation-induced grain boundary transforma-
tions open a plethora of possibilities to further tune in-
terface properties to tailor grain boundary mobility or the
transport properties of interfaces.

Fig. 2: Atomic resolution HAADF-STEM images of two grain
boundary phases pearl (blue) and domino (red) at an a) symmetric
and b) asymmetric grain boundary in Cu. b) highlights the location
of the grain boundary phase junction. c) and d) show details of the
structural units of both grain boundary phases (from [23]).

The segregation studies were extended to explore effects
on asymmetric grain boundaries, which are rarely studied
experimentally. We found that Ag segregation induces a
nanofaceting transition at an asymmetric near £5(310)
[001] tilt grain boundary in Cu [28, 83]. Atomic resolution
STEM observations showed that the initial Ag-free grain
boundary is asymmetric and adopts a rather complex
structure. However, no facet formation was observed
even after long term annealing at 800 °C for 120 h. The
Ag-segregated boundary, which was annealed under
similar conditions, showed distinct symmetric (210)
facets that contained most of the Ag solutes. These fac-
ets, which were on the order of only several nm in size,
adopted a kite-type structural unit, where the Ag atoms
occupied the kite-tips and nearly filled an entire atomic
column, as determined by STEM image simulations [28,
83]. The symmetric Ag-rich facets were separated by nm-
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sized Ag-lean asymmetric facets. In combination with
MD simulations performed by T. Frolov (LLNL, USA), we
could establish that Ag promotes the nucleation of the
symmetric facets since the observed kite-structure is the
lowest energy configuration. In recent work, we found
that the facet evolution is strongly dependent on the Ag
concentration by designing a diffusion couple geometry,
where Ag diffusion was perpendicular to the tilt axis [28].
At low Ag concentration, the grain boundary remains flat
and asymmetric and with increasing local Ag content, the
emerging symmetric Ag-rich facets grow from several
nm to tens of nm until a fully symmetric (210) segment
emerges close to the Ag reservoir.

Compositionally complex alloys

The emergence of high entropy alloys (HEA), where five or
more elements are mixed at near equal concentration, of-
fers new opportunities for alloy design. We have employed
our advanced characterization techniques to discover the
fundamental deformation mechanisms in metastable, du-
al-phase Fe, Mn,,Co,,Cr,, (at.%) alloys with unmatched
work hardening ability. Atomic resolution STEM imaging
revealed that both the pre-existing face-centred cubic
(fce, v) and hexagonal close packed (hcp, €) domains in
an as-processed alloy are composed of a nanolaminated
structure, where hcp-nanolaminates form in fcc and vice
versa [21, 79]. In situ straining in the STEM lead to the ob-
servation that the microstructure undergoes a dynamic
forward transformation from y - ¢ and backward from
¢ = y upon straining, which we termed a bi-directional
transformation induced plasticity effect. Ultimately, this
leads to a hierarchical nanolaminated structure during
deformation, which explains the excellent combination of
strength and ductility of the alloys.

An extension of the outstanding room temperature me-
chanical properties was achieved in a similar alloy sys-
tem Of COmpOSitiOn Fe‘|9.84Mn19.84CO‘|9,84cr19.84Ni19,84C0.8
(at.%) by interstitial alloying with C [21]. We could show
that nanotwinned regions in this alloy can be stabilized
even to elevated temperatures of 700 °C by the formation
of elongated Cr,,C.-type nano-carbides. Atomic resolu-
tion STEM observations, STEM-EDS and in situ heating in
the STEM reveal the underlying formation mechanisms of
the nano-carbides. During annealing at 800 °C or 900 °C
after cold rolling, the coherent twins in the nanotwinned
regions undergo de-twinning forming nanosized incoher-
ent twin boundary segments consisting of a dense dis-
location network. Through thermal activation 9R phases
are observed to nucleate at these incoherent segments,
where the phase boundaries of the 9R phase ultimately
serves as nucleation site of the nano-carbides. They in
turn prevent further de-twinning and pin the twin bound-
aries from migrating, stabilizing the nanotwinned regions
up to temperatures of 800 °C.

To advance the development of light weight, high tem-
perature alloys, we have designed novel alloys in the
composition space Al-Cr-Fe-Ni-Ti within the DFG priority
program 2006 in collaboration with J. Schneider (RWTH
Aachen University), U. Glatzel (University of Bayreuth) and

deformatitn

Fig. 3: a) Custom built in situ straining inset and FIB prepared HEA
sample prior to straining. b) Bowed dislocations during deforma-
tion. c) Partially bowed dislocations after straining indicated by
arrows.

the Intermetallics group (M. Palm, F. Stein). By combina-
torial thin film screening we could efficiently identify suit-
able alloy candidates in the vast, unexplored composition
space being comprised of a disordered bcc (A2) matrix
and B2 and/or L2,-type ordered precipitates [53, 54, 66].
Through compositional refinement and microstructural
design we developed a low density alloy with composi-
tion Al Cr,Fe,.Ni, Ti (at.%) and nominal density of 6.4
g/cm? with a yield strength of ~200 MPa at 900 °C and
excellent creep properties at 800 °C [53].

The key to understand the mechanical properties in these
highly concentrated solid solutions of HEAs is to observe



how dislocations move through the lattice. We have de-
veloped a strategy to determine the size dependent mi-
cromechanical properties by in situ pillar compression in
the scanning electron microscope (SEM) [88] and TEM
[12] and correlated the mechanical properties to direct
observations of dislocation glide by in situ straining in
the TEM. We found a smaller size scaling exponent for
a single crystal nominally equimolar FeMnCoCrNi alloy
in comparison to other fcc metals reported in literature
suggesting that solid solution hardening or a high lattice
friction stress are dominant mechanisms. The direct ob-
servation of jerky dislocation motion and quantification
of fluctuating local stresses acting on the dislocations
(Fig. 3) lead to the conclusion that pinning sites are ac-
tive. No traces of a local chemical short-range ordering
was found by atomic scale STEM and APT characteriza-
tion. An atomistic study performed in collaboration with
the TU Darmstadt (K. Albe, D. Utt) revealed that local
changes in the Peierls stress can already explain the jerky
dislocation motion [13].

Big data and machine learning

With the advent of high-speed electron detectors new
imaging modalities in the STEM emerged that enable
to capture local crystallographic information with high
spatial resolution. These 4D-STEM techniques, where in
each probe position a full electron diffraction pattern is
recorded, require also the development of new data treat-
ment and analysis schemes due to the shear gargantuan
amount of data produced, on the order of 10 GB to 200
GB per dataset. We have extended phase and grain ori-
entation mapping by using a high-speed, high signal to
noise CMOS-based electron detector. We could show that
it does not only greatly improve the angular resolution,
but also enables to locate nanotwins in a nanograined
material [30] and opens the possibility to measure the lo-
cal orientation of complex nano-phases embedded in a
disordered matrix [43]. The analysis through commercial
software packages of such large-scale datasets is often
limited and we have therefore developed a Python-based
open source, GPU-accelerated code with the aim to fa-
cilitate real time data analysis in the future. This will set
the stage to combine in situ probing with 4D-STEM tech-
niques to explore microstructure evolution dynamically
with full crystallographic information.

Novel algorithms not only allow flexible and fast data
analysis, but machine learning based approaches even
provide the opportunity towards an autonomous data
evaluation. Through collaborations within the BiGmax
network with C. Freysoldt (CM department) and L. Ghir-
inghelli (FHI Berlin) we are developing supervised and un-
supervised machine learning algorithms to segment and
classify atomic resolution microscopy images. The unsu-
pervised approach is based on local symmetry descrip-
tors and is capable to automatically detect regions in im-
ages with deviating crystal structure or symmetry without
prior knowledge of the underlying lattice structure [82].
This approach will be extended towards dynamic in situ
observations and will be coupled to phase field models
for being able to quantify and determine local properties
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of materials, here interface energies, while exposing the
material to temperature in the electron microscope. The
supervised deep learning approach is capable to classify
image regions in atomic resolution STEM images and ex-
tracts local lattice constants and rotations. It is based on
a convolutional neural network with simulated STEM im-
ages as ground truth training data. By coupling the clas-
sification to a Bayesian neural network, it is also possible
to learn the location of defect and lattice disruptions, for
example grain boundaries, through an uncertainty predic-
tion. The supervised learning approach, which is so far
based on Fourier space, will in a future collaboration with
L Ghiringhelli be extended to a real-space classification,
which is capable to also consider the intensity distribu-
tion of projected atomic columns in STEM images and
hence local composition. The algorithm development is
aimed to establish a self-learning and self-driving experi-
mentation in the future.

Atomistic Modelling of Material Interfac-
es (T. Brink, since 01/2020)

Group mission: The group Atomistic Modelling of Materi-
al Interfaces was established in Jan. 2020 supported by
the European Research Council (ERC GB-CORRELATE) to
supplement the experimental work on grain boundaries
in the department with atomistic computer simulations.
Currently, we focus on investigating the thermodynamics
of grain boundary phases using MD and density-function-
al theory (DFT) simulations. Several such grain boundary
phases could be found using the HAADF-STEM imaging
capabilities of the department, but the full three-dimen-
sional structure as well as the thermodynamic excess
properties of the grain boundaries remain inaccessible.
Here, computer simulations can provide models of not
only the phase stability, but also of e.g. mechanical be-
haviour of the grain boundary, which can affect macro-
scopic material properties such as grain growth or Hall-
Petch hardening. Using this connection, the goal is to
ultimately develop structure—property relations for grain
boundaries.

Grain boundary phases

Most experimental evidence for GB phase transitions in
metallic systems is indirectly inferred from changes in
macroscopically measurable properties. While the fact
that these changes can be measured underlines the im-
portance of GB phase transitions, more direct evidence is
required. Here, we worked on a £37c (111) {1 10 11} tilt GB
in copper in collaboration with the Advanced Transmission
Electron Microscopy group as an example which exhibits
interesting phase behaviour. In both experiments on thin
films and in computer simulations, two GB phases were
found, which possess similar atomic motifs as for the
>19b[117] tilt GB (compare Figs. 2 and 4). Free energy cal-
culations using the quasi-harmonic approximation show
that these phases exhibit a congruent transition (i.e., no
change of GB plane) at 450 K under ambient pressure. One
novelty is that the transition of the ¥37c (111) {1 10 11} re-
quires neither diffusion nor externally applied stress [27].
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Fig. 4: (a) Two grain boundary phases in a copper 37c (111) {1 10 11} tilt grain boundary found both experimentally and by computer simula-
tion (insets). (b) Above 450 K a phase transition from Domino to Pearl phase occurs; here a simulation of the homogenous nucleation of the
pearl phase is shown. (c) In experiment, the two phases form a pattern. (d) We analyzed the Burgers vector of the phase junction. From [27].

Experimentally, though, a pattern of alternating phases is
observed at room temperature (Fig. 4). Gibbs’ phase rule
excludes that such a microstructure can be stable and
would lead to the assumption that the metastable phase
remains in the system for kinetic reasons. Indeed, an
analysis of the junction separating both grain boundary
phases shows that this defect has a Burgers vector with
a large screw component. Such line defects are expected
to move comparatively slowly. Further analysis revealed
that additional disconnections (dislocation-like defects in
the GB), which exist to compensate asymmetry and/or a
slight twist of the GB, can lead to repulsive interactions
between defects and can potentially stabilize the phase
pattern energetically. This shows that the complex inter-
play between defects and thermodynamics can lead to
surprising effects in grain boundaries which need to be
considered to fully understand these interfaces [27].

Presently, work is ongoing to broaden these analyses to
other (111) tilt grain boundaries and fcc metals, such as
aluminium. The goal is to differentiate general trends re-
garding the occurring phases and their stability from ma-
terial-specific phenomena. In the near future, this work
will also be extended from elemental metals to the addi-
tion of alloying elements. This is of particular importance
for applications because temperature and stress state
are almost always dictated by the use case, leaving only
composition as a practical variable.

Structure—property relations at intergranular interfaces

The main practical importance of studying GB phases
is the same as for bulk phases: The tailoring of material
properties and the establishment of structure—property
relations. We follow several different directions to eluci-
date these relationships.

Itis well known that defects increase electrical resistivity,
but the GB contribution is only known as an average value
over larger sample volumes. First experiments on single
GB resistivity measurements were performed in the Thin
Films & Nanostructured Materials group (see p. 173) [1, 16].
While the resistivity could be measured as a function of
crystalline misorientation and GB plane, the GB excess
properties remain inaccessible to these experiments. We
performed simulations on some of the high-angle bound-
aries studied experimentally and determined the stable
phases at a high temperature approximately matching
the annealing temperature of the experimental thin film.
Using the derived GB excess properties, we could identify
a correlation between excess volume or GB energy and
resistivity [16]. We expect deeper, mechanistic insights
from electronic structure calculations in collaboration
with the CM department, which are currently ongoing.

Thermally activated grain growth is relevant for the evo-
lution of a material’'s microstructure, while shear-coupled



GB motion can be a relevant mechanism of plasticity in
fine-grained materials. Both are related to the GB mobil-
ity, which can be expressed as a tensor. In this project,
we are interested in the influence of GB phase transitions
on the mobility tensor. In many cases, grain boundaries
migrate via the movement of disconnections, which can
couple to an applied mechanical stress. Different GB
phases can have different disconnection types, but even
if these defects exhibit the same Burgers vector they can
differ in nucleation energy and the energy barrier for their
movement. Here, we study and characterize the defects
responsible for the mobility and already found that the ac-
tivation barriers of defects with the same Burgers vector
can differ between different GB phases.

In the future, investigations on the influence of GB phase
transitions, including for example faceting transitions,
on dislocation nucleation and transmission are planned.
Grain boundaries can act as obstacles to dislocations,
thereby influencing macroscopic plasticity, or can act as
sinks or sources for dislocations in fine-grained materi-
als. We expect that this behaviour can be modified by GB
phase selection.

Nano- and Micromechanics of Materials
(C. Kirchlechner until 01/2020, J.P. Best
since 04/2020)

Group mission

The overarching aim of the group is to quantitatively un-
derstand, predict and alter fundamental mechanisms gov-
erning plasticity, fatigue and fracture of materials. For this
purpose, we isolate individual mechanisms - such as slip
transfer of dislocations across a grain boundary - by per-
forming small-scale mechanical experiments on samples
under strict levels of geometrical and environmental con-
trol. But our work far surpasses the local measurement of
strength and toughness: A central aspect of our research
is to link the mechanical behaviour to the underlying and
evolving defect structures (e.g. dislocation types and
densities, local chemistry or phases, length and density
of cracks and crack networks, etc.) which requires an ad-
vanced characterization toolbox with in situ capabilities.

An active and important mission of the group is meth-
od development. Over the last years 3D Laue microdif-
fraction techniques have been developed at the ESRF in
Grenoble to determine decisive in situ material parame-
ters (e.g. local strains, dislocation densities, grain bound-
ary character, etc.) non-destructively with high spatial res-
olution (<1 um). The 3D Laue micro diffraction activities at
the SN department were led by C. Kirchlechner and will
be continued at KIT. Additionally, in situ methodologies
have been developed at the SN department for high-tem-
perature measurement within an environmental chamber
utilizing novel laser heating approaches, demonstrated
for tensile testing of Cu thin films [3], along with further
high-throughput tensile characterization of thin films [4].
The same environmental chamber used for this device is
currently extended to microscale mechanical measure-
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ments under reactive environments (see p. 66), opening
up exciting new challenges and possibilities in studying
the interface between mechanics and chemistry during
deformation and crack growth, for example. For these
studies, new geometries are under active development to
allow for stable crack growth, and will be exploited in the
near future.

A developing theme within the group is the linking of local
chemistry, imbued either through processing or environ-
mental reaction in operando. In this space, environmental
testing methodologies are being developed, including at
temperatures ranging from -150 °C to 800 °C. For local
chemistry variation, the deposition of thin films, which
can be used to diffuse species to or along grain boundar-
ies or dislocations is of active investigation.

Single and bi-crystal plasticity in metals

When single crystal sample sizes are taken down to the
microscale, standard understandings of deformation no
longer apply due to the probabilistic nature of dislocation
plasticity. Therefore, motivated by sample size effects
the group uses nanoindentation and micromechani-
cal-based approaches to study the strength and deforma-
tion mechanisms of advanced material systems. This has
been demonstrated for single crystalline Co-based Laves
phases which have been studied as a function of crystal
structure and composition [40, 41], but also for testing the
critical resolved shear stress (CRSS) of basal and pyrami-
dal | slip systems in pure Mg using a micro-shear testing
geometry [6].

Within the framework of a recently-concluded SFB/Tran-
sregio TR188 project on dual-phase steels, significant
progress has been made in understanding the CRSS of
variant-containing martensite [89], and single crystal
ferrite as a function of strain rate [90]. From these in-
vestigations, the activation volume for slip in ferrite was
determined, along with insights into non-Schmid plastici-
ty activation with increased strain rates. The CRSS for
single phase regions of bainite have also been studied
through an industrially funded collaboration. The gained
information provides novel basic information and serves
as inputs into crystal plasticity simulations with F. Roters
in the MA department. In that work, phase identification
of the complex bainitic steel microstructure was made
through nanoindentation linked to machine learning
clustering algorithms. As recent results have shown that
indentation close to grain boundaries has a significant ef-
fect on the accuracy of such clustering approaches, we
are currently trying to isolate boundary conditions where
such machine learning approaches may be utilized.

Indeed, understanding deformation in the vicinity of grain
and phase boundaries constitutes a significant body of
work within the group, as important open questions cur-
rently exist on how GB structure and chemistry influences
transmission mechanismes, and the local strength. Within
this realm, the group has studied in detail Cu micropillars
which contain a single GB. Coherent 23 (111) twin bound-
aries in Cu have been shown through extensive study to
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allow cross-slip-like transmission, leading to low trans-
mission stresses and similar deformation behaviour to
that of single crystals. However, when thin-films of Ag
containing closely spaced nanotwin arrays were pro-
duced, micropillar compression experiments showed
high strengthening due to dislocation bowing in each sin-
gle crystal zone during the continuous slip [10, 64] (Fig.
5). Cross-slip in Cu is currently being extended to high-
er-energy incoherent £3 (211) twin boundaries, where
the transmission stresses and mechanisms are being
investigated for magnetron sputtered thin-film systems
where such non-equilibrium boundaries can be produced
in a controlled manner. Twin boundaries can also act as
dislocation sources, while recently published work on Cu
showed that spherical nanoindentation on such bound-
aries allows a source activation stress smaller than that
needed for bulk single crystals, irrespective of indenter
size, dislocation density and stacking fault energy [91,
92]. The role of chemistry on dislocation activation at, or
transmission through, grain boundaries is a current focus
using micropillar compression and high-throughput na-
no-scratching supported by advanced microscopy.

Cumulathve Probabiity [a,u]
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Fig. 5: Dislocation plasticity at twin boundaries. Post mortem
SEM micrographs of bi-crystal micropillars with nominal diam-
eters of 1 um (a), 3 um (b), and 5 um (c) compressed to a strain
of 5-10 %. For Ag thin-films containing nanotwins, cumulative
probability distributions of g, strength data divided into twin
spacing A bins are shown (d). Proposed plasticity mechanism in
closely-spaced nanotwin containing Ag thin films (e); dislocation
loops close to a conjugated slip system are projected onto a pillar
slip plane showing several constrictions at CTBs [10].

Microscale fracture mechanics

Failure through fracture of engineering components and
structures has an enormous cost to society. Such pro-
cesses are initiated at small scales at atomically-sharp
crack tips, where plasticity and decohesion processes
are involved at the stress concentrations which develop
under loading the notched component. Therefore, there
is a significant link between local plasticity and fracture.
Linear elastic fracture mechanics (LEFM), or fracture
prior to plastic deformation, is an established method
at small-scales in the group [93] and is used to study ad-
vanced materials and material microstructures such as
grain boundaries [17].

For brittle materials, plasticity is limited due to the diffi-
culty of activating dislocations in stiffly bound covalent
systems, and therefore fracture occurs during the elastic
region governed by LEFM. This has been demonstrat-
ed for a number of thin-film ceramic systems such as
multi-metal carbides [67, 94], and AIN-based coatings
[95]. Using these principles, the group has assessed the
reliability of annealed metallic interconnect thin-films in
an industrially funded basic research project, where the
fracture toughness from single cantilever bending ex-
periments is linked to the structure and chemistry of the
initially amorphous Ni-P alloy as a function of tempera-
ture. Current work looks at linking the brittle-to-ductile
transition as a function of temperature and strain rate for
bulk-scale intermetallic systems, as for our project within
the DFG-funded SFB 1394 focused on Laves phasesin the
Mg-Al-Ca system (see p. 76).

When fracture necessitates significant plastic deforma-
tion around the crack tip, then elastic plastic fracture
mechanics (EPFM) is utilized. EPFM is at the frontier of
understanding for micro-geometries, but has huge prom-
ise for understanding fundamental processes during
fracture for tough materials systems. Within TR188, to-
gether with our advanced understanding of the CRSS in
single crystal ferrite regions, novel cantilever-based mi-
cro-geometries have been developed to allow for EPFM
analysis of microscale martensitic islands [96]. Similar
approaches are currently used to perform local fracture
of single grain boundaries in tungsten. Recent projects
have also looked at white etching layers in steel rails [97,
98], together with an overarching aim of further develop-
ing EPFM based on optimization of the notch and testing
geometry for improved reliability of EPFM tests [5].

Advanced testing of functional oxides

Oxides find broad applications as catalysts or in elec-
tronic components, however are generally brittle as
dislocations are difficult to activate in the rigid cova-
lent lattice. Here, the link between plasticity and frac-
ture is critical for wide-scale application of functional
oxide materials. Together with our Max Planck partner
group Damage Tolerant Functional Oxide Nanostructures
(head: N. Jaya Balila) at the IIT Mumbai (see p. 32) we
have analyzed room temperature deformation in BaTiO,



where near-theoretical strength is achieved for sub-mi-
cron pillars, and significant plasticity reported as the
length scale increases past 1 pm [99]. Ongoing research
looks at the temperature-dependent microscale frac-
ture toughness of BaTiO, around the Curie temperature
where a tetragonal to cubic phase change is expected.
Additionally, we study sub-micron single crystal pillars
of the transparent semiconductor Ga,0, under variable
strain rate conditions, to elucidate subtle transitions in
active dislocation mechanisms during compression,
which may be later linked to improved processability of
the single crystal with applications in optoelectronic de-
vices [100].

We also focus on how defect structures in oxides affect
the functional properties. Together with collaboration
partners in Darmstadt, we have determined that the dis-
location structure formed under low-load indents into
TiO, [101] can have a strong effect on the electrical resis-
tivity. High temperature measurements are also ongoing
on single crystals of various iron oxide phases. Fe, ,O
(Wistite) is a critical phase for a number of applications.
In the CO,-free H,-based iron ore reduction, for example,
Fe, O is the rate-determining intermediate phase in the
production of iron for the steel industry. While for H,
production by water-splitting, Fe, O is a potential pho-
tochemical material. For both of these processes, the
transport mechanisms of Fe ions within Fe, O and there-
fore the atomic structure of Fe, O are key to understand.
In studying how the variations in oxide stoichiometry
affect the defect structure and mechanical properties
of the Wiistite phase, mechanical investigations on bulk-
scale single crystals are also here complimented by re-
active magnetron deposited iron oxide thin films for pre-
cise control over both the structure and chemistry of the
resultant phase.

Nanomechanical Instrumentation and
Extreme Nanomechanics (XNano) (R.
Ramachandramoorthy, since 08/2020)

Group mission

Pushing the envelopes of micro/nanomechanical testing
to relevant, but so far unexplored strain rate and tem-
perature combinations is one central mission of this new
group. In addition, additive micromanufacturing across
meso-, micro- and nanoscales to obtain novel structural
and functional lattice structures constitutes our second
goal. For an overview of the group’s research focus and
the motivating factors, refer also to the section on new
research groups (p. 46). Given the unique challenges pre-
sented by small scale sample fabrication and their char-
acterization under extreme loading conditions, a signif-
icant effort in our group is focused on instrumentation,
methods and protocol development. It is our vision to use
such novel infrastructure and testing methods to uncover
the fundamental microstructure-property relationships
of micro- and nanoscale materials under application rel-
evant strain rates and temperatures, which currently re-
main largely unexplored.
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Fig. 6: a) SEM images of bulk-metallic glass micropillars com-
pressed at strain rates of 0.0005/s and 520/s and their corre-
sponding stress-strain signatures are shown in b) [8].

Dynamic micro- and nanomechanical testing

A fundamental understanding of the microscale deforma-
tion mechanisms during high-speed impacts is vital for
developing protective technologies for demanding appli-
cations such as micrometeorite impact with spacecrafts,
cold spray coating technology and microparticle impacts
on aircraft turbines. Regardless, owing to the lack of test-
ing platforms, the majority of micro- and nanomechanical
testing focuses only on quasi-static testing [102]. To con-
duct micromechanical testing under extreme strain rates
>10.000 s with the simultaneous capture of high-speed
load and displacement signatures (see Fig. 6 for bulk-me-
tallic glass example [8]), we have performed extensive
hardware modifications to an in situ micromechanical
testing system [8, 103]. This includes the introduction of
a high-speed voltage supply for activating a piezo-based
actuator at high speeds (up to 100 mm/s), piezo-based
load-sensing system and support electrical systems for
high-rate signal generation (~25 MHz) and acquisition
(~5 GHz). Additionally, protocols and methods specific for
such extreme micromechanical testing are currently de-
veloped to address problems such as system resonances,
inertia, wave propagation and low signal-to-noise ratio.

Nanomechanical testing is an invaluable tool for under-
standing the fundamental deformation processes in 1D
and 2D materials such as nanowires and nanoparticles.
But such nanoscale mechanical metrology even for qua-
si-static tests requires specialized testing platforms that
are capable of applying displacements with nanometer
resolution and resolving loads with nano-Newton sensi-
tivity [104]. To address such stringent requirements, in
conjunction with company partners and supported by EU
funding, we are currently developing an in situ microelec-
tromechanical system (MEMS)-based high-speed testing
platform with electronics-based capacitive load sensing
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capability (~500 kHz bandwidth) and piezotube-based
high speed actuation (up to 100 mmy/s), to be used inside
an SEM and TEM.

Additive micro-manufacturing

Full-metal micro/nano architectures have profound appli-
cations in metal MEMS based devices, MEMS packaging
for energy absorption/impact resistance, photonics, plas-
monics, catalysis and corrosion studies. Conventional ad-
ditive manufacturing, though it guarantees geometric free-
dom and spatial control, is limited to a minimum feature
size of 20 pm. Thus, there is a critical need to identify a
method for 3D printing metals at the micro- and submicron
scale (down to ~200 nm feature size) to create complex
- and otherwise hard to reach - geometries (~1 pm to 1
mm overall dimensions) such as meso-/micro-/nano-lat-
tices, microsprings etc. [105]. To address this requirement,
we explore a localized electrodeposition-based additive
micro-manufacturing technique (Fig 7a). In this method,
an electrochemical ink with metal ions is pushed through
a hollow microchanneled atom force microscopy (AFM)
probe, which gets reduced onto a conductive substrate lay-
er (working electrode). The voxel-by-voxel manner of metal
deposition allows the fabrication of complex 3D microar-
chitectures with a voxel diameter of 200 nm to 15 pm, de-
pending on the aperture size in the AFM probe. Using this
method, any electrodepositable metal can be printed into
arbitrary-shaped small-scale architectures and so far, we
have successfully fabricated full-metal complex 3D cop-
per micropillars and microlattices (see p. 64 for addition-
al application of fluid-filled architecture). We will further
investigate the suitability of such full-metal architectures
towards energy absorption and mechanical band-gap en-
gineering applications, using in situ and ex situ dynamic
testing inside an SEM and under an optical microscope
(see p. 66 for environmental chamber being developed for
this purpose) respectively.

Dynamic thermomechanical characterization of
dewetted microparticles

Another promising technique to obtain a large number
of pristine micron scale metallic samples is using sol-
id-state dewetting of thin films [63]. In collaboration with
the Thin Films & Nanostructured Materials group in the SN
department, we have developed specific protocols for
dewetting nickel thin films to produce single-crystal nickel

Fig. 7: a) Full-metal copper micro-
lattice fabricated using additive
micro-manufacturing. b) Dewetted
nickel microparticles post-pro-
cessed for size, shape and density
analysis.

microparticles. To optimize the dewetting protocols we
use python-based algorithms to identify the particle size,
shape and density in an automated manner from SEM
images illustrated in Fig. 7b. We plan to apply similar thin
film dewetting methodologies to soon obtain iron and iron
oxide microparticles. Currently, a high throughput me-
chanical testing study is underway to obtain the dynamic
properties of such dewetted nickel particles at a variety
of strain rates (10“s™ to 10**s™) and temperatures (-150
°C to 800 °C) using the custom modified in situ microme-
chanical tester inside an SEM. We hope to uncover the de-
formation signatures of single crystal nickel under these
extreme loading conditions using a combination of the
thermal activation parameters extracted from the stress-
strain signatures and post-test microstructural character-
ization using TEM and Kikuchi diffraction techniques.

Hydrogen Mechanics and Interfaces
(M.J. Duarte Correa, since 09/2019)

Group mission

We correlate the microstructural properties of metals
and alloys and their interaction with environmental fac-
tors, particularly hydrogen. A key element is the study of
interfaces, since they are largely responsible for material
strength. The final goal of our research is to minimize the
deleterious effects of hydrogen and provide guidelines
for hydrogen tolerant materials. The group was estab-
lished in September 2019 supported by the European Re-
search Council (ERC GB-CORRELATE).

The mechanical behaviour of a material can be signifi-
cantly altered by the presence of hydrogen (Fig. 8), caus-
ing catastrophic and unpredictable failure, known as
hydrogen embrittlement. This represents a significant
challenge for the implementation of hydrogen as a sus-
tainable energy source. The large infrastructure required
for a hydrogen economy, as well as the use of structural
materials in environments that promote hydrogen uptake,
require the understanding of the complex embrittlement
phenomena at the nano- and microscale level; failure of-
ten starts at this length scale with accumulated local hy-
drogen which can evolve into macroscopic damage. Our
work is focused on the understanding of individual dam-
age mechanisms by performing small-scale mechanical
experiments. We target specific underlying and evolving



microstructural features (Fig. 8) and their mechanical
response upon hydrogen ingress. Mechanical charac-
terization is performed at length-scales below a few pm
by nanoindentation and related techniques, such as na-
noscratching, pillar compression and fracture testing [7,
15]. However, as the analyzed volume becomes smaller,
the risk of hydrogen desorption becomes more relevant.
A particular challenge is then to provide a continuous
hydrogen supply during mechanical loading to minimize
desorption and the associated formation of strong hydro-
gen concentration gradients at the testing regions.
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Fig. 8: Schematic of hydrogen interactions with different micro-
structural features in metals.

Instrumentation

We develop unique instrumentation and advance current
tools to promote different atmospheres during mechani-
cal testing and to introduce hydrogen into the material. We
built two custom electrochemical cells for in situ hydrogen
charging during nanoindentation, designated as “front-
side” and “back-side” charging [7] mounted in a standalone
nanoindenter. The front-side charging with the sample and
indenter tip immersed into the electrolyte utilized similar
concepts to existing setups. Due to direct contact of the
tested surface with the electrolyte, hydrogen charging in
the region of interest is fast, but has the disadvantage of
often generating surface degradation. In the back-side
charging approach, newly developed in the group, the an-
alyzed surface is never in contact with the solution and
the observed effects are only due to hydrogen. Hydrogen
diffusion from the charged back-side towards the testing
surface is quantified by permeation tests. Moreover, this
unique method allows differentiating between the effects
of trapped and mobile hydrogen, and performing well con-
trolled measurements where different hydrogen levels can
be monitored over time to consider hydrogen absorption,
diffusion and release through the metal. We are currently
implementing the back-side setup into a new instrumented
nanoindentation platform inside a custom-made environ-
mental chamber providing different atmospheres such as
oxygen, inert or forming gases and dry air. In further devel-
opments, we aim to introduce this setup into a SEM.

Plastic deformation during hydrogen charging
A key question of this work is how hydrogen interacts with

dislocations. The hydrogen influence on the plastic and
elastic behaviour is studied at specific charging condi-
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Fig. 9: (Top) Hardness variation with current density (i.e. intro-
duced hydrogen) and, (bottom) nano-scratch across a grain bound-
ary and corresponding transversal inverse pole figure that shows
recrystallization and the deformation extent. (All during cathodic
polarization for hydrogen charging of a Fe-20 wt.% Cr alloy).

tions using the back-side setup. Through nanoindentation
we analyse the elastic modulus, hardness, incipient plas-
ticity and dislocation nucleation, which when combined
with pillar compression we further investigate the effect
of hydrogen on the yield strength, i.e. insights into dislo-
cation propagation and interactions. Current work is per-
formed in model alloys to reduce the complexity of e.g.
steels. We focus currently on Fe-Cr, Fe-Ni and Ni based
alloys representative of body centred and face centred
cubic structures. As an example, enhanced dislocation
nucleation and hardness increase was observed while
increasing the hydrogen uptake in Fe-Cr (Fig. 9 top). We
established a linear relationship between the hardness
increase and the hydrogen supply, and identified a hydro-
gen saturation level in Fe-Cr alloys. This hardening effect
was modelled and attributed to an enhanced dislocation
multiplication, pinning on the dislocation motion and an
increase in lattice friction related to hydrogen.
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Decohesion and failure at interfaces due to hydrogen

One of the most critical damage nucleation sites are in-
terfaces. Most engineering and structural alloys contain
a large density of grain and phase boundaries, affect-
ing dislocation motion, generation and annihilation, and
largely contributing to their mechanical strength. These
interfaces can be seriously embrittled by hydrogen result-
ing in a significant degradation of the global mechanical
properties. This prompts to question how the interface
character, elemental segregation and hydrogen trapping
behaviour influence failure and interface decohesion.
We perform targeted measurements in model alloys and
steels to probe this question. The important role of dis-
location-interface interactions is initially examined by
high-throughput scratch tests. The initiation of an inter-
granular crack is favoured if dislocation slip transmission
is suppressed by the local stress incompatibility at the
interface and enhanced by the accumulation of hydrogen.
This might result in dislocation pile-ups at the interface
and can be evidenced by a curved grain boundary after
scratch testing (Fig. 9 bottom). Interface failure by crack
initiation and propagation are further examined in specif-
ic decohesion experiments.

probe measurements (M. Rohwerder, GO department)
as well as APT studies (B. Gault, MA department).

Nanotribology (S. Brinckmann, until
12/2019)

Group mission

The investigation of microstructure evolution during
wear of surfaces using well-defined and inert microme-
tre asperities that mimic the single asperities of macro-
scale components is the central mission of the Nanotri-
bology group. These fundamental investigations of dry
materials tribology address the irreversible microstruc-
ture mechanisms such as dislocation plasticity and
twinning, grain refinement, as well as phase formation
and dissolution [106-110].

Microstructure evolution during the initial stages of
tribology

Understanding the transition from indentation to plough-
ing and the corresponding evolution of plasticity in aus-

Wear
direction

Fig. 10: Secondary electron images of wear tracks with a 40 mN normal force in a [001] y-Fe grain; a) 2 um, b) 6 um, ¢) 10 um wear length.
The white arrow in (c) denotes the wear direction for all tracks, the white asterisks and triangles mark the pile-up and the position of the

initial contact, respectively.

Hydrogen barrier coatings

In collaboration with the group Nanoanalytics and
Interfaces (C. Scheu, MPIE), the Leibniz Institute in
Greifswald, and the Helmholtz Center HEREON in Gees-
thacht, we study how to prevent or limit the hydrogen
entry into structural alloys by the use of barrier coatings.
Our initial studies reveal that bilayer Al-alumina coat-
ings sustain exposure to 300 bar H, at 400 °C for 6 days;
equivalent to Ar exposure under the same testing con-
ditions. However, dewetting of the Al film occurs which
indicates that pure alumina coatings are better suited.
This is currently under investigation.

The mechanical findings in each project are comple-
mented with other characterization techniques through
multidisciplinary collaborations with all the depart-
ments at the MPIE and the group network. This includes
especially thermal desorption spectroscopy and Kelvin

tenite stainless steel for different grain orientations is
one of our central research topics (Fig. 10).

We find that slip-step and pile-up evolution during the
indentation segment influence plasticity during the sub-
sequent ploughing segment [106]. Four stages can be
seen during ploughing: first deformation by indentation,
a transition region, steady-state ploughing at a rather
constant depth, and finally the unloading segment. The
lateral motion of the ploughing results in a break of de-
formation symmetry as documented by the pile-up and
glide steps at the surface (Fig. 10). The deformation pat-
tern is very distinct to that after indentation.

These findings highlighted the need to thoroughly under-
stand the first contact of an asperity with the metal sur-
face, and we hence extended the knowledge of nanoin-
dentation and the microstructure evolution during this
deformation stage. Towards this goal, we deformed
grains with specific low indexed crystal orientation to
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Fig. 11: Tribology experiments on microwall: a) SEM image of microwall consisting of two twinned crystal orientations before deformation;
b) dark-field TEM image of deformation and twin boundary and dislocation structure; c) Transmission Kikuchi diffraction (TKD) orientation
map of the twin boundary and deformation in the left-hand grain.

better understand the dislocation mediated plasticity
through slip step analysis on different slip-plane incli-
nations [107]. We found that slip steps emerge first on
slip planes starting from below the indenter towards the
surface (positively inclined slip planes), while at a later
deformation stage slip steps emerge from outside the
indented zone towards the indent (negatively inclined
slip planes) due to the change in surface topography.
We calculated the resolved shear stress in the presence
and absence of pile-ups and confirmed that the surface
topography is the origin of the activation of the different
set of glide planes [107]. We concluded that accounting
for the surface topography evolution in experiments and
simulations is essential in predicting the plastic slip ac-
tivation during nanoindentation.

As the surface topography plays such an important role,
a better understanding of the pile-up formation is war-
ranted. We revealed by experiments that the shape of
the pile-up changes at a critical inclination angle 55°-58°
from radial plastic flow to circumferential plastic flow
for the different grain orientations [108]. As the plastic
flow of other activated slip-planes change similarly, the
interaction of these slip-planes determines the final pile-
up shape. These experimental findings, which are based
on SEM surface topography and SEM-ECCI (electron
channelling contrast imaging) analyses were augment-
ed by finite element method (FEM) simulations to better
understand the stress state during indentation and the
influence of the topography. The FEM simulations reveal
that the resolved shear stress inverts around this critical
angle for the different grain orientations studied.

As the deformation of the microasperity transitions from
indentation to wear, i.e. transitions from stationary to
sliding contact, the conservation of contact area, elastic
recovery, and the front pile-up development dominate
the deformation mechanisms [109]. By investigating this
transition in copper, cementite and austenitic steel, we
concluded that the elastic recovery leads to an additional
contact area at the backside of the asperity. The influ-
ence of the crystallographic orientation was found to be
negligible during the initial increase in wear depth but sig-
nificant during the later stages. Moreover, a partial elastic
wear depth recovery was observed in ductile materials.

Evolution of twinning during wear

Twinning and the resultant microstructure evolution can
lead to the formation of a hard surface layer that protects
the material during continued tribological loading. We
investigated the influence of wear direction on the de-
formation mechanisms in single austenite steel grains
(Thermax) with {001} and {111} normal orientation and
observe multiple intersecting twin structures below the
wear track. The extent of deformation and the twin den-
sity was found to be dependent on the wear direction,
normal load and asperity geometry. The competition of
twinning and dislocation plasticity is the origin for the dif-
ferences between grain orientations: some grains show
predominantly twinning while others preferentially exhibit
dislocation plasticity.

Simplifying the stress state during plasticity to improve
the understanding of wear mechanisms

Single nano-/ microasperity sliding wear tests allow to sep-
arate the microcontacts and to study the origins of plastic
evolution during the initial stages of tribology. We pre-re-
move material before scratching to obtain microwalls of fi-
nite width (approximating a 2-dimensional structure) (Fig.
11). This simplifies the stress state and allows to directly
inspect the contact zone from the top and the side. After
sliding on the microwalls, a misorientation jump forms un-
derneath the wear track by formation of a grain boundary.
The crystallographic misorientation reached 30° in some
configurations, resulting in the formation of large angle
grain boundaries. We unravelled the grain formation mech-
anism via slip-step and dislocation analysis by addressing
dislocation arrangements at the grain boundary.

Thin Films and Nanostructured Materials
(M. Ghidelli from 01/2019 until 01/2020,
J.P. Best since 04/2020)

Group mission
We focus on the development and synthesis of novel

nanostructured thin films, while exploring their physical
and mechanical properties [1, 16, 52, 95]. Motivating the
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group’s work is the requirement of novel high-perfor-
mance thin films with superior structural and functional
properties for advanced applications such as micro-/
nanoelectronics, energy production, sensors and wear
protection [25, 52, 57, 59, 60, 63, 95]. In particular, intrin-
sic but mutually exclusive structural properties such as
high strength and ductility must be combined, but also
the resistance to harsh conditions such as corrosive en-
vironments, wear, and high temperature be improved. Our
research also includes thermal stability against decom-
position, grain growth and dewetting.

Key for property control is the film architecture and mi-
crostructure. To afford control over the material prop-
erties the microscale porosity, atomic composition,
average grain size, phase distribution, and layer/film
thickness must be optimized. In achieving such a high
level of control, the group leverages a unique physical va-
por deposition cluster to perform magnetron sputtering
and electron-beam deposition of both metals and ceram-
ics. We further ongoing links on alloy development and
novel alloy combinations forged together with the MA
department, where novel high entropy alloys and amor-
phous metal thin films are deposited for high-strength
high-toughness combination materials.

tensile tests on flexible substrates, and X-Ray diffraction
as a function of temperature. From these experiments we
have found that the content of Cu (at.%) influences the
atomic arrangement, and the resulting mechanical prop-
erties and thermal stability, which we currently aim to link
to the characteristic atomic-scale order through high-en-
ergy synchrotron measurements.

Moreover, we managed to fabricate complex film archi-
tectures from the Zr . Cu, system, such as multilayers
and amorphous-nanocrystalline composites, to investi-
gate the role of interfaces and secondary phases as ob-
stacles to shear band propagation for further enhance-
ment of the mechanical properties. The breakthrough of
amorphous multilayer (ML) film synthesis with bi-layer
period down from 200 to 5 nm will allow us to correlate
interfacial effects on the mechanical properties in
all-amorphous TFMGs (Fig. 12a). In collaboration with the
MA department, we used a new strategy to develop ther-
mally stable, ultrastrong and deformable crystal-glass
nanocomposites through a thermodynamically guided
alloy design approach. We realized this in form of a mod-
el CrCoNi (crystalline)/TiZrNbHf (amorphous) nanolam-
inate composite alloy with bilayer period of 5 nm. This
unique nanoarchitecture shows an ultrahigh compressive

Multilayer
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Fig. 12: Nanoindentation hardness for single and ML ZrCu TFMGs (a). The hardness of MLs with bi-layer thickness of 25 nm (inset, SEM
cross-section image) is higher than the rule of mixture for the two components, reaching ~12 GPa. SEM cross-section image of Co-Cu film
(~15 at.% Co) showing a densely packed columnar structure (b), together with image after SSD highlighting islands formed after annealing.
Microscale in situ electrical resistivity measurements (c) show that the resistivity of specific GBs in Cu varies with tilt angle [16].

Thin film metallic glasses and nanolayer engineering

Amorphous thin film metallic glass (TFMG) alloys are ex-
citing candidates for next-generation applications, such
as flexible electronics, due to their advantageous me-
chanical properties such as combined high yield strength
(up to 3 GPa) and ductility (up to 10 %) [111, 112]. However,
the relationships between film chemistry, microstructure
and mechanical properties have barely been investigated
in this materials class. To address this, we have deposited
Zr,00xCU, TFMGs with controlled composition by magne-
tron sputtering, and linked the atomic structure (chem-
istry) with mechanical properties and thermal stability
using nanoindentation, surface Brillouin spectroscopy,

yield strength of 3.6 GPa and large homogeneous defor-
mation to ~15% strain, surpassing those of conventional
metallic glasses and nanolaminates while exhibiting a
high crystallization temperature >973 K.

Electrical characteristics of thin film systems

Together with the mechanical performance, the inves-
tigation of electrical properties constitutes a major fo-
cus, linking to electronic applications such as metallic
interconnects or flexible electronics. In the group, we
focus this study onto defects in metallic alloys and ox-
ides with special attention on GB engineering. Thin films
are deposited by sputtering and then annealed, enabling



the production of columnar GB segments which can be
investigated at micron and sub-micron scales by in situ
SEM resistivity measurements developed in-house [1].
Among our achievements is the attainment of abnormal
grain growth for epitaxial pure metal (Cu, Ti, Ni and Al)
thin films. Moreover, we have enabled the synthesis of
desired GB types, whose local electrical properties have
been investigated (Fig. 12c) and compared to MD simula-
tions of GB structure performed by T. Brink in the SN de-
partment [16]. On-going research involves elucidating the
effects of chemical segregation on local resistivity, and
in working towards this we have developed a deposition
methodology to obtain abnormal growth in Fe-diluted Cu
alloys overcoming the pinning of GBs by segregation.

Intermetallic Materials (M. Palm, F. Stein)
Group mission

The investigation of fundamental aspects of the thermo-
dynamic stability of intermetallic phases in view of their
possible use for structural applications is the mission of
the group Intermetallic Materials.

TiAl-based alloys

Aligned with our group mission, the large-scale inter-
national collaborative project ADVANCE (https://ther-
mocalc.com/about-us/advance/) aims at improving a
thermodynamic database for the computer-driven devel-
opment of TiAl-based alloys (see p. 89). In all, the con-
stitution of ten Ti—Al-X(-Y) (X = Nb, Mo, W, O, B, Zr, C, Si;
X/Y = Nb/W, Nb/Mo) systems will be investigated. The
investigations focus on establishing the phase equilibria
and phase transformations in the Ti-Al-rich parts of the
systems between 700 — 1400 °C.

Ti—Al-Nb/Mo/W: Currently applied TiAl-based alloys are
multicomponent materials with Nb as a major alloying
component. Consequently, a detailed knowledge of the
phase relations in the ternary Ti-Al-Nb system is of ut-
most importance. Within the ADVANCE project, the com-
plex ternary phase diagram of this system is constructed
by combining results from equilibrated alloys and dif-
fusion couples in the temperature range 700 - 1300 °C
[73]. Special care has to be taken regarding the oxygen
impurity contents, which were proven to affect the phase
equilibria [38]. Another issue is the occurrence of two ter-
nary intermetallic phases (so-called w0 and O-phase) in
the Ti—Al-Nb system, which decompose in the solid state
near the regime of desired application temperatures [113,
114]. Moreover, the effect of partial replacement of Nb by
Mo or W and the phase diagrams of the ternary systems
Ti—Al-Mo and Ti—Al-W are currently under investigation.
A comprehensive assessment of the Ti—Al-Mo ternary
system has already been performed [78], and existing
phase diagram descriptions of the AI-Mo and Ti-Al-W
systems were updated [76, 115].

Ti—Al-Si: In this system five partial isothermal sections be-
tween 800 - 1200 °C have been established. On equilibrat-
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Fig. 13: EBSD phase map of a Co-TiCo diffusion couple (144 h at
1100 °C) and respective concentration profile revealing the co-ex-
istence of C15- and C36-TiCo2 Laves phase without a step in the
concentration curve [117].

ed alloys the phases have been identified by X-ray diffrac-
tion (XRD), compositions of the coexisting phases were
established by electron probe microanalysis (EPMA) and
temperatures of phase transformations were determined
by differential thermal analysis [77]. Consistency of the
isothermal sections was checked by setting up a vertical
section for 9 at.% Si.

Ti-Al-Zr: Investigation of this system started with a criti-
cal assessment of the published literature [42]. The ongo-
ing investigations already revealed that phase equilibria
are actually quite different from previously published ones
[74]. The underlying reason is that phases had been taken
into account which are stabilized by impurities. This be-
came apparent as in the present investigation high-purity
materials are used and the impurity content is minimized
by respective measures during heat treatments and con-
trolled by wet-chemical analysis after annealing [74].

Ti—Al-0: Work on this system again started with a critical
assessment of the existing literature [submitted]. As it is
a key system not only for TiAl-based alloys, but also for
AL TiO, ceramics, a large number of references are avail-
able for this system, which had not been assessed since
more than 20 years.

Finally, a critical assessment of the Ti—Al binary system
has been updated [116].
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Fig. 14: a) High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) micrograph with marked b) STEM
energy-dispersive spectrometry (EDS) line scan of Fe-Ka and Al-Ka calculated as atomic fractions, showing the presence of Fe in the upper
layer of the scale, while pillar-like alumina at the bottom is pure Al,0,. To better visualise the grain structure, grain boundaries are marked
by lines, and spinel grains have been coloured red. The black patches in the underlying STEM micrograph are corrosion pits (marked by

yellow arrows) [49].

Laves phases

Another research focus of the Intermetallics group is on
the thermodynamic stability and properties of Laves
phases, which form one of the largest groups of inter-
metallic phases and can exist with three different crystal
structure variants (cubic C15, hexagonal C14 and hexago-
nal C36). In several systems, two or even all three variants
can co-exist as equilibrium phases in adjacent composi-
tion ranges. An example is the co-existence of C15-TiCo,
and C36-TiCo, Laves phases in the Co-Ti system [33,
117] (Fig. 13). The phase fields of these two polytypes
should be separated by a two-phase field as there is no
crystallographic group-subgroup relation between the
space groups of the cubic C15 and hexagonal C36 struc-
ture type. However, the concentration profile measured
on a Co/TiCo diffusion couple (Fig. 13) does not indicate
any step-change in composition. A possible explanation
might be the presence of a coherent equilibrium between
the two structurally closely related phases [117]. Other
Laves phase related projects of the group concentrated
on the composition and structure dependence of me-
chanical properties of the C14, C15, and C36 polytype
of the NbCo, Laves phase which exists in an extended
homogeneity range of about 10 at.% [40, 41, 118], on the
occurrence of extended planar faults in off-stoichiomet-
ric NbFe, Laves phase (where preliminary results were
already mentioned in the last Scientific Report) [37], and
on the special deformation behaviour of the mono-clin-
ic phase Nb,Co, which possesses a Laves phase related
crystal structure [34, 36, 45]. Finally, the group was invit-
ed to write a comprehensive overview on Laves phases,
which was published in 2021 [48].

Iron aluminides

One of the long-standing research activities at the MPIE
is the investigation of fundamental aspects for the devel-
opment of sustainable iron aluminide alloys. In the frame-
work of a large-scale industrial cooperation devoted to
the development and processing of advanced iron alu-
minide alloys [44, 119, 120], specifically the metastable
precipitation of the Heusler phase which is decisive for
fine-tuning the microstructure, and has been investigated
by atom probe tomography (see p. 186).

Their outstanding corrosion resistance is one of the fea-
tures that makes iron aluminides so sustainable. Howev-
er, their aqueous corrosion behaviour is only mediocre
and whether it can be improved through pre-oxidation
has been controversially discussed in literature due to
conflicting experimental evidence. Therefore the aque-
ous corrosion behaviour of pre-oxidized Fe-25 at.% Al
has been investigated in sulphuric acid [121, 122]. The
results proved that the oxide scale not only protected the
iron aluminide perfectly against aqueous corrosion, but
even self-healing of the scale was observed after long-
term immersion. To further elucidate why the oxide scale
is so protective, it has been analysed using high-resolu-
tion techniques [49, 123]. Grazing incident XRD revealed
that the scale consists mainly out of a-Al203, with a
small fraction of spinel (FeAl,Q,). Investigation of a cross
section of the immersed oxide scale by TEM methods
revealed its microstructure in detail (Fig. 14). Corrosive
attack is limited to the outer layer of the scale, which con-
sists of a-Al,0, + FeAl,0,. The inner layer is formed of
columnar a-Al,O, with few grain boundaries, which inhibit



further ingress of the acid to the scale/metal interface
(Fig. 14). Compressive stresses, which developed during
cooling from pre-oxidation at 1000 °C, are also helpful for
“sealing” the grain boundaries [49].

Other activities on iron aluminides and iron-based al-
loys include critical assessments of the phase equilibria,
phase transformations and thermodynamics of the terna-
ry systems Fe—Al-Co [75], Fe~Nb-Ti [124], and Fe-Nb-V
[125], a summarizing account of a collaboration with in-
dustries on the characterization of the microstructure,
corrosion and mechanical behaviour of combustion
chamber prototypes for marine engines before and after
testing [126], and investigations by electron probe mi-
cro analysis (EPMA) to settle whether cementite (Fe,C)
shows a homogeneity range [127].

The importance of iron aluminides as a new class of sus-
tainable materials for CO,-reduced transportation and
energy applications, and the substantial contributions at
the MPIE for their development, have been demonstrat-
ed in a couple of honourable publications. An invited
review on the history, phase diagram and crystal struc-
tures, physical and mechanical properties, corrosion be-
haviour, synthesis, processing and application has been
published [32]. A discussion of the role of iron aluminides
as inexpensive and easily recyclable alloys for demand-
ing applications was chosen by the Max Planck Society
as one of the ‘Highlights from the yearbook of the Max
Planck Society 2019’ [128], and there has been a radio
Deutschlandfunk report about the group’s work on sus-
tainable iron aluminides [129]. Iron aluminides were also
included in a book chapter on ‘Iron-Based Intermetallics’,
which in addition dealt with iron silicides, iron-based fer-
ritic superalloys, and iron-based alloys with TCP phases
[46]. Finally, a publication contract to edit a book on ‘Ter-
nary Iron Phase Diagrams Relevant for the Application of
Iron Aluminides’ has been signed.
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Fundamentals of sustainable hydrogen-based metallurgy

Y. Ma’, I.R. Souza Filho', D. Vogel?, M. Rohwerder? D. Ponge’, H. Springer?,
S. Zaefferer!, S. Nandy’, S.-P. Tsai’, M. Todorova* A. Kwiatkowski da Silva',
S. Zhang®, J.R. Mianroodia’, B. Svendsen?, Y. Bai', X. Zhou’, C. Scheu®, D. Raabe’

TMA, 2GO, 3RWTH Aachen, CM, NG

The massive CO, emissions asso-
ciated with modern iron- and steel-
making have become one of the
largest environmental burdens of
our generation, and the internation-
al steel market is forecast to grow
by at least 30—-35 % during the next
30 years [1, 2]. Therefore, the insti-
tute conducts interdisciplinary and
multiscale research on the physical
and chemical foundations for im-
proving the sustainability of steels,
with a focus on reduced CO,-intense
production and low-energy synthe-
sis. These goals can in principle be
reached by combining several types
of iron carriers, such as oxidic fines,
lump ore, or scrap, with a variety of
carbon-free reduction media, such

as hydrogen or ammonia, in differ-
ent types of furnaces.

SE: Secondary Electron
The interplay of multiple mecha- | ™"
nisms and influencing factors both,
from the reactive metallurgy side

and from the advanced processing

ECCE Blectron Channeling
Contrast Imaging

EBSD: Electron Backscatter

side, requires the cooperation of Diffraction
several departments on this topic. (&) Phase map:
This includes the design and oper- o
ation of fully instrumented reactor ] e

[ servine

set-ups in which the different feed-

stock materials can be charged,
while the underlying redox reac-
tions can be monitored through the
spectroscopy of the intermediate
and final reaction products.

ol

Fig. 1: Correlative SE and ECCI analysis of a partially reduced pellet (10 min, 700 °C). (a)
SE image of the map of the pellet microstructure. The white frames marked as 1, 2, and 3
highlight specific regions whose enlarged views are given in (b), (c), and (d), respectively. (e)

ECCl image obtained from the area delimited by the yellow frame in (d). (f) SE image from the

The specific focus of this cross-de-
partmental initiative is currently
placed on hydrogen-based direct
reduction [3] and hydrogen-based

area labelled as 4 in (a). The arrows A, B, and C were used as a reference to obtain local orien-
tation gradients. (g) EBSD phase map from the marked area. Point-to-origin local misorienta-
tion profiles along arrows A, B, and C in (f).

plasma smelting reduction of iron

ores [4]. As raw materials, commercial pellets and ore
fines are used, as well as well-defined oxide single crys-
tals. The hydrogen-based direct reduction of iron oxides
is a solid-gas reaction. The kinetics of this process is not
well understood, particularly during the wistite reduction
step, which is nearly an order of magnitude slower than
the hematite reduction.

The rate-limiting factors of this reaction are investigated
and related to the microstructure and local chemistry of
the ores, using a multiscale structure and composition

analysis of iron reduced from hematite with pure molec-
ular hydrogen reaching down to near-atomic scale [3].
During reduction, a complex pore- and microstructure
evolves, due to oxygen loss and several non-volume-con-
serving phase transformations. The microstructure after
reduction is an aggregate of nearly pure iron crystals,
containing inherited and acquired pores and cracks (Fig.
1). We observe several types of lattice defects that ac-
celerate mass transport as well as several chemical im-
purities (Na, Mg, Ti, V) within the Fe in the form of oxide
islands that were not reduced.



Fig. 2: Microstructural characterization of a sample partially
reduced for 2 min by hydrogen plasma. (a) Overview of the sample.
The red frame shows the chosen area for the correlative EBSD-ECCI
probing approach. (b) ECCl-image of the area delimited by the

red frame in (a). The white arrows evidence the presence of small
domains of iron. (c) ECCl-image showing an enlarged view of the
region delimitated by the yellow frame in (a). The corresponding
EBSD maps of the area displayed in (c) are as follows: (d) image
quality (1Q) map; (e) inverse pole figure (IPF) map in which the crys-
tallographic orientations are shown perpendicular to the normal
direction of the sample, i.e. parallel to the solidification direction;
(f) phase map where wiistite and ferrite are represented by green
and red respectively; (g) oxygen distribution and (h) silicon distri-
bution maps.

Hydrogen-based plasma smelting reduction offers an at-
tractive alternative to green steel production. Therefore,
the basic mechanisms behind the reduction of hematite
using hydrogen plasma are studied [4]. The reduction ki-
netics depends on the balance between the input mass
and the arc power. For an optimized input mass-arc pow-
er ratio, the complete reduction was obtained within 15
min of exposure to the hydrogen plasma. In such a pro-
cess, wistite reduction is again the rate-limiting step.
Nevertheless, its rates are comparable with those found
in hydrogen-based direct reduction. The possible advan-
tage of the reduction of ores through a reductant plasma
in an electric arc lies in the fact that reduction and liquifi-
cation are done in a single process step.

Micro- and nanoscale chemical and microstructure anal-
ysis revealed that the gangue elements partition to the
remaining oxide regions (Fig. 2). Si-enrichment was ob-
served in the interdendritic fayalite domains, at the wiis-
tite/-iron interfaces, and in the primarily solidified oxide
particles inside the iron. With proceeding reduction, how-
ever, such elements are gradually removed from the sam-
ples so that the final iron product is nearly free of gangue
impurities. The studies provide microstructural and
atomic-scale insights into the composition and phase
transformations during hydrogen-based plasma smelting
reduction, enabling better understanding of the underly-
ing thermodynamics and kinetic barriers of this process,
as a basis for the design of suited furnace concepts for
CO,-free ironmaking.
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Fig. 3: Results from the chemo-mechanically coupled phase-field
simulations with an elasto-plastic material response for the case of
wiistite reduction for 700 °C under hydrogen exposure as a function of
reduction time. The images show contour plots of the oxygen concen-
tration, the BCC iron phase order parameter, and the von Mises stress.

The hydrogen-based direct reduction of iron oxides is
also investigated theoretically. A chemo-mechanically
coupled phase-field model is currently under develop-
ment, to explore the interplay between phase transforma-
tion, chemical reaction, component diffusion, elastoplas-
tic deformation, and microstructure during the reduction
of wistite with hydrogen (Fig. 3).

The phase-field simulation is coupled to Gibbs free energy
data that are fitted from corresponding thermodynamic
databases. The simulation reveals the important role of
elastic and plastic deformation during the reduction and
allows first insights into the different mass transport path-
ways along the highly defected microstructure. The model
also allows to better understand both, the main decelerat-
ing factors (oxide-core-metal-shell structures) and accel-
erating factors (delamination and fracture at the hetero-in-
terfaces) determining the overall reduction kinetics.
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Materials for electrocatalysis

C. Scheu', S. Zhang', R. Aymerich Armengol', J. Lim', A. Garzén Manjén’, B. Gault?,
S.-H. Kim?, A.A. El-Zoka? K. Schweinar?, J. Neugebauer®, O. Kasian®, M. Rabe® K.
Tschulik®, M. Todorova*

NG, 2MA, 3GO, “CM, SRUB

The world’s transition to a more sustainable future re-
quires innovative solutions for energy conversion and
storage. Strategies to develop stable, active and durable
catalytic materials are an essential part of this develop-
ment. The continued and concerted effort of different
groups at the MPIE to enhance our understanding of the
fundamental processes governing the stability, activity
and degradation of, e.g., electrolysers in realistic environ-
ments and under operando conditions, opens new routes
towards designing efficient and long-lived catalysts.
Three main directions were pursued within the last years:
(i) exploiting metal dealloying to enhance catalytic activ-
ity, (i) understanding the role of dopants, impurities and
local inhomogeneities on catalytic activity and (iii) the
study of oxides and oxidised compounds, which exhibit
an enhanced stability in the conventionally harsh envi-
ronments developing during catalytic reactions. In all of
these, particular attention is paid to resolve the atomistic
structure, as the gained insights have proven highly bene-
ficial in explaining catalytic performance.

Our work demonstrated that electrochemical dealloy-
ing can greatly improve the catalytic activity of AgAu
nanoparticles for the hydrogen evolution reaction [1].
By combining electrochemistry with identical location
electron microscopy analyses and linking them to the
electrocatalytic properties of the obtained nanocata-
lysts, they established guidelines for the selection of
dealloying parameters to reach highly porous and active
materials beyond the previous “trial and error” attempts.
Using AgAu alloy nanoparticles and the hydrogen evolu-
tion reaction as a model system, the influence of cyclic
voltammetry parameters on the catalytic activity upon
electrochemical dealloying was investigated. Increasing
cycle numbers initially result in a decreased Ag content
and a sharp improvement in catalyst activity. Addition-
al dealloying increased the nanoparticle porosity, while
marginally altering their composition, due to surface
motion of atoms. Since this is accompanied by particle
aggregation, further cycling results in a decrease of cata-
lytic activity. This transition between porosity formation
and particle aggregation marks the optimum for nano-
catalyst post-production. The gained insights will allow
speeding up the development of new materials by elec-
trochemical dealloying as an easy-to-control post-pro-
cessing route to tune properties of existing nanoparti-
cles, instead of having to alter usually delicate synthesis
routes as a whole.

Chemical synthesis is a conventional route by which cata-
lytic materials are produced and/or designed. Wet-chem-
ical methods are however, more complex than expected
and often reported. Careful analysis of samples we stud-
ied in the context of electrocatalysis, revealed the pres-
ence of impurities integrated within the structure during
synthesis. The presence of traces of such spurious ele-
ments may enhance or detrimentally affect the properties
of materials and thus, affect their performance. Identifi-
cation and quantification of such impurities is however
extremely challenging. To better tackle these issues,
(scanning) transmission electron microscopy ((S)TEM),
atom probe tomography (APT) and X-ray photoelectron
spectroscopy (XPS) were combined to carefully analyse
the structural features and chemical composition of MoS,
sheets [2]. The obtained results showed that impurity
elements from the precursor were incorporated into the
nanosheets during synthesis, pointing towards the neces-
sity to carefully control the synthesis environment to avoid
contamination. These findings also suggest a strategy to
optimize materials performance, which we now exploit
for targeted materials design (see p. 198). One example
is the intentional synthesis of Pd nanoparticles with dif-
ferent levels of B doping [3]. Analysis by STEM and APT,
complemented by density functional theory calculations
and cyclic voltammogram measurements, enable us to
assess changes in the catalytic activity of the nanopar-
ticles towards the hydrogen evolution and/or hydrogen
oxidation reactions (HER, HOR) due to the presence of im-
purities, and their effect on the grain boundary cohesion
and hence, material service lifetime.

Another example focuses on the role of Sn in enhancing
the efficiency of hematite (a-Fe,0,) for water splitting [4].
Looking both at advantages and limitation of Sn-doping
of hematite thin films photoanodes, the study reveals
that Sn ions at the surface eliminate surface states, pre-
venting hole trapping and thus, enhancing the catalytic
activity towards the oxygen evolution reaction (OER) on
the (0001) hematite surface. An aberration corrected
STEM image, the corresponding elemental distribution
obtained by electron energy loss spectroscopy (EELS)
and APT of a sample where Sn is located only within the
top few nanometre of the hematite film is given in Fig. 1.
On the other hand, the homogeneous distribution of Sn
throughout the thickness of a hematite film impairs crys-
tallization, due to grain boundary segregation of Sn, lead-
ing to inferior performance.
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5n + Fe

Fig. 1: a) Atomic column resolved STEM image of a thin hematite film where Sn dopants are located only at the top surface and few nano-
metres below. b) EELS elemental map resembling the distribution of the Sn. c) APT reconstruction of the same sample showing the Sn and

Fe distribution in 3D. Figure taken from [4].

Next to high chemical activity towards a targeted cata-
lytic reaction, the development of a sustainable energy
economy requires longevity of the used catalytic mate-
rials. The latter is a particular obstacle, given the harsh
electrochemical environments developing during reac-
tions. Oxides show an enhanced stability in such condi-
tions and may therefore, provide blue-prints for achiev-
ing long-term stability of catalytic materials. With this in
mind, several of our studies focused on different aspects
of the oxides using Ir and Ru, aiming to understand the
connection between structure, stability and catalytic
activity. These studies reveal the role of lattice oxygen
atoms in rutile IrO, with respect to stability, surface hy-
drogenation and amorphization, and catalytic activity
through a direct visualisation of the electrochemically
active body of the catalyst [5, 6]. They also show that the
local microstructure controls the growth rate of individual
oxide grains and how crystalline defects act as diffusion
pathways during oxidation in different Ir, Ru 0, [7]. Other
studies specifically target the effect different electrolytes
have on the degradation, as exemplified by the example
of the dissolution behaviour of the BiVO, photoanode [8].
Ongoing studies deal with Fe Mn,_ 0, as electrocatalyst.
With the help of Raman spectroscopy and TEM, the ef-
fect of the crystal structure as well as the morphology
(nanosheets, nanocones and nanotubes) on the (photo)
electrochemical performance are explored. Focus is
placed on the stability of the nanostructures upon elec-

trochemical cycling, which we will explore by identical
location TEM experiments (IL-TEM).
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Fe—Al - Sustainable alloys for demanding applications

A. Gedsun', S. Antonov?, F. Stein’, M. Palm’

SN, 2MA

Iron aluminide (Fe—Al) alloys are materials based on the
intermetallic phases Fe,Al and FeAl[1, 2]. Due to their rel-
atively high Al content they form Al,O, scales in oxidis-
ing environments. Specifically a-Al,0, scales, which are
dense, thin and adherent, are very protective against deg-
radation of Fe—Al in aggressive environments [3, 4]. Also
due to their Al content, a passive hydroxide layer forms in
humid air, which acts as a lubricant, thereby minimising
friction and contributing to the excellent wear behaviour
of these alloys.

The high Al content of more than 20 at.% also makes the
alloys a light-weight material. The density of Fe-Al alloys
is about 5.7-6.7 g/cm?, i.e. only about 80 % of that of Cr-
Ni-steels or about 70 % of Ni-base superalloys. As these
are typical candidates that can be possibly replaced by
Fe-Al, their substitution has a number of advantages [1, 2]

— For moving parts, e.g. turbine blades, fuel saving can
be expected due to the lower weight of Fe—Al.

— Better corrosion and wear resistance of Fe—Al should
result in less maintenance and longer lifetime.

— The excellent corrosion resistance may also enable
higher operation temperatures, thereby further reduc-
ing energy consumption.

— For large industrial facilities, support structures could
be much leaner, e.g. if for a steam cracker Fe—-Al tubes
would be employed.

However, for industries the comparative low price of Fe—
Alis of foremost interest. Fe and Al are non-strategic ele-
ments, which are actually the two most abundant metals
in the earth’s crust, and Fe-Al needs comparatively little
alloying for fine-tuning the properties. Consequently,
there has been a large number of industrial projects with-
in recent years, investigating various processing routes
for Fe—Al and for a variety of applications [5]. It has been
shown that Fe—Al can be processed on standard equip-
ment, e.g. by induction melting in air, by sand, permanent
mould or investment casting, by forging, or even by addi-
tive manufacturing [6].

“Process development for economic and efficient turbine
parts made of iron aluminides (Fe-Al)" is one of these
ongoing MPIE projects with partners from academia and
companies of different industry branches. It builds up
on previous projects, where Fe—Al-Ta alloys had already
been qualified for such applications. The part where the
MPIE is involved in the project now aims to elucidate
whether Fe—Al-Nb could replace this more costly alloy [7].

Insufficient strength above 500 °C has for long time been
an obstacle for a wider application of Fe—Al alloys [1, 2].

Specifically, at the MPIE a number of alloying strate-
gies have been developed, which yielded Fe-Al alloys
whose creep resistance matches or even surpasses
that of advanced steels and of plain Ni-base alloys at
700 °C. One of these strategies relies on the formation
of a metastable Heusler phase. The phase could either
act as a strengthening phase by forming a fine-scaled,
coherent microstructure with the matrix or through
aimed transformation into the stable Laves phase. The
basic mechanism of the latter transformation and how
it can be influenced by doping, mechanical deformation
or heat treatments are understood [8]. However, for a
quantitative analysis of the transformation, specifical-
ly the chemical composition of the Heusler phase, but
also their morphology and distribution within the matrix,
have to be quantified. As the metastable precipitates are
nanometre-sized, atom probe tomography (APT) is very
well suited for their analysis.

APT provides three-dimensional chemical information at
the sub-nanometre resolution [9], which allows us to study
the formation of these fine L2, precipitates and their com-
positional evolution during heat treatments. Site specific
samples can be extracted using a focused ion beam (FIB)
system to pinpoint exact areas and phases of interest and
compare different alloy systems [10].

Fig. 1 compares reconstructions of the L2,/DO, micro-
structure of Fe-25.9AI-1.6Ta (in at%) to Fe-24.4Al-
2Nb-0.03B, showing unprecedented details of the fine
rectangular arrays of precipitates that formed during an-
nealing at 700 °C. Though it is known that Heusler phases
of the type Fe,AlX may have extended homogeneity rang-
es to leaner compositions of X than the stoichiometric
25 at.% X, the current results are quite surprising. When
comparing the composition of these small precipitates,
it becomes apparent that although the Al content is sim-
ilar in the Heusler phase in both alloys and close to the
stoichiometric value, the precipitates in the Fe—Al-Ta al-
loy are with about 19 at.% Ta closer to the stoichiometric
composition compared to the Nb-lean precipitates, which
only contain about 10 at.% Nb.

A time-temperature-transformation (TTT) diagram es-
tablished from literature data and present work suggests
that at a given temperature the metastable Heusler phase
transforms more readily to the stable Laves phase in the
Fe—Al-Nb system [7]. Before the APT investigations had
been performed, it was inferred that the difference is due
to the faster diffusion of Nb. The Heusler phase cannot
transform directly into the Laves phase, but dissolves
first in the Fe—Al matrix before nuclei of the Laves phase
preferentially form on the grain boundaries [8].
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Fig. 1: 3D reconstructions of the a) Fe—Al-Ta alloy and b) Fe—Al-Nb alloy delineating precipitates with the respective isoconcentration
surfaces, and ¢) compositional profiles across the precipitate/matrix interfaces for both alloys.

The APT measurements now reveal that the difference be-
tween the Nb and Ta contents in the Heusler phase and the
matrix is much larger in case of the Ta alloy, because the
content of Nb or Ta in the Fe—Al matrix is 1.1 at.% in both al-
loys. Therefore, in addition to the slower diffusion kinetics
it should also take more time for equilibrating the Ta-rich
Heusler phase. Moreover, the precipitates in the Fe—Al-Ta
alloy look more compact than the feathery appearance in
the Fe—-Al-Nb alloy (Fig. 1a, b). The latter results in a much
larger surface area with the matrix, which could also con-
tribute to a quicker dissolution. However, the current in-
vestigation gives no indication about coherency stresses
between the precipitates and the matrix, which also have a
stabilising effect for the metastable precipitates.

Further work will be carried out to gain insight on how
the compositions of the Heusler phase vary with aging
time and temperature, and what sort of compositional
modulations contribute to the refinement of the subse-
quent Laves phase population. Knowledge on precipitate
morphology and composition evolution will allow us to
fine-tune the alloy chemistries and processing to achieve
superior properties.
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Improving the performance of thermoelectric materials
by microstructure design

T. Luo’, L. Abdellaoui?, H. Bishara® L. Gomell', R. Bueno Villoro? S. Zhang?,
C. Scheu? B. Gault’

MA, NG, ®SN

Ecological concerns drive the exploration of “green”
alternatives to generate electricity. One environmen-
tally-friendly approach is to recycle waste heat by ther-
moelectric devices to realize the heat-to-electricity
conversion. These devices are without moving parts,
noise- and carbon-emission free, and can be miniaturized
and combined with other energy conversion technologies
such as direct solar thermal energy conversion. Their
conversion efficiency is defined by a dimensionless fig-
ure of merit ZT, which relates the electrical conductivity
o, the Seebeck coefficient S, the temperature T, and the

thermal conductivity « as follows: zT = =T . Substantial

L3

research & industrial efforts are pursued to optimize the
thermoelectric performance by doping and isoelectron-
ic alloying, i.e. tuning the alloy’s composition. However,
the role of microstructure, and the interaction of dopants
with lattice imperfections, are rarely considered and
studied, which limits the opportunity for science-driven
optimization of the material.

thermal and electrical conductivity. This will ultimately
enable us to develop thermoelectric materials by micro-
structure design.

We will showcase our approach here with results on
Half-Heusler (HH) compounds, with a stoichiometry
NbCoSn, that stand out as state-of-the-art thermoelectric
materials for medium-to-high temperature applications.
We studied Pt-doped NbCoSn as part of a collaboration
with C. Felser (Max Planck Institute for Chemical Physics
of Solids). Pt substitutes Co, thereby providing an addi-
tional electron, making it an effective dopant. Pt-doping
leads to significant improvements in the electrical power
factor and reduces lattice thermal conductivity, as re-
ported for NbCo, Pt Sn (x=0.00-0.15) [5]. Interestingly in
this series, the sample with x=0.05 (annealed, NbCoSn-
Pt-AN) exhibits a striking increase in electrical conduc-
tivity compared to x=0.06 (non-annealed, NbCoSn-Pt), as
shown in Fig. 1(a).
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___I:a! g M Ca
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Fig.1: Electrical conductivity of NbCo(Pt)Sn as a function of temperature: annealed vs. non-annealed sample. Grain size and grain bound-

ary segregation for the (b) annealed and (c) non-annealed sample

Our interdepartmental activities aim to address this
knowledge gap by characterizing the multiscale com-
plexity of the microstructure of a range of thermoelec-
tric materials including half- and full-Heuslers [1, 2],
AgSbTe, [3], and PbTe [4] and correlating it with their

Grain size. The stored deformation energy induced by
ball-milling drives grain growth during the post-sintering
annealing. It leads to a tenfold increase in grain size (0.23
+ 0.12 pm to 2.38 *+ 1.65 pm) and thus a largely reduced
grain boundary (GB) area of NbCoSn-Pt-AN, as revealed



Fig. 2: (a) Backscattered electron (BSE) image of the NbCo(Pt)Sn sample before ball milling.
(b) The corresponding energy-dispersive X-ray spectroscopy (EDX) map of Pt. The white colour
in the BSE image is due to the enrichment of Pt at grain boundaries. The position layout of the
four needles used for the local measurement (c) within the grain interior, and (d) crossing a
high angle grain boundary, which was assessed by electron-backscattered diffraction (inset).
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or and Fig. 2(d) for a high angle
grain boundary. The absolute val-
ue of the electrical conductivity
is (1.39 + 0.01) x105 S/m for the
grain interior, i.e. comparable
with the value of NbCoSn-Pt-AN
at room temperature. Across the
GB, and despite possible space-
charge effects, the conductivi-
ty increases almost twofold to
(2.27 + 0.22) x10% S/m thanks to
the enrichment of Pt at GBs. We
therefore prove the beneficial
effect of GB-segregation on the
electrical conductivity. Itis hence
possible to use grain boundary
engineering to manipulate the
GB-transport properties, opening
new possibilities for optimizing
TE performance.

Generalization. The philoso-
phy and approach that was dis-
cussed here was deployed to an-
alyze several other materials, for
instance, PbTe and AgSbTe2 (see
p. 13), Ti(Co, Fe)Sb Half-Heusler

by backscattered electron imaging in a scanning electron
microscope (SEM) (Fig. 1b and c). The difference in grain
size between the two samples becomes the first key mi-
crostructural factor influencing the electrical conductivi-
ty through grain boundary scattering.

Grain boundary segregation. Atom probe tomography
shows that the intragranular Pt-content is similar for both
alloys, i.e. ~1.35 + 0.09 at.% for NbCoSn-Pt and 1.27 +
0.09 at.% for NbCoSn-Pt-AN. The improvement in elec-
trical conductivity does hence not arise from the doping
level, rather, from the microstructure evolution. Pt-segre-
gation to GBs is found in both samples Fig.1 (b) and (c),
with varying degree of Pt enrichment across different
GBs, likely depending on their geometric characteristics.

Local electrical conductivity. To assess the impact of
this GBs segregation of Pt on the electrical conductivi-
ty, we used an in situ four-point-probe technique within
an SEM to measure the local electrical conductivity [6].
As the grain size must be sufficiently large to separate
the four probes, we selected the NbCoSn-Pt (x=0.05)
sample before ball milling with an average grain size
of approx. 25 pm. The corresponding backscattered
electron micrograph and compositional map from ener-
gy-dispersive X-ray spectroscopy for Pt are respectively
shown in Fig. 2 (a) and (b), highlighting Pt enrichment and
percolation along grain boundaries. The electrical con-
ductivity was measured inside two adjacent grains and
across the corresponding high angle grain boundary, as
assessed by electron-backscattered diffraction (inset
in Fig. 2c and d). One example of the position layout of
the four probes is displayed in Fig. 2(c) for grain interi-

with the collaboration with G. J.
Snyder (Northwestern University, USA), and the Fe2AIV
full-Heusler alloy that is being synthesized in-house. For
the Fe2AlV, we also investigated the possibilities of us-
ing the selective-laser melting machine to manipulate
the microstructure by surface-laser remelting [7], which
can be seen as a precursor to additive manufacturing.
We demonstrated an influence of grain boundary and
structural defects on both electrical and thermal conduc-
tivities measured locally. We are also exploring the over-
looked effect of impurity introduction during processing
for instance.

References

1. Gomell, L; Roscher, M.; Bishara, H.; Jagle, E.A.; Scheu, C.; Gault,
B.: Scr. Mater. 193 (2021) 153.

2. Luo, T; Serrano-Sanchez, F; Bishara, H.; Zhang, S.; Bueno Vil-
loro, R.; Kuo, J.J,; Felser, C.; Scheu, C.; Snyder, G.J.; Best, J.P;
Dehm, G; Yu, Y.; Raabe, D.; Fu, C.; Gault, B.: Acta Mater. 217
(2021) 117147.

3. Abdellaoui, L.; Zhang, S.; Zaefferer, S.; Bueno-Villoro, R.; Ba-
ranovskiy, A.; Cojocaru-Mirédin, O,; Yu, Y.; Amouyal, Y.; Raabe, D.;
Snyder, G.J.; Scheu, C.: Acta Mater. 178 (2019) 135.

4. Abdellaoui, L.; Chen, Z.; Yu, Y.; Luo, T.; Hanus, R.; Schwarz, T.;
Bueno Villoro, R.; Cojocaru-Mirédin, O.; Snyder, G.J.; Raabe, D,
Pei, Y.; Scheu, C.; Zhang, S.: Adv. Funct. Mater. (2021) 2101214,

5. Serrano-Sanchez, F; Luo, T; Yu, J.; Xie, W.; Le, C.; Auffermann,
G.; Weidenkaff, A;; Zhu, T,; Zhao, X.B.; Alonso, J.A.; Gault, B;
Felser, C.; Fu, C.: J. Mater. Chem. A 6 (2020) 4883.

6. Bishara, H.; Ghidelli, M.; Dehm, G.: ACS Appl. Electron. Mater.
2(7) (2020) 2049.

7. Gomell, L; Haeger, T; Roscher, M,; Bishara, H.; Heiderhoff, R;
Riedl, T,; Scheu, C.; Gault, B.: arXiv:i2107.07327. (2021).

n
c
(%]
—
2,
o
Q
=3
=
<
o
=%
o
>
o
—
>
=
o
c
(@]
>
Q
=3
®
=)
QO
(2]

o
o




MAX-PLANCK-INSTITUT
FUR EISENFORSCHUNG GmbH

1o
@©
=
[}
—
g
de
(®)]
32
o
=
ey
—
©
=
@©
Y—
o
>
=
a
@©
=
@©
+—
(2]
s }
n

o
=3

llI-V Semiconductors and alloys at the nanoscale: materi-
als design for novel optoelectronic and elastic properties

L. Lymperakis', S.-H. Yoo', J. Neugebauer’, T. A. Nugraha?, E. Scalise?,
S. Wippermann?, Ch. Liebscher®, Ch. Kirchlechner?, G. Dehm?

CM, 2GO, *SN

Designing and controlling the nanoscale structure of
semiconductors and alloys is a promising strategy in
order to create materials with targeted optoelectronic
and mechanical properties. In this context, Ill-V and IlI-N
nanostructures are particularly attractive candidates for
surmounting materials-related challenges in applications
ranging from optoelectronics, power electronics and hy-
drogen diffusion barriers to hard and wear resistant coat-
ings.

One possible route to create such nanostructured mate-
rials is to use colloidal nano-scale building blocks, e.g.,
nanocrystals, as “artificial atoms” and assemble them
into quantum dot (QD) solids (Fig. 1). Ill-V semiconduc-
tor-based QDs, consisting of e.g., InP or InGaP nanocrys-
tals, are among the most widely investigated materials
systems due to their potentially superior optical proper-
ties and lower toxicity, compared to commercially avail-
able 1I-VI QD solids. Nevertheless, IlI-V systems still suf-
fer from inferior colour purity due to broad emissivity and
poor photoluminescence quantum yields. We recently
demonstrated [1] that nanocrystal stoichiometry disper-
sion is a major source of trap states and largely respon-
sible for the observed emission broadening in IlI-V QD
solids. Whereas II-VI QD solids require only nanocrystal
size control to achieve narrow emission, it is necessary
to realize in addition nanocrystal stoichiometry control in
the case of I1I-V QD solids.

Anomalously strong temperature-induced shifts of
the electronic bandgaps are another important source
of emission broadening. In order to reveal the origin of
these anomalous shifts, we used so-called magic-sized
nanoclusters as atomically precise model systems for
nanocrystals with zero dispersion in both size and stoi-
chiometry. Tantalizingly, approaches that are commonly
employed to accurately predict temperature-dependent
bandgaps in bulk materials have been known for more
than a decade to yield qualitatively wrong results in the
case of nanocrystals. We therefore developed a novel
approach that allows us to accurately compute tempera-
ture-induced band gap shifts also for nanocrystals, using
constrained ab initio molecular dynamics (AIMD) simula-
tions on the excited state potential energy surface and
atomistic thermodynamics, where the band gap is com-
puted as the Gibbs free energy of exciton formation.

The key innovation of our approach in contrast to existing
methods is to take into account the fully anharmonic ex-
citon-phonon coupling [2].

We revealed [2] that the experimentally observed anom-
alous colour shifts with temperature are caused by exci-
tonic bond-softening: in nanocrystals, the excitons are

.4 .an”a-‘"i .

Fig. 1: Schematic representation of a QD solid, consisting of core/
shell nanocrystals assembled into a superlattice. Chalcogenido-
metallate complexes are used as surface-selective linkers and
“conductive glue”, connecting the nanocrystals both mechanically
and electrically.

distributed over only a small number of atoms due to the
strong quantum confinement. In consequence, the occu-
pation of antibonding states due to the presence of the
excitons significantly weakens the interatomic bonds,
leading to a pronounced exciton-induced red shift of the
phonon density of states (PDOS). This shift is almost two
orders of magnitudes larger than the corresponding one
observed in bulk materials. The red-shifted PDOS in turn
is responsible for the anomalous bandgap shift due to its
impact on the Gibbs free energy of exciton formation. Our
results underline the importance of explicitly considering
exciton-electron-phonon coupling in nanostructures and
suggest how to design systems with improved optical
properties.

Moreover, the design of heterostructures at the na-
noscale, such as multilayered structures consisting of
CrN and AIN layers with a few nm thickness allows us to
tune and tailor the mechanical properties for hard coat-
ing applications. In order to establish relations between
the elastic properties, chemical composition and crystal
structure, we investigated fast screening methods for
fracture [3], but also applied novel scanning transmission
electron microscopy-electron energy loss spectroscopy
(STEM-EELS) methods to measure mechanical proper-
ties with nm high spatial resolution [4]. We analyzed AIN/
CrN multilayers deposited epitaxially on MgO together
with colleagues from Montanuniversitat Leoben and TU
Wien. The AIN layer thickness was increased from initially
1 nm to 10 nm, while the CrN layer thickness was kept
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Fig 2: a) STEM-HAADF (high-angle
annular dark field) image of CrN (bright)
and AIN (dark) layers grown on MgO,
with AIN layer thickness increasing
from 1 nm to 10 nm from left to right. (b)
Corresponding low loss EELS plasmon
maps and (c) bulk modulus based on an
empirical relation between plasmon en-
ergy and bulk modulus. Taken from [4].

constant at 4 nm (Fig. 2). Atomically resolved S/TEM re-
veals that AIN layers up to 4 nm grow in the metastable
zincblende structure, while thicker AIN layers possess
the room temperature stable wurtzite structure. The dif-
ference in crystal structure is also seen in the fine struc-
ture of the N-K edge in core loss EEL spectra as well as a
shiftin the plasmon peak positions for low loss EELS. The
plasmon energy and the bulk modulus, which are relat-
ed by an empirical relation established in literature were
quantitatively extracted. Metastable cubic AIN, which
allows for improved fracture toughness, was revealed to
feature the highest bulk modulus values with 233+9 GPa
in agreement with density functional theory (DFT) predic-
tions [4].

Epitaxial strain is the origin of the long standing and high-
ly debated issue of threading dislocations in IlI-Nitride
materials. Nevertheless, the topic has recently been rein-
vigorated due to the detrimental effect they have on pow-
er electronic devices. An intriguing feature of these de-
fects is that experimental evidence suggests that screw
dislocations are associated with open core structures,
thus forming nanopipes (NPs). Although NPs exhibit
large free surface areas which increase the energy, they
can be energetically favourable if the surface energy is
compensated by the core and strain energy of the materi-
al removed to create the NP.

Fig. 3: Schematic representation of the energy density associated
with a full core c-type screw dislocation in GaN superimposed
with the atomic structure of a hollow core defect. Hot/cold colours
indicate higher/lower energy values, respectively. Green, blue and
red balls indicate Ga, N, and H atoms, respectively.

In a recent study we combined DFT calculations with
elasticity theory and we investigated the mechanisms
governing the formation and the properties of nanopipes.
Based on these calculations we constructed a screw
dislocations’ phase diagram, which describes the en-
ergetically most favourable core structures as function
of the species’ chemical potentials. A general trend that
emerges from this diagram is that nanopipes are energet-
ically favourable under typical MOCVD or MOVPE growth
conditions. Under these conditions, the cation and anion
dangling bonds at the open core inner surfaces are pas-
sivated by NH, molecules and H atoms, respectively (Fig.
3). This reduces considerably the surface energy and the
formation of nanopipes with hexagonal cross section and
equilibrium diameters ranging for =1 to =2 nm is energet-
ically favourable. Nanopipes offer routes for efficient
diffusion and the inner free surface sites for preferen-
tial incorporation of impurities. Indeed, our calculations
indicate that both C and Mg dopants decorate the inner
surface at concentrations (in at. %) at least one order of
magnitude higher than in highly doped bulk semi-insulat-
ing layers [5].

The aforementioned examples from the fields of opto-
and power electronics and hard coatings demonstrate
that with our new methodological advances, both com-
putational and experimental, it is now possible to reveal
the complex interplay between the properties of materi-
als at the nanoscale and their interaction with a complex
growth environment. They also illustrate how our contin-
ued methodological developments guide novel applica-
tions design, and constitute an essential component in
cutting-edge materials research and technology.
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Defect phases -
Thermodynamics and influence on material properties

T. Hickel’, M. Todorova’, L. Huber', C. Liebscher? S. Korte-Kerzel?,
C. Scheu?, G. Dehm?, D. Raabe®, J. Neugebauer’

CM, 2SN, 3RWTH Aachen University, NG, SMA

To design novel alloys with tailored properties and micro-
structure, two materials science approaches have prov-
en immensely successful: Firstly, thermodynamic and
kinetic descriptions for tailoring and processing alloys
to achieve a desired microstructure. Secondly, crystal
defect manipulation to control strength, formability and
corrosion resistance. However, to date, the two concepts
remain essentially decoupled. A bridge between them
is needed to achieve a single conceptual framework. A
powerful concept to establish such a bridge are defect
phase diagrams, which provide systematic tools to de-
scribe and analyse the possible chemical and structural
states that specific defects can have as function of key
state variables, such as chemical composition, tempera-
ture or strain.

Scientists from the RWTH Aachen University and MPIE
established a large scale collaborative research centre
(CRC) funded by the German Research Foundation (DFG)
(see p. 76) aiming at a fundamentally new approach to
achieve this goal. The key concept are defect phase dia-
grams, which describe the coexistence of and transitions
between defect phases. The availability of such a frame-
work will enable a paradigm shift in the description and
design of future engineering materials [1].

Formally, a ‘defect phase’ is a structurally and chemically
distinct atomic-scale defect configuration for which all
physical properties can be expressed as smooth (contin-
uous and infinitely differentiable) functions of intensive
control variables such as temperature or chemical poten-
tial. A structure can only be considered a defect phase, if
it is spatially confined at or next to the defect.

While the concept of defect phases has been theoreti-
cally postulated and discussed more than four decades
ago, their actual observation became only possible re-
cently with the availability of experimental techniques
with atomic resolution such as aberration corrected
transmission electron microscopy (TEM) and atom probe
tomography (APT). For example, in a correlative study of
both techniques, a local change of structure and chem-
istry next to dislocations in high-Mn austenitic steel and
in Au-Pt alloys has been observed in the MA department
[2, 3]. Nevertheless, using these highly advanced experi-
mental techniques to systematically map defect phases
(left side of Fig. 1) would be too time-consuming and due
to a sensitive dependence on the thermodynamic state
variables rather challenging. In the CRC we therefore aim
at an alternative strategy to identify defect phases, name-
ly guided probing. Here, physical properties of materials

such as the elastic modulus or the corrosion behaviour
are monitored in order to identify abrupt changes as
function of the chemical potential of the involved species
(right side of Fig. 1).

Fig. 1: Modelling framework of defect phase diagrams. The experi-
mental space visualizes the experimental degrees of freedom. The
variety of phase diagrams for bulk and all kinds of defects is repre-
sented in the p-space. The engineering space considers parameter
dependent materials properties. Adopted from Ref. [1].

Since the chemical composition at and around defects
is intrinsically inhomogeneous, e.g., due to segregation,
the natural state variable is not the concentration like for
bulk phases, but the chemical potential. The constancy of
the chemical potential throughout the sample in chemical
equilibrium (p-spacein Fig. 1) allows one to plot the phase
diagram of the bulk material and of the individual defects
in the same coordinate system. This property provides a
direct route to connect bulk properties with those of var-
ious defects that give rise to the complex microstructure
and surfaces of materials. For the latter, the MPIE has a
long-standing expertise in deriving surface phase dia-
grams, which is now being applied and extended within
the framework of the CRC to study, e.g., the impact of al-
loying Mg with Ca and Al on surface structure and stoichi-
ometry (Fig. 2). Similar defect phase diagrams can also
be constructed for phase boundaries, grain boundaries,
dislocations, or point defects.
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Fig. 2: Calculated surface phase diagrams for Mg alloyed with Ca
(top) and Al (bottom) in an electrochemical setup. The diagram
shows as function of the Ca(Al) chemical potential the stable
Ca(Al) rich phases and their compositions at Mg(0007)/water inter-
faces. Insets show top views of some of these structures. Dashed
lines mark chemical potential conditions realized in selected
measurements.

The rapid improvement of atomistic simulations revealed
that defect phases are not rare exceptions, but should be
a common feature in materials. For example, simulations
in the CM department showed already in 2015 that depen-
dent on the chemical potential of H in fcc Ni, the formation
of a local hydride can be observed next to edge disloca-
tions [4]. This is remarkable, because the hydride phase is
not stable in the bulk at ambient conditions. Further exten-
sive simulations have been performed in the CM depart-
ment on grain boundaries, confirming the observation of
defect phases in Al alloys by the SN department [5].

Recently, we have investigated stacking faults in the Nb-
rich C14 Laves phase NbFe,. The bulk phase diagram of
Fe-Nb suggests a rather narrow solubility of Nb in this
phase, due to the formation of the competing Nb Fe,
u-phase. Instead of this phase, however, a large number of
various types of planar defects is observed in experiment
[6]. The atomic configurations of these defects have been
characterized by aberration-corrected scanning TEM in
the SN department and density functional theory (DFT)
calculations in the CM department (Fig. 3). These studies
reveal that some of the stacking faults contain one layer
of the characteristic Zr,Al, type unit of the y-phase (red
shaded crosses in the TEM image), i.e., correspond to a
defect phase that is stabilized by an excess Nb content.
Nevertheless, the confinement and the stacking of atom-
ic layers does not correspond to a bulk phase, but rather
fulfil the definition of defect phases provided above.

Apart from the basal defect shown in the upper part of
Fig. 3 a variety of different extended and confined stack-
ing faults, that are lying parallel to the basal or pyramidal
habit planes are observed. The DFT calculations have
been used to determine the relative stability of these de-
fect structures. In the lower part of Fig. 3 the formation
energy of selected stacking faults is plotted as a function
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Fig. 3: Stacking faults phases in the Nb-rich C14 Laves phase
NbFe,. Upper left: STEM image of an extended basal stacking fault.
Upper right: Atomistic structure of the same defect as used for
DFT calculations. Below: Defect phase diagram of several stacking
faults (lines) as compared to the bulk phase diagram (shading).
Adopted from Ref. [6].

of the chemical potential. The shading in grey indicates
the stability region of the C14 bulk phase. Slightly be-
low the phase equilibrium of the p-phase (vertical line at
Hy,=0.01 V), one can see the relative stability of the ex-
tended basal stacking observed in experiment. Other de-
fect structures become lower in energy than the extended
basal structure for certain chemical potentials, but do not
lead to stable defect structures.

Based on these early successes, we envisage that defect
phase diagrams will play the same role as their bulk coun-
terparts. They will allow the selection of defects with a
desired structural and chemical configuration, which in
turn are the carriers of specific defect-property relations
and, hence, enable the atomistically guided design of ma-
terials with tailored mechanical and corrosion properties.
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Bidirectional transformation induced plasticity in
dual-phase high entropy alloys

C. Liebscher’, W. Lu™3, G. Dehm’, F. Kbrmann?, J. Neugebauer?,
D. Raabe’® Z. Li®

ISN, 2CM, MA

Recently developed dual-phase high
entropy alloys (HEAs) exhibit both
an increase in strength and ductility
upon grain refinement, overcoming
the strength-ductility trade-off in
conventional alloys [1]. Metastability
engineering through composition-
al tuning in non-equimolar Fe-Mn-
Co-Cr HEAs enabled the design of
a dual-phase alloy composed of
metastable face centered cubic (fcc)
and hexagonal closed packed (hcp)
phases. This microstructure emerg-
es in a Fe,yMn,,Co,,Cr,, (at.%) alloy
after cooling from the high tempera-
ture single phase region to room
temperature through a partial mar-
tensitic transformation. Both fcc-
and hcp-phases are single phase su- b}
persaturated solid solutions and the
microstructural refinement associat-
ed with the martensitic transforma-
tion leads to an increase in ultimate

Forwand transformation from fec to hop
(consecutive slip of partial dislocations)

increasing sirain
Mucleation of hep in foe

S

E2Y

Reverse transformation from hop to fec
(slip of partial dislocations or twinning)

tensile strength from ~650 MPa to
~850 MPa and total elongation from
~50% to ~75% when reducing the
grain size from 45 pmto 4.5 ym [2].

We have used length scale bridging

transmission electron microscopy
(TEM) observations in combination
with in situ straining in the scanning
TEM (STEM) to unravel the underly-
ing microstructural origin of this out-
standing property combination in the
dual-phase HEA (Fe, Mn,,Co,.Cr,,
(at.%)). In the as-quenched condi-
tion, a hierarchical, nanolaminated
structure is observed in both fcc (y)
and hcp (g) phases. Upon bulk tensile
straining, the microstructure dynami-
cally refines and secondary strain-in-
duced g-nanolaminates form within

Fig. 1: a) Low angle annular dark-field (LAADF) STEM image of the focused ion beam pre-
pared straining sample form a fcc y-block with pre-existing hcp e-nanolaminates. Dynamic
bidirectional forward y > ¢ and backward ¢ >y transformation upon straining.

b) Atomic resolution STEM images of various configurations of -nanolaminates in a
y-block, respectively y-nanotwins in a -block, after bulk tensile deformation.

the y-block in the hcp ¢-block, a high

density of phase transformation induced y-nanolami-
nates and -twins is developing. These static post-defor-
mation observations suggest that both forward y>¢ and
backward ¢>y transformations are the main carriers of
plasticity in this metastable dual-phase high entropy alloy.

We also performed in situ straining in the STEM using
a custom build Cu-straining support in a displacement

controlled Gatan straining holder to probe the dynamic
evolution of the hierarchical nanolaminated microstruc-
ture as shown in Fig. 1a. The pre-existing hcp e-nanolami-
nates in the y-block are observed to grow by the motion of
their leading partial dislocation and their number density
increases upon straining. Interestingly, we could observe
the dynamic strain induced forward y>¢ and backward
e>y transformation in situ in the region indicated by an



orange rectangle in Fig. 1a, referred to as “bidirectional
transformation induced plasticity” (Bi-TRIP) effect.

In the early stages of straining, the nucleation of ¢-plates
(HCP-1-3) is observed (Fig. 1a), which continue to grow
with increasing strain until their extension is blocked by
the primary S3 twin boundary. By further straining, the
HCP-1 and HCP-2 plates are reverted to fcc, as well as
the HCP-3 plate at a later stage (not shown here). The
trailing partial dislocation unzips the hcp nanolaminates,
thus establishing the underlying mechanism for a novel
reversable TRIP effect.

The key ingredients controlling this bidirectional transfor-
mation are the stacking fault energy, local temperature
and stress-strain fields. The stacking fault energy is es-
timated to ~6.5 mJ/m? for this dual-phase HEA promot-
ing the forward y->¢ transformation and building the basis
for the reverse transformation, since local temperature or
strain fluctuations can initiate the reversion by the motion
of trailing partial dislocations. The reverse ¢>y transfor-
mation depends on local stress or temperature fluctua-
tions during straining, since the hcp e-phase is more stable
than y at room temperature. We observed that due to such
fluctuations the partial dislocations moved in some cases
back, thus reversing the initial phase transformation.

This concept was further extended in an interstitial HEA
by deformation-driven bidirectional transformation. Con-
trolled cold-rolling and tempering promote the formation
of dual-phase nanostructures, nano-grains and -twins in a
Fe,, sMn,,Co,,Cr,,C, - (at.%) alloy resulting in an ultimate
tensile strength of 1.05 GPa and a total elongation of 35 %
[3]. The key design element is the tuning of the materi-
als stacking fault energy close to its thermodynamic lim-
it to trigger forward and reverse phase transformations

MAX-PLANCK-INSTITUT
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upon loading. By joint activation of Bi-TRIP and twinning
induced plasticity (TWIP) an excellent strength-ductility
synergy can be achieved in tempered specimens with
preceding-rolling reduction of 34 %.

Obtaining reliable values of stacking fault energies (SFEs)
and hence relative stabilities of the fcc- and hcp-phases
in these compositionally complex alloys also at non-zero
temperatures is to date a big challenge. We have devel-
oped a set of density functional theory-based methods
to compute the concentration dependence of SFEs [4] in-
cluding magnetic and temperature effects [5]. To account
for chemical disorder, different techniques are used such
as the coherent potential approximation or special quasi
random structures. Many of these alloys reveal complex
antiferromagnetic interactions and it turned out that for
achieving agreement with experimental data it is crucial
to go beyond the assumption of idealized paramagnetic
alloys with a careful treatment of magnetism and mag-
netic fluctuations [6].
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Interplay of chemistry and faceting at grain boundaries
in a high strength Al alloy

H. Zhao', L. Huber?, W. Lu?, N. Peter®, G. Dehm?,
D. Ponge’, J. Neugebauer?, B. Gault’, D. Raabe’

™A, 2CM, SN

Grain boundaries (GBs) are regions connecting adjacent
crystals with different crystallographic orientations. GBs
are a type of lattice imperfection, with their own struc-
ture and composition, and as such impact a material’s
mechanical and functional properties. Structural motifs
and phases formed at chemically decorated GBs can be
of a transient nature or are local thermodynamic struc-
tural-chemical equilibrium states. The boundary between
two crystal grains can decompose into arrays of facets
with distinct crystallographic characters. Faceting oc-
curs to minimize the system'’s free energy, i.e., when the
total interfacial energy of all facets is below that of the to-
pologically shortest interface plane. Previously, the inter-
play of chemistry and faceting was revealed for specific
GBs in well-defined bicrystals, which are realistically not
encountered in engineering alloys. The majority of GBs
in bulk metallic materials from conventional processing
is of a more general type. Evidence for structural transi-
tions in such boundaries in Al-alloys is scarce, and the
interplay with chemistry is not well understood. Recently
[1], we have revealed the subtle yet important interplay be-
tween the faceting of GBs and their chemical decoration
with solutes in a high strength 7xxx Al alloy. We combined
cutting-edge microscopy, microanalysis techniques, and
atomistic simulations to demonstrate that facets exist in

HAADF-5T

L5 GB

7xxx Al alloy. A homogenized Al-6.22 %Zn-2.46 %Mg-
2.13 %Cu (wt. %) was used for this study. The alloy was
solution heat treated at 475 °C, followed by water quench-
ing. The detailed process and precipitation behaviour
during aging is described in [2]. The 5 grain boundary
observed has a misorientation angle of 38° about a<001>
common axis. Fig. 1(a) illustrates the ¥5 GB character-
ized by Z-contrast high-angle annular dark-field (HAADF)
scanning transmission electron microscopy (STEM) per-
formed along the common tilt <001> Al zone axis. The
GB configuration contains two sets of alternating facets
along the entire length, with each type highlighted by a
coloured line. The orange segments are symmetric {120}
facets, and the green segments are asymmetric {130}
planes. Fig. 1(b) shows the energy dispersive spectros-
copy (EDS) analysis from the faceted 35 GB. At this scale,
we do not observe segregation at the {130} facets, while
the {120} facets bear roughly 300 nm lathlike precipitates
enriched with Mg and Cu. The HAADF-STEM image in
Fig. 1(c) reveals that the precipitate has an orthorhombic
structure, which matches the S phase (Al,CuMg). The S
phase is semi-coherent with the Al-matrix and has an ori-
entation relationship of <100>_//<100>,, and an interface
of {001}¢//{120},,.

AP

Fig. 1: (a) HAADF-STEM image of a near 55 GB in the as-quenched Al-Zn-Mg-Cu alloy; (b) EDS maps of the faceted GB showing Mg and Cu
enriched precipitates; (c) HAADF-STEM image of the precipitate highlighted by blue rectangle in (a), with inset of the corresponding Fast
Fourier transform pattern. GB: grain boundary. Figure is from Ref. [1], published under a CC-Attribution 4.0 international license.

polycrystalline samples, ranging in length from a few to
hundreds of nanometres at GBs. We also evidenced that
the local chemistry is strongly correlated with the facet
character.

In the present report, we highlight one example of the near
35 coincident site lattice boundaries in a coarse grained

We performed complementary atom probe tomography
(APT) analyses on the same %5 GB on another location,
shown in Fig. 2. Two lathlike S phases enriched in Mg
and Cu are visible in Fig. 2(a), highlighted by isosurfaces
delineating regions containing more than 10 at. % Mg. A
composition profile across the large precipitate was cal-
culated along a 25 nm-diameter cylinder aligned with the
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red arrow in Fig. 2(b). It shows an average composition of
52 at. % Al, 23 at. % Mg, 18 at. % Cu, and 7 at. % Zn within
the precipitate. This agrees with the stoichiometry of the
S phase (Al,CuMg). It is most likely that the 7 at. % Zn
substitutes to Cu sites, as Cu and Zn are both undersized,
and the combined compositions of Cu (18 at. %) and Zn
(7 at. %) equals 25 at. %, as expected for the Al,Mg(Cu/
Zn) stoichiometry. At this more detailed scale, we also ob-
serve Zn, Mg, and Cu enrichments along the {130} facet
that connects the two precipitates and the corresponding
composition profile is plotted in Fig. 2(c). The average
composition in the enriched region are 3.1 at. % Zn, 3.1
at. % Mg and, 0.5 at. % Cu, which are enrichment factors
of two in Zn and Mg and 3 in Cu compared to the abutting
bulk solute composition. Combining the STEM and APT
results, we conclude that the S phase nucleates on the
{120} facets, whereas solutes segregate to the {130} fac-
ets of the faceted 25 GB.

We then used atomistic simulations to better understand
the interplay of the chemistry and the structural faceting
of the 5 GB. We examined the formation of a Mg-rich
phase near the symmetric {120} and {130} 36.87° <001>
35 GBs by using the Variance Constrained Semi-Grand
Canonical Molecular Dynamics/Monte Carlo (MD/MC)
approach [3]. Both GBs experience various stages of
segregation, from the initial decoration of the GB and ad-
jacent planes, to the nucleation of a Mg-rich precipitate.
However, the underlying energy landscape of the {120}
boundary drives the precipitate to grow in perfect coher-
ence with the decorated GB plane. In contrast, at the {130}
boundary the precipitate retains double-Al-layer defects

even after many MC swaps. These computational predic-
tions rationalize that large Mg-rich phases form at each
{120} facet, while the {130} facets experience only local
segregation enrichment.

We also evidenced that the self-consistent co-evolution
of facet structure and chemistry leads to the formation
of periodic segregation patterns of 5 - 10 nm at 211, and
¥13a GBs [1]. Although the character of individual GB is
often overlooked in the segregation study in engineering
Al alloys, our study enriches the current understanding
of the chemical-structural interactions. The solute seg-
regation and heterogeneous precipitation at GBs have an
impact on the corrosion properties of Al alloys. Within the
same GB, the facets coupled with the anisotropic segre-
gation and the precipitation behaviour will significantly
influence the GB cohesion, intergranular fracture, and
corrosion resistance of engineering Al alloys. Better pre-
dictions for the temporal evolution of the alloy’s micro-
structure during aging and in service will require knowl-
edge of the solute distribution within the microstructure,
particularly at GBs.
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Designing material properties by controlling impurity
content in structural defects

S.-H. Yoo', S.-H. Kim?, P. Chakraborty’, A. A. El-Zoka? L. T. Stephenson?, J. Lim®,
J. Neugebauer’, T. Hickel', O. Kasian® C. Scheu®, M. Todorova’, B. Gault?

CM, 2MA, NG, GO

Controlling impurities in solid materials is a key to de-
sign materials’ properties, putting doping at the core of
modern materials technology. Increasing dopant concen-
tration and reducing unwanted impurities in synthesised
materials should make it possible to optimise the perfor-
mance of target devices. This requires diverse research
efforts, since establishing reliable design routes for ma-
terials containing desirable impurities requires a wide
range of information ranging from atomistic insights to
experimental validations. Several groups and depart-
ments at the MPIE joined forces to identify various mech-
anisms of impurities incorporation in solid materials by
combining state-of-the-art experimental and theoretical
approaches.

tions (i.e., concentrations of reductant and precursor), we
determine the thermodynamic equilibrium concentrations
of alkali atoms in various geometric positions on the Pd
surface, in the Pd bulk or in Pd GBs using their respective
ab initio calculated energies. The comparison between
theoretically calculated and experimentally observed con-
centrations of Na and K reveals that the comparatively
larger K atoms are kinetically trapped at GBs. The smaller
Na atoms achieve, in contrast, thermodynamic equilibri-
um during the coalescence of two nanoparticles, i.e., the
joining of two surfaces, as illustrated in the left panel of
Fig. 1. S.-H. Kim was awarded for this work the E.W. Miller
Outstanding Emerging Scientist Award at the Atom Probe
Tomography & Microscopy 2021 virtual conference.
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Fig. 1: Schematic illustrations and experimental atom probe tomography (APT) validations of incorporations of impurities [alkali metals

(left) and boron (right)] in Pd nanoparticles.

Development for colloidal nanoparticles during the last
150 years allows materials scientists to synthesize na-
no-crystals, which are promising candidates for cataly-
sis, by adding a reducing agent to a solution containing a
metal precursor. Due to its excellent reducing properties,
NaBH, is commonly used in the wet-chemical synthesis
route for metal nanoparticles, since it can agglomerate
to form a metallic nano-aerogel (MNA). These MNAs are
often perceived as being purely metallic and free of any
impurities. Yet, we directly observed the incorporation of
alkali atoms (i.e., Na, K) at the grain boundaries (GB) in
Pd-MNAs.

To rationalize the alkaliincorporation into the Pd-MNAs, we
carried out a concentration analysis based on state-of-the-
art density functional theory (DFT) calculations [1]. Using
chemical reservoirs to account for the experimental condi-

Given that our preliminary work showed that MNAs syn-
thesized using NaBH, can no longer be considered pris-
tine metallic nanostructures, we also measured the con-
tent of boron (B) incorporated in the Pd-MNAs from the
NaBH, reductant and found it non-negligible. The B was
found in the sub-surfaces region of the MNAs far from the
surface [2]. Based on ab initio computed concentrations
of B species on surfaces, the sub-surface layer and the
bulk and taking into account the conditions during syn-
thesis, the following scenario could be derived: B atoms
adsorbed on the surface are kinetically frozen-in during
the growth of MNAs by repeatedly overgrowing the top Pd
surface layer by a subsequent Pd surface layer. Thus, the
experimentally observed homogeneous B distribution is
the consequence of non-equilibrium processes. As origin
of this effect the substantially stronger binding energy of
B in octahedral sites in the sub-surface region compared



to on surface binding sites was identified: The sub-sur-
face sites are at least 1 eV/B atom more favourable.

Having unravelled these incorporation mechanisms and
considering that the Pd nanoparticles are promising ma-
terials of platinum-free catalysts for various catalytic re-
actions (e.g. the hydrogen oxidation reaction), we utilise
our findings to suggest design routes for Pd-B nano-cata-
lysts with different concentrations of B, by controlling the
synthesis conditions, as shown in the right panel of Fig. 1.

It becomes quite obvious that an accurate determination
of the impurity content in a sample is critical to under-
standing its properties. An omnipresent element, partic-
ular in an electrochemical environment, is hydrogen. This
element is well known to affect materials properties. A
well-known adverse phenomenon is H-embrittlement.
Atom probe tomography (APT) is considered as one
promising measurement technique to determine H con-
tents in materials, due to its high spatial resolution and
chemical sensitivity. However, there is a consensus that
H-related species (e.g., H*, H,* and H,*) are always pro-
duced under high-fields at the specimen’s surface during
APT measurements. The origin of H impurities is the
subject of a long-standing debate. This indetermination
limits our ability to precisely quantify H concentration in
materials by APT. Advancing our understanding of the
behaviour of H in the conditions of an APT experiment is
hence absolutely essential. It will help elucidating numer-
ous open questions in physics, chemistry, and materials
science regarding H-involving mechanisms, including hy-
drogen trapping or grain boundary segregation of H in the
context of hydrogen embrittlement.

To solve this long-standing debate of the APT communi-
ty, we perform APT analysis on two very different metals
- sodium (Na) and platinum (Pt). The sample preparation
of alkali metals is challenging compared to transition
metals, as their reactivity in contact with moisture and
air leads to severe oxidation. So far, this has hindered the
characterization of alkali by APT. Here, we used the spe-
cific setup of the Laplace Project to prepare and transfer
specimens [3, see also p. xxx]. The mass spectrum of the
first ever reported analysis of pure Na metal, interestingly,
shows no H-related species. This contrasts with Pt that
shows high H peaks, typical of the APT analysis of many
metals, as shown in the middle inset of Fig. 2.

This result is counterintuitive: residual H, molecules in an
APT vacuum chamber could be expected to ionize and
dissociate due to the intense electric field and/or laser
pulse near the apex and thus be detected regardless of
the analysed material. To elucidate this phenomenon, we
used calculations to carry out a thermodynamic analysis
of Na and Pt surfaces in a H, gas environment and under-
stand the stability of the metal surfaces under the given
experimental conditions of pressure and temperature
(shown in the right panel of Fig. 2). Our analysis indicates
that Na surfaces have higher resistances to surface con-
tamination with H compared to Pt surfaces, which can
explain the absence of H-related peaks observed in the
APT experiments of Na. Combining the theoretical anal-
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ysis and considering different conditions encountered
during APT experiments, specifically, specimen-prepara-
tion, transport and APT-operating conditions, we propose
that the origin of H detected in APT measurements is pri-
marily due to H contamination of the specimen’s surface
occurring during specimen preparation and transport or
adsorption of residual background H, gas, as illustrated
in the left panel of Fig. 2, and not ionisation of residual
hydrogen in the chamber.

| HPt(111)
n‘_____...__________

10

Pressure (bar)

1ri2

200 400
Temperature (K)

c-! g

Fig. 2: Schematic representation illustrating mechanisms of H
contamination of transition metal samples (left). Experimental APT
validations (in an inset) and theoretical analysis (right) to explain
the experimental conditions of H contaminations.

Our studies combining theoretical calculations, advanced
characterization and catalytic activity measurements,
have established the strength of ‘impurity engineering’ as a
nanomaterial design strategy. Our collaborative activities
focused on understanding the fundamental mechanisms
of impurity incorporations into solid nanomaterials, which
provides us with novel synthesis routes for tailoring prop-
erties of metallic structures by controlling the contents of
impurities. Ongoing research [2] involving in addition the
GO department will provide explicit insights into how con-
trolling impurities in metallic nano-catalysts affects their
catalytic performance for the hydrogen oxidation reaction
(see p. 184).
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Hydrogen in iron alloys: from diffusion to mechanics

M.J. Duarte’, B. Gault?, T. HickeP, D. Ponge?, J. Rao', M. Rohwerder?,
B. Sun? A. Tehranchi®, C.-H. Wu*, Y. Wu?

SN, 2MA, 3CM, GO

Hydrogen embrittles high-strength structural materials,
and its consequences are particularly important in steels,
which are widely used in the automotive, aeronautical,
gas, oil and power generation industries. The harmful
effects of hydrogen in steels have been known for more
than a century and, despite of numerous studies, the un-
derlying mechanisms are still not well understood. One
of the reasons is the elusive behaviour of hydrogen: its
small dimension and high mobility render difficulties to
directly image it and track its effects. Another important
reason lies in the existence of a large variety of lattice
defects that can interact with hydrogen and the complex
nature of such interactions. The study of hydrogen in iron
alloys and steels is a topic shared by all departments at
the MPIE and these cooperative research activities fall
into the three most important categories in the hydrogen
embrittlement research:

1. hydrogen trapping and transport in complex micro-
structures;

2. quantitative measurement of local mechanical re-
sponse under defined hydrogen activity;

3. hydrogen embrittlement micromechanisms and hy-
drogen tolerant microstructure design.

Experiments and computational simulations are carried
out in model alloys and more complex steels.

A particular challenge is the study of diffusible or lightly
trapped hydrogen and its effects on the material proper-
ties. A representative case study is ferritic Fe-Cr model
alloys. In the defect-free lattice they show a high hydro-
gen mobility and low solubility; however, the introduction
of additional elements, dislocations or grain boundaries
changes significantly the alloy interactions with hydro-
gen. The concentration of hydrogen preserved in Fe-Cr

alloys with different Cr content, grain size, and dislo-
cation densities was quantified by thermal desorption
spectroscopy (TDS). The alloys with a higher Cr content,
higher dislocation density or smaller grain size can re-
tain higher amount of hydrogen upon the same hydrogen
charging conditions. Permeation studies were also start-
ed by using the novel Kelvin probe-based potentiometric
hydrogen electrode method. As chromium, dislocations
and grain boundaries are all effective trapping sites for
hydrogen, the time lag for hydrogen passing through the
alloy, in first step experiments, was found to increase,
indicating more trapped hydrogen, while the rate also
decreased. Further research is required to verify a com-
parable hydrogen activity and the effect on the diffusion
coefficient. The capacity for permeation measurements
will be soon increased (see p. 59).

The diffusivity and amount of hydrogen in the alloys have
strong consequences in the mechanical behaviour. The
alloy properties will be also affected by the specific lo-
cation of hydrogen, which is measured by atom probe
tomography and Kelvin probe experiments. Nanoindenta-
tion studies using an innovative setup for back-side hy-
drogen charging during mechanical testing [1] show, for
instance, a reduction of the pop-in load (Fig. 1, left) and a
hardening effect with increased hydrogen ingress into the
referred Fe-Cr alloys (see p. 170). The Young's modulus
is not affected by the introduced hydrogen. The effect of
hydrogen is yet more pronounced in the alloys with high-
er Cr content. In single crystal and dislocation-free Fe-Cr
alloys a linear relationship between the increase in hard-
ness and the hydrogen supply was established. This hard-
ening effect can be attributed to an enhanced dislocation
multiplication (reduction of the pop-in load), pinning on
the dislocation motion and an increase in lattice friction
due to hydrogen.

20+ F: * Reference
g§ = H charged
e i
0 100 200 300

Pop-in load {uN)

Fig. 1: (Left) Probability
plot of pop-in load during
nanoindentation of Fe-20
wt.% Cr with and without
hydrogen on a grain with
(1 0 0) grain orientation.
(Right) Pressure dependent
phase diagram of the
Fe,CrH, hydride. C, is the
bulk concentration of
hydrogen.
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Fig. 2: Chemically heterogeneous microstructure produced in a ferrite-austenite two phase medium Mn steel and the arresting of hydro-
gen-induced cracks by locally enriched Mn region which serves to locally stabilize austenite against martensite transformation.

The reduction in the pop-in load due to the presence of
hydrogen in metals is observed in the in situ nano-inden-
tation experiments in various metals. The mechanism
behind this reduction is not yet clear. In the case of the
Fe-Cr alloys, using ab initio simulations, we observed at-
tractive H-H interactions facilitating the formation of the
nano-hydrides (NH). The magnitude of this attractive in-
teraction is absent in pure Fe, but increases by increasing
the Cr content. However, as it is depicted in the simulated
phase diagram of Fe,CrH in Fig. 1 (right), the formation
of this hydride at experimentally relevant T-C, domain re-
quires significant negative pressure. This tension can be
attained in the vicinity of pre-existing dislocations. The
formation of NHs helps homogeneous dislocation nucle-
ation by inducing significant shear stress stemming from
the misfit strain of the NH and the mismatch in its elastic
moduli with respect to the metal. This finding enables us
to predict the reduction in the pop-in load in Fe-Cr alloys.

In parallel to the research on the hydrogen diffusion and
interaction with dislocations in model alloys, we also
revealed hydrogen-induced damage mechanisms in the
practically relevant transformation-induced plasticity
(TRIP) steels. The deformation-driven martensitic trans-
formation (i.e. the TRIP effect) strongly deteriorates the
materials’ resistance against hydrogen embrittlement,
due to the high strength of the fresh martensite phase
and the transformation-induced hydrogen redistribution
[2]. We showed by slow strain rate tests, that the hydrogen
embrittlement resistance can be significantly increased
(by a factor of two) through adding stable austenite dis-
persed within an ultrafine grained microstructure. We ex-

ploited this microstructure design concept in a medium
Mn steel (0.2C-10Mn-3Al-1Si in wt.%) and produced mi-
croscopically confined Mn heterogeneity throughout the
microstructure (Fig. 2) [3]. The austenite is stabilized in
the Mn enriched zone, which serves to stop hydrogen-in-
duced cracks by blunting. On the other hand, the Mn-lean
regions provide the required TRIP effect and thus a high
strength-ductility combination. Such tailored microstruc-
tures with Mn heterogeneity were produced by a two-step
annealing, which can be scalable to established and af-
fordable industrial processing routes. Also, our new mi-
crostructure approach can be generalized to other types
of high-strength steels with the same aim, namely, to lend
their microstructures enhanced resistance against hydro-
gen embrittlement.

The studies of model iron alloys and complex steels lead
to a better understanding of their interaction with hydro-
gen. This knowledge is essential in the design of hydro-
gen tolerant materials, required as structural alloys and
for the growing use of hydrogen as energy source.
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Hydrogen interplay with defects in Al alloys

P. Chakraborty', H. Zhao? A. Tehranchi', B. Sun?,
D. Ponge? D. Raabe? T. Hickel', B. Gault?

'CM, 2MA

The investigation of hydrogen in metallic alloys is a long
standing key topic at the MPIE. While multiple insights on
hydrogen embrittlement in steels has been gained over
the last decades, similar phenomena in Al alloys have
only recently come into focus, triggered by the ERC-fund-
ed SHINE project (see p. 50). Previously, Al alloys were
often considered to be less affected by hydrogen embrit-
tlement (HE), due to their superior corrosion resistance,
the high activation energies for H incorporation and the
low H solubility in the fcc matrix. This low solubility how-
ever can locally lead to large H concentrations at lattice
defects and precipitates. Also, the increasing strength
levels of modern Al alloys promote HE effects. For in-
stance, in the high-strength 7xxx alloy series, where Zn,
Mg, and Cu are main alloying elements, H-assisted crack
initiation has become an issue of major concern. Three
important key results connected to this phenomenon are
highlighted in this report.

Competition of microstructure features in 7xxx Al alloys

The high strength of 7xxx Al alloys is achieved by its com-
plex microstructure, containing not only grain boundaries
(GBs), dislocations, micro-sized intermetallic phases but
also a high dispersion of nanosized precipitates. For im-
proving the materials’ H-resilience to HE, it is important
to determine for these features their respective potential
for H trapping and crack initiation. Experimentally this is
a highly challenging task, due to the requirement of com-
bining highest spatial and chemical resolution with the
probing sensitivity to detect individual hydrogen atoms.

The recent developments in cryo-atom probe tomogra-
phy (APT) in the MA department, enabled by a completely
controlled ultra-high vacuum (UVH) and cryogenic work-
flow consisting of charging, sample preparation and APT
probing, using cryo-focused-ion beam techniques, makes
it now possible to overcome this challenge. The charging
of an Al-6.22Zn-2.46Mg-2.13Cu-0.155Zr (wt.%) was per-
formed with deuterium (D), to distinguish it from residual
hydrogen in the APT chamber [1]. The analysis of the data
indicates a clear enrichment of D at the GB of the sam-
ple (Fig. 1b). The details of the complex GB is shown in
Fig. 1c, which contains Al Zr dispersoids, 20-50 nm-sized
(Mg, Zn)-rich precipitates, and also solutes. The compo-
sitional analysis shows that Al,Zr-dispersoids at the GB
(Fig. 1d) contain 11 at.% H and 0.6 at.% D. No enrichment
in H and D(H,") is shown in (Mg, Zn)-rich precipitates dis-
tributed at the GB (Fig. 3€). The locally increased content
of D(H,") implies that the Mg-decorated GB (i.e. devoid of
precipitates) acts as a trap for H (Fig. 1f). A closer analy-
sis is, however, required to explain why the experimentally
observed crack initiates at GBs.

GBs

Fig. 1: APT investigation of an Al-Zn-Mg-Cu tip that was charged
with deuterium (D). The sample contains a grain boundary and a
lot of Al Zr dispersoids, which are coarsened at the GB. Subfigure F
displays a region of the GB without dispersoids. Adapted from [1].

Therefore, density functional theory (DFT) calculations
in the CM department have been used to achieve fur-
ther insights into H segregation and HE. They indicate a
much larger solubility of H in the dispersoids (provided
Zr anti-sites are present) as compared to the GBs. It is,
however, important to note that the absolute value of the
embrittling energy, i.e., the H impact on the thermody-
namic driving force for a decohesion of interfaces, shows
a completely different trend. Despite the higher hydrogen
concentration, the embrittling energy for the particles is
very small. In contrast to this, the embrittling energy is
larger for GBs (Fig. 2).

Effect of alloying elements on H embrittlement

The second interesting phenomenon concerns the im-
pact of solutes on the embrittling energy. In Fig. 2 the ef-
fect of Mg is highlighted, because an enrichment of Mg
next to GBs was also observed in APT (Fig. 1). The DFT
calculations reveal hardly any change in the H segrega-
tion energy to the GB if Mg atoms are additionally pres-
ent. However, the impact of even minor traces of solute
Mg on the embrittling energy is still rather large. This is
due to the highly attractive interaction of Mg and H at the
new surfaces that form during crack initiation.

Due to these important atomistic observations the inter-
action of H with GBs in Al alloys has been studied more
systematically. After extending the study to several types
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Fig. 2: DFT calculations for the segregation and embrittling energy
of Hin a X5 (210) GB. The analysis has been performed for different
interstitial sites in the GB, comparing a scenario with and without
Mg atoms nearby the H sites. Adapted from [1].

of GBs, we were able to correlate the solution enthalpy to
arelative change in the Voronoi volume and to generalize
the finding to a model for the solution enthalpy. This will
allow a prediction of the solution enthalpy even for GBs
that are too complex to be treated by DFT calculations.

The extension to several alloying elements relevant for
the 7xxx series of Al alloys reveals that the behaviour of
Mg is not unique, but that solute Sc and Zr have a quali-
tatively similar and even larger impact on the H embrit-
tlement. The solute atom Sn, however, turns out to be
highly interesting, because it strongly binds with H in the
GB, without increasing the embrittling tendency. Based
on these insights, effective alloying strategies to improve
the resistance to HE can be developed.

Impact of the microstructure on hydride formation

The difference described above between the hydrogen
solubility in the bulk phase and in the vicinity of GBs al-
ready indicates a strong impact of the microstructure. If
cracks form, this can go so far that hydride formation be-
comes possible. Due to the relevance for hydrogen stor-
age applications, the Al hydride formation has, therefore,
been further investigated as prototypical example of a
metallic hydride former enhanced by defects.

To this end, DFT calculations have first been used to de-
termine the formation enthalpy of the most common Al
hydrides in their pure bulk phases as a function of the H
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Fig. 3: Distribution of the cross-sectional area of the hydrides
formed around the crack tip at T = 300 K versus the H, pressure for
different values of the cracks stress intensity factor. The schemat-
ic diagram for an Al alloy containing a local hydride (purple) next to
a crack tip is also shown.

chemical potential and a negative mechanical pressure
in the system. The former can be modified by the exter-
nal H, gas pressure, whereas the latter is subject to an
external load. These calculations reveal that a negative
pressure field of magnitude -4 GPa significantly reduces
the formation energy of a-Alane hydride, but is negligible
for the other hydride phases.

The presence of negative pressure fields at a crack tip
is well-known. It is best described by the stress-intensi-
ty factor, which itself is proportional to an external load.
Hence, by the application of a tensile strain to the sam-
ple, a control of the stress intensity factor and, therefore,
of the formation of local hydrides becomes feasible. In
order to demonstrate this effect, the formation energy
of the Alane hydride is modified by including the interac-
tion of its excess volume and the stress field of a tensile
crack. The schematic diagram of the hydride and crack
as well as the enhancement in formation of the hydride
are illustrated in Fig. 3. In the absence of an external load,
an unrealistically high hydrogen gas pressure of 163 MPa
would be required in order to form a hydride phase. If a
k-load of ~0.15 MPavm is applied, a hydride with a critical
size for the cross-sectional area is already formed with a
gas pressure of 10 MPa. The value should be compared
with the critical k-load for dislocation emission next to
cracks, which is about 0.3 MPavm. The findings need to
be critically balanced against the failure of the material
due to brittle fracture and HE, but the potential of defects
for the formation of metallic hydrides becomes evident
from this study.
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Near-atomic-scale analysis of hydrides

B. Gault’, W. Lu? S. Zhang?, C. Scheu?, P Chakraborty?, T. Hickel, Y. Chang’, . Mou-
ton’, C. Liebscher?, G. Dehm?, D. Raabe’

T™MA, 28N, NG, “CM

Hydrides are hydrogen-containing
stable phases. Most hydrides are
mechanically brittle and their for-
mation associated to hydrogen in-
gress in materials over the course
of their service life is a major con-
tributor to the ‘hydrogen embrittle-
ment’ of entire classes of engineer-
ing alloys. Titanium and zirconium
are known bulk hydride formers,
and their alloys are often subject to
hydride-related failure. The detailed
study of their formation mecha-
nisms remains highly challenging.
Scanning and transmission-elec-
tron microscopy (S & TEM) and
associated techniques require ded-
icated specimen preparation pro-
tocols for reliably revealing hydride
formation, since hydrogen can be
introduced into the specimen by
the sample preparation alone. We
have developed methodologies that
enable to differentiate between hy-

=

drides formed in the sample during
preparation vs. those stemming
from the preceding environmental
exposure by for example hydrogen
charging. Although atom probe
tomography (APT) is known to be
capable of 3D compositional map-
ping with sub-nanometre resolution
for a wide range of materials, there
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are very few studies of hydrides and
solute hydrogen analysis remains
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an absolute frontier [1]. Here we
set ourselves to investigating the
detailed formation mechanisms of
hydrides in some zirconium and ti-
tanium alloys.

Fig. 1: Semi-correlative APT analysis of fcc-hydrides in the electropolished TEM specimen.
(a) and (b) are SEM images of the site-specific APT sample preparation of a lenticular
hydride. (c) and (d) show 3D atom maps, detector histograms and 1D concentration profiles.
The detector histograms and concentration profiles are extracted from the blue rectangle

and yellow arrow, respectively. (c) Concentration profile across two matrix-hydride interfac-

In titanium and its alloys, we first
demonstrated the possibility to
measure hydrogen content and

es extracted across the yellow arrow. The ion detection map shows a {220}fcc pole. (d) 3D
atom map and 1D concentration profile within the hydride.

partitioning between the different

phases, and analyse hydrides by APT [2]. We discussed
the importance of alloying to avoid hydride formation,
too. However, the hydrogen-content was ill-controlled,
coming from the specimen preparation, and we then
demonstrated the importance of using cryogenic-tem-
perature during the final stage of specimen preparation
to avoid the introduction of spurious hydrogen and hy-

drides [3], as well as our capacity for forming and study-
ing Ti-hydrides by APT [4]. Finally, we combined high-res-
olution TEM with electron-energy loss spectroscopy and
APT (Fig. 1) to demonstrate that a phase that is some-
times identified as a face-centred cubic allotrope of Ti s,
in fact, simply a hydride formed during the preparation of
the specimens [5].



As part of the ERC Consolidator Grant Shine project (see
p. 50), a collaboration was established with colleagues
at Imperial College London (group of T.B. Britton, now at
University of British Columbia). They used electrochemi-
cal charging of Zr-alloys to introduce high concentrations
of hydrogen or deuterium, and by adjusting the cooling
rate following a homogenisation heat treatment, provided
samples with hydride at different stages of growth. The
study of both hydrides and deuterides formed under sim-
ilar conditions allowed us to optimise the analysis condi-
tions and ensure reliable compositional analyses [6]. In
slow cooled samples, we reported on the partitioning of
Sn away from intergranular hydrides, with a strong pile-
up at the interface, in the vicinity of which metastable in-
terfacial hydride between the §-hydride and the metallic
matrix was detected [7]. We observed no redistribution of
other major alloying elements (e.g. Fe) that appear mostly
segregated to the GBs, but revealed that Sn is also found
segregated to stacking faults forming ahead of the hy-
dride growth front, because of the difference in lattice pa-
rameter between the hydride and the metallic matrix [8]. A
follow-up study was performed on a fast-cooled sample,
and demonstrated that the Sn partitioning already takes
places from the early stage and that nucleation of hy-
drides can be aided by the presence of secondary-phase
particles across the metallic matrix [9].

Importantly all these studies demonstrated the possi-
bility of performing clean high-resolution imaging and
quantification of hydrogen both as a solute and inside of
different phases in these materials.
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Mn segregation at Fe grain boundaries

O. Hegde', A. Kwiatkowski da Silva?, D. Ponge?, T. Hickel’, J. Neugebauer’

'CM, 2MA

Grain boundary segregation in metallic alloys can be con-
nected with important phenomena [1] such as spinodal
decomposition, heterogenous phase nucleation, sup-
pressed coarsening, embrittlement and crack initiation.
Due to their advanced mechanical behaviour, high- and
medium Mn steels belong to the most important metallic
alloys studied at the MPIE within the last decades. Due
to the dual benefit of scientific novelty as well as indus-
trial relevance, the observation of spinodal fluctuations
at grain boundaries in Fe-Mn alloy by the MA department
in 2018 [2] has initiated intensive research at the MPIE in
the last years.

Fig. 1: Detail of a monolayer of Mn atoms segregated at a GB in a
Fe-4 at%Mn alloy aged during 2 months at 450 °C. Mn atoms are
represented as yellow spheres and iron atoms as pink dots.

Figure 1 shows such an atom probe tomography (APT)
analysis of a grain boundary enriched with Mn in a Fe-4
at%Mn alloy. The segregation of the Mn atoms to the
grain boundary (GB) is clearly highlight by the iso-concen-
tration profile. In similar experiments with Fe-9 at.% Mn
alloys [2] it was shown that the enrichment can yield the
nucleation of an austenitic phase at the GB with a com-
position of 32 at.% Mn. Combining the chemical informa-
tion with thermodynamic modelling, spinodal decompo-
sitions and the formation of defect phases (see p. 192)
have been discussed in this context.

The underlying physical mechanisms are a result of high-
ly interesting coupling phenomena: First of all, in order to
achieve a grain boundary engineering, a series of thermal
treatments need to be performed in experiments. This
does not only yield the above-described chemical segre-
gation. During this process, also the magnetic properties
in the vicinity of the grain boundary can be altered. In high
temperature heat treatments, the magnetic entropy sup-
ports the magnetically disordered state (or paramagnetic
state) in the material. However, the link between mag-
netic states (particularly the paramagnetic state) and

segregation is unexplored in the literature, due to the the-
oretical and computational complexities in handling mag-
netically disordered state in particular in the presence of
the structural complexity imposed by grain boundaries.
Here, some methodological achievements in this regard
are highlighted.

Segregation in magnetically ordered and disordered
states

First-principles density functional theory (DFT) based ap-
proaches are adopted to determine segregation profiles
in the magnetically ordered ferromagnetic state and dis-
ordered paramagnetic states (see p. 71). Within the adia-
batic approximation, since the magnetic degrees of free-
dom are much faster than the atomic ones, a spin-space
average (SSA) based relaxation scheme [3] is developed
to compute energies in the paramagnetic state. The seg-
regation energies for Mn at different sites in the x5(310)
grain boundary are presented in Fig. 2.

i SEgregution Enengy foVI

Fig. 2: Schematic of the 5(310) grain boundary with dashed lines
indicating layers next to the GB layer (red line). The diagram shows
the segregation energies in the ferromagnetic and paramagnetic
states. Green/golden balls indicate Mn/Fe atoms.

The negative values of segregation energy in Fig. 2 indicate
favourable segregation. The segregation drive is large in
the ferromagnetic state. This is not only a thermodynamic
observation, but also kinetic ab initio studies show a higher
ratio of the Mn/Fe diffusion rate in the ferro- as compared
to the paramagnetic state [4]. Further, the sites in the layer
next to the grain boundary in the ferromagnetic state turn
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out to be the most favourable. This is counter-intuitive,
since one would expect the site in the grain boundary layer
to be most favourable, because of the larger size of the Mn
atoms. To explain this, we show magnetic interaction pa-
rameters and segregation energies of antiferromagnetic
Fe atom in the ferromagnetic environment in Fig. 3.

Here, a larger value of magnetic interaction parameter at
a particular site indicates that incorporation of an anti-
ferromagnetic Fe atom at that site is more unfavourable.
Clearly, the lowest value at site 2 confirms that the prefer-
ence of Mn at this site is mainly due to its antiferromag-
netic nature. The presence of an antiferromagnetic atom
at this site reduces the magnetic repulsion between two
otherwise closely situated ferromagnetic atoms.
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Fig. 3: Magnetic interaction parameters at different sites of the
grain boundary. The corresponding segregation energies of antifer-
romagnetic Fe atoms are shown in the second y-axis.

At the same time, the result in Fig. 3 can also be inter-
preted as segregation profile for an antiferromagnetic Fe
atom, with a segregation energy shown in the secondary
y-axis. Interestingly, this profile is qualitatively and quan-
titatively very similar to that of the Mn segregation in Fig.
2. Finally, the absence of this feature in the paramagnet-
ic state, where the magnetic moments are random by
default and the Mn moment is not special, further con-
firms that the segregation of Mn at Fe grain boundaries
is largely driven by magnetic interactions. Therefore, the
segregation drive in the paramagnetic state is significant-
ly smaller as compared to the ferromagnetic state.

Magnetic, chemical, and structural interplay at the
grain boundary

While the impact of magnetic states on segregation pro-
filesis discussed above, question arises as to whether the
formation of grain boundary and Mn segregation could in
turn affect the local magnetic state. Computing the mag-
netic transition temperature from the ferromagnetic to
paramagnetic state, i.e., the Curie temperature, helps in

CR— 1050
1500 "”'-*--.,.._____‘_ 1000
= o I
b pan0 | 4
= ®  bulk -
& . ® grain boundary | %7 2
c 1300 - o
@ L..._J 850 §

=
1200 ‘-—-.____’_____ B0
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150
Q 1 2 3 4 5

Mn compaosition (%)

Fig. 4: Mean field Curie temperatures for the grain boundary struc-
ture and the bulk bee structure with respect to Mn concentration.
The secondary y-axis shows the Curie temperatures rescaled to the
experimental value.

classifying the magnetic state at any given temperature.
Therefore, Curie temperatures calculated for both the
bulk and grain boundary as a function of Mn concentra-
tion are shown in Fig. 4. Since the mean-field definition
overestimates the bulk bcc Fe Curie temperature, the
rescaled values (by the corresponding factor) are shown
in the secondary y-axis. The figure conveys two remark-
able messages: (1) The Curie temperature substantially
reduces by the presence of a grain boundary. (2) The ac-
cumulation of Mn at the grain boundary results in further
reduction in the Curie temperature with a rate of 12 K/
at.%. Due to both effects, there exists a temperature win-
dow where the grain boundary exhibits the paramagnetic
state whereas the bulk is ferromagnetic. Thus, the figure
reveals an impressive coupling of structure, chemistry,
and magnetism at FeMn grain boundaries. The direct ac-
cess to Curie temperature facilitates the determination
of the magnetic state of the grain boundary at any given
temperature, the knowledge of which can be used to de-
rive the segregation energies and occupancies pertaining
to that magnetic state at the given temperature. In this
way, one can provide new opportunities for segregation
engineering in experiments based on quantitative predic-
tion from computations.
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Interstitials in high entropy alloys

W. Lu'?, C. Liebscher', Y. Ikeda® F. Kérmann3, Z. Li?, G. Dehm’, J. Neugebauer®,
D. Raabe?

ISN, 2MA, °CM

Interstitial alloying in high-entropy alloys (HEAS) is an im-
portant strategy for tuning and improving their mechani-
cal properties. Strength can be increased due to intersti-
tial solid-solution hardening, while interstitial alloying can
simultaneously affect, e.g., stacking fault energies (SFEs)
and thus trigger different deformation mechanisms.
While this provides a variety of opportunities, it introduc-
es at the same time a further degree of complexity. An
understanding of the fundamental mechanisms on the
atomic scale is therefore crucial.

For HEAs, each interstitial site displays a different local
environment and thus a specific solution energy (Fig. 1).
Resolving such complex local configuration dependen-
cies is usually not accessible to experiments alone. We
therefore investigated the impact of interstitials (C and N)
on the equiatomic CrMnFeCoNi HEA based on first-princi-
ples calculations [1, 2]. Both, the face-centred cubic (fcc)
and the hexagonal close-packed (hcp) phases of CrMn-
FeCoNi were modelled based on the supercell approach
to evaluate SFEs. The solution energies of interstitial C
and N atoms are computed for both phases. A large num-
ber of interstitial sites are investigated to elucidate the
dependence on the local environments around the inter-
stitial atoms. By scanning over various chemically differ-
ent local environments, a highly realistic representation
of the stability and the energetics of interstitials in CrMn-
FeCoNi could be obtained.

Interestingly, the distribution of the interstitial C solution
energies (Fig. 1) shows a width of more than 1.5 eV, which
is an order of magnitude larger than the thermal energy
at relevant annealing temperatures (approximately 0.1 eV
at 1000 K). This large variation of solution energies also
indicates a strong dependence of them on the local envi-
ronment of C. Utilizing different thermodynamic statisti-
cal treatments it is found that both, C and N, increase the
SFEs [1, 2]. This is consistent with our experimental ob-
servations that interstitial C increases the stability of the
fcc phase in a metastable non-equiatomic FeMnCoCrC
alloy [3]. Our analysis of local correlations revealed fur-
ther, that C in CrMnFeCoNi energetically prefers intersti-
tial sites with lower local valence-electron concentration,
suggesting segregation of C into Cr-rich environments,
hence promoting Cr-rich carbides. Indeed, we experimen-
tally found that Cr-rich M,,C, carbides can be found in
the non-equiatomic FeMnCoCrC alloy after annealing [3].
Due to the slightly increased SFE and the trend to form
Cr-rich carbides by introducing the interstitial element
C, the non-equiatomic FeMnCoCrC alloy unifies all me-
tallic strengthening mechanisms including precipitation
strengthening, twinning- and transformation-induced
plasticity, apart from the massive substitutional and in-

terstitial solid solution strengthening, leading to twice the
tensile strength compared to an interstitial-free HEA with
similar composition, yet, at fully maintained ductility [3].

We have further extended the alloy design concept by in-
terstitial alloying to nanostructure HEAs thereby increas-
ing their strength and high temperature stability. This
nanostructuring was explored in a model Fe,,Mn,
C0,454Cr1944Nig 3,Cy ¢ (at.%) IHEA processed by cold-roll-
ing and subsequent annealing at 800 °C and 900 °C [4].

C atoms, octahedral sites
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Fig. 1: Distribution of computed solution energies of interstitial

C atoms at the octahedral sites in CrMnFeCoNi. The upper and

the lower panels show the results for the fcc and the hcp phases,
respectively. The average (avg.) and the standard deviation (SD) of
the solution energies are also shown in the panels, revealing that C
increases the stacking fault energy (fcc — hep stability).

After the annealing treatment at 900 °C the microstruc-
ture of the iHEA is characterized by recrystallized and
nano-twinned regions. A deep microstructural character-
ized by scanning / transmission electron microscopy (S/
TEM) and atom probe tomography (APT) revealed that
elongated M,,C.-type nanocarbides (Fig. 2) are forming
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Fig. 2: STEM analysis of elongated
nanocarbides. (a) High-angle annuar
dark-field imaging-STEM image of

a nanocarbide that precipitated
along nanotwin boundaries. (b) The
corresponding STEM-EDS maps
reveal a strong enrichment of Cr in
the carbide. (c) Atomic structure of
the elongated M,,C, (M: Fe, Mn, Co,
Ni, Cr) by high-resolution STEM from
the carbide shown in (a) revealing
the orientation relationship between
matrix and nanocarbide: <110>__ .
H<1105, e @nd {TTT} - JATTT)

precipitate *

along the nanotwins, stabilizing them even up to elevated
temperatures of 800 °C. This heterogeneous microstruc-
ture leads to a significant increase in ultimate tensile
strength of >1.2 GPa compared to an equiatomic FeMn-
CoCrNi HEA with ~700 MPa. It also provides outstand-
ing high temperature mechanical properties resulting in
yield strengths of ~650 MPa and ~300 MPa at 600 °C and
700 °c, respectively. The underlying mechanisms of the
formation of the nanocarbides were explored by atomic
resolution and in situ S/TEM. We found that nanoscale
9R structures are forming along the nanotwin boundar-
ies before the annealing treatment. Their high dislocation
content accelerates C diffusion and hence they serve as
nucleation sites for the formation of the elongated M,,C.-
type nanocarbides. These nanophases stabilize the

nanotwins enabling to overcome the trade-off between
strength and thermal stability, thus qualifying these in-
terstitially alloyed HEAs as promising pathway for the
design of strong and ductile thermally stable bulk nanot-
winned materials.
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Advanced compositionally complex alloys

W. Lu'?, C. Liebscher’, G. Dehm’, Y. Ma? Z. Li? C. Liv?, G. Wu?, Z. Rao? D. Ponge?,
B. Dutta®, F. Kérmann®, J. Neugebauer®, D. Raabe?

SN, 2MA, 3CM

The exploration of high dimensional composition alloy
spaces, where five or more alloying elements are added
at near equal concentration, triggered the development
of so-called high entropy (HEAs) or compositionally com-
plex alloys (CCAs). This new design approach opened
vast phase and composition spaces for the design of new
materials with advanced mechanical and functional prop-
erties.

The development of alloys with tailorable strength and
ductility was enabled by compositional tuning of FeMn-
CoCrNi alloys. By adjusting the Fe/Mn ratio it was pos-
sible to obtain single phase face centered cubic (fcc)
alloys, which predominantly deform via nanotwining and
dislocation plasticity, equipping them with an excellent
strength-ductility synergy [1]. The key factor controlling
the dominant deformation mechanism is rooted in the
Mn content, which ultimately impacts the stacking fault
energy as shown by density functional theory calcula-
tions. In dual-phase FeMnCoCr alloys a novel bidirec-
tional transformation induced plasticity effect was ob-
served, which explains the outstanding work-hardening
capacity in these alloys [2]. To enhance the capabilities
in mechanical properties to elevated temperatures, we
also extended the alloy design concept to interstitial al-
loying (see p. 208) with C in FeMnCoCrNiC alloys [3]. In
this way it was possible to stabilize nanotwinned regions
by the precipitation of nano-carbides up to temperatures
of 800 °c providing excellent mechanical properties for
temperatures of up to 700 °C with a tensile yield strength
of ~300 MPa.

Amorphous-crystalline nanocomposite structures have
been found to promote an ultrahigh yield strength with
large deformability. The alloy design concept was real-
ized in a FeCoCrNiSiB high-entropy nanocomposite [4]
and Cr-Co-Ni (crystalline, ~18 nm-thick)/TiZrNbHfCrCoNi
(amorphous, ~12 nm-thick) laminate composite alloy [5],
respectively. Furthermore, the laminate composite alloy
exhibits ~200 K higher crystallization temperature (TX>
973 K) compared to that of the original TiZrNbHf-based
amorphous phase. The elemental partitioning among ad-
jacent amorphous and crystalline phases leads to their
mutual thermodynamic and mechanical stabilization,
opening up a new symbiotic approach for stable, strong
and ductile materials. These design concepts were then
adapted to develop wear-resistant metals, which achieve
superior wear resistance via in situ formation of a strong
and deformable oxide crystal-glass nanocomposite sur-
face during wear in an oxidative environment — referred
to as ‘reactive wear protection’ [6]. This reactive wear pro-

tection strategy offers a pathway for designing ultra-wear
resistant alloys.

In an approach to also explore the potential of CCAs
for magnetic applications we combined experimental
investigations and theoretical calculations to unveil an
abnormal magnetic behaviour caused by addition of the
nonmagnetic element Cu in face-centred-cubic FeN-
iCoMn-based CCAs [7]. Interestingly, upon Cu addition,
the CCAs show an increase of both Curie temperature
and saturation magnetization in as-cast and homoge-
nized states. Also, the saturation magnetization of the
as-cast HEAs at room temperature increases by 77 %
and 177 % at a Cu content of 11 and 20 at. %, respec-
tively, compared to the initial, Cu-free as-cast equiatomic
FeNiCoMn HEA. We found that the increase in saturation
magnetization of the as-cast HEAs is associated with the
formation of an Fe-Co rich phase. For the homogenized
alloys, the magnetic state at room temperature trans-
forms from a paramagnetic into a ferromagnetic one
upon addition of 20 at.% Cu. Both, the increase of the sat-
uration magnetization as well as the Curie temperature
could not be adequately explained by the formation of Cu
enriched zones according to our atom probe tomography
(APT) analysis. Our ab initio calculations suggest that Cu
plays a crucial role in the stabilization of a ferromagnetic
ordering of Fe, and also reveal an increase of the Curie
temperature caused by the Cu, a result which agrees well
with the experimental findings. The underlying mecha-
nism behind this phenomenon lies in a combined change
in unit-cell volume and chemical composition and the
related energetic stabilization of the magnetic ordering
upon Cu alloying as revealed by our theoretical calcula-
tions. The possibility to improve the magnetic properties
of HEAs by addition of nonmagnetic elements like Cu
opens a great avenue to further exploring HEAs for mag-
netic applications.

An alternative route to improve the magnetic properties
of multicomponent alloys has been to render a mas-
sive solid solution metastable and to trigger spinodal
decomposition [8]. The motivation for starting from a
HEA has been to provide the chemical degrees of free-
dom required to tailor spinodal behaviour using multiple
components. The key idea is to form Fe-Co enriched re-
gions which have an expanded volume (relative to a hy-
pothetical unconstrained Fe-Co bulk), due to coherency
constraints imposed by the surrounding HEA matrix. As
demonstrated by our theory and experiments, this leads
to improved magnetic properties of the decomposed al-
loy relative to the original solid solution matrix. In a pro-
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Fig. 1: Magnetic properties of
the FeCoNiMnCu HEA samples
exposed to different processing
conditions. a) Temperature de-
pendence of magnetization of the
homogenized and b) 600 °C/240 h
annealed HEA samples. c) Hyster-

esis loops with different annealing
time at 300 K. d) Experimental
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totype magnetic FeCoNiMnCu HEA, it is shown that the
modulated structures, achieved by spinodal decomposi-
tion, lead to an increase of the Curie temperature by 48 %
and a simultaneous increase of magnetization by 70 % at
ambient temperature as compared to the homogenized
single-phase reference alloy (Fig. 1). These findings
open a pathway towards the development of advanced
functional HEAs for magnetic applications.
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Developing high-strength and damage-tolerant crystalline
thin-film materials

J.P Best!, C. Liu?2, G. Wu? Z. Li*3 C. Du', C. Scheu* D. Raabe? G. Dehm’,
J.M. Schneider®

TSN, 2MA, 3Central South University, PR. China, “NG, SRWTH Aachen University

Wear-related energy loss and component damage, in-
cluding friction and remanufacturing of components that
failed by surface contacts, has an incredible cost. While
high-strength materials generally have low wear rates, ho-
mogeneous deformation behaviour and the accommoda-
tion of plastic strain without cracking or localised brittle
fracture are also crucial for wear-resistant metals. High-
strength and tough coatings have a large role to play with-
in this space, and in this interdepartmental project we
have developed both techniques such as high-throughput
tensile testing [1], and advanced materials systems such
as MAX phase Cr,AIC coatings [2] and novel interstitial
solid solution strengthened thin films [3], to address this
challenge.

Amorphous-crystalline nanocomposite thin-films have
also been found to promote an ultrahigh yield strength
with large deformability, as shown for the Fe-Co-Cr-Ni-
Si-B system [4]. We also present a new strategy to de-
velop thermally stable, high-strength and deformable
crystal-glass nanocomposites (Fig. 1a-d) through a
thermodynamically guided alloy design approach, which
mimics the mutual stabilisation principle known from
symbiotic ecosystems. We realised this in form of a
model Cr-Co-Ni (crystalline, ~18 nm-thick)/Ti-Zr-Nb-Hf-
Cr-Co-Ni (amorphous, ~12 nm-thick) laminate composite
alloy [5]. The symbiotic alloy has an ultrahigh compres-
sive yield strength of 3.6 GPa and large homogeneous
deformation of ~15 % strain at ambient temperature, with
~200 K higher crystallisation temperature compared to
the original TiZrNbHf-based amorphous phase. The el-
emental partitioning among adjacent amorphous and
crystalline phases leads to their mutual thermodynamic
and mechanical stabilisation, opening up a new symbiot-
ic approach for stable, strong and ductile materials.

These design concepts were then adapted to develop
wear-resistant metals, which achieve their superior prop-
erties via in situ formation of a strong and deformable
oxide nanocomposite surface during wear in an oxida-
tive environment. This was realised for a multi-compo-
nent (TiNbZr),.Ag,. alloy, by blending a TiNbZr medi-
um-entropy alloy with Ag [6]. A ball-on-disk sliding test
at maximum contact stress of 1.0 GPa revealed an alloy
with low friction coefficient in air. From this tribological
contact, a ~400 nm thick nanocomposite layer is formed
on the crystalline alloy surface, with ~10 nm-sized Ag
nanocrystals embedded in the amorphous oxide matrix
(Fig. 1e). Nanopillar compression tests of the friction-in-
duced nanocomposite reveal a yield strength of 2.4 GPa
and homogeneous deformation to 20 % strain [6]. This
strong and deformable oxide nanocomposite surface

promotes an ultralow wear rate of the (TiNbZr),.Ag,, al-
loy, compared to TiNbZr or (TiNbZr),.Ag,. alloy tested in
Ar atmosphere, demonstrating a pathway for designing
ultra-wear resistant alloys.

Thermal stability and oxidation resistance are also de-
fining properties for advanced material systems, includ-
ing coated components used in e.g. energy conversion
applications. The MAB phase MoAIB is a promising
candidate for such applications since the formation of
a dense and adherent alumina scale has been report-
ed for bulk samples. X-ray phase pure, orthorhombic
MoAIB coatings were grown at 700 °C for the first time
[7]. These coatings exhibit similar oxidation behaviour
compared to bulk MoAIB since the oxide scale formed
on MoAIB coatings after oxidation at 1200 °C for 30 min
was similar to the one extrapolated for bulk MoAIB (Fig.
2), with improved oxidation kinetics than bulk Ti,AlC.
High-resolution transmission electron microscopy re-
veals an interplanar spacing which is in excellent agree-
ment with the lattice parameter determined by X-ray dif-
fraction and ab initio predictions [7] as well as literature
reports. In selected area electron diffraction and com-
positional area fraction analysis, additional, yet uniden-
tified, Al-rich and O-rich minority phases were observed
[8]. These findings are significant because the formation
of 2D MBenes (2D metal borides) was observed in the
vicinity of the O-rich segregations [8]. In addition to ex-
ploring the direct synthesis of 2D MBenes by magnetron
sputtering, current research focuses on improving the
crystal quality [9] and purity of the MoAIB coatings and
heterostructures (see p. 26).
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Fig. 1: Microstructure and composition of the symbiotic alloy. High angle annular dark-field scanning transmission electron microscopy
(STEM) image (a) with selected area electron diffraction (SAED) pattern (inset) shows an amorphous ring and diffraction pattern with a
strong {0 0 0 2} texture. Side-view high-resolution STEM images showing hcp crystalline CrCoNi phase probed along the <1 1 -2 0> zone
axis (b) and maze-like pattern of the amorphous phase (c). The corresponding fast Fourier transformation (FFT) insets show that the {0 0 0
2} plane is perpendicular to the growth direction and the glass phase presents a typical diffuse ring feature. 3D reconstruction of an atom
probe tomography (APT) dataset, showing nano-laminated structure (d). 3D profile of (TiNbZr),,Ag,. wear surface is shown (el) together
with: TEM image presenting a ~400-nm-thick amorphous-crystalline nanocomposite on the surface (€2); Annular bright field (ABF)-STEM
image displaying the structure of the nanocomposite (€3, inset SAED); Atom-resolved ABF-STEM image highlighting a fcc structured nano-

crystal embedded in the amorphous matrix (e4, inset FFT).

Fig. 2: STEM images of close-to-stoichiometric MoAIB coating; (a) as-deposited, (b) after oxidation in ambient air at 1200 °C. The top layer
corresponds to the Pt protection layer, which is deposited during the focussed ion beam (FIB) sample preparation, adapted from [7].
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Design of tough metallic glasses

S. Evertz', G. Wu?, G. Dehm’, C. Kirchlechner'3,
M. Ghidelli’* D. Raabe? J. M. Schneider®

1SN, 2MA, 2Karlsruhe Institute of Technology, *LSPM/CNRS Université Sorbonne Paris Nord, SRWTH Aachen University

The promising mechanical properties of metallic glasses
(MG) such as high hardness, yield strength, and tough-
ness [1] are desirable to exploit for structural applica-
tions. Monolithic MGs lack grains and grain boundaries;
thus, the mechanical properties of MGs are depending
on the chemistry as well as processing and testing con-
ditions. However, despite the promising properties, cata-
strophic failure is often observed, especially under uniax-
ial tension.

While most investigations on the mechanical properties
of MGs have focussed on the topology of the atomic mo-
tifs, attention must also be placed on the nature of the
local chemical bonding, which is the basis of atomic co-
hesion and hence mechanical properties [2]. However,
while elastic properties can be directly calculated from
ab initio calculations, mechanical properties such as
fracture toughness, which involves the rearrangement of
atoms, need new predictors and their validation [2]. Here,
we present a predictor for the fracture toughness of MGs
based on the electronic structure.

The brittle to tough transition cannot be universally pre-
dicted based on the Poisson'’s ratio [2]. Instead, based
on a comparison of the ab initio electronic structure and
the fracture toughness of Cu, Zr,, and Pd . Al,,Y,Cu,,, we
hypothesize that the fraction of hybridized bonds with re-
spect to the overall bonds is a qualitative fingerprint of
fracture toughness [3]: The lower the fraction of hybrid-
ized bonds, the higher the fracture toughness. Hence,
the fraction of metallic bonds needs to be maximized
to enhance fracture toughness [4]. Since the fraction of
hybridized bonds can be obtained from ab initio calcula-
tions by calculating the crystal orbital overlap population
(COOP) [5], the predictor for fracture toughness focuses
on minimizing the COOP. For purely metallic bonding the
electrons at the Fermi level E, are delocalized. Hence, for
an ideal MG in terms of toughness, COOP(E,) = 0 [2, 4].

The experimental fracture toughness of MG scales with
the COOP(E)) (Fig. 1) [4]. Based on the fit of the data, the
unknown fracture toughness of a Pd, Al ,Y,Ni,, can be
predicted to be 95 + 20 MPa m°5 [4]. However, as indi-
cated by the negative COOP(E)) in Fig. 1a, not only the
fraction of hybridized bonds is crucial, but also the an-
ti-bonding bonding character at E, which leads to a higher
energy in the system and promotes bond separation [4].

To critically appraise this new predictor for the fracture
toughness of MGs, micro-mechanical bending tests on
magnetron sputtered Pd,,Al, Y Ni,, thin films were per-
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Fig. 1: (a) Fracture toughness of five different MGs as a function
of crystal orbital overlap population (COOP) at the Fermi level

E, The red solid line is a linear fit of the data points. The dashed
blue line indicates the COOP(E,) of PdyAl,,Y,Ni,, and the dotted
blue line indicates the predicted fracture toughness. (b) In-lens-
SE micrograph of the notch region of a micro-cantilever after
micro-bending to 4 um deflection. Severe shear band formation is
observed around the notch as well as on the compressive side of
the cantilever (see arrows) [4].

formed. In these experiments, the cantilevers showed
formation of multiple shear bands confined by the stress
gradient (Fig. 1b), with no crack extension [4]. Hence, the
fracture toughness exceeds the boundaries of microme-
chanical fracture experiments, which is consistent with
the high toughness predicted for this material [4]. Howev-
er, despite the large plasticity observed here in a complex
stress state and with a small size, strain localization in
uniaxial tension can still lead to catastrophic failure by
strain localization.
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Fig. 2: Mechanical properties of a CrCoNi-Fe-Si-B crystal—-glass high-entropy nanocomposite. (a) Compressive engineering stress—strain
curves of the crystal-glass CrCoNi-Fe-Si-B high-entropy nanocomposite, nanocrystalline CrCoNi-Fe-Si-B, nanocrystalline CrCoNi, and
single-crystal CrCoNi pillar samples, each with the same diameter of 1 um. (b)—(e) Scanning electron microscopy (SEM) images of the
same samples after compression to an identical engineering strain of 50 %. Some of the shear bands in (c) and (e) and slip bands in (d) are

indicated by red arrows.

Glass-matrix composite materials can prevent strain lo-
calization by exploiting plasticity of MGs for spatially con-
fined geometries. By combining MGs with e.g. nanocrys-
talline high-entropy alloys (HEAs), ductile materials with
near-theoretical strength can be obtained [6].

By doping a magnetron sputtered Cr-Fe-Co-Ni HEA with
the glass-forming elements B and Si, a nanocomposite
structure composed of a ~1 nm-thick amorphous phase
surrounding the 8 nm-thick crystalline HEA columnar
grains was formed [6]. In micro-mechanical compres-
sion tests, the crystal-glass composite exhibits a yield
strength of 4.1 GPa (Fig. 2), which is higher than that of
the nanocrystalline reference alloy with a similar com-
position. Moreover, the crystal-glass high-entropy nano-
composite reveals homogeneous plastic deformation
without formation of visible shear bands (Fig. 2) [6].

During plastic deformation of the crystal-glass nanocom-
posite, the nanograins are gradually subdivided, creating
additional interfaces against dislocation motion [6]. The
formation of additional interfaces compensates the work
softening from de-twinning. Stress-concentrations by
dislocation pile-ups at the grain boundaries are prevent-
ed by the absorption of dislocations in the amorphous
phase. The interplay of continuous partial dislocation
formation, movement, and annihilation promotes the ho-
mogeneous and compatible plastic deformation of the
crystal-glass composite [6].

In conclusion, the here introduced predictor for fracture
toughness based on the electronic structure obtained

by ab initio calculations enables the identification of MG
compositions with promising fracture toughness in sili-
co. This offers a resource- and time-efficient navigation
through the vast composition space of MGs. Combining
the beneficial properties - high yield strength and tough-
ness — with the high ductility of crystals, a new material
class called crystal-glass high-entropy nanocomposite
was developed. It reveals enhanced yield strength and
ductility compared to the fully crystalline reference al-
loys. With both the prediction of fracture toughness and
tuneable yield strength in these crystal-glass compos-
ites, a toolbox for tailoring mechanical properties of crys-
tal-glass HEA composites has become available.
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Software development

J. Janssen’, 0. Waseda’, T. Hickel’,
J. Mianroodi?, M. Kiihbach? N. Cautaerts® J. Neugebauer’

CM, 2MA, 3SN

Recent developments in experimental tech-
niques and computer simulations provided
the basis to achieve many of the break-
throughs in understanding materials down to
the atomic scale. While extremely powerful,
these techniques produce more and more
complex data, forcing all departments to de-
velop advanced data management and anal-
ysis tools as well as investing into software
engineering expertise. As a consequence, a
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Fig. 1: Free energy surface of H next to a 25 grain boundary in fcc Ni. The result
has been achieved by developing a novel metadynamics schema with periodic
collective coordinate within regular hackathons on hydrogen diffusion.

MPIE software task force has been estab-

lished (see p. 70), where software engineering and simu-
lation software expertise developed e.g. in the CM depart-
ment is utilized. Here, we have selected a few examples
to demonstrate how these developments help to propel
science both in experiment and theory.

An integrated development environment

On p. 72, pyiron has been introduced as an integrated plat-
form for materials simulations and data management.
At the same time, pyiron has also modified the culture of
research in the CM department towards a stronger focus
on software development. For the outer community, this is
visible by a growing number of journal publications that are
combined with executable code required for the physical
analysis shown in the paper [1]. This code is provided with-
in binder containers, such that the user can directly em-
ploy the simulations on cloud resources without the need
of cumbersome installations on the local hardware. One
example of this kind is the fully automated approach to cal-
culate the melting temperature of elemental crystals [2].
The manuscript explains many of the technical challenges
connected to the interface method, used for melting point
calculations. The underlying complex simulation protocols
are provided as pyiron notebooks, which allows a much
more interactive access, reproduction and exploration of
the underlying concepts than a written manuscript.

More significant for the research inside the CM depart-
ment is, however, the cooperative development of new
physical concepts in regular coding sessions. Several
teams are currently meeting for several hours on a week-
ly basis, in order to test new physical ideas by directly
implanting and executing them in pyiron notebooks. The
physically intuitive structure of the pyiron environment
allows such a research approach, without spending time
on many command lines, taxonomy and syntax. For ex-
ample, one group is exploring the physical nature of ther-
mo desorption spectra (TDS) for hydrogen in metals. This
involves the automatic detection of favourable sites for H
incorporation into complex microstructure features (such
as grain boundaries, Fig. 1), the analysis of possible jump

processes between these sites and the evaluation of the
H dynamics by kinetic Monte-Carlo simulations. Another
group is connecting the workflows in pyiron notebooks
with the semantic description of materials knowledge in
ontologies, opening new routes of software development
based on physical concepts rather than command lines.

Machine learning for solid mechanics

In the MA department, an artificial intelligence (Al)-based
solution for predicting the stress field in inhomoge-
neous elasto-plastic materials was recently developed
[3]. The training data for a convolutional neural network
(CNN) were generated using DAMASK (Disseldorf Ad-
vanced Material Simulation Kit) for modelling multi-phys-
ics crystal plasticity (see p. 73). Both, cases of materials
with elastic and elasto-plastic behaviour, are considered
in the training data. The trained CNN model is able to pre-
dict the von Mises stress fields (Fig. 2) orders of magni-
tude faster than conventional solvers. In the case of elas-
to-plastic material behaviour, conventional solvers rely on
an iterative solution scheme for the nonlinear problem.
The Al-based solver is able to predict the correct solution
in one step forward evaluating of the CNN. This signifi-
cantly reduces the implementation complexity and com-
putation time. The augmentation of such a fast stress
estimator with finite element-based solvers will open new
avenues for the multi-scale simulation of materials.

Software tools for atom probe microscopists

In order to achieve scientific conclusions from atom probe
tomography (APT), these data have to be processed into
tomographic reconstructions, i.e. 3D models that speci-
fy the approximate original locations of the atoms in the
field-evaporated specimen. Representing point clouds,
these models are post-processed with methods from the
field of spatial statistics, computational geometry, and Al
resulting in quantified (micro)structural features or pat-
terns that can be related to descriptors in physics-based
models at the continuum scale such as dislocations,
grain and phase boundaries, or precipitates.
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Fig. 2: A typical mechanical solver relating the input material prop-
erty distribution to an output von Mises stress distribution. For
specific cases, the solver could be replaced by a convolutional neu-
ral network, which is orders of magnitude faster than the solver.

It is important to quantify the eventual uncertainty and
sensitivity of the descriptors as a function of the param-
eterization. To this end, though, the employed proprietary
tools face substantial practical and methodological lim-
itations with respect to the accessibility of intermediate
(numerical and geometry) data and metadata they offer,
the transparency of the algorithms, or the functionalities
they provide to script and interface proprietary tools with
open-source software of the atom probe community.

Involving APT domain specialists from the MA and
computational materials scientists from the CM depart-
ment, we implemented a toolbox of complementary
open-source software for APT, which makes efficient
algorithms of the spatial statistics, computational ge-
ometry, and crystallography community accessible to
support scientists with quantifying the parameter sen-
sitivity of APT-specific methods they use. Our tools ex-
emplify how open-source software enables to build tools
with programmatically customizable automation and
high-throughput characterization capabilities, whose
performance can be augmented by cluster computing.
We show how to automate and make exactly reproducible
the execution of microstructural feature characterization
[4 - 6] for atom probe data.

Analysis tools for complex imaging and spectroscopy

One example of software development in the SN depart-
ment is the creation of analysis workflows for data from
transmission electron microscopes (TEM). Typically,
most experimentalists use graphical user interface (GUI)
based tools to process their data. Many of these tools
are proprietary and licensed by the hardware manufac-
turer. The analysis options in this software are limited
and rarely reproducible. In addition, with the advance-
ment in detector technology and other instrumentation,
the size and complexity of data is ever increasing. This
calls for highly customizable analysis tools. This is also
necessary for bridging the gap between the powerful
machine learning and artificial intelligence libraries in

MAX-PLANCK-INSTITUT
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the scientific python ecosystem and the workflow of the
average experimentalist.

The experimental TEMMETA [7] library was built to ad-
dress the most common analysis needs offered in soft-
ware like ImageJ or Digital Micrograph, such as drawing
line profiles, selecting subsets of the data, visualizing
the data, and calculating strain fields from atomically
resolved images. TEMMETA also has the feature of au-
tomatically storing information about each operation
performed on data in a history attribute, thereby making
it easier to reproduce the analysis. As development pro-
gressed, it became clear that the TEMMETA project had
many of the same aims as the Hyperspy project, a library
that has existed for a longer time and already has an es-
tablished community of users and developers. Therefore,
it was decided to integrate the novelties of the TEMMETA
project into Hyperspy [8].

File parsers to a common representation are essential
for bringing the full functionality of Hyperspy to any kind
of microscopy data. The SN department is increasingly
adopt-ing 4D-STEM as an advanced TEM based tech-
nique. It produces large and rich datasets of diffraction
patterns collected on a grid of scan points. A typical
workflow for these datasets relevant to metallurgists is
analysing local crystal orientation via template matching.
Existing proprietary software solutions could not handle
the data from pixelated detectors, hence a custom built
fast and scalable solution [9] was implemented in a pack-
age that builds on Hyperspy. This should make the trans-
parent analysis of 4D-STEM datasets more accessible to
researchers at the MPIE and all over the world.
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Integrated workflows for materials and data science

F. Roters?, T. Hickel', L. Huber', J. Janssen’, J. Neugebauer'

'CM, 2MA

Integrated Computational Materials Engineering (ICME)
is one of the emerging hot topics in Computational Mate-
rials Simulation during the last years. It aims at the inte-
gration of simulation tools at different length scales and
along the processing chain to predict and optimize final
component properties.

The realization of ICME concepts necessitates a workflow
system, which on the one hand allows a flexible combina-
tion of different simulation tools and on the other hand en-
ables the data exchange between these different tools. In
addition, the workflow system should follow the FAIR (Find-
able, Accessible, Interoperable, and Re-usable) principle
for sustainable materials development and offer a generic
user interface to handle the different simulation tools.

pyiron (see p. 72, [1]) developed by the CM department
is such a workflow platform. Originally designed for the
integrated development and management of workflows
on the atomistic scale, pyiron has been systematical-
ly extended during the last years to serve as a general
workflow platform. In this process pyiron has been mod-
ularized. Besides the core module (pyiron_base) there
exist three additional modules. pyiron_atomistic offers
the original functionality on the atomistic scale; pyiron_
continuum integrates continuum scale simulation tools
like e.g. DAMASK (see p. 73, [2]) developed in the MA
department; pyiron_experimental finally allows handling
experimental data. The last module, which currently fo-
cuses on (scanning) transmission electron microscopy
((S)TEM) data, extends the application of ideas originally
developed in computational materials simulation to ex-
perimental data and thus allows the creation of mixed

experimental and simulation workflows following the
FAIR principle.

In the early times of ICME coupling of different simulation
tools was usually achieved on a one-to-one basis. This
means the output of program 1 was converted to serve as
input for program 2. One of the goals of the Federal Min-
istry of Education and Research (BMBF) initiative ‘Mate-
rialDigital’ (see p. 80) is to overcome this direct coupling
using ontology-based concepts. Here ontologies serve as
an abstraction layer to define relations between data and
concepts, which can be exploited for workflows and pro-
gram interfaces. Such abstraction allows an exchange of
different simulation tools that serve for a given workflow
the same purpose. In this way workflows can be defined
independently of the underlying simulation tools. Follow-
ing a BMBF call in the framework of ‘MaterialDigital’, sev-
eral academic projects have been initiated to define such
workflows. The MPIE participates in the project ‘StahlDig-
ital" together with the Fraunhofer Institute for Mechan-
ics of Materials in Freiburg and the Institute for Applied
Informatics (InfAl) at the University of Leipzig. The aim
of ‘StahlDigital’ is to define different workflows along the
production chain and for the usage of steel sheets. These
workflows will be based on ontologies, which describe
both the material (two different steels) and the process
chain (from hot rolling to crash performance) (Fig. 1).

Two different pre-existing workflow platforms will be ex-
tended for this purpose, namely SymPhoNy [3] developed
by the Fraunhofer IWM and pyiron developed by the MPIE
(Fig. 2). While SymPhoNy already allows the usage of on-
tologies for the workflow description, pyiron is currently
extended accordingly.

Forming simulation

Fig. 1: Workflows within the project ‘StahlDigital"

In the following, we show-
case two prototypical
workflows as they can be
easily defined and execut-
ed using pyiron:

1. A simulation workflow
combining atomic scale
simulation with continu-
um scale simulation.

2. A data-mining workflow
evaluating simulation
results.

Crash simulation

pyiron workflows are de-
veloped as Jupyter note-
books [4], which ensures
full reproducibility. In addi-



Fig. 2: Workflow platforms used in ‘StahlDigital’.

tion, on top of the pyiron functionality any Python library
can be easily included to perform special tasks.

Polycrystal elastic properties

Full field DAMASK simulations are well suited for the
numerical homogenization of single crystal properties.
However, often these single crystal properties are not
known a priori. Here we are interested in the elastic prop-
erties of aluminium with different additions of magne-
sium. While the elastic constants of the pure materials
are readily available in the literature, this is not true for
the alloys. However, good interatomic potentials are avail-
able for the Al-Mg system. So, we can perform molecu-
lar dynamics simulations to determine the single crystal
elastic constants. These are then passed into DAMASK,
which is used to probe the elastic behaviour of a polycrys-
tal under different loading conditions.

The full workflow consists of the following steps:

1.  Minimize the structure for a pure Al cubic cell

2. Create special quasirandom structures (SQS) for dif-
ferent Mg concentrations

3. Select the interatomic potential

4.  Run LAMMPS [5] simulations to determine elastic
constants for each Mg concentration

5.  Fit elastic constants as function of Mg concentra-
tions (Fig. 3)

6. Create polycrystal volume element for DAMASK

7. Define loadcases for DAMASK

8. Inject elastic constants into DAMASK material file

9. Run DAMASK simulations

10. Determine homogenized elastic constants

Assessment of empirical potentials for fcc-Al

The idea behind this workflow is to compare various em-
pirical potentials with respect to their performance for
ground state properties of fcc-Al. The workflow consists
of the following steps:

1.  Getthe list of available LAMMPS potentials
2. Create a Murnaghan job for each potential
3. Collectresultsin atable (Tab. 1)
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Fig. 3: Single crystal elastic constants of an Al-Mg solid solution
as function of Mg concentration.

While both workflows seem to be not very complex, they
potentially need to run a huge number of individual simu-
lation jobs. In this case pyiron takes full care of distribut-
ing the individual jobs to computing nodes, collecting the
results, and at the same time record important meta data
about the jobs in a SQL data base.

job_id a_eq bulk_modubus potentisl

o 1 404541% H9.015487 Al_Mg_kendeley_sam
1 13 4049946 B0.83ETTS Zope_ Ti_AL2003_eam
2 25 4049954 81.04044% Al_H_Ni_sngelo_sam

E ] 30 4031246 8213776 2000- -Landa- il Phe-LAMMPS-ipri

Tab. 1: Screenshot of a table containing equilibrium lattice con-
stant (a_eq) and bulk modulus of Al for different potentials.

In summary, workflow management platforms like pyiron
allow easy definition and execution of complex simula-
tion projects following the FAIR principle. The connection
to ontologies will make them even more flexible and easy
to use.
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Advancing atom probe towards true atomic-scale
analytical tomography

B. Gault’, C. Freysoldt?, M. Kiihbach’, F. F. Morgado’, L. Stevenson’, D. Raabe’

MA, 2CM

Atom probe tomography (APT) is one of the MPIE’s key
experiments for understanding the interplay of chemi-
cal composition in very complex microstructures down
to the level of individual atoms. In APT, a needle-shaped
specimen (tip diameter =100nm) is prepared from the
material of interest and subjected to a high voltage. Ad-
ditional voltage or laser pulses trigger the evaporation of
single ions from the tip. Accelerated by the voltage, the
ions fly towards a position-sensitive channel-plate detec-
tor. The time-of-flight reveals the mass-to-charge ratio
from which the elemental identity of each detected ion
is deduced. Datasets of up to 10° ions are routinely ac-
quired. From a data science perspective, APT datasets
are a gold mine. APT data sets are huge, noisy, and full of
more or less hidden patterns.

Data evaluation involves first building a virtual 3D point
cloud in which the position of each ion prior to field evap-
oration is reconstructed. Beyond this first step, unbiased,
quantitative analysis of the information encoded in the
data remains challenging. A few examples: (1) elemental
identities must be correctly assigned from a potentially
complex mass spectrum that contains not only atomic
ions, but also often metastable small molecular units; (2)
the reconstructed positions are affected by uncertainties
that blur out any underlying crystalline structure; (3) mi-
crostructural features must be extracted — what phases
and crystal grains do exist? Where are their boundaries?
How, where, and why do compositions change?

To standardize mass spectra analysis, in particular when
it comes to identify the most likely ion when multiple
candidates exist for the same mass-to-charge ratio, we
demonstrated that deep neural networks can be trained
to disentangle mass spectra [1]. This has the potential
to enormously improve the reproducibility of mapping
the mass-to-charge ratio to a set of chemical identity,
compared to ranges defined by human inspection which
could lead to composition significant variations between
experts [2].

Current APT reconstructions are based on a geometri-
cal projection algorithm from the detector position onto
a spherical cap, which largely ignores the details of the
underlying physics. In reality, trajectory aberrations oc-
cur due to the local environment prior to evaporation or
mesoscopic field variations associated to surface rough-
ness. The order of evaporation is not exclusively dictated
by position, but possibly also by chemical identity and
bonding environment, and affects the reconstruction
process causing limitations of the spatial resolution. In

order to quantify these effects, the group of C. Freyso-
Idt has started systematic theoretical investigations of
field evaporation mechanisms. In addition to confirming
a material-dependent tendency for roll-over at steps on
faceted surfaces, they were also able to demonstrate the
crossover from a two-step to a one-step mechanism con-
trolled by the field strength [3]. It was further shown that
the surface mobility of hydrogen in presence of the field
and the tendency for formation of H-containing ions de-
pend primarily on the charge transfer of the adsorbed H.

Another topic of interest is to recover the crystalline lat-
tice structure even when the positional uncertainty of the
reconstruction prevents direct identification. The crystal
orientation often gives rise to a systematic intensity pat-
tern on the detector, which can be analysed by deep-learn-
ing [4]. Grain boundaries lead to a discontinuous pattern
that can be identified and tracked automatically as the
data set is sliced along the evaporation order, i.e. a proxy
for the depth [5]. This approach allows for direct data fil-
tering and quantification of chemical segregation to the
boundary.

Crystallographic information of APT specimen is directly
accessible by using field ion microscopy (FIM). FIM is a
precursor technique in which an imaging gas is continu-
ously ionized above the surface held below evaporation
threshold. A new experimental approach was initiated
at the MPIE in 2018 combining FIM with enabled mass
spectrometry enabled by a correlative data analysis.
We used this so-called analytical FIM to directly image
solute segregation to dislocations [6] and to vacancies
in Ni-based binary alloys [7]. These experimental inves-
tigations were paralleled by theoretical investigations to
explain the chemical contrast observed in FIM by an elec-
tronic-structure effect.

At larger scales, the formation of phases with different
chemical composition is of common interest. When
formed at the nanoscale, there can be dozens or even hun-
dreds of small precipitates in a single APT data set. While
they are easily visualized by concentration iso-surfaces
of key elements, this is impractical to perform quantita-
tive analysis. Therefore, the Paraprobe toolset was devel-
oped [6]. It not only allows a scriptable, well-parallelized
high-throughput analysis on high-performance comput-
ers without live interaction from a human scientist, but
also provides standard aggregated (e.g. radial distribution
functions) and iso-surface based segmentations in an
open data format (based on HDF5) that can be further pro-
cessed with standard data science and visualization tools.
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Fig. 1: Field ion microscopy measurement of Ni-2 at.% Ta alloy. (a) Field ion micrograph zoomed on the (012) planes. (b)-(e) show
consecutive atomic layers with identification of Ta, Ni atoms, and vacancy.

More recently, we have explored alternative 3D phase 2. Haley, D; Choi, P; Raabe, D.: Ultramicroscopy 159 (2015) 338.
segmentation algorithms. They start by mapping out the

chemical composition of small voxels (102-10% atoms). De- 3. Ashton, M. W.; Mishra, A; Neugebauer, J.; Freysoldt, C.: Phys.
spite the large scatter, clustering in composition space al- Rev. Lett. 124 (2020) 176801.

lows to distinguish possible phases without prior informa-

tion and derive classifiers from it. Next, a DBSCAN cluster 4. wej, Y Gault, B; Varanasi, R.S.; Raabe, D.; Herbig, N.; Breen,
analysis in the voxelized dataset labelled according to A.J.: Ultramicroscopy 194 (2018) 15.

the composition classifier successfully provides a very

fast and robust composition-based segmentation. These 5 ej, v; Peng, Z.; Kiihbach, M. Breen, A. J.; Legros, M.; Larrana-
segment.s can then be further gnalysed t?ased on T.hEII' ga, M.; Mompiou, F; Gault, B PLoS One 19 (2019) 1.
geometrical character (e.g. line-like, plate-like, ellipsoidal,

etc.) and the application-oriented scientific questions. 6. Morgado, . F; Katnagallu, S; Freysoldt, C; Klaes, B.; Vurpillot,
F.; Neugebauer, J.; Raabe, D.; Neumeier, S.; Gault, B.; Stephen-

References son, L.: Scr. Mater. 203 (2021) 114036.

1. Wei Y, Varanasi, R. S.; Schwarz, T; Gomell, L.; Zhao, H.; Larson, N o o A o .
D. J;; Sun, B; Liu, G,; Chen, H.; Raabe, D.; Gault, B.: Patterns 2 7. Kuhbach, M. T. Bajaj, P; Zhao, H. Gelik, M. H.; Jagle, E. A;

(2021) 100192. Gault, B.: npj Comp. Mat. 7 (2021) 21.
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Big data and machine learning in electron microscopy

N. Cautaerts’, C. Freysoldt?, C. Liebscher', G. Dehm’, J. Neugebauer?

SN, 2CM

Data-rich experiments such as scanning transmission
electron microscopy (STEM) provide large amounts of
multi-dimensional raw data that encodes, via correlations
or hierarchical patterns, much of the underlying materials
physics. With modern instrumentation, data generation
tends to be faster than human analysis, and the full in-
formation content is rarely extracted. We therefore work
on automatizing these processes as well as on applying
data-centric methods to unravel hidden patterns. At the
same time, we aim at exploiting the insights from infor-
mation extraction to direct the data acquisition to the
most relevant aspects, and thereby avoid collecting huge
amounts of redundant data.

possible by commercial software. The development will
also enable an on-the-fly data analysis in the future by uti-
lizing GPU-accelerated processing.

STEM is also very powerful at revealing the atomic struc-
ture even of complex materials. Since under high-angle an-
gular dark field (HAADF) conditions the collected electrons
predominantly undergo scattering near the atomic nucle-
us, the image or atomic column intensity is proportional
to their mean atomic number. When aligning the specimen
along specific crystallographic directions it is possible to
image a 2D projection of the crystal lattice, but also lattice
defects such as phase or grain boundaries. Typically, the

Segmentation Representation

Learning Identification

FFT-HAADF
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space
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Fig. 1: Schematic workflow of the classification procedure for experimental STEM images. Here, the input HAADF-STEM image contains
two different crystalline regions and one grain boundary. The image is divided into 5 x 5 windows. Three different patches are indicated in
the input image: patch (1,1) by the blue, patch (3,3) orange and window (5,5) by the green square. The classification map identifies both blue
and green patches as fcc {111}. The orange patches correspond to the grain boundary region, respectively. Image by B.Yeo, L. Ghiringhell,

Fritz Haber Institute Berlin.

The advent of fast electron detectors enabled the collec-
tion of full diffraction patterns in each probe-position,
while scanning the beam across the electron transparent
sample. These 4D-STEM datasets contain rich informa-
tion on local lattice orientation, symmetry and strain [2].
However, handling and analysing these large-scale data-
sets, which are typically >10 GB in size requires sophis-
ticated data management infrastructure and algorithms.
We are currently developing a flexible and open-source
approach within the Python-based pyXem package to
index the phase and crystal orientation in scanning na-
no-beam diffraction datasets [3], which is until now only

detection of nanoscale domains and interfaces in complex
materials is executed by hand in an iterative manner rely-
ing on deep domain knowledge. We have developed a ro-
bust symmetry-based segmentation algorithm that solely
considers lattice symmetries and hence does not require
specific prior insights into the observed structures [4]. It is
based on the idea that local symmetries create a self-sim-
ilarity of the image that can be quantified via Pearson cor-
relation coefficients of image patches. This quantification
is very noise-tolerant, in particular if large patches are cho-
sen. By collecting these values for a number of candidate
symmetries (100-1000), a characteristic fingerprint of the
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Fig. 2: Left: Snapshot from in
situ STEM-HAADF imaging of
the dealloying of a TaTiZrHf
high-entropy alloy. Right:
snapshot from the phase-
field informed neural network
representation.

local crystallographic patterns can be extracted that does
not rely on identifying individual atomic columns. These
fingerprints can then be taken from various places in the
image and allow to filter out recurring patterns by principal
component analysis and a subsequent clustering. From
this abstract representation, the fingerprints can be classi-
fied, yielding a segmentation of the original image without
prior training on expected phases. It therefore also works
for complex atomic arrangements, e.g., topologically
close-packed phases.

To classify and quantify regions autonomously in atomic
resolution STEM images, we are currently developing a
supervised deep learning approach in a BiGmax collabo-
ration with L. M. Ghiringhelli (Fritz Haber Institute Berlin).
The underlying backbone of the classification is a convo-
lutional neural network (CNN), which is trained on simulat-
ed STEM images represented by their Fourier transforms.
Here, we are considering the basic classes of face-centred
cubic (fcc), body-centred cubic (bcc) and hexagonal close
packed (hcp) crystal structure for low index orientations.
To include uncertainty predictions in the classification,
we use Bayesian learning for being able to identify crys-
tal structures or defective regions that the CNN was not
trained on. In a second step, the local crystal rotation and
lattice parameters are determined by linear regression
analysis, which is based on analysing the real space lat-
tice symmetries. In the classification procedure, an experi-
mental image is then subdivided in image patches and the
neural network learns which training class is present, its
local lattice rotation and lattice constants as shown in Fig.
1. This development is now extended towards a real-space
classification procedure also taking into consideration the
atomic column intensities to determine local composition-
al variations and defect structures.

At larger length scales, HAADF allows to monitor phase
transformations at elevated temperatures. Such time-re-
solved measurements yield multiple frames that can be
visualized as video sequences. Yet, the quantification
of the phase transformation kinetics requires additional
processing and simplification of the raw data. In partic-
ular, the quantification of intensity gradients is severely
hindered by the presence of shot noise. For this, we have
explored the use of physics-informed neural networks to
map the noisy images to a phase-field model with known
analytic structure. The basic idea is to train a smooth ma-
chine-learning model to reproduce the measured data,
while at the same time requiring it to comply with the
phase-field equations, using model parameters that are
trained on the fly. It turns out that such an approach is
very efficient to obtain a coarse-grained simplified repre-
sentation of the underlying data. In addition, the neural
network representation and the phase-field equations
filter out high-frequency noise in space and time without
blurring interfaces (Fig. 2). These initial findings have trig-
gered a new collaboration with the MPI for Dynamics of
Complex Technical Systems, funded by the BiGmax net-
work (see p. 82).
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A microscopic view of electrochemical interfaces: ab initio
molecular dynamics at controlled electrode potential

S. Wippermann', F. DeiBenbeck’, S. Surendralal, M. Todorova?, J. Neugebauer?

'GO, 2CM

Ever since the discovery of electricity, chemical
reactions occurring at the interface between a 0.0
solid electrode and an aqueous solution have
aroused great scientific interest, not least by the
opportunity to influence and control the reactions
by applying a voltage across the interface. Our
current textbook knowledge is mostly based on
mesoscopic concepts, i.e. effective models with
empirical parameters, or focuses on individual
reactions decoupled from the environment, pre-
senting therefore a serious obstacle for predict-
ing what happens at a particular interface under
particular conditions. In particular the current
transition of the world to a more sustainable fu- 13
ture requires a truly microscopic understanding
of the electrochemical interface and double-layer
by incorporating insights from the atomistic and
electronic scale. Methodological breakthroughs
at the MPIE during the last few years in both ab
initio theory and experiments now allow us to di-
rectly characterise the structure and dynamics of
electrified solid/liquid interfaces with atomic res-
olution at short timescales.
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Fig. 1: Work function (blue) and time-averaged electrode potential (green) as
function of H coverage on Pt(111). For comparison, the experimentally mea-
sured work function (black line) and electrode potential (black crosses) are in-
cluded. The critical H concentration is predicted to lie within the yellow hashed
area, as as indicated by the extrapolated dashed green lines. Representative

surface and interface structures at selected coverages are shown as insets.

While the relation between the electrode poten-

tial and adsorbate coverage is accessible by
experimental techniques such as cyclic voltammetry, un-
derstanding how exactly adsorbate interfacial structures
influence the measured electrode potential evades direct
experimental access. Consider the H-covered Pt(111)/
H,0 interface, one of the best investigated “model” elec-
trochemical systems due to its excellent catalytic perfor-
mance for the hydrogen evolution reaction (HER). The on-
set of the HER coincides with the presence of a puzzling
upper limit to the H adsorption at = 0.66 ML (monolayer).
A possible explanation is that water is not just a spectator
but actively controls adsorption and chemical reactions
at the metal-water interface.

To explore the impact of water on surface adsorption
and the electrode potential, we perform a systematic
comparison of the work function (electrode potential)
of H-covered Pt(111) in vacuum (an aqueous environ-
ment) for coverages up to 1 monolayer employing den-
sity functional theory calculations [1]. Our calculations
show an excellent agreement with experiment (Fig. 1)
and allow us to directly explore how screening is realised
at electrochemical interfaces. For the pristine Pt(111)
interface we observe a large shift of the electrode po-
tential with respect to the vacuum work function. This
shift is caused by chemisorbed water molecules, which
screen the interfacial dipole through charge transfer to
the surface. Besides the Pt atom directly bonded to the

H,0 molecule, this transfer involves several Pt atoms in
its vicinity, effectively blocking neighbouring adsorption
sites. Therefore, with the onset of H adsorption a com-
petition arises between the water and hydrogen for the
Pt atoms available for charge transfer. Increasing H cov-
erage causes a monotonous loss of chemisorbed water,
which is partially compensated by the charge transfer,
due to H adsorption, but causes an increasing potential
drop. Beyond a critical coverage of 6, ~ 0.66 ML this
mechanism breaks down, because the increasing po-
tential drop at the interface can no longer be screened
by direct adsorption. Instead, the system responds by
creating a large interfacial dipole through an electro-
chemical desorption reaction. This is achieved by depro-
tonation, where an H* ion forms in the vicinity of the in-
terface, leaving its corresponding electron at the Pt(111)
surface. The H* ion formation provides the necessary
precursor state to enable the HER. Our findings directly
link the existence of the breakdown in the electrode po-
tential and the experimentally observed critical H adsor-
bate concentration at which hydrogen evolution starts.

In order to study electrochemical reactions -- such as,
e.g., the HER -- in ab initio molecular dynamics simula-
tions with explicit water, we build on our first principles
electrochemical cell set-up introduced in the last report-
ing period [2], which allows us to actively control the local



surface charge in order to drive the system
towards the targeted value for the electrode
potential. While the surface charge is con-
stant in the thermodynamic limit, the micro-
scopic size of the interfacial region targeted
by our simulations requires treating the local
surface charge as a thermodynamic degree
of freedom.

Changing the potential of a capacitive sys-
tem, e.g. by controlling the surface charge
in our electrochemical cell, is, however, a
dissipative process. Energy is drained from
molecular motions that are associated with
a change in the electric dipole moment. This
energy lost to potential control has to be com-
pensated by corresponding thermal potential
fluctuations, that exactly return the removed
energy, on average, to those degrees of free-
dom where it was taken from. The physical
system realises this by coupling to a fluctu-
ating electric field created by temperature
dependent charge fluctuations caused by the
thermal motion of the electrons and ions.

To mimic this behaviour, our potentiostat
must apply an electric field with an explicit

MAX-PLANCK-INSTITUT
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Fig. 2: Electrochemical cell
consisting of a Ge(100):H
working electrode in contact
with liquid water and a com-
putational counter electrode
(blue balls). Surface-adsorbed
oxygen is marked in orange. In
order to drive the system to the
desired potential drop ®, our
thermopotentiostat algorithm
controls the charge transferred
between the two electrodes. Due
to the microscopic size of the
interfacial region targeted by our
simulations, both the surface
charge and the instantaneous
potential ®(t) are not constant
but instead must be allowed to
fluctuate. The time averaged
potential ®, perpendicular to the
interface is shown in blue.

grand-canenical ion ex-

finite temperature and hence become a ther-
mopotentiostat. This can be achieved by adapting the
fluctuation-dissipation theorem (FDT) to atoms exposed
to an electric field. To this end, we used the FDT and the
theory of stochastic differential equations in conjunction
with It0 calculus. The derived direct expression for the
electrode charge [2] is general, independent of the specif-
ic boundary conditions of the set-up and can be straight-
forwardly implemented in any molecular dynamics code,
whether empirical or first principles. In fact, we have al-
ready implemented the thermopotentiostat in the VASP
and lammps simulation packages (Fig. 2).

To demonstrate the performance of our thermopoten-
tiostat approach we considered a topic that currently at-
tracts a lot of attention. Recent experiments demonstrat-
ed that the presence of a solid-water interface appears
to dramatically reduce the dielectric response of water
from a highly polarizable medium down to a response
that is close to the vacuum dielectric constant. We found
that interfacial water forms stratified structures with a
strongly modified dielectric behaviour, showing char-
acteristic oscillations in the dielectric function close to
interfaces and overscreening effects reminiscent of Frie-
del oscillations (see p. 125). As a consequence of the
interfacial water’s dielectric response, the potential drop
between the electrode and the bulk water region occurs
to a large degree directly at the interface, cf. blue line in
Fig. 2. It is exactly within this region of interfacial water
with modified properties where electrochemical reac-
tions proceed.

Pioneered by Gerischer already 60 years ago, single-crys-
talline and atomically flat semiconductor surfaces in-
terfaced with liquid water were popular model systems

used to explore elementary electrochemical processes.
The reaction mechanisms and their intermediate steps
have been speculated about based on indirect evidence
obtained from cyclic voltammetry and spectro-electro-
chemisty. We can now directly probe and predict the pre-
cise mechanistic details from first principles using our
thermopotentiostat simulations. A corresponding snap-
shot for Ge(100) surfaces is shown in Fig. 2. Exceeding
a potential drop of ®; > 2 V under anodic polarization, we
observe that the reorientation of interfacial water is insuf-
ficient to screen the applied electric field. Instead, the in-
terfacial dipole is screened by water dissociation, where
H* is released into the solvent and OH- groups adsorb
on the surface (marked in orange). The subsequent dis-
charge of the hydroxyl groups by the thermopotentiostat
enables sustained reaction conditions for a continuous
water splitting and electrooxidation of the surface.

These examples demonstrate how our continuous meth-
odological advances help to reveal the elementary pro-
cesses at electrified solid/liquid interfaces, enables us to
show how idealised textbook models can be actually ob-
served and revised, and thus achieve a truly microscopic
understanding at the atomistic and electronic scales.

References

1. Surendralal, S.; Todorova, M.; Neugebauer, J.: Phys. Rev. Lett.
126 (2021) 166802.

2. Surendralal, S.: Todorova, M.; Neugebauer, J.: Phys. Rev. Lett.
120 (2018) 246801.

3. DeiRRenbeck, F.; Freysoldt, C.; Todorova, M.; Neugebauer, J.; Wip-
permann, S.: Phys. Rev. Lett. 126 (2021) 136803.

()
3
=
QO
=
S)
]
Q
>
o
3
Q
=
()
=%
O
(7]
=
=1
o
)
=
Q
=
(9]
(7]







MAX-PLANCK-INSTITUT
FUR EISENFORSCHUNG GmbH

Part IV.

General information and statistics

Boards, directors, Max Planck fellows, and external scientific members 228
Guest scientists 230
Scientific honours & appointments 233
Participation in research programmes 237
Collaboration with national and international universities and research institutes 242
Collaborating industrial partners and patents 245
Conferences, symposia and meetings organized by the institute 247
Institute colloquia and invited seminar talks 249
Lectures and teaching at university 254
Invited talks at conferences and colloquia 256
Publications 269
Habilitation, doctoral, master and bachelor theses 275
Scientific community service activities of the directors 278
Budget of the institute 279

Personnel structure 281



MAX-PLANCK-INSTITUT
FUR EISENFORSCHUNG GmbH

0

3)
=
5D
=

@©
i
n

Boards, directors, Max Planck fellows, and external

scientific members

Supervisory board
(as of January 2022)

Prof. Dr. rer. nat. Klaus BLAUM (Chairman)
Vice-president CPTS, Max-Planck-Society, Munich,
Germany

Hans Jiirgen KERKHOFF (Vice-Chairman)
Steel Institute VDEh, Diisseldorf, Germany

Martin BAUES
Saarstahl AG, Voélklingen, Germany

Carl DE MARE
ArcelorMittal Belgium N.V., Gent, Belgium

Dr.-Ing. h.c. Hans FISCHER
Tata Steel Europe Ltd., ljmuiden, the Netherlands

State Secretary Dr. Dirk GUNNEWIG
Ministry of Culture and Science of the State of North
Rhine-Westphalia, Diisseldorf, Germany

Univ.-Prof. Dr. rer. nat. Ulrich RUDIGER
Rector, RWTH Aachen University, Germany

Prof. Dr. Axel SCHOLMERICH
Rector, Ruhr-Universitdt Bochum, Bochum, Germany

Scientific advisory board
(as of January 2022)

Prof. Dr. Julie CAIRNEY
The University of Sydney, Sydney Camperdown, Australia

Prof. Dr. Fionn DUNNE
Imperial College London, London, UK

Prof. Dr. Peter GUMBSCH
Fraunhofer-Institut fiir Werkstoffmechanik (IWM),
Freiburg, Germany

Prof. Dr. Wolfgang JAGER
Kiel University, Christian-Albrechts-Universit&t (CAU) zu
Kiel, Kiel, Germany

Prof. Dr. Michael John MILLS
Ohio State University, Columbus, USA

Prof. Dr. Eva OLSSON
Chalmers University of Technology, Géteborg, Sweden

Prof. Dr. George PHARR
Texas A&M University, College Station, USA

Prof. Dr. Mary P. RYAN
Imperial College London, London, UK

Dr. André SCHNEIDER
Vallourec Deutschland GmbH, Diisseldorf, Germany

Prof. Dr. Christopher A. SCHUH
Massachusetts Institute of Technology (MIT), Cam-
bridge, USA

Prof. Dr. Herman TERRYN
Vrije Universiteit Brussel (VUB), Briissel, Belgium
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Directors, Max Planck fellows,
and external scientific members

Directors:

Prof. Dr. rer. nat. Gerhard DEHM, (since Oct. 2012)
Prof. Dr. rer. nat. J6rg NEUGEBAUER (since Nov. 2004)*
Prof. Dr.-Ing. Dierk RAABE (since July 1999)**

Prof. Dr. rer. nat. Martin STRATMANN (since Jan. 2000 /
on leave for the time of his presidency of the MPG)

*Provisional Head of the Department Interface Chemis-
try and Surface Engineering

**Chief Executive since 29th Sept. 2010 (re-elected 2015
and 2020)

Max Planck fellows:

Prof. Dr. Jochen M. SCHNEIDER, Ph.D., RWTH Aachen
University (Oct. 2015 - Sept. 2020)

Prof. Dr. Kristina TSCHULIK, Ruhr-Universitat Bochum
(since Sept. 2021)

External scientific members:

Prof. Dr. Mats HILLERT, Stockholm, Sweden
Prof. Dr. Reiner KIRCHHEIM, Géttingen
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Guest scientists

Between January 2019 and November 2021 the Max-Planck-Institut fiir Eisenforschung GmbH hosted in total 158 in-
ternational guest scientists.

Alexander von Humboldt Foundation

32 of our guests joined us with awards and fellowships from the Alexander von Humboldt Foundation.

— 25 Humboldt Research Fellowships for Postdoctoral Researchers

— 1 Capes-Humboldt Research Fellowship for Postdoctoral Researchers

— 4 Humboldt Research Fellowships for Experienced Researchers

— 1 Humboldt Research Award for outstanding academic record

— 1 Friedrich Wilhelm Bessel Research Award

In November 2021 the following Humboldt fellows were awarded who will join the MPIE in 2022:

— 4 Humboldt Research Fellowships for Postdoctoral Researchers
— 1 Humboldt Research Award

Also in November 2021, B. Gault and D. Raabe became Humboldt scouts in frame of the Henriette Herz Scouting Pro-
gramme. Each scout has the opportunity to recommend three research talents from abroad for a Humboldt Research
Fellowship. After formal approval, the fellowships will be granted directly.

In the ranking of the Humboldt Foundation, the institute was ranked first in Engineering Sciences in 2020. It was also
ranked 3" place over all sciences of non-university research institutions.

Engineering Sciences

Humber of guest rescarchers per institution

Fellows Award winners

"
=
=
=
=
=

El
o
&
4
=

Tatal number

Instilulions female lemake make

a MP] fir Eisenforschung GebH, Disseldord 5 5 3 33
2 MPL flbr Intelligente Systeme, Stutgarn 12 k 3 16
3 Forschungszentrum Jilch (FZ1) d 7 1 12

Source: https://www.humboldt-foundation.de/en/explore/figures-and-statistics/humboldt-rankings#c18797
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Home countries of guests from the Alexander von Humboldt Foundation

Spain (1)
Turkey (1)

Singapore (1)
Japan (1)

Bulgaria (1)
Australia (1)

China (15)

France (2)
Brazil (2)
India (4)

Korea (6)

Diverse fellowships

13 scientists came to the MPIE with diverse fellowships:

NSF
(Mational Science Foundation, US) n

NRF
(Mational Research Foundation of Korea)

DAAD
(German Academic Exchange Service) 2
Ccsc
comsosnpcans [N
o 2 4 (-1 8 L]

%2]
—
[}
=
n
=
(9}
(%)




MAX-PLANCK-INSTITUT
FUR EISENFORSCHUNG GmbH

0
3)
=
5D
=

@©
i
n

International research cooperation

With 113 scientists, the majority of our guest scientists stayed with us in frame of research cooperations. 27 of them
being MPIE alumni.

Number of guest scientists per country

Meudco (1) " Slovenia (1)
Hungary [1) Pakistan (1)
Czech Rep. (1)

Spain (1) Tunesia (1)

Australia (1) China (32)

Russia (2]
Grasce (2

USA (3)

Korea (3)
Itahy(3)
Austria (3) Germany (14)
Iran (4)

France (4)

India (14)

LUK (3)

Japan (5)

A detailed list of our “National and International Cooperation Partners” can be found from page 242 onwards.

MPIE guest programme

The MPIE offers outstanding international scientists possibilities to introduce their research topic at any level of their
career within the status of a guest. At the same time, guest scientists are given the opportunity to exchange their ideas
at an international level with excellent colleagues, thereby establishing important scientific networks.

During 2019-2021 a total of 31 postdoctoral researchers joined the MPIE in frame of the guest programme with a du-
ration of 12-24 months.

Home countries of postdocs in frame of the MPIE guest programme

France (1)

~ Belgium (1)
Spain (1) j
Netherlands (1)

Brazil (1)

) China (16)
Kores (4)

India {5)
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Scientific honours & appointments

Honours

2018 (not included in the Report 2016 — 2018)

A. Dutta: Winner German Science Slam Championship

F. Roters: Elected to the executive board of the German
Materials Society (DGM)

2019

L. Abdellaoui: Graduate Student Conference Registration
Wavier for the 38t International Conference on Thermo-
electrics

R. Changizi: 15t prize “Arts in Science” image competi-
tion, “Microscopy Conference 2019”
A. Dutta: Winner European Science Slam Championship

T. Génsler: 2" prize “Electron Microscopy — Physical
Sciences” category, image competition of the Royal
Microscopical Society

A. Kwiatkowski da Silva: Selected participant in the 69t
Nobel Laureate Meeting

N. Peter: Selected participant in the 69t Nobel Laureate
Meeting

D. Raabe: Chair of the Gordon Research Conference
on Physical Metallurgy at the University of South New
Hampshire in Manchester (USA)

D. Raabe: KAIST Lecture Series in Materials Science and
Engineering 2019 at the Korea Advanced Institute of
Science and Technology KAIST (Korea)

D. Raabe: Bauerman Lecture Award 2019, Imperial Col-
lege London, Royal School of Mines

1. Souza Filho: Brazilian PhD Award 2019

H. Springer: Friedrich Wilhelm Preis, RWTH Aachen
University

M. Stratmann: Re-elected President of the MPG

M. Stratmann: Honorary Member of the Indian Institute
of Metals (I1M)

2020

B. Gault: Gottfried Wilhelm Leibniz Award 2020, German
Research Foundation (DFG)

MPIE: 1stplace in the Alexander von Humboldt Ranking in
Engineering Sciences among all non-university research

institutions & 3™ place overall sciences of non-university
research institutions

C. Scheu: Elected to the Review Board of the German
Research Foundation (DFG)

F. Roters: Re-elected to the executive board of the DGM

H. Zhao: ICAA (International Conference on Aluminium
Alloys) Early Career Researcher Award

H. Zhao: TMS Light Metals Subject Award - Aluminum
Alloys

S. Zwaka: International Research Marketing Prize, Ger-
man Research Foundation (DFG)

2021

S. Antonov: Postdoctoral Student Award & the Young
Leaders International Scholar - JIM, The Japan Institute
of Metals and Materials (JIM) and the Federation of
European Materials Societies (FEMS)

R. Aymerich Armengol: Selected participant for the 70t
Interdisciplinary Lindau Nobel Laureate Meeting

R. Aymerich Armengol, R. Changizi, A.A. El-Zoka, R. Hos-
seinabadin and E.I. Saad: Winners of MPIE Science Video
Competion Prize

S.H. Kim: Miiller Emerging Scientist Award at the Atom
Probe Tomography and Microscopy (APT&M) conference

Y. Ma: Walter Benjamin Grant, German Research Founda-
tion (DFG)

Career programmes for female scientists
B. Bellon: Selected to participate in the MPG Sign Up! For
Your Career: Earlier postdoc phase in 2022

A. Garzon: Selected to participate in the MPG Sign Up!
For Leadership in 2022

0. Kasian: Selected to participate in the MPG Sign Up!
Career building for female post docs in 2019

C. Liu: Selected to participate in the MPG Sign Up! For
Leadership in 2022

A. Mahajan: Selected to participate in the MPG Sign Up!
For Your Career: Earlier postdoc phase in 2022

M. Todorova: Accepted for the Boost! Programme of the
MPG in 2020
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Fellowships & scholarships

2019

L. Gomell: PhD scholarship of the German Academic
Scholarship Foundation

P.-Y. Tung: Taiwanese Government Scholarship to Study
Abroad (GSSA)

2020

Z.Wang: FP-RESOMUS Fellowship (Fellowship Program
of the NCCR MUST and the Cluster of Excellence RE-
SOLV)

Several of our guest scientists -including all fellows
from the Alexander vonHumboldt Foundation - also
joined the MPIE with fellowships and schlorships. Please
see page 230 onwards for more information.

MPIE trainees

2018 (not included in the Report 2016 — 2018)

T. Freieck: “Chambers best 2018" in the field of materi-
als testing, IHK (chamber of industry and commerce)
Diisseldorf (Germany)

2020

A. Laimmer: Max Planck Trainee Award 2020 of the Max
Planck Society (Germany)

A. Laimmer: “Chambers best 2020” in the field of materi-
als testing by the IHK (chamber of industry and com-
merce) Diisseldorf (Germany)

2021

H. Bdgershausen, H. Faul, A. Schulz: First place at the
Innovationssemester competition of the Wissensregion
Disseldorf e.V.

S. Sprengel: Max Planck Trainee Award 2021 of the Max
Planck Society (Germany)

Paper, poster, excellence in reviewing, travel and communication awards

10

8
6
4
| I
o
Best paper Best poster Excellence in
award award reviewing

Best oral
communication
award

Travel award

Fig.1: Summary of all best paper, best poster, excellence in reviewing, travel and communication awards received by MPIE scien-

tists between 2019 — 2021. These awards are not listed above.



Appointments

Destination countries of appointments

Slovenia (1)
Morway (1)
Japan (1) UK (1)
Greece (1)
France (1)

Belgium (1)

Korea (4)

India (6)

2018 (not included in Scientific Report
2016 - 2018)

B. Gault: Assistant Professor at the Imperial College
London, UK

J. Han: Assistant Professor, Department of Materials
Science and Engineering, Chungnam National University,
South Korea

0. Kasian: Helmholtz Young Investigator Group at the
Helmholtz-Zentrum Berlin fiir Materialien und Energie,
Germany

J. Zavasnik: Member of the Gaseous Electronics Depart-
ment in the JoZef Stefan Institute (JSI) and Assistant
Professor at the Jozef Stefan International Postgraduate
School in Ljubljana, Slovenia

2019

H.-0. Fabritius: Full Professor of Bionik und Materi-
alentwicklung, University of Applied Science Hamm-
Lippstadt, Germany

X. Fang: Head of the Dislocation Based Functionalities
Group within the Ceramics Group in the Department of
Materials and Earth Sciences at the Technical University
of Darmstadt

P.K. Gokuldoss: Assistant Professor, Indian Institute of
Technology Madras, India

MAX-PLANCK-INSTITUT
FUR EISENFORSCHUNG GmbH

Germany (11)

China (11)

J.G. Kim: Assistant Professor, Department of Materials
Engineering and Convergence Technology, ReCAPT,
Gyeongsang National University, Korea

M. Koyamna: Assistant Professor, Tohoku University,
Japan

A. Lahiri: Assistant Professor, Metallurgical and Materi-
als Engineering Department, Indian Institute of Technol-
ogy Roorkee, India

Z. Li: Full Professor, School of Materials Science and
Engineering, Central South University, China

W. Lu: Professor, Central South University, China

S.K. Makineni: Assistant Professor, Department of Mate-
rials Engineering, Indian Institute of Science, Bangalore,
India

Ashish Kumar Saxena: Assistant Professor in the Centre
for Innovative Manufacturing Research (CIMR) in the
Vellore Campus of the Vellore Institute of Technology
(VIT), India

S.S. Sohn: Assistant Professor, Korea University

H. Springer: Professorship at the RWTH Aachen Uni-
versity, Academic and Research Department Metallic
Composites, Germany

A. Tripathi: Assistant Professor, Department of Metal-
lurgical and Materials Engineering, Malaviya National
Institute of Technology Jaipur, India
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Y.Yao: Full professor at the School of Mechanics, Civil
Engineering and Architecture at the Northwestern Poly-
technical University (NWPU) in Xi’an, Shaanxi, China

2020

S. Brinckmann: Permanent head of the Micromechanics
and Tribology Group at the Forschungszentrum Jiilich
GmbH, Germany

M. Diehl: Full Professor, Katholieke Universiteit Leuven,
Department of Computer Science, Department of Materi-
als Engineering, Belgium

H. Fan: Professor, Associate Chair, Department of Me-
chanics, Sichuan University, China

M. Ghidelli: Permanent staff scientist position in the
Laboratoire des Sciences des Procédés et des Matériaux

(LSPM) at the Université Sorbonne Paris Nord (CNRS),
France

W. Guo: Associate Research Fellow in the Research
Institute of Aero-Engine at Beihang University in Beijing,
China

E. Jégle: Univ.-Prof., Fakultat fiir Luft- und Raumfahrt-
technik Universitat der Bundeswehr Miinchen, Germany

C. Kirchlechner: Head of the Institute of Biomechanics
and Materials at the Karlsruhe Institute of Technology
(KIT), Germany

M. Ledendecker: Independent Group Leader at the TU
Darmstadt, Germany

D.-H. Lee: Professor, Chungnam National University,
Korea
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Participation in research programmes 2019 - 2021

Lelbniz Association ]
Helmhaoltz ]

Diverse international projects ﬂ

1
1
BMWI n
Max Flanck Society
BMEF
Europaan Union m

=

10 20 30 40

National

BMBF

DaNiSh - Development of a high gamma nickel base
superalloy with outstanding material properties for appli-
cations in drive technology and turbomachinery

MANGAN - Mechanistic investigations of electrochemi-
cal oxygen evolution on model electrodes

MaterialDigital - Joint project: Innovation platform Mate-
rial Digital - sub-project: Software tools

NanoSolar - Semiconducting nanocomposites with
tailored optical and electronic properties

Optimization of the efficiency of solar cells based on
3-dimensional chemical analyses on an atomic scale

PrometH2eus - Project network for optimised material
development for technical H, generation through im-
proved oxygen electrodes

RAVE-K - Resource-saving assembly and connection
technology for low-voltage technology contact materials
containing precious metals

StahlDigital - Workflows und Plattformintegration

UGSLIT - Ultra high-strength weight-reduced steels for
resource-saving lightweight construction in transport
applications

50 60 70

White-Etching-Cracks - Knowledge-based design of wear
resistant bearing steels by atomic-scale characterization
as countermeasure against white-etching crack failure
in wind power plants

BMWi

H2BS - New hydrogen barrier coatings for low-cost and
high-strength steels in hydrogen technology

MAXCoat - Development of a cost-efficient ferritic
bipolar plate with MAX phase corrosion protection for
applications in portable and mobile fuel cells

MODUL - Integrated material and process development
of high-modulus steels

PAULL - Activation of ultra-long lifetimes of fuel cells;
Subproject: Elucidation of cross-scale degradation
mechanisms during electron microscopic characteriza-
tion of MEAs before and after operation

Pro-FeAl - Process development for economical, effi-
cient turbine components made of iron aluminides (Fe-
Al), Subproject C: Alloy design and characterisation

PtTM@HGS - Development of cost-efficient, high perfor-
mance gas diffusion electrodes for polymer electrolyte
membrane fuel cells (PEM-FC) with low Platinum loading
and novel hollow graphitic spheres as support
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DFG

DFG awards

Gottfried Wilhelm Leibniz Award 2020 for B. Gault

DFG collaborative research centres (SFB), transre-
gio projects (TRR) & priority programmes (SPP)

SFB 761: Steel - Ab Initio. Quantum Mechanics Guided
Design of New Fe-based Materials

— A 02: Ab initio thermodynamics und kinetics in the
Fe-Mn-Al-C system

— A 07: Microstructure mechanics and fundamentals of
concurrent twinning and martensite formation

— A 09: Ab initio based mesoscale simulation of hydro-
gen embrittlement

— C 01: Microstructure analytics

— C 04: Fatigue, damage and stress corrosion cracking
under cyclic loading

— C 05: Defects and Stresses in Fe-Mn-C Steels

— C 08: 3D atomic analysis of the local chemical com-
position by atom probe tomography

— C 10: Deformation behavior of multi-phase steels

— T 07: Liquid metal embrittlement by Zn in Mn-contain-
ing steels with significant austenite content

SFB 1232: From colored states to evolutionary structural
materials

— S02: Correlative study towards experimental valida-
tion of the high throughput methodology

SFB 1394: Structural and Chemical Atomic Complexity:
From Defect Phase Diagrams to Material Properties

— AO01: Solid solution effects on dislocation activity

— AO02: Atomistic simulations of dislocation processes

— AO06: Ab initio accuracy on large scales using ma-
chine learning

— BO1: Interfaces in Mg-Al-Ca alloys in dependence on
chemical composition and temperature

— BO04: Corrosion of Mg alloys and intermetallics

— BO06: Fracture of complex intermetallic phases: influ-
ence of temperature

— CO1: Multiphysics description of Mg composites at
the grain scale

— CO05: Ab initio thermodynamics of defect phases

SFB/ TRR 188: Damage Controlled Forming Processes

— BO03: Position resolved damage nucleation and
growth at the microstructure length scale

TRR 103: From Atoms to Trubine Blades — A Scientific
Approach for Developing the Next Generation of Single
Crystal Superalloys

— AO04: Investigation of the local alloy composition by
atom probe tomography

TRR 270: HoMMage - Hysteresis design of magnetic
materials for efficient energy conversion: HoMMage

Priority programmes

SPP 1239: Modification of Microstructure and Shape
of Solid Materials by External Magnetic Fields: Ab initio
investigation of temperature dependent effects in mag-
netic shape memory Heusler alloys

SPP 1568: Design and Generic Principles of Self-healing
Materials

— Towards self-healing metals by employing optimal-
ly-dispersed Ti-Ni Shape-memory nano-particles

SPP 1594: Topological Engineering of Ultra-Strong Glasses

— Quantum mechanically guided design of ultra-strong
and damage-tolerant glasses

SPP 1613: Regeneratively Produced Fuels by Light Driven
Water Splitting: Investigation of Involved Elementary Pro-
cesses and Perspectives of Technologic Implementation

— Metal oxide nanostructures for electrochemical and
photoelectrochemical water splitting

SPP 1713: Strong Coupling of Thermo-Chemical and
Thermo-Mechanical States in Applied Materials

— Evolution of strengthening phases under in-service
stresses and temperatures: phase-field and experi-
mental study

— Mechano-chemical coupling during precipitate for-
mation in Al-based alloys

— Phase-field-based chemomechanical models for
phase transitions and dislocation-microstructure
interaction in metallic alloys with application to
kappa-carbides

— Thermo-chemo-mechanical coupling during thermo-
mechanical processing of microalloyed steels

SPP 1839: Tailored Disorder - A science- and engineer-
ing-based approach to materials design for advanced
photonic applications: Broadband reflecting fibers with
tailored structures inspired by desert ants

SPP 1959: Manipulation of matter controlled by electric
and magnetic fields: Towards novel synthesis and pro-
cessing routes of inorganic materials

— Electro-plasticity in Al-Cu eutectic alloys

— Micromechanisms of the electro-plastic effect in
magnesium alloys investigated by means of electron
microscopy



SPP 2006: Compositionally Complex Alloys — High
Entropy Alloys (CCA — HEA)

— MarioCCArt - Mechanical properties and hydrogen
tolerance of particle-reinforced CCA produced by
additive manufacturing

— MULTI TRIP CCA-s — Design and mechanical
properties of compositionally complex alloys from
twinning-induced towards bidirectional transforma-
tion-induced plasticity

— PaCCman - Particle-strengthened Compositionally
Complex Alloys - interlinking powder synthesis,
additive manufacturing, microstructure evolution and
deformation mechanisms

— Tailored precipitation (B2, L2,) strengthened, com-
positionally complex FeAICr (Mn, Co, Ni, Ti) alloys for
high temperature applications

FOR 1700: Metallic Nanowires on the Atomic Scale: Elec-
tronic and Vibrational Coupling in Real World Systems

DFG research grants

Ab initio based calculation of the stability of selected
TCP precipitates in steels: Temperature and interface
effects

Ab initio determination of free energies and derived
properties (heat capacities, vacancies, solvus boundar-
ies) for selected Al alloys containing Si, Mg and Cu

Additive Manufacturing - Precipitation kinetics during
non-linear heat treatment in Laser Additive Manufactur-

ing

AHEAD - Analysis of the Stability of High Entropy Alloys
by Dewetting of Thin Films

Automated analysis and validation of interatomic poten-
tials for application in Materials Science

Can high strength and moderate ductility be combined in
wear resistant coatings? A fundamental plasticity study
of X,BC nanolaminates (X=Hf, MO)

Characterization and modeling of the interplay between
grain boundaries and heterogeneous plasticity in titanium

Consistent physically-based modeling of dynamic re-
crystallization under hot working conditions

CORRKEST - Correlative Characterization of co-evapo-
rated CU,ZnSnSe,- thin films

Correlation of growth, structure, optical and electronic
properties of novel Nb,0,(OH) and NB,O, nanostructures

C-Tram - Atomic scale redistribution of carbon during the
transformation from austenite to martensite in steels

MAX-PLANCK-INSTITUT
FUR EISENFORSCHUNG GmbH

Diffusion in high entropy alloys: Development and appli-
cation of an experiment-ab initio approach

Elementary mechanisms of tribologically-induced oxida-
tion in copper

Exploring Multinary Nanoparticles by Combinatorial Sput-
tering into lonic Liquids and Advanced Transmission

Electron Microscopy

Fracture initiation in FCC and BCC metals during
tribology

From interatomic potentials to phase diagrams: Integrat-
ed tools for validation and fitting

Hydrogen-microstructure interactions in iron-based al-
loys at small scales: from amorphous, via nanocrystals,
to polycrystals

MAGIKID - Magnetism in iron alloys: thermodynamics,
kinetics and defects

Metallic glasses - Structure, phase formation and prop-
erties of metallic glasses manipulated by electric current

Mxene — Mxene-based energy materials guided by 3D
Atomic-Resolution Tomography

RE-MAP - Rare-earth based alloys for hard-magnetic ap-
plications: Temperature and pressure dependent phase
stabilities

Spektralmethoden / KugelRVE - Spectral methods for
spherical representative volume elements

Structure, phase formation and properties of metallic
glasses manipulated by electric current

Study of grain-boundary-dislocation interactions by
advanced in situ pLaue diffraction

XMicroFatigue - X-ray Laue Microscopy to Understand
Fatigue Damage

DFG cluster of excellence

Stability of electrode materials in an electrochemical
environment”, DFG Cluster of Excellence 1069 RESOLV
(Ruhr Explores Solvation)

DFG competition on international research
marketing

Coffee with Max Planck: Research Opportunities at the
MPIE
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Max Planck Society

Combinatorial design of novel rare-earth free, high-en-
tropy based permanent magnets

Designing Damage Tolerant Functional Oxide Nanostruc-
tures: Damage Tolerance Studies on Barium Titanate at
Small Length Scales

Environmental Degradation of High-Temperature Materi-
als in Service Conditions

International Max Planck Research School for Interface
Controlled Materials for Energy Conversion IMPRS Sur-
Mat (IMPRS - SurMat)

MaxNet BiGmax - Max Planck Research Network on
big-data-driven material science

BiGmax project: Investigation of deep learning-based
approaches to solve partial differential equations in
mechanical equilibrium problems

Max Planck Fellow Group Electrochemistry & Nanoscale
Materials (Kristina Tschulik)

International

European Union

ERC (European Research Council)

GB-CORRELATE - Correlating the State and Properties of
Grain Boundaries

SHINE - Seeing hydrogen in matter

TIME-BRIDGE - Time-scale bridging potentials for realis-
tic molecular dynamics simulations-TIME-BRIDGE

Marie Sktodowska-Curie Actions

smartCC - Designing novel smart sensor interfaces
based on a biologically abundant peptide motif

FP-RESOMUS - Fellowship Program of the NCCR MUST
(National Competence Center for Research in Molecural
Ultrafast Science and Technology) and the Cluster of
Excellence RESOLV-FP-RESOMUS

Collaborative projects

ADVANCE - Sophisticated experiments and optimisation
to advance an existing CALPHAD database for next
generation TiAl alloys

Max Planck Fellow Group Self-Reporting Materials
(Jochen Schneider)

Microstructure Design of High-Performance Materials
for Harsh Energy Applications

Stress and defects driven phase transformations

Helmholtz

Helmholtz school for data science in life, earth, and
energy (HDS-LEE)

Machine Learning Enhanced Multi-Scale Modeling of Ice
Deformation and Melting

Leibniz Association

CarMON - New Carbon-Metal Oxide Nanohybrids for
Efficient Energy Storage and Water Desalination

FORGE - Development of novel and cost-effective coat-
ings for high-energy processing applications

H2Free - Investigation and modelling of hydrogen
effusion in electrochemically plated ultra-high-strength-
steels used for landing gear structures

UltimateGaN - Technologies for novel power electronics
and radar applications; Subproject: Identification of
degradation and failure mechanisms and optimisation of
novel nitide-based power electronics devices by ab initio
simulations

RFCS (Research Fund for Coal and Steel)
DELIGHTED - Design of Lightweight Steels for Industrial
Applications

HYDRO-REAL - Hydrogen Interaction with Retained Aus-
tenite Under Static and Cyclic Loading Conditions

MicroCorr - Improving steel product durability through
alloy coating microstructure

MuSTMeF - Multi Scale Simulation Techniques for Metal
Forming



FFG (Austrian Research Promotion Agency)

Fundamentals and tools for integrated computational
modeling and experimental characterization of materials
in the atomic to micrometer scale range”, Project A1.23
(COMET Il) / Project P1.1 (COMET Ill)

FWO - Fonds Wetenschapelijk Onderzoek

PredictCor - Knowledge and technology platform for pre-
diction of durability and lifetime of organic coated metals
under long-term environmental corrosion

MAX-PLANCK-INSTITUT
FUR EISENFORSCHUNG GmbH

M2i
DENS - Digitally Enhanced New Steel Product Develop-
ment
— T170190 “Full field simulation of Dynamic Recrystal-

lization”
— T17019e “Multi-field RVE simulation”

NWO (Dutch Research Council)

Systematic simulation of high-entropy alloys
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Collaboration with national and international universities

and research institutes

National
Fraunhofer (3
Helmhaltz (3)
Lelbniz (4)
Max Planck (6)
Other (10)
Universities

Brandenburgische Technische Universitét
Cottbus-Senftenberg

Bergische Universitat Wuppertal
Friedrich-Alexander-Universitat Erlangen-Niirnberg
Heinrich-Heine-Universitét Diisseldorf

Karlsruher Institut fiir Technologie - KIT
Ludwig-Maximilians-Universitat
Otto-von-Guericke-Universitdt Magdeburg
Ruhr-Universitdt Bochum

RWTH Aachen

Technische Universitat Bergakademie Freiberg

Technische Universitat Clausthal

Research institutes

Accesse. V.

Bundesanstalt fiir Materialforschung und -priifung
(BAM), Berlin

Deutsche Akademie der Naturforscher Leopoldina, Halle
Deutsches Zentrum fiir Luft- und Raumfahrt (DLR), Bonn

fem Forschungsinstitut Edelmetalle + Metallchemie,
Schwabisch Gmiind

Forschungszentrum Jiilich GmbH

Universities (22}

Technische Universitat Darmstadt
Technische Universitat Miinchen
Universitat Bayreuth

Universitat Bielefeld

Universitat Bremen

Universitat Duisburg-Essen
Universitat Konstanz

Universitat Paderborn

Universitat Siegen

Universitat Stuttgart

Westfalische Wilhelms-Universitat Miinster

Institut fir Angewandte Informatik e.V. (InfAl), Leipzig

Institut fir Energie- und Umwelttechnik e.V. (IUTA),
Duisburg

Fraunhofer Institut fir Lasertechnik (ILT), Aachen

Fraunhofer Institut fir Werkstoffmechanik (IWM),
Freiburg

Fraunhofer-Institut fiir Werkstoff- und Strahltechnik
(IWS), Dresden



Fritz-Haber-Institut der Max-Planck-Gesellschaft, Berlin

Helmholtz-Institut Erlangen-Nirnberg (HI ERN) fiir
Erneuerbare Energien, Erlangen

Helmholtz-Zentrum Berlin (HZB) fiir Materialien und
Energie, Berlin

Helmholtz-Zentrum Hereon: Institut fiir Werkstoffphysik,
Geesthacht

Leibniz-Institut fiir Festkorper- und Werkstoffforschung
(IFW), Dresden

Leibniz-Institut fiir Neue Materialien (INM), Saarbriicken

Leibniz-Institut fir Plasmaforschung und Technologie
eV. (INP), Greifswald

International

MAX-PLANCK-INSTITUT
FUR EISENFORSCHUNG GmbH

Leibniz Institut fir Werkstofforientierte Technologien
(IWT), Bremen

Max-Planck-Institut fiir Chemische Physik fester Stoffe,
Dresden

Max-Planck-Institut fiir Festkorperforschung, Stuttgart
Max-Planck-Institut fir Intelligente Systeme, Stuttgart
Max-Planck-Institut fiir Kohlenforschung
Max-Planck-Institut fiir Chemische Energiekonversion

VDEh-Betriebsforschungsinstitut GmbH (BFI), Dissel-
dorf

Zentrum fiir Brennstoffzellen-Technik GmbH, Duisburg

Singapore (1)

Nerway (1) Poland (1) Switzerlan

Canada (1)

Slovenia (2)
Belgium ()
UK (3)
The Metherlands (3)
Austria (3)
Russia (4)

Japan (4)

india (4)

Universities

Aix-Marseille University, France

Beijing Institute of Technology, China

Belgorod State University, Russia

Brown University, Providence, Rhode Island, USA
Central South University, Changsha, China
Charles University Prague, Czech Republic
Clemson University, South Carolina, USA

Delft University of Technology, The Netherlands
Ecole Polytechnique, France

Hasselt University, Belgium

Hokkaido University of Science, Sapporo, Japan

Imperial College London, UK

USA (14)

France (8)

South Korea (5)

China (4)

Czech Republic (4)

Indian Institute of Technology Bombay, India

Indian Institute of Technology Chennai, India

Indian Institute of Technology Madras, India

Kangwon National University, Chuncheon, South Korea
Katholieke Universiteit Leuven, Belgium

Korea University, Seoul, South Korea

KTH Royal Institute of Technology, Stockholm, Sweden
Leiden University, The Netherlands

Linkoping University, Sweden

MINES ParisTech, PSL - Research University, France
Montanuniversitédt Leoben, Austria

National University of Science and Technology (MISIS),
Moscow, Russia
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North Carolina State University, Raleigh, North Carolina,
USA

Northwestern University, lllinois, USA

Norwegian University of Science and Technology
(NTNU), Trondheim, Norway

Silesian University of Technology, Gliwice, Poland

Singapore University of Technology and Design,
Singapore

Southern University of Science and Technology,
Shenzhen, China

Tampere University, Finland
Technical University Eindhoven, The Netherlands
Technical University Liberec, Czech Republic

Tongji University, Shanghai, China

Research institutes

Academy of Sciences of the Czech Republic, Brno, Czech
Republic

Austrian Academy of Sciences, Leoben, Austria
CEA Saclay, Paris, France

Centre de Mise en Forme des Matériaux (CEMEF), Nice,
France

Centre National de la Recherche Scientifique (CNRS):
Office National d'Etudes et de Recherches Aérospatiales
(ONERA), Chétillon, France

Council of Scientific and Industrial Research, National
Metallurgical Laboratory (CSIR-NML), Burmamines,
Jamshedpur, India

Empa — The Swiss Federal Laboratories for Materials
Science and Technology, Thun, Switzerland

Institut de Physique et Chimie de Matériaux de Stras-
bourg, France

Institute for Metals and Technology (IMT), Ljubljana,
Slovenia

Institute of Quantum Materials Science, Yekaterinburg,
Russia

Jozef Stefan Institute, Ljubljana, Slovenia

Université Sorbonne Paris Nord, France

University of British Columbia, Vancouver, Canada
University of California, Berkeley, California, USA
University of California. Santa Barbara, California, USA
University of California, Los Angeles, California, USA
University of Florida, Gainesville, USA

University of Illinois, USA

University of Manchester, UK

University of Oxford, UK

University of Ulsan, South Korea

University of Vienna, Austria

University of West Bohemia, Pilsen, Czech Republic

UNSW Sydney, Australia

Korea Advanced Institute of Science and Technology
(KAIST), Daejeon, South Korea

Korea Institute for Industrial Technology, Busan, South
Korea

Lawrence Berkeley National Laboratory: Molecular
Foundry, National Center for Electron Microscopy,
Berkeley, USA

Lawrence Livermore National Laboratory, Livermore, CA,
USA

Los Alamos National Laboratory, New Mexico, USA

Massachusetts Institute of Technology (MIT), Cam-
bridge, Massachusetts, USA

National Institute for Materials Science (NIMS), Tsukuba,
Japan

National Institute of Advanced Industrial Science and
Technology (AIST), Tokyo, Japan

Oak Ridge National Laboratory, Oak Ridge, Tennessee,
USA

Skolkovo Institute of Science and Technology, Moscow,
Russia

Technion - Israel Institute of Technology, Haifa, Israel

Tokyo Institute of Technology, Japan
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Collaborating industrial partners and patents

National

BMW Group AG

Deloro Wear Solutions GmbH

DHS - Dillinger Hiitte Saarstahl AG

Dr. Kochanek Entwicklungsgesellschaft

Freudenberg Sealing Technologies, Freudenberg FST
GmbH

Heraeus Deutschland GmbH & Co. KG
Infineon Technologies AG

Innovationsgesellschaft fiir fortgeschrittene
Produktionssysteme GmbH (inpro)

KSB Stiftung
Leistritz Turbinentechnik GmbH

Materials Science International Services GmbH (MSI)

International

AMAG Austria Metall GmbH, Austria
Alemnis, Switzerland

Denso Corporation KK, Japan

ELHCO - Electroless Hard Coat S.A., Spain
Exaddon AG, Switzerland

Infineon Technologies Austria AG, Austria
JFE Steel Corporation, Japan

KAl Kompetenzzentrum Automobil- und Industrieelek-
tronik GmbH, Austria

MTU Aero Engines AG

Otto Junker GmbH

point electronic GmbH

Robert Bosch GmbH

Rolls-Royce Deutschland Ltd & Co KG
Salzgitter Mannesmann Forschung GmbH
Schott AG

Siemens AG

Speira GmbH, Research & Development
thyssenkrupp Steel Europe AG

VDM Metals International GmbH, Research and
Development

Volkswagen AG

Kobe Steel, Ltd., Japan

Materials Center Leoben Forschungs GmbH, Austria
Rolls-Royce Motor Cars Ltd, England

Sandvik Coromant R&D, Sweden

Tata Steel Nederland Technology BV, The Netherlands
Thermo-Calc Software AB, Sweden

Vallourec Research Center France, France

Wartsila Finland Oy, Finland

Winterthur Gas & Diesel Ltd, Switzerland
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Patents

Patents issued in the given time schedule

Date of Issue

Description

Inventors

utility patent

from August 18, 2016,
prolongated August 31,2019
until August 2022

Multi purpose method cell
(20 2016 104 543.6)

Kerger, Philip
Rohwerder, Michael

January 28, 2020
June 06, 2021

Process for recycling of noble metals
USA 15/771,500
EP 3368698

Mayrhofer, Karl
Hodnik, Nejc
Baldizzone, Claudio

Patents filed in the given time schedule

Date of Pending

Description

Inventors

October 9, 2018

Temperature Measurement for a High Tempera-
ture Micro-deformation Device
(EP 18199374.2)

Arigela, Viswanath Gowtham
Kirchlechner, Christoph
Gonzalez, lwan

Kélling, Michael

Patents - overview

Date of issue

Description

Inventors

June 05,2015

Korrosionsbestindiger TWIP-Stahl
(JP 2011-553279.)

Weber, Sebastian
Mujica Roncery, Lais

June 07,2018

Fabrication of nanoporous carbide membranes
Joint invention with Universitat Politecnica de
Catalunya

(EP 2 664 683)

Renner, Frank
Duarte-Correa, Maria Jazmin
Lengsfeld, Julia

Bruna, Pere, Barcelona Tech

March 03,2016

Nanoelektroden-Partikelfalle fiir empfind-liche
spektroskopische und elektronische Analyse
Joint invention with Academia Sinica Taipe, who
is apllicant

(TW1490487)

Erbe, Andreas

Chia-Fu Chu

Ming-Li Chu

Leonardo Lesser-Rojas, all
Academia Sinica, Taipe

January 8,2015

Schichtsystem zum Korrosiosschutz ASKORR
Joint invention with MPI fiir Polymerforschung
and Fraunhofer Gesellschaft

(DE 10 2012 209 761.9)

Rohwerder, Michael
Vimalanandan, Ashokanand
Tran, The Hai

Landfester, K.
Crespy, D.

Fickert, J., MPI fiir
Polymerfoschung

October 25,2016
QOctober 27,2015

Process for recycling of noble metals
(DE 102015118279.3)
(PCT/ DE2016/ 100498; EP 3 368 698)

Mayrhofer, Karl
Hodnik, Nejc
Baldizzone, Claudio

January 31,2013
May 19, 2009

Hochfester C-Stahl mit Superplastizitat
Joint invention with Daimler Chrysler
(DE 10 2005 027 258.4)

(US 7.534314B2)

Frommeyer, Georg

Gerick, Arndt

Haug, Tilmann,
Kleinekathofer, Wolfgang, all
DaimlerChrysler AG
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Conferences, symposia and meetings organized

by the institute

2018 (not included in the Scientific Report
2016 - 2018)

L. Stephenson co-organized and chaired a session at the
“International Microscopy Conference (IMC)”, Sydney
(Australia), 09 - 14 Sep 2018

L. Stephenson co-organized the “European Atom Probe
Workshop (EAPW)" at the MPIE, Diisseldorf (Germany),
07 - 09 Nov 2018

2019

F. Stein organized the “International Workshop on Laves
Phases” at the MPIE, Diisseldorf (Germany), 14 - 15 Jan
2019

S. Brinckmann, G. Dehm, and C. Scheu organized the Sym-
posium “Mechanics Meets Energy 2019” in Cuxhafen
(Germany), 21 - 25 Jan 2019

F. Stein and M. Palm co-organized the “3'4 MSIT Winter
School on Materials Chemistry” at Ringberg Castle,
Kreuth (Germany), 03 - 06 Mar 2019

F. K6rmann co-organized the Topical Session “High
entropy and compositionally complex alloys” at the DPG
Spring Meeting 2019 in Regensburg (Germany), 01 - 05
Apr 2019

C. Liebscher, F. Kbrmann, B. Grabowski, and S. Divinski
organized the symposium “High entropy and composi-
tionally complex alloys” at the DPG Spring Meeting 2019
in Regensburg (Germany), 01 - 05 Apr 2019

J. Neugebauer co-organized the Topical Session “Sym-
posium “Big data analysis in Materials Science” at the
DPG Spring Meeting 2019 in Regensburg (Germany), 01
Mar - 05 Apr 2019

B. Gault was the IFES (International Field Emission
Society) Chair for “Microscopy & Microanalysis 2019” in
Portland, OR (USA), 04 - 08 Aug 2019

G. Dehm co-organized the symposium “Metals, Alloys
and Intermetallics” at the Microscopy Conference
MC2019, Berlin (Germany), 01 - 05 Sep 2019

F. K6rmann co-organized the workshop “Conference on
Theory of Complex Disorder in Materials” at the Linkdping
University, Linkdping, (Sweden), 16 - 18 Sep 2019

M. Palm and F. Stein co-organized the international con-
ference “Intermetallics 2019” at the Educational Center
Kloster Banz, Bad Staffelstein (Germany), 30 Sep - 04
Oct 2019

G. Dehm, C. Liebscher, C. Scheu, and B. Vilker organized
the ,International Workshop on Advanced In Situ Mi-
croscopies of Functional Nanomaterials and Devices -
IAMNano 2019” at MPIE, Disseldorf (Germany), 27 - 30
Oct 2019

B. Gault, T. Schwarz, and L. Gomell co-organized the
“NRW Atom probe user meeting” at the MPIE, Diisseldorf
(Germany), 07 Nov 2019

M. Rohwerder organized the 9" GFKORR Work Group
Meeting ,Korrosionsuntersuchung und Uberwachung”
and the 8" GfFKORR Work Group Meeting “Grundlagen
und Simulation” at the MPIE, Disseldorf (Germany), 21
Nov 2019

2020

S. Brinckmann, G. Dehm, and C. Scheu organized the
Symposium “Mechanics Meets Energy 2020” in Lingen
(Germany), 13- 17 Jan 2020

G. Dehm, C. Kirchlechner, and U. Hangen organized the
“Nanobriicken 2020: A Nanomechanical Testing Confer-
ence”, Disseldorf (Germany), 04 - 06 Feb 2020

F. Stein and M.Palm co-organized the “4" MSIT Winter
School on Materials Chemistry” at Ringberg Castle,
Kreuth (Germany), 16 - 20 Feb 2020

J. Janssen, S. Surendralal, J. Neugebauer, Y. Lysogorskiy,
and R. Drautz, organized the pyiron Virtual Workshop
“Workflows for atomistic simulations”, Diisseldorf (Ger-
many), 15- 17 Apr 2020

M. Ashton, M. Todorova, J. Neugebauer, organized the
Workshop , Electrically triggered reactions at interfaces —
from ab initio to the multiscale”, Schloss Ringberg (Germa-
ny), 26 — 29. Apr 2020. Cancelled due to COVID-19.

A. A. El-Zoka, co-chaired the sessions “L04-Metal
Organic Frameworks” and “L04-Nanoporous Materials
by Dealloying” at the 237t ECS Meeting within the 18t
International Meeting on Chemical Sensors, Sensors,
held online, 30 May - 03 Jun 2020

D. Raabe, J. Neugebauer, M. Kiihbach, C. Freysoldt, B.
Gault, and C. Liebscher organized the online ,BiGmax
Workshop 2020 on Big-Data-Driven Materials Science”,
held online, 15-16 Jun 2020

B. Gault, T. Schwarz, and L. Gomell co-organized the
“NRW Atom probe user meeting” at the MPIE Diisseldorf
(Germany), 23 June 2020

L. Abdellaoui organized the “1st Virtual Thermoelectric
Conference 2020” (VCT 2020), 21 - 23 July 2020

%2]
—
[}
=
n
=
(9}
(%)




MAX-PLANCK-INSTITUT
FUR EISENFORSCHUNG GmbH

n
.2
=
2
=

©
&
n

C.Scheu co-organized the “International Seminar Series
on the Microstructure of Materials”, held online, 10 Sep
2022

M.J. Duarte, M. Herbig, J. Sietsma, and R. Petrov orga-
nized the symposium “Material Response to Complex
Mechanical and Chemical Loading” at the MSE 2020
conference, held online, 22 - 25 Sep 2020

M. Herbig organized the symposium “Material Response
to Complex Mechanical and Chemical Loading” at the
MSE 2020 conference, held online, 22 - 25 Sep 2020

L. Huber co-organized the symposium “Predicting Inter-
face Structure and Dynamics” at the Materials Science
and Engineering (MSE) Congress, held online, Darmstadt
(Germany), 22 - 25 Sep 2020

C. Liebscher, C. Kiibel, and P. van Aken organized the sym-
posium "Advanced Transmission Electron Microscopy
for Materials Science” at the MSE 2020 conference, held
onling, 22 - 25 September 2020

F. Stein and M. Palm organized the International Confer-
ence “TOFA 2020 - 17th Discussion Meeting on Thermo-
dynamics of Alloys” at the Educational Center Kloster

Banz, Bad Staffelstein (Germany), 28 Sept - 03 Oct 2020

T. Hickel, J. Neugebauer, R. Drautz, and F. Soisson
organized the “Ab initio Description of Iron and Steel
(ADIS2020)" Workshop “Diffusion and Precipitation”,
Schloss Ringberg (Germany), held online, 02 - 05 Nov
2020

R. Otis, J. Janssen, T. Hickel, J. Neugebauer, B. Bocklund,
and Z.K.Liu organized the Workshop “Software Tools
from Atomistics to Phase Diagrams”, held online, 10 - 11
Nov 2020

2021

M. Todorova and N. Hérmann, organized the mini-Sympo-
sium “Electrified Solid - Liquid interfaces” at the Online

Spring Meeting of the Surface Science Division of the
German Physical Society (DPG), 01 — 04 Mar 2021

Y. Lysogorskiy, R. Drautz, S. Surendralal, J. JanB8en, and
J. Neugebauer, organized the Workshop “Workflows for
Atomistic Simulations”, held online, 10 — 12 Mar 2021

S. Antonov co-organized the “Defect and Phase Trans-
formation Pathway Engineering for Desired Microstruc-
tures” at TMS 2021 Annual Meeting, held online, 15 - 18
Mar 2021

G. Dehm, C. Gammer, Sang Ho Oh, and K.Y. Xie organized
the symposium “In-situ mechanical testing of materials
at small length scales, modelling and data analysis” at
the 2021 MRS Virtual Spring Meeting, held online, 17 - 23
Apr 2021

B. Gault and L. Gomell co-organized the” NRW Atom
probe user meeting” at the MPIE, Dusseldorf (Germany)
28-29 Apr 2021

M.J. Duarte, M. Cordill, and M.T. Lin organized the sympo-
sium “Mechanical Properties and Adhesion” at the 47t
International Conference on Metallurgical Coatings &
Thin Films (ICMCTF 2020), held online, 26 - 30 Apr 2021

F. Stein and M.Palm co-organized the “5t MSIT Winter
School on Materials Chemistry”, held online, 02 - 06 May
2021

C. Freysoldt, C. Liebscher, and R. Ernstorfer organized the
online BiGmax summer school “Harnessing big data in
materials science from theory to experiment”, 13 - 17
Sep 2021

M. Palm and F. Stein co-organized the international
conference “Intermetallics 2021” at the Educational
Center Kloster Banz, Bad Staffelstein (Germany), 04 - 08
Oct 2021

M. Rohwerder co-organized the “C03 - Corrosion Mecha-
nisms and Methods” symposium at the 240" Meeting of
the ECS, held online, 10 - 14 Oct 2021
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Institute colloquia and invited seminar talks

2019

Liang Gao, Max Planck Institute for Plasma Physics, Mu-
nich, Germany: Interaction of Deuterium Plasma with
Tungsten: With Focus on Hydrogen-Induced Damage (03
Jan 2019)

Stefan Pogatscher, Montanuniversitat Leoben, Leoben,
Austria: Phase Transitions in Non-Equilibrium Metallic
Systems (18 Jan 2019)

Andrea Brognara, Politecnico di Milano, Milan, Italy: Syn-
thesis and Integration of Nanostructured TiO, Films with
Plasmonic Au Nanoparticles (18 Jan 2019)

Felix Gunkel, Institute of Electronic Materials, RWTH
Aachen University, Aachen, Germany and Peter Gruen-
berg Institut (PGI-7) — Forschungszentrum Jiilich, Jilich,
Germany: Nanoscale Thermodynamics at Complex Ox-
ide Surfaces and Interfaces for Application in Electron-
ics, Sensing, and Energy Conversion (31 Jan 2019)

Minoru Otani, National Institute of Advanced Industrial
Science and Technology (AIST), Tsukuba, Japan: Theoret-
ical Description of the Equilibrium Potential of an Electro-
chemical Reaction on a Metal Electrode (05 Feb 2019)

Timon Rabczuk, Bauhaus University Weimar, Weimar,
Germany: Computational Modeling of Moving Boundary
Problems (07 Feb 2019)

Bianca Maria Colosimo, Politecnico di Milano, Milan, Italy:
In-situ Sensing and Monitoring of Metal Additive Manu-
facturing Processes (11 Feb 2019)

Jean-Sébastien Micha, European Synchrotron Radia-
tion Facilities (CEA-INAC: CRG-IF at BM32), Grenoble,
France: Facilities and Capabilities of French CRG-IF
BM32 Beamline to Study Materials (11 Feb 2019)

Stéphane Berbenni, Vincent Taupin, Université de Lor-
raine, Metz, France: A Micromechanical Approach Based
on Fourier Transforms and Continuum Dislocation
Mechanics to Simulate Grain Size Effects in Polycrystals
(18 Mar 2019)

Antoine Guitton, Université de Lorraine, Metz, France:
Accurate Electron Channeling Contrast Imaging (aECCI):
A Powerful Tool for Understanding the Fundamental
Deformation Mechanisms of Materials (18 Mar 2019)

Sang Ho Oh, Sungkyunkwan University, Seoul, Republic
of Korea: TEM Studies on Materials with a Negative
Poisson’s Ratio (21 Mar 2019)

Claudia Felser, Max Planck Institute for Chemical Physics
of Solids, Dresden, Germany: The Heusler System (for
Thermoelectric Application): How You Can Use the
Periodic Table as a Lego Box to Build the States You Are
Interested in (9 Apr 2019, Colloquium)

Henry Ovri, Helmholtz Zentrum Geesthacht, Geesthacht,
Germany: Nanoindentation Based Investigations of PLC-
type Plastic Instability (11 Apr 2019)

Gabi Schierning, Leibniz-Institut fir Festkorper- und
Werkstoffforschung Dresden, Dresden Germany: Making
Quantum Transport Visible in Thermoelectric Bi,Te,
Nanoparticles (24 Apr 2019)

Ondrej L. Krivanek, Nion R&D, Kirkland, WA, and Arizona
State University, Tempe, AZ, USA: Aberration-corrected
STEM and Ultra-high Energy Resolution EELS (6 May
2019)

Thomas D. Swinburne, CNRS, CINaM, Marseille, France:
Multiscale Materials Modelling using Sampling and
Statistical Mechanics (7 May 2019)

Christian Greiner, Karlsruhe Institute of Technology (KIT),
Karlsruhe, Germany: Deformation Mechanisms in Metals
under a Tribological Load (16 May 2019)

Jakob Schwiedrzik, Empa - Swiss Federal Laboratories
for Materials Science and Technology, Thun, Switzer-
land: Micromechanics of Bone: Fundamental Research
and Clinical Applications (17 May 2019)

Viet Anh Ha, Université catholique de Louvain (UCL), Lou-
vain-la-Neuve, Belgium: High throughput computing for
high mobility p-type transparent conducting materials
(22 May 2019)

Natasha Stephens, Plymouth Electron Microscopy
Centre, University of Plymouth, UK: Exploring the Solar
System; From the Nano to Astronomical Scale (4 June
2019, Colloquium)

Aleksandar Zeradjanin, Universitat Bremen, Germany:
What is the trigger for hydrogen evolution reaction? (5
June 2019)

Umit Giider, Ganakkale Onsekiz Mart University, Turkey:
History of Iron Metallurgy in Anatolia (24 June 2019)

Ivan Kaban, Leibniz-Institut fiir Festkorper- und Werkst-

offforschung Dresden, Dresden Germany: Experimental
studies of phase formation and microstructure develop-
ment upon non-equilibrium solidification (28 June 2019)

Moritz to Baben, GTT-Technologies, Aachen, Germany:
The High-Throughput Way from 0 K to Relevant Tem-
peratures to Enable the Circular Economy (2 July 2019)

Paul Coxon, University of Cambridge, Cambridge, UK: A
Sustainable Molten Salt Route for the Electro-extraction
and Electro-refining of Low-grade Ores to Yield High
Purity Titanium Powders (4 July 2019, Colloquium)

Dominik Noeger, Montanuniversitdt Leoben, Leoben,
Austria: Interaction of the H2 molecule with carbon nano-
structures: A DFT study (17 July 2019)
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Yolita Eggeler, University of California, Santa Barbara,
CF, USA: Using Analytical Electron Microscopy to Study
Microstructural Evolution and Its Effect on Structural &
Functional Properties (19 July 2019)

Bjérn Griining, University of Freiburg, Germany: Integra-
tive Data Analysis - Building Frameworks to Serve the
21t Century Data Science Problems (31 July 2019)

Hung-wei (Homer) Yen, National Taiwan University, Taipei,
Taiwan: Machine Learning Enabled Materials Design:
Low-Modulus Ti Alloys (22 Aug 2019)

Tobias Brink, EPFL - Ecole Polytechnique Fédérale de Lau-
sanne, Switzerland: Molecular Dynamics Simulations and
Beyond for Plasticity and Wear of Metals (27 Aug 2019)

Erik Bitzek, Friedrich-Alexander-Universitat Erlan-
gen-Nirnberg (FAU), Erlangen, Germany: Towards a
More Realistic Modeling of Defect-Defect Interactions
in Atomistic Simulations of Crystalline Materials (5 Sept
2019)

Binglun Yin, Ecole polytechnique fédérale de Lausanne,
Lausanne, Switzerland: Yield Strength and Misfit Vol-
umes of NiCoCr and Implications for Short-Range-Order
(18 Sept 2019)

Taher Saif, University of lllinois at Urbana-Champaign,
IL, USA: Lessons Learned from Nano Scale Specimens
Tested by MEMS Based Apparatus (24 Sept 2019)

John Wheeler, University of Liverpool, UK: Interactions of
Stress with Chemical Processes in Crystalline Materials
(26 Sept 2019, Colloquium)

Zi-Kui Liu, Pennsylvania State University, State College,
PA, USA: Where Do Thermodynamics and Transport
Kinetics Meet? (27 Sept 2019)

Uwe Glatzel, University of Bayreuth, Bayreuth, Germany:
Close Packed Phases in Nickel-Based Superalloys - In-
vestigation by Diffusion Multiples (30 Sept 2019)

Mehmet Acet, University of Duisburg-Essen, Duisburg,
Germany: Inducing Strong Magnetism in High-Entropy
Alloys by Exploiting Their Anti-Invar Properties (8 Oct

2019)

Dietmar Homberg, WIAS & Institut fir Mathematik, TU
Berlin, Germany: Mathematics for Steel Production and
Manufacturing (14 Oct 2019)

Benjamin Balke, Fraunhofer Research Institution for Ma-
terials Recycling and Resource Strategies IWKS, Hanau,
Germany: Designing Thermoelectric Highly Efficient Hf-
Free n- & p-type Heusler Compounds via Phase Separa-
tion and Nano-Composites (17 Oct 2019)

James P. Best, RWTH University Aachen: Multi-Scale De-
sign and Analyses of Advanced Materials: Experimental
Approaches (17 Oct 2019)

Peter Schweizer, Friedrich-Alexander-Universitat Erlan-
gen-Nirnberg (FAU), Erlangen, Germany: Manipulation
of Individual Defects in 2D and Layered Materials (18 Oct
2019)

Rajaprakash Ramachandramoorthy, EMPA, Thun, Swit-
zerland: Pushing the Boundaries of Micro and Nanome-
chanics (22 Oct 2019)

Nesma Aboulkhair, Centre for Additive Manufacturing
(CfAM), University of Nottingham, Nottingham, UK: An
Approach to Powder Feedstock Modification for in-situ
Alloying in Metal Additive Manufacture to Improve the
Processability of Difficult-to-Process Materials using
Carbon Nanotubes (31 Oct 2019)

Marco Simonelli, Centre for Additive Manufacturing
(CfAM), University of Nottingham, Nottingham, UK:
Development of Novel Titanium Alloys for Laser Powder
Bed Fusion (31 Oct 2019)

Masaaki Sugiyama, Osaka University, Japan: Use of
Focused lon Beam (FIB) Instruments for TEM Sample
Preparation and Standardization of FIB Processes (07
Nov 2019)

Michael Farle, University of Duisburg-Essen, Duisburg:
Novel Magnetic Functionalities in Classic Materials (11
Nov 2019, Colloquium)

Jiirgen Bér, Bundeswehr University Munich: Investigation
of Thermal Effects in Cyclic Loaded Metallic Materials
(20 Nov 2019)

Marvin Poul, University of Stuttgart, Stuttgart, Germany:
From Atom Probe Tomography to CALPHAD modeling:

Estimating T, from local concentration fluctuations (26
Nov 2019)

Szilvia Kalacska, Empa Swiss Federal Laboratories for
Materials Science and Technology, Thun, Switzerland:
Characterization of Plastically Deformed Metals by 3D
High Resolution Electron Backscatter Diffraction (HR-
EBSD) at the Micron Scale (11 Dec 2019)

2020

Michael W. Finnis, Imperial College London, London, UK:
Interactions of H with vacancies in Fe (15 Jan 2020)

Stefan Sandfeld, TU Bergakademie Freiberg, Freiberg,
Germany: Software solutions for micromechanical mate-
rials modeling (16 Jan 2020)

Nima H. Siboni, Technische Universitat Berlin, Berlin,
Germany: Non-Monotonic Rheology of a Magnetic Liquid
Crystal System in an External Field (16 Jan 2020)

Christian Silbermann, Technische Universitat Chemnitz,
Chemnitz, Germany: On the modeling of dislocation- and
deformation-induced plastic localization phenomena of
metallic materials (28 Jan 2020)

Motomichi Koyama, Tohoku University, Sendai, Japan:
Effects of Dislocation Planarity and Compositional Com-
plexity on Hydrogen Embrittlement of Austenitic Steels
(17 Feb 2020)

Louis Vanduyfhuys, University of Ghent, Ghent, Belgium:
Unraveling the thermodynamic conditions for negative
gas adsorption in soft porous crystals (17 Feb 2020)



Erik Bitzek, Friedrich-Alexander-Universitat Erlan-
gen-Nirnberg (FAU), Erlangen: Influence of Deforma-
tion-Induced Topological Anisotropy on Mechanical
Properties of Silica Glass: An Atomistic Study (18 Feb
2020)

Jeffrey Snyder, Northwestern University, Evanston, IL,
USA: Engineering Defects and Grain Boundaries in Ther-
moelectric Materials (21 Feb 2020, Colloquium)

Yang Bai, Technical University Darmstadt, Darmstadt,
Germany: Chemo-Mechanical Modeling of the Diffusion
and Fracture in Cathode Materials of Lithium-lon Batter-
ies (27 Feb 2020)

Giiven Kurtuldu, ETH Zurich, Zurich, Switzerland: Quas-
icrystal-Induced Nucleation Mechanism in Undercooled
Liquids (14 July 2020)

Hortense Le Ferrand, Nanyang Technological University,
Singapore: Bioinspired Multifunctional Structural Materi-
als (13 Aug 2020)

Ralf Drautz, ICAMS, Bochum, Germany: Atomic cluster
expansion for accurate and transferable interatomic
potentials (24 Aug 2020)

Megan Cordill, Eric Schmid Institute of Materials Science,
Leoben, Austria: Evaluating Electro-Mechanical Reliabili-
ty using in-situ Methods (27 Aug 2020)

Gaurav Mohanty, Tampere University, Tampere, Finland:
Reliable Extraction of Deformation Activation Parame-
ters from Transient and High Strain Rate Micromechani-
cal Tests (10 Sept 2020)

Stefan Pauliuk, University of Freiburg, Freiburg, Germany:
Sustainability Challenges in the Global Steel Cycle (21
Oct 2020)

Jean-Philippe Couzinié, Université Paris Est, Paris,
France: Insights into the Exploration of Refractory
High-Entropy Alloys: From the Design to the Deformation
Mechanisms of these Complex Materials (6 Nov 2020)

Vanessa Wood, ETH Zurich, Zurich, Switzerland: Volumet-
ric Imaging for Better Batteries (19 Nov 2020, Colloqui-
um)

Samuel Forest, Mines ParisTech, Paris, France: A Cos-
serat crystal plasticity and phase field approach to grain
boundary migration and recrystallization (1 Dec 2020,
Colloquium)

Maurine Montagnat, Institute of Geosciences of Environ-
ment, CNRS - University of Grenoble Alpes, and Centre
d’Etude de la Neige, Centre National de Recherches
Météorologiques — Météo-France, CNRS, Grenoble,
France: Inside a Deep Ice Core. From Small Scale Pro-
cesses to Large Scale Flow (2 Dec 2020)

Atsushi Togo, National Institute for Materials Science
(NIMS), Tsukuba, Japan: Tool development for phonon
calculations and applications (2 Dec 2020)

Norbert Kruse, Washington State University, Pullman, WA,
USA: Imaging and Chemical Probing of Catalytical Reac-
tions with Subnanometer Resolution (7 Dec 2020)

MAX-PLANCK-INSTITUT
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2021

Alan Aspuru-Guzik, University of Toronto, Toronto, Can-
ada: The Materials for Tomorrow, Today (11 Jan 2021,
Colloguium)

Hosni Idrissi, Ecole Polytechnique de Louvain, Louvain-
la-Neuve, Belgium: Stress Induced Grain Boundary Pro-
cesses in Metals and Minerals: New Insights from in-situ
TEM Nanomechanical Testing (14 Jan 2021)

Roland Verreet, Wire Rope Technology, Aachen, Germany:
Wire Ropes and Sustainability. An Overview by the Rope
Pope! (14 Jan 2021)

Markus Stricker, ICAMS, Bochum, Germany: Prismatic
Slip in Magnesium (18 Jan 2021)

Yansong Shen, University of New South Wales, Sydney,
Australia: Process Modeling of Reacting Flows and In-
dustry Applications: Recent Work of Hydrogen Injection
Processes in Ironmaking Blast Furnaces (21 Jan 2021)

Ben Britton, Imperial College London, UK: No Sexuality
Please, We're Scientists (22 Jan 2021)

Emilio Martinez-Pafieda, Imperial College London,
London, UK: Predictive Modelling of Hydrogen Assisted
Fracture (18 Feb 2021)

Benoit Merle, Friedrich-Alexander-Universitét Erlan-
gen-Nirnberg (FAU), Erlangen, Germany: Nanoinden-
tation at High Strain Rates: Challenges and Recent
Advances (23 Feb 2021)

Johannes Schenk, Montanuniversitat Leoben, Leoben,
Austria: Hydrogen Meets Future Steelmaking - Applied
Methods and Achieved Results for the Investigation of
the Kinetics of Iron Ore Reduction with Hydrogen at Mon-
tanuniversitat Leoben (24 Feb 2021, Colloquium)

Yong Zhu, North Carolina State University, Raleigh, NC,
USA: MEMS-based in-situ Nanomechanics of Crystalline
Nanowires (4 Mar 2021)

Bai-Xiang Xu, Technical University of Darmstadt, Darm-
stadt, Germany: Multiphysics Phase-Field Modeling and
Simulation of Advanced Materials and Processing (5 Mar
2021)

Di Wan, Norwegian University of Science and Technology
(NTNU), Trondheim, Norway: Hydrogen Effects on Metal-
lic Materials Studied via Small-Scale in-situ Techniques
(18 Mar 2021)

Shirley Meng, University of California San Diego, CF, USA:
From Atom to System - How to Enable the Tera-Scale
Energy Transition (25 Mar 2021, Colloquium)

Kathrin Greiff, RWTH Aachen University, Aachen, Germa-
ny: More than Recycling — Challenges & Potentials of the
Circular Economy in the Case of Metals (29 Mar 2021,
Colloquium)

Sho Hayakawa, University of Tennessee, Knoxville,
Tennessee, USA: Active learning and on-the-fly KMC (30
Mar 2021)

%2]
—
[}
=
n
=
(9}
(%)




MAX-PLANCK-INSTITUT
FUR EISENFORSCHUNG GmbH

n
.2
=
2
=

©
&
n

Lukas Stemper, Montanuniversitédt Leoben, Leoben,
Austria: Crossover Alloys — A New Approach for Future
Aluminum Alloys (7 Apr 2021)

Fabrice Patisson, Mines Nancy, University of Lorraine,
Nancy, France: Hydrogen Ironmaking: Kinetics and Mod-
eling of the Iron Ore Reduction (8 Apr 2021)

Walid Hetaba, Max Planck Institute for Chemical Energy
Conversion, Miilheim an der Ruhr: ChemiTEM - An Easy
to Use TEM for Chemistry and Material Science (19 Apr
2021)

Varatharaja Nallathambi, Indian Institute of Technology
Madras, Chennai, India: Phase Stability Studies and Eval-
uation of Thermal & Mechanical Properties of Entropy
Stabilized Transition Metal Oxides (21 Apr 2021)

Balila Nagamani Jaya, Indian Institute of Technology (IIT)
Bombay, India: Design and Applications of Length Scale
Compatible Fracture Test Geometries (10 May 2021)

Maria Ibafez, Institute of Science and Technology (IST)
of Austria, Klosterneuburg, Austria: Solution-Processed
Thermoelectric Materials: The Case of SnSe (10 May
2021)

Maryam Ghazisaeidi, Ohio State University, Columbus,
Ohio, USA: Multi-cell Monte Carlo Method for Phase
prediction (12 Mai 2021)

Rebecca Janisch, ICAMS, Bochum, Germany: Hydrogen
Enhanced Decohesion at Grain Boundaries - Insights
from ab-initio Calculations (27 May 2021)

Alejandro A. Franco, Université de Picardie Jules Verne,
Amiens, France: Digitalization of Battery Manufacturing
through Artificial Intelligence and Multiscale Modeling
(01 June 2027)

Napat Vajragupta, ICAMS, Bochum, Germany: Microme-
chanics of Large Deformations (10 June 2021)

Rainer Abart, University of Vienna, Vienna, Austria:
Growth of Mg-Aluminate Spinel at MgO-Al,0, Contacts:
Experiment, Nature, and Some Theory (17 June 2021)

Fadi Aldakheel, Leibniz University Hannover, Hannover,
Germany: Global-Local Techniques for Adaptive Phase-
Field Fracture (17 June 2021)

Philip de Goey, Eindhoven University of Technology,
eindhoven, The Netherlands: Metal Energy Carriers:
Renewable Fuels of the Future (30 June 2021)

Ramin Bostanabad, University of California, Irvine, CA,
USA: Artificial Intelligence for Engineering Design and
Computational Mechanics (6 July 2021)

Daniel Sopu, Erich Schmid Institute of Materials Science,
Leoben, Austria: STZ Vortex Unit — The Key to Under-
stand and Control Shear Banding in Metallic Glasses (6
July 2021)

Veronica Augustyn, North Carolina State University,
Raleigh, NC, USA: Electrochemical Capacitance under
Confinement: Implications for Electrochemical Energy
Storage and Conversion (14 July 2021)

Olga Kasian, Helmholtz Zentrum Berlin, Berlin, Germany:
Electrochemistry in the Renewable Energy Cycle (27 July
2021)

Leopold Lahn, Helmholtz Zentrum Berlin, Berlin, Germa-
ny: Ir based alloys for energy conversion applications (27
July 2021)

Marc Ledendecker, TH Darmstadt, Darmstadt, Germany:
Design Strategies for Electrocatalyst Materials for the
Oxygen Reduction Reaction (27 July 2021)

Ferdinand Biere, DeepMetis, Berlin, Germany: Be Your
Own Boss — How to Found a Start Up (16 Aug 2021)

Yujiao Li, Ruhr-Universitdt Bochum, Bochum, Germany:
Accelerated Atomic-Scale Exploration of Phase Evolu-
tion in High-Entropy Alloys (17 Aug 2021)

Fabian Sewerin, Otto von Guericke University Magdeburg,
Magdeburg, Germany: Modelling the Combustion of
Metal Powders in Laminar and Turbulent Flames (20 Aug
2021)

Sha Liu, IMDEA Materials Institute, Madrid, Spain: First
principles prediction of Al and Mg alloys phase diagrams
(24 Aug 2021)

Sergei V. Kalinin, Center for Nanophase Materials Scienc-
es, Oak Ridge National Laboratory, Oak Ridge, TN, USA:
Realizing Physical Discovery in Imaging with Machine
Learning (2 Sep 2021)

Eugen Rabkin, Department of Materials Science and
Engineering, Technion, Haifa, Israel: Exploring the limits
of metal strength (13 Sep 2021)

Nidhin George Mathews, Metallurgical Engineering and
Materials Science Department, Indian Institute of Technol-
ogy Bombay, India: Guidelines on how best to do a mi-
cro-cantilever bending based fracture test (14 Sep 2021)

Rossitza Pentcheva, Faculty of Physics, Theoretical
Physics, University of Duisburg-Essen: Understanding
and Improving the Catalytic Activity of Transition Metal
Oxide Surfaces: Insights from DFT+U Calculations (23
Sep 2021)

Robert E. Sanders, Chongging University, Chongging,
People’s Republic of China: The Sustainability Challenge
for the Aluminum Industry (30 Sep 2021)

Torsten Brezesinski, Institute of Nanotechnology,
Karlsruhe Institute of Technology (KIT), Eggenstein-Leo-
poldshafen, Germany: Tailoring Layered Ni-rich Oxide
Cathode Materials for Solid-State Battery Applications
(1 Oct 2021)

Guillaume Stechmann, ArcelorMittal Global R&D - Steel-
making Process, Maiziéres-les-Metz, France: Machine

Learning for the Steel Industry: Behind the Buzzword (5
Oct 2021)

Robert E. Sanders, Chongging University, Chongqing,
People’s Republic of China: Aluminum Usage for Light
Vehicles and EV'’s Evolution and Challenges (7 Oct 2021)



Frank Renner, Hasselt University, Belgium: Looking Deep
into Li-lon Batteries: Advanced Characterization for New
Technologies (11 Oct 2021)

Robert E. Sanders, Chongging University, Chongging,
People’s Republic of China: Aluminum Alloy Aircraft
Products: Performance and Manufacturing Consider-
ations (21 Oct 2021)

Katayun Barmak, Columbia University, New York, USA: To-
wards a Predictive Theory of Grain Growth: Experiments
and Simulations (25 Oct 2021)

Jafar Safarian, Norwegian University of Science and
Technology (NTNU), Trondheim, Norway: Silicon Purifi-
cation through Metallurgical Processes for PV Silicon
Production (29 Oct 2021)

Andras Kovacs, Ernst Ruska-Centre for Microscopy
and Spectroscopy with Electrons, Forschungszentrum
Jilich: What Can We Learn from Magnetic Imaging in
TEM? (4 Nov 2021)

MAX-PLANCK-INSTITUT
FUR EISENFORSCHUNG GmbH

Jeffrey Bergthorson, McGill University, Montreal, Canada:
Metal Fuels for Zero-Carbon Heat and Power (8 Nov
2021)

William Chueh, Stanford University, CA, USA: Designing a
More Homogenous Battery: Emergent Electrochemical
Phenomena at the Mesoscale (9 Nov 2021)

Katie L. Moore, University of Manchester, UK: Localisa-
tion of Hydrogen and Deuterium in Metallurgical Sam-
ples with NanoSIMS (10 Nov 2021)

Wolfgang Zeier, University of Miinster & Helmholtz-Insti-
tute Miinster, Germany: Understanding (Effective) lonic
Transport in Solids and Solid-state Batteries (11 Nov
2021)

Gunther Richter, Max Planck Institute for Intelligent Sys-
tems, Stuttgart: In situ Transmission Electron Microsco-
py Observations of Co Nanowhiskers (11 Nov 2021)

Christopher Aiden-Lee Jackson, University of Manchester,
UK: What Does Race Have to Do with Science (1 Dec
2021)
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Lectures and teaching at universities

2018 (not included in the Scientific Report
2016 - 2018)

Dehm, G. Transmissionselektronenmikroskopie fiir Fort-
geschrittene. Ruhr-Universitat Bochum, WS 2018/2019

Dehm, G.; Scheu, C. Atomare Charakterisierung von
Werkstoffen. Heinrich-Heine Universitat Diisseldorf, WS
2018/2019

Liebscher, C. Transmissionselektronenmikroskopie fiir
Fortgeschrittene (Ubung). Ruhr-Universitdt Bochum, WS
2018/2019

Roters, F. Prozess- und Werkstoffsimulation. RWTH
Aachen, WS 2018/2019

Scheu, C. Electron Microscopy and Analytical Tech-
niques. RWTH Aachen, WS 2018/2019

2019

Dehm, G. Mechanische Eigenschaften in kleinen Dimen-
sionen. Ruhr-Universitat Bochum, SS 2019

Dehm, G. Transmissionselektronenmikroskopie fiir Fort-
geschrittene. Ruhr-Universitat Bochum, WS 2019/2020

Hickel, T. Introduction to Quantum Mechanics in
Solid-State Physics. Ruhr-Universitat Bochum, WS
2019/2020

Liebscher, C. Transmissionselektronenmikroskopie fiir
Fortgeschrittene (Ubung). Ruhr-Universitdt Bochum, WS
2019/2020

Neugebauer, J. Application and Implementation of Elec-
tronic Structure Methods. Ruhr-Universitat Bochum, WS
2019/2020

Raabe, D. Micromechanics of Materials. RWTH Aachen,
SS2019

Rohwerder, M. Surface Science and Corrosion. Ruhr-Uni-
versitat Bochum, WS 2019/2020

Roters, F. Prozess- und Werkstoffsimulation. RWTH
Aachen, WS 2019/2020

Scheu, C. Electron Microscopy and Analytical Tech-
niques. RWTH Aachen, WS 2019/2020

Scheu, C. Moderne Material- und Werkstoffcharakteris-
ierung: Vom Atom zum Bauteil. RWTH Aachen, SS 2019

Zaefferer, S. Lehrgang EBSD: Riickstreuelektronenbeu-
gung (EBSD) im REM. Fachhochschulzentrum (FHZ)
Miinster, March 2019

Zaefferer, S.; Hickel, T.; Song, W. Microstructures, Micros-
copy and Modelling. RWTH Aachen, SS 2019

2020

Dehm, G. Mechanische Eigenschaften in kleinen Dimen-
sionen. Ruhr-Universitat Bochum, SS 2020

Dehm, G. Transmissionselektronenmikroskopie fiir Fort-
geschrittene. Ruhr-Universitdat Bochum, WS 2020/2021

Dehm, G.; Scheu, C. Atomare Charakterisierung von
Werkstoffen. Heinrich-Heine Universitat Disseldorf, WS
2020/2021

Hickel, T. Introduction to Quantum Mechanics in
Solid-State Physics. Ruhr-Universitat Bochum, WS
2020/2021

Liebscher, C. Transmissionselektronenmikroskopie fiir
Fortgeschrittene (Ubung). Ruhr-Universitdat Bochum, WS
2020/2021

Neugebauer, J. Application and Implementation of Elec-
tronic Structure Methods. Ruhr-Universitat Bochum, WS
2020/2021

Neugebauer, J. Electronic Structure Methods. Ruhr-Uni-
versitdt Bochum, SurMat T3 Module Simulations and
Modelling Lecture, WS 2020/2021

Raabe, D. Micromechanics of Materials. RWTH Aachen,
SS 2020

Raabe, D. Sustainable Materials Science and Green Met-
allurgy. RWTH Aachen, SS 2020

Rohwerder, M. IMPRS-SurMat Lecture: Corrosion. Univer-
sity of Duisburg-Essen and Ruhr-Universitat Bochum, SS
2020

Rohwerder, M. Surface Science and Corrosion. Ruhr-Uni-
versitat Bochum, WS 2020/2021

Roters, F. Prozess- und Werkstoffsimulation. RWTH
Aachen, WS 2020/2021

Scheu, C. Electron Microscopy and Analytical Tech-
niques. RWTH Aachen, WS 2020/2021

Scheu, C. Moderne Material- und Werkstoffcharakteris-
ierung: Vom Atom zum Bauteil. RWTH Aachen, SS 2020

Springer, H. Allgemeine Werkstofftechnik. RWTH
Aachen, WS 2020/2021

Zaefferer, S. Fundamentals and practical aspects of
texture and microstructure measurements using EBSD-
based orientation microscopy and related techniques.
IIT Madras, India, Jan 2020

Zaefferer, S. Fundamentals and practical aspects of
texture and microstructure measurements using EBSD-
based orientation microscopy and related techniques.
MPIE Disseldorf, Feb and Mar 2020



Zaefferer, S.; Hickel, T.; Song, W. Microstructures, Micros-
copy and Modelling. RWTH Aachen, SS 2020

2021

Dehm, G. Mechanische Eigenschaften in kleinen Dimen-
sionen. Ruhr-Universitat Bochum, SS 2021

Dehm, G. Transmissionselektronenmikroskopie fiir Fort-
geschrittene. Ruhr-Universitat Bochum, WS 2021/2022

El-Zoka, A. Introduction to Atom Probe Tomography.
MPIE Disseldorf, IMPRS-SurMat, Aug 2021

Gault, B. Graduate course on Atom Probe Tomography,
as part of the Centre for Doctoral Training on Materials
Characterisa-tion. Imperial College London, UK, SS 2021

Liebscher, C. Transmissionselektronenmikroskopie fiir
Fortgeschrittene (Ubung). Ruhr-Universitat Bochum, WS
2021/2022

MAX-PLANCK-INSTITUT
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Raabe, D.; Cojocaru-Mirédin, O.; El-Zoka, A.; Kontis, P.; Ma,
Y., Mianroodi, J. R.; Ponge, D.; Souza Filho, I. R.; Sandl6bes-
Haut, S.; Zaefferer, S.; Zhao, H. Sustainable Materials Sci-
ence and Green Metallurgy (Sustainable Materials and
Metallurgical Science & Engineering). RWTH Aachen, SS
2021

Rohwerder, M. Surface Science and Corrosion. Ruhr-Uni-
versitat Bochum, WS 2021/2022

Scheu, C. Advanced Characterisation. RWTH Aachen, WS
2021/2022

Scheu, C. Moderne Material- und Werkstoffcharakteris-
ierung: Vom Atom zum Bauteil. RWTH Aachen, SS 2021

Springer, H. Allgemeine Werkstofftechnik. RWTH
Aachen, WS 2021/2022

Zaefferer, S.; Hickel, T.; Song, W. Microstructures, Micros-
copy and Modelling. RWTH Aachen, SS 2021

Zaefferer, S.; Motaman, S. A. H. Metallic Materials (Micro-
structure, Microscopy, Modelling). RWTH Aachen, SS
2021
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Invited talks at conferences and colloquia

2018 (not included in Scientific Report
2016 - 2018)

Dehm, G.: Defects in alloys: New insights by advanced
in-situ electron microscopy (Symposium Netzwerk Elek-
tronenmikroskopie: Struktur und Chemie an Werkstoffen
und biologischen Systemen, Naturwissenschaftliches
und Medizinisches Institut an der Universitat Tuibingen.
Reutlingen, Germany. 12 Nov. 2018)

Garzén-Manjoén, A.: Controlling the structure and compo-
sition of multinary alloy nanoparticles for energy applica-
tions (Leitat Institut Colloquium. Barcelona, Spain. 30
Nov. 2018)

Kirnsteiner, P.; Wilms, M. B.; Weisheit, A.; Bajaj, P.; Li, X.;
Leinenbach, C.; Jagle, E. A.; Raabe, D.: Process and Alloy
Design for In-Situ Precipitation Strengthening of Al-Sc
Alloys During Laser Metal Deposition (Metal Additive Man-
ufacturing Conference. Vienna, Austria. 21 Nov. 2018)

Kirnsteiner, P.; Wilms, M. B.; Weisheit, A.; Barriobero-Vi-
la, P.; Jagle, E. A.; Raabe, D.: Designing a novel Fe—Ni-Al-
Ti Maraging steel tailor-made for Laser Metal Deposition
(Metal Additive Manufacturing Conference. Vienna,
Austria. 21 Nov. 2018)

Kiirnsteiner, P.; Wilms, M. B.; Weisheit, A.; Barriobero-Vi-
la, P.; Jagle, E. A.; Raabe, D.: Designing Fe—Ni—Al and
Fe-Ni-Ti Maraging steels tailor-made for Laser Metal
Deposition by exploiting Intrinsic Heat Treatment (Alloys
for Additive Manufacturing Symposium. Sheffield, UK.
03 Sep. 2018)

Li, Z.; Su, J.; Lu, W.; Wang, Z.; Raabe, D.: Metastable
high-entropy alloys: design, structure and properties (2"
International Conference on High-Entropy Materials
(ICHEM 2018). Jeju, South Korea. 09 Dec. 2018)

Liebscher, C.; Peter, N. J.; Meiners, T; Frolov, T.; Dehm,
G.: Atomic scale observations of grain boundary phase
transformations (Materials Science and Engineering Con-
gress 2018. Darmstadt, Germany. 26 Sep. 2018)

Raabe, D.; Kwiatkowski da Silva, A.; Ponge, D,; Li, Z,;
Makineni, S. K.; Li, L.; Gault, B.: Grain boundary segrega-
tion and transformation in complex alloys (Fall Meeting.
Boston, MA, USA. 25 Nov. 2018)

Raabe, D.; Lu, W.; Ponge, D.; Li, Z.; Kwiatkowski da Silva,
A.; Makineni, S. K.; Kontis, P.; Wu, X.; Gault, B.: Local and
global alloy design: metastability of single lattice defects
and alloys with extreme metastability (MIT Workshop on
Alloy Design. Cambridge, MA, USA. 30 Nov. 2018)

Raabe, D.; Ponge, D.; Kwiatkowski da Silva, A.; Makineni,
S. K.; Peng, Z; Li, L,; Kontis, P.; Wu, X.; Springer, H.; Belde,
M. M.; Gault, B.: Segregation and Transformation at Lattice
Defects in Complex Alloys: A Microstructure Design Tool-
box (MRS Fall Meeting. Boston, MA, USA. 25 Nov. 2018)

Scheu, C.; Hengge, K. A.: Unravelling catalyst growth and
degradation mechanisms via STEM (International Work-
shop on Advanced and In-situ Microscopies of Function-
al Nanomaterials and Devices, IAMNano 2018. Hamburg,
Germany. 14 Oct. 2018)

Seol, J. B.; Ko, W.-S.; Bae, J. W; Jo, Y. H.; Li, Z.; Choi,

P.-P.; Raabe, D.; Kim, H. S.: Transition in boron boundary
cohesion from effectiveness to harmfulness with respect
to application temperatures: high-entropy alloys and
Ni-based superalloys (2" International Conference on
High-Entropy Materials (ICHEM 2018). Jeju, South Korea.
09 Dec. 2018)

Stephenson, L.: Advanced quantitative analysis for Atom
Probe Tomography (APT school at Groupe de Physique
des Matériaux (GPM), Université de Rouen. Saint Etienne
du Rouvray, France. 18 Oct. 2018)

Stephenson, L.; Rusitzka, A. K.; Gault, B.: Seeing atoms
in biological materials: a new frontier for atomic-scale
tomography (Volkswagen Stiftung Symposium. Bremen,
Germany. 31 Oct. 2018)

Sun, B.; Ponge, D.; Fazeli, F.; Scott, C.; Yue, S.; Raabe, D.:
Revealing fracture mechanisms of medium manganese
steels with and without delta-ferrite (6t International
Conference on Advanced Steels (ICAS 2018). Jeju, South
Korea. 18 Nov. 2018)

Todorova, M.; Yoo, S.-H.; Surendralal, S.; Neugebauer, J.:
Ab initio modelling of solid/liquid interfaces: Challenges
and insights (DESY Seminar. Hamburg, Germany. 20 Oct.
2018)

Zaefferer, S.: The importance of microstructures for the
energy conversion efficiency of materials for photovoltaic
and photothermic applications (Development of Photo-
voltaic Solar Energy in Africa by the Year 2030. Abidjan,
Republik Cote d’Ivoire. 08 Nov. 2018)

2019

Abdellaoui, L.; Zhang, S.; Rodenkirchen, C.; Zaefferer,
S.; Bueno Villoro, R.; Guen, E.; Chapuis, P.-O.; Gomés,
S.; Cojocaru-Mirédin, O.; Yu, Y.; Amouyal, Y.; Raabe, D,;
Snyder, G. J.; Scheu, C.: Correlation of Microstructures
and Thermal Conductivity of the Thermoelectric Material
Ag,¢ ,Sb,,Te,, ; (North American Thermoelectric work-
shop, Northwestern University. Eanston, Chicago, IL,
USA. 30 Aug. 2019)

Abdellaoui, L.; Zhang, S.; Rodenkirchen, C.; Zaefferer,

S.; Bueno Villoro, R.; Guen, E.; Chapuis, P.-0.; Gomés,

S.; Cojocaru-Mirédin, O.; Yu, Y.; Amouyal, Y.; Raabe, D.;
Snyder, G. J.; Scheu, C.: Effect of planar defects on the
thermal conductivity of Ag,, ,Sb,,Te,, , bulk thermoelectric
(6" German/Korean Thermoelectric workshop. Daegu,
South Korea. 05 Jul. 2019)



Brinckmann, S.; Dehm, G.: Severe deformation of a lamel-
lar microstructure: pearlitic steel as a case study (TMS
2019. San Antonio, TX, USA. 10 Mar. 2019)

Dehm, G.: Do we understand the microstructure and prop-
erties of materials: New insights by advanced microscopy
techniques (Metallurgical Engineering and Materials
Science Department, Indian Institute of Technology.
Mumbai, India. 15 Jul. 2019)

Dehm, G.: Kénnen hohe Festigkeit und Zdhigkeit in Ver-
schleiBschutzschichten kombiniert werden? Eine grund-
legende Unter-suchung an Mo,BC (12. Tagung Gefiige und
Bruch. Bochum, Germany. 13 Feb. 2019)

Dehm, G.: Kbnnen hohe Festigkeit und Zahigkeit in Ver-
schleiBschutzschichten kombiniert werden? Eine grund-
legende Untersuchung an Mo,BC (12. Tagung Gefiige und
Bruch. Bochum, Germany. 13 Feb. 2019)

Dehm, G.: Micro- and Nanomechanical Testing of Materials
- From Materials Physics to Materials Design (Convegno
Nazionale INSTM XII. Ischia Porto, Italy. 21 Jul. 2019)
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Stephenson, L.; Katnagalluy, S.; Mouton, |.; Oliveira, F.;
Gault, B.; Raabe, D.: An Atomic Renaissance for Pulsed
Field lon Microscopy (Microscopy & Microanalysis 2019.
Portland, OR, USA. 04 Aug. 2019)

Sun, B.; Krieger, W.; Ponge, D.; Rohwerder, M.; Raabe, D.:
Hydrogen embrittlement of medium Mn steels with ferrite
matrix or austenite matrix (4" High Manganese Steel
2019 HMnS. Aachen, Germany. 01 Apr. 2019)

Surendralal, S.: Implementation of an ab initio electro-
chemical potentiostat: Application to Mg corrosion (Sym-
posium “Fundamentals of the electrochemistry of the
metal/electrolyte interface”, Imperial College. London,
UK. 25 Apr. 2019)

Tehranchi, A.; Hickel, T.; Neugebauer, J.: Atomistic
simulations of hydrogen-defect interactions in metals
(Workshop “Hydrogen in Metals - current understanding
and future needs”, St Anne’s College. Oxford, UK. 18 Apr.
2019)

Todorova, M.; Yoo, S.-H.; Surendralal, S.; Neugebauer, J.:
Modelling electrochemical solid/liquid interfaces by first
principles calculations (19t International Workshop on
Computational Physics and Material Science: Total Ener-
gy and Force Methods, ICTP. Trieste, Italy. 10 Jan. 2019)

Todorova, M.; Yoo, S.-H.; Surendralal, S.; Neugebauer, J.:
A fully ab initio approach to electrochemistry and corro-
sion (CNLS Colloquium, Los Alamos National Laborato-
ry. Los Alamos, NM, USA. 28 Jan. 2019)

Todorova, M.; Surendralal, S.; Neugebauer, J.: First-prin-
ciples approach to model electrochemical reactions at
the solid-liquid interface (Spring Meeting of the German
Physical Society (DPG). Regensburg, Germany. 03 Apr.
2019)

Todorova, M.; Yoo, S.-H.; Surendralal, S.; Neugebauer,
J.: A fully ab initio approach to modelling electrochemical
solid/liquid interfaces (Chemiekolloquium der Johannes
Kepler Universitat Linz. Linz, Austria. 14 May 2019)

Todorova, M.; Surendralal, S.; Neugebauer, J.: Building an
ab-initio potentiostat in a standard DFT code with periodic
boundary conditions (ELRC2019 - IPAM reuniuon work-
shop. Lake Arrowhead, CA, USA. 14 Jun. 2019)

Todorova, M.; Yoo, S.-H.; Surendralal, S.; Neugebauer, J.:
Ab initio approach to electrochemisty and corrosion (Com-
putational Materials Chemistry Workshop. Telluride, CO,
USA. 16 Jul. 2019)

Todorova, M.; Surendralal, S.; Neugebauer, J.: Degra-
dation processes at surfaces and interfaces (ISAM4:
The fourth International Symposium on Atomistic and
Multiscale Modeling of Mechanics and Multiphysics,
Friedrich-Alexander Universitat Erlangen-Nirnberg
(FAU). Erlangen, Germany. 07 Aug. 2019)
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Todorova, M.; Yoo, S.-H.; Surendralal, S.; Neugebauer, J.:
Predicting atomic structure and chemical reactions at sol-
id-liquid interfaces by first principles (Operando surface
science — Atomistic insights into electrified solid/liquid
interfaces (708. WE-Heraeus-Seminar), Physikzentrum.
Bad Honnef, Germany. 10 Dec. 2019)

Zaefferer, S.: Electron diffraction techniques in scanning
electron microscopy: fundamentals and state-of-the-art
applications of electron backscatter diffraction (EBSD) and
electron channelling contrast imaging (ECCI) (27" Annual
Meeting of the German Crystallographic Society (DGK).
Leipzig, Germany. 25 Mar. 2019)

Zaefferer, S.: In-situ electron channeling contrast imag-ing
(ECCI) to observe the effect of hydro-gen in TWIP steels
and superalloys (Physikalisches Kolloquium der Universi-
tat Wien. Wien, Austria. 29 Jan. 2019)

Zaefferer, S.: Investigation on the effect of hydrogen on
dislocation patterns in high-strength steels using electron
channeling contrast imaging in the scanning electron
microscope (15™ Multinational Congress on Microscopy.
Belgrade, Serbia. 15 Sep. 2019)

Zaefferer, S.: Measurement of local residual stresses
using cross-correlation EBSD and ring core milling (27t
International Conference on Materials and Technology
(26 ICM&T). Portoroz, Slovenia. 16 Oct. 2019)

Zaefferer, S.: Microstructure Characterization in 2D
and 3D using Advanced SEM-based Electron Diffraction
Techniques (3™ Materials Genome Engineering Forum.
Kunming, China. 23 Nov. 2019)

Zaefferer, S.: Microstructure Characterization in 2D and 3D
using Advanced SEM-based Electron Diffraction Tech-
niques (Chongqing University Colloquium. Chongging,
China. 26 Nov. 2019)

Zaefferer, S.: Residual stress measurements on steel
using cross-correlation EBSD and ring core milling (EDAX
workshop. Weiterstadt, Germany. 30 Oct. 2019)

Zaefferer, S.: Understanding hydrogen-embrittlement
during fatigue loading of a high-Mn-steel using ECCI and
CC-EBSD (RMS-EBSD conference. London, UK. 03 Apr.
2019)

Zaefferer, S.; An, D.: Hydrogen-induced embrittlement
during fatigue loading of a high-Mn steel investigated by
electron channelling contrast imaging (ECCI) (Euromat
2019. Stockholm, Sweden. 01 Sep. 2019)

Zaefferer, S.; Nandy, S.; Sandltbes, S.; Raabe, D.: Under-
standing the ductilitization effect in Mg alloyed with Ca,
Al, and Zn (Euromat 2019. Stockholm, Sweden. 01 Sep.
2019)

Zaefferer, S.; Shan, Y.; Madivala, M.: Nano-indentation and
electron channeling contrast imaging (ECCI) to understand
the interaction of hydrogen and dislocations in a high-Mn
TWIP steel (Euromat 2019. Stockholm, Sweden. 01 Sep.
2019)

Zhang, S.: Electron Microscopy (DGK-AK20 Summer
School “Synthesis and characterization of inorganic

functional materials.” Miilheim (Ruhr), Germany. 22 Jul.
2019)

Zhang, S.: Modern electron microscopy goes high dimen-
sions: handling big data (BIG DATA SUMMER - BiGmax
Network. Platja d’Aro, Spain. 09 Sep. 2019)

2020

Antonov, S.: Overview of the Damage Accumulation
Mechanisms During Non-isothermal Creep of Ni-based
superalloys (Seminar, Exponent, online. Atlanta, GA, USA.
18 Dec. 2020)

Antonov, S.; Tan, Q.; Gault, B.: Atom Probe Tomographic
Investigation of the Solute Segregation to Crystal Defects
in y-phase Co—35Ni-20Cr-10Mo Superalloy (Microscopy
& Microanalysis (M&M) Meeting, virtual. Milwaukee, WI,
USA. 01 Aug. 2020)

Best, J. P.: Connecting structure to the micro-mechanics
and macro-scale fracture toughness of a laser-processed
BMG using micro-focussed high-energy X-rays at PETRA Ill
(PETRA IV Workshop - Earth, Environment, and Materi-
als for Nanoscience and Information Technology, online.
Hamburg, Germany. 02 Nov. 2020)

Best, J. P.: Nano-/Micromechanics of Materials: A focus on
laser-processed BMGs (Deutsches Zentrum fiir Luft- und
Raumfahrt (DLR) Seminar Series, online. K&éln, Germany.
01 Dec. 2020)

Best, J. P.: Small-scale mechanics at the Max-Planck-Insti-
tute in Diisseldorf: An overview (Oxford Materials Group
Seminar Series, online. Oxford, UK. 27 Aug. 2020)

Dehm, G.: Micro- and Nanomechanical Testing of Materials
- From Methods to Mechanical Properties (SFB 1394 Sum-
mer School, online. Aachen, Germany. 05 Oct. 2020)

Dehm, G.: Resolving grain boundary phase transforma-
tions in Copper by advanced STEM (TimeMan, online.
Lille, France. 22 Oct. 2020)

Diehl, M.; Cereceda, D.; Marian, J.; Liu, C.; Dong, J.; Wicke,
M.; Briickner-Foit, A.; Kamachali, R. D.; Shanthraj, P.;
Roters, F.; Eisenlohr, P.; Raabe, D.: Coupling Crystal Plas-
ticity and Phase Field Methods - The Future of Integrated
Computational Materials Engineering? (Seminar “Materi-
als Technology, in particular of Magnesium Materials.”
Geesthacht, Germany. 17 Jan. 2020)

Diehl, M.; Kusampudi, N.; Kusche, C.; Raabe, D.;
Korte-Kerzel, S.: Combining Experiments, Simulations, and
Data Science to Understand Damage in Dual Phase Steels
(International Conference on Plasticity, Damage, and
Fracture. Riviera May, Mexico. 03 Jan. 2020)

Duarte, M. J.; Fang, X.; Rao, J.; Dehm, G.: Hydrogen-micro-
structure interactions at small scale by in-situ nanoinden-
tation during hydrogen charging (Nanobriicken 2020:

A nanomechanical Testing Conference. Diisseldorf,
Germany. 05 Feb. 2020)

Eisenlohr, P.; Chakraborty, A.; Shanthraj, P.; Diehl, M ;
Pagan, D.; Bieler, T. R.: More than Crystal Plasticity: Multi-



physics in DAMASK (TMS 2020. San Diego, CA, USA. 23
Jan. 2020)

Gault, B.: An introduction to atom probe tomography: from
fundamentals to atomic-scale insights into engineering
materials (Rolls Royce Lunch Time Seminar. Derby, UK.
01 Jul. 2020)

Gault, B.: Pushing the limits of atomic-scale analytical
microscopy (London Centre for Nanoscience Lunch Time
Seminar, online. London, UK. 11 Nov. 2020)

Gault, B.; Kim, S.-H.; Lim, J.; EI-Zoka, A.; Kasian, O.; Sahu,
R.; Stephenson, L.; Scheu, C.: Nanoparticle Specimen
Preparation for Atom Probe: Chemical Fixation and...
cryo-Fixation (?) (TMS 2020. San Diego, CA, USA. 23 Feb.
2020)

Gault, B.; Kwiatkowski da Silva, A.; Zhao, H.; Ponge,

D.; Raabe, D.: Atom probe tomography for studying the
interplay of segregation and phase transformations (17t
International Conference on Aluminium Alloys, online.
Grenoble, France. 26 Oct. 2020)

Giider, U.: Archaeo-metallurgical Studies on Objects and
Slags from the Persian period Iron Smithy in Tel Akko
(Early Iron Production: Experimental Archaeology, The
Southern Levant and Africa, Research Workshop of the
Israel Science Foundation. Ariel, Israel. 02 Feb. 2020)

Herbig, M.: Material alterations in intense mechanical and
chemical contacts (TMS 2020. San Diego, CA, USA. 23
Feb. 2020)

Hickel, T.; Aydin, U.; Sozen, H. |.; Dutta, B.; Pei, Z.; Neuge-
bauer, J.: Innovative concepts in materials design to boost
renewable energies (Seminar of Institute for Innovative
Technologies, SRH Berlin University of Applied Sciences.
Berlin, Germany. 15 Jan. 2020)

Hickel, T.; McEniry, E.; Nazarov, R.; Dey, P.: Ab initio
basierte Simulation zur Wasserstoffversprédung in
hoch-Mn Stahlen (Seminar der Staatlichen Materialpri-
fungsanstalt Darmstadt, Institut fir Werkstoffkunde.
Darmstadt, Germany. 21 Jan. 2020)

Hickel, T.: Application of Density Functional Theory in the
Context of Phase Diagram Modelling (MSIT Winter School
on Materials Chemistry, Virtual Event. Castle Ringberg,
Tegernsee. 16 Feb. 2020)

Hickel, T.; JanRen, J.; S6zen, H. |.; Kérmann, F.; Neuge-
bauer, J.: High-throughput optimization of finite tempera-
ture phase stabilities: Concepts and application (IMWF
Stuttgart, Colloquium Materials, virtual. Stuttgart,
Germany. 10 Dec. 2020)

JanBen, J.; Hickel, T.; Neugebauer, J.: Automated ab-initio
Determination of Materials Properties at finite Tempera-
tures with pyiron (NIST Workshop, virtual. Rockville, MD,
USA. 06 Aug. 2020)

JanRen, J.; Hickel, T.; Neugebauer, J.: pyiron — an inte-
grated development environment for ab initio thermody-
namics (AMS Seminar, virtual. Bochum, Germany. 05
Oct. 2020)

MAX-PLANCK-INSTITUT
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Kérmann, F.; Ikeda, Y.; Srinivasan, P.; Dutta, B.; Neuge-
bauer, J.; Grabowski, B.; Kostiuchenko, T.; Shapeev, A.:
Ab Initio Phase Stabilities of High Entropy and Chemically
Complex Alloys (TMS 2020. San Diego, CA, USA. 27 Feb.
2020)

Liebscher, C.: Strain and temperature induced phase trans-
formations in high entropy alloys explored by in situ S/TEM
(Institute of Micro- and Nanostructure Research Collo-
quium, Friedrich-Alexander University Erlangen-Nirn-
berg, online. Erlangen, Germany. 25 Jun. 2020)

Liebscher, C.; Lu, W.; Dehm, G.; Raabe, D.; Li, Z.: Complex
phase transformation pathways in high entropy alloys
explored by in situ S/TEM (Third International Conference
on High Entropy Materials. Berlin, Germany. 26 Sep.
2020)

Liebscher, C.; Lu, W.; Li, Z.; Raabe, D.; Dehm, G.: Atomic
scale in situ observations of phase transformations in
complex alloy systems (Integrated in-situ solutions for
TEM - DENSsolutions, TVIPS and QuantumDesign Work-
shop. Gauting, Germany. 12 Feb. 2020)

Liebscher, C.; Meiners, T.; Peter, N. J.; Frolov, T.; Dehm,
G.: Atomic resolution observations of grain boundary
phase transformations (Gaseous Electronics Symposium
(GES3). Rogla, Slovenia. 05 Feb. 2020)

Lymperakis, L.: Nanomaterials from first principles
(Department of Physics Colloquium, University of Crete,
delivered online. Crete, Greece. 05 Nov. 2020)

Lymperakis, L.: Properties and design of nanomaterials
from first principles (Department of Physics Colloquium,
University of Crete, delivered online. Crete, Greece. 05
Nov. 2020)

Mendive-Tapia, E.: Ab initio origin of the short period mag-
netism of MnGe from thermally fluctuating local moments
(Quantum Theory of Materials Seminar, virtual. Jilich,
Germany. 08 Jul. 2020)

Neugebauer, J.; JanBen, J.; Huber, L.; Ikeda, Y.; Kérmann,
F.; Grabowski, B.; Hickel, T.; Shapeev, A.: Materials Design
in High Dimensional Chemical and Structural Configuration
Spaces (TMS 2020. San Diego, CA, USA. 27 Feb. 2020)

Neugebauer, J.; Lymperakis, L.; JanBen, J.; Huber, L.;
Hickel, T.: Modeling crystal growth and materials design
in high dimensional chemical and structural configuration
spaces (German Conference on Crystal Growth DKT
2020. Miinchen/Garching, Germany. 12 Mar. 2020)

Palm, M.: Phase Equilibria and Phase Diagrams (4th MSIT
Winter School on Materials Chemistry. Online. 17 Feb.
2020)

Palm, M.: Eisenaluminide (DGM-WEBinar ,Einfiihrung in
metallische Hochtemperaturwerkstoffe. Online. 13 May
2020)

Ponge, D.; Kwiatkowski da Silva, A.; Makineni, S. K.;
Katnagallu, S.; Zhou, X.; Mianroodi, J. R.; Stephenson, L.;
Kontis, P.; Freysoldt, C.; Gault, B.; Neugebauer, J.: Chem-
istry and Structure at Lattice Defects studied at the Atomic
Scale (4" Symposium Core Research Cluster Materials
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Science & 3" Symposium on International Joint Grad-
uate Program in Materials Science, Tohoku University,
online. Tohoku, Japan. 16 Nov. 2020)

Raabe, D.: Interplay of Chemistry and Structure at Lattice
Defects studied at the Atomic Scale (The 4" Symposium
for The Core Research Cluster for Materials Science
and the 39 Symposium on International Joint Graduate
Program in Materials Science “Create New Value of
Materials Science through Broad Collaboration”, Tohoku
University, online. Sendai, Japan. 16 Nov. 2020)

Raabe, D.: Theory-guided design of materials, microstruc-
tures and processes (Workshop on the Future of Mate-
rials Science, Institute of Nanotechnology, KIT, online.
Karlsruhe, Germany. 08 Jul. 2020)

Raabe, D.; Diehl, M.; Shanthraj, P.; Sedighiani, K.; Roters,
F.: Multi-scale and multi-physics simulations of chemo-me-
chanical crystal plasticity problems for complex engineer-
ing materials using DAMASK (Online Colloquium Lecture,
Department of Materials Science and Engineering, KTH
Royal Institute of Technology. Stockholm, Sweden. 05
Jun. 2020)

Raabe, D.; Kim, S.-H.; Zhang, X.; Schweinar, K.; Souza
Filho, I. R.; Ma, Y.; Stephenson, L.; El-Zoka, A.; Mianroo-
di, J. R.; Rohwerder, M.; Lilensten, L.; Paolantonio, M.;
Thoudden Sukumar, P.; Schneider, J. M.; Ponge, D.; Gault,
B.: Basic Research Opportunity and Leverage Effects in
Sustainable Metallurgy (Workshop: New Frontiers in
Materials Science and Engineering — Sustainable Metal-
lurgical Processes with improved CO, efficiency, RWTH
Aachen, online. Aachen, Germany. 15 Sep. 2020)

Raabe, D.; Li, Z.; Ikeda, Y.; Dutta, B.; Kérmann, F.; Neuge-
bauer, J.: Thermodynamics and symmetry effects in high
entropy alloys (Third International Conference on High
Entropy Materials. Berlin, Germany. 26 Sep. 2020)

Ramachandramoorthy, R.: High strain rate micromechan-
ics: Instrumentation and implementation (DGM - Arbeit-
skreis Rasterkraftmikroskopie und nanomechanische
Methoden, online. 08 Jul. 2020)

Rohwerder, M.: Strategies for enhancing Corrosion
Protection by Organic Coatings (71t Annual Meeting of
the International Society of Electrochemistry, virtual. 31
Aug. 2020)

Roters, F.; Diehl, M.; Eisenlohr, P.; Shanthraj, P.: DAMASK:
the Diisseldorf Advanced MAterial Simulation Kit for study-
ing multi-field crystal plasticity phenomena (Seminar,
Yanshan University, online. Qinhuangdao, Hebei, China.
09 Dec. 2020)

Roters, F.; Diehl, M.; Sedighiani, K.: (Re-) formulation of
dislocation density based crystal plasticity models in view
of insights from parameter determination (Oberwolfach
Workshop: Mechanics of Materials: Towards Predictive
Methods for Kinetics in Plasticity, Fracture, and Damage.
Oberwolfach, Germany. 10 Mar. 2020)

Sahu, R.: Study of phase impurity, 2D and 3D defects in
orthorhombic MoAIB MAB phase (Advances in Correlative
Microscopy Workshop, IIT Madras. Chennai, India. 31
Jan. 2020)

Scheu, C.: Atomic-scale characterization of complex solid
solution nanoparticles using TEM (Workshop on High
Entropy Alloy and Complex Solid Solution Nanoparticles
for Electrocatalysis, RUB, online. Bochum, Germany. 06
Oct. 2020)

Sedighiani, K.; Traka, K.; Diehl, M.; Roters, F.; Bos, K ;
Sietsma, J.; Raabe, D.: A Coupled Crystal Plasticity — Cel-
lular Automaton Method for 3D Modeling of Recrystalliza-
tion: Part I: Crystal Plasticity (International Conference on
Plasticity, Damage, and Fracture. Riviera May, Mexico.
03 Jan. 2020)

Stein, F.: Experimental Determination of Phase Diagrams
(Lecture, 4" MSIT Winter School on Materials Chemistry.
Castle Ringberg, Tegernsee. 16 Feb. 2020)

Stein, F; Distl, B.; Palm, M.; Hauschildt, J.; Rackel, M. W,;
Pyczak, F.; Mayer, S.; Yang, Y.; Chen, H.-L.; Engstrom, A.:
Improvement of a CALPHAD Database for the Development
of Next Generation TiAl Alloys by Targeted Key Experiments
on High-temperature Phase Equilibria — The EU Project
ADVANCE (Hume-Rothery Symposium: Phase Equilibria
and Kinetics for Materials Design and Engineering, TMS
2020. San Diego, CA, USA. 23 Feb. 2020)

Todorova, M.: Panel discussion leader (BMBF-DOE bilater-
al workshop Artificial Photosynthesis, Virtual Discussion.
Berlin, Germany. 24 Jun. 2020)

Todorova, M.; Yoo, S.-H.; Surendralal, S.; Neugebauer, J.:
Insights into the stability and reactivity of solid/liquid inter-
faces from ab initio calculations (71t Annual Meeting of
the International Society of Electrochemistry “Electro-
chemistry towards Excellence”, virtual. Belgrade, Serbia.
03 Sep. 2020)

Traka, K.; Sedighiani, K.; Bos, K.; Lopez, J. G.; Diehl, M;
Angenendt, K.; Kestens, L.; Raabe, D.; Sietsma, J.: A
Coupled Crystal Plasticity — Cellular Automaton Method
for 3D Modeling of Recrystallization: Part Il: Subgrain
Growth for Recrystallization (International Conference on
Plasticity, Damage, and Fracture. Riviera May, Mexico.
03 Jan. 2020)

Vercik, M.; Giider, U.: Korrodiert, fragmentiert, zerbrochen.
Die Aussagekraft der Eisenfunde aus dem Apollon-Hei-
ligtum von Didyma (Universitat Hamburg, Arch&ologie
und Kulturgeschichte des Antiken Mittelmeerraumes.
Hamburg, Germany. 02 Dec. 2020)

Yoo, S.-H.: Investigations of materials surfaces based on
density functional theory calculations (Department of
Chemistry Seminar, Kangwon University, virtual. Chun-
cheon, Republic of Korea. 19 Nov. 2020)

Zaefferer, S.: Combination of 2D and 3D SEM-based
diffraction techniques with various other techniques for
understanding of microstructures (Workshop on correla-
tive microscopy. Chennai, India. 31 Jan. 2020)

Zaefferer, S.: Electron Channelling Contrast Imaging (ECCI)
- A Technique for Observation and Quantitative In-situ
Characterization of Crystal Lattice Defects in Bulk Samples
(12t Asia-Pacific Microscopy Conference (APMC 2020).
Hyderabad, India. 03 Feb. 2020)



Zaefferer, S.: Investigations on microstructural reasons for
Goss texture formation in GO electrical steels - a search for
the needle in the haystack (9t International Conference
Magnetism and Metallurgy. Rome, Italy. 03 Nov. 2020)

Zaefferer, S.: Microstructure Characterization in 2D and 3D
using Advanced SEM-based Electron Diffraction Tech-
niques (lISC Colloquium. Bangalore, India. 07 Feb. 2020)

Zaefferer, S.: Towards understanding hydrogen embrittle-
ment: Tools for microscopic and nanoscopic detection of

hydrogen and its mechanical effects in microstructures

of steels and superalloys (International e-Conference on

Structural Materials for Nuclear and Space Applications
(SNSA20). Mumbai, India. 03 Dec. 2020)

Zhang, S.: Efficiency and stability of catalytic nanostruc-
tures (Colloquium, Ludwig-Maximilians-Universitét.
Miinchen, Germany. 13 Nov. 2020)

Zhao, H.; Gault, B.; De Geuser, F.; Huber, L.; Lu, W.; Peter,
N. J.; Ponge, D.; Raabe, D.: Segregation and precipitation
at grain boundaries in an Al-Zn-Mg-Cu alloy (17t Inter-
national Conference on Aluminium Alloys ICAA 2020,
virtual. Grenoble, France. 26 Oct. 2020)

Zhou, X.; Mianroodi, J. R.; Kwiatkowski da Silva, A.;
Koenig, T.; Thompson, G. B.; Shanthraj, P.; Ponge, D.;
Gault, B.; Svendsen, B.; Raabe, D.: Revealing the depen-
dence of Au segregation on dislocation character in Pt-Au
via cross-correlative microscopy (APT&M 2020, virtual.
Oxford, UK. 16 Nov. 2020)

2021

Antonov, S.: A primer to atom probe tomography and its
application to intermetallics (Intermetallics 2021. Bad
Staffelstein, Germany. 04 Oct. 2021)

Antonov, S.: Towards Improved Superalloy Performance
via Defect Engineering (Department of Mechanical
Colloquium, Industrial, and Manufacturing Engineering,
Oregon State University, online. Corvallis, OR, USA. 10
May 2021)

Antonov, S.: Understanding phase transformations at
boundaries and interfaces in B-Titanium alloys at the
near-atomic scale (Conference on Possibilities and Lim-
itations of Quantitative Materials Modeling and Charac-
terization. Bernkastel-Kues, Germany. 12 Oct. 2021)

Antonov, S.: Understanding Superalloys on the Atomic
Scale (Department of Materials Science Colloquium,
University of Illinois Urbana-Champaign, online. Urbana,
IL, USA. 01 Mar. 2021)

Antonov, S.: Understanding the Defect-Solute Interactions
during Deformation of Superalloys (Colloquium, Oak Ridge
National Laboratory, online. Oak Ridge, TN, USA. 25 Jun.
2021)

Antonov, S; Shi, R;; Li, D.; Kloenne, Z.; Zheng, Y.; Fraser,
H. L.; Raabe, D.; Gault, B.: Atom Probe Tomographic Study
of Precursor Metastable Phases and Their Influence on a
Precipitation in the Metastable B-titanium Alloy, Ti—5Al-
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5Mo—5V-3Cr (TMS 2021, online. Pittsburgh, PA, USA. 14
Mar. 2021)

Brink, T.: From contact mechanics to wear (EPFL Summer
School: Tribology and Surfaces Interactions. Visp, VS,
Switzerland. 23 Aug. 2021)

Dehm, G.: Congruent and non-congruent grain boundary
phase transformations in Copper studied by advanced
STEM (Virtual Seminar of Institute Jozef Stefan. Ljublja-
na, Slovenia. 04 Mar. 2021)

Dehm, G.: Experimental Insights in Congruent and
Non-Congruent Grain Boundary Phase Transformations

in Copper by Advanced STEM (International Seminars,
Technion - Israel Institute of Technology (Israel), Purdue
University (USA), virtual. 06 May 2021)

Dehm, G.: Probing the local influence of micro- and nano-
structure on mechanical properties of Materials (E-MRS
Spring Meeting, online. 31 May 2021)

G. Dehm: Probing The Local Influence Of Materials’
Nanostructure On Mechanical Properties (Anhui Univer-
sity of Technology, School of Metallurgical Engineering,
Ma’anshan, China, online. 04 Nov. 21)

G. Dehm, T. Meiners, J. Duarte, T. Frolov, C. Liebscher:
Atomic structure of two phases of a Cu tilt grain boundary
resolved by scanning transmission electron microscopy
(MS&T, Columbus, USA, hybrid. 17 Oct. 21)

Dehm, G.; Peter, N. J.; Meiners, T.; Frommeyer, L.; Brink,
T.; Frolov, T; Liebscher, C.: Grain boundary phases in pure
and alloyed Cu: Insights from advanced STEM (Microscopy
Conference 2021 Joint Meeting of Dreildandertagung &
Multinational Congress on Microscopy, Virtual Meeting.
22 Aug. 2021)

Diehl, M.; Kusampudi, N.: Using machine learning and
crystal plasticity simulation to design damage resistant
dual phase steels (Webinar: Metal Plasticity Seminar-
Artificial Intelligence, Machine Learning and Big Data in
Metal Plasticity. Leuven, Belgium. 01 Oct. 2021)

Duarte, M. J.: Hydrogen effects on the mechanical
behavior of Fe alloys at small scale (Micromechanical
and Macroscopic Modelling (MMM) Special Seminar,
Interdisciplinary Centre for Advanced Materials Simula-
tion (ICAMS), Ruhr-Universitdt Bochum, online. Bochum,
Germany. 13 Jul. 2021)

Duarte, M. J.: Metales y aleaciones bajo impacto ambien-
tal: corrosion, fragilizacion por hidrégeno y propiedades
mecanicas (Primer Simposio “Materiales aplicados” del
Capitulo Estudiantil de la Sociedad Mexicana de Materia-
les, Unidad Profesional Interdisciplinaria de Ingenieria,
Campus Guanajuato, UPIIG IPN, online. Guanajuato,
Mexico. 25 May 2021)

Duarte, M.J.; Rao, J.; Dehm, G.: Hydrogen and microme-
chanics in ferritic alloys (Oxford Materials Colloquium,
online seminar. Oxford, United Kingdom. 4 Feb. 2021)

El-Zoka, A.: Materials Degradation: Turning a problem into
a solution (Colloquium on Integrated Metallic Nanomate-
rials Systems. Hamburg, Germany. 30 Jun. 2021)
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El-Zoka, A.: Towards Enhanced Atom Probe Tomography
Characterization of Wet Corrosion Systems ((SCI Electro-
chemistry Postgraduate Conference. Manchester, UK. 11
Jun. 2021)

Freysoldt, C.; Hickel, T.; JanRen, J.; Wang, N.; Zendegani,
A.: High-throughput optimization of finite temperature
phase stabilities: Concepts and application (Coffee with
Max Planck, Virtual Seminar organized by the MPIE.
Diisseldorf, Germany. 04 Feb. 2021)

Gault, B.: Advancing corrosion understanding with (cryo-)
Atom Probe Tomography (Imperial College London - Rolls
Royce Corrosion Seminar, online. London, UK. 17 Jun.
2021)

Gault, B.: An overview of the state-of-the-art of hydrogen
analysis by APT (APT school 2021, online. Rouen, France.
26 Oct. 2021)

Gault, B.: Enabling Cryo-Atom Probe Tomography (15t
Grenoble Atom Probe Workshop, online. Grenoble,
France. 16 Mar. 2021)

Gault, B.: Introduction to atom probe tomography: perfor-
mance and opportunities in characterizing microstructures
(Metallic Microstructures: European Lectures Online. 20
May 2021)

Gault, B.: Machine-Learning for Atom Probe Tomography
(Workshop “Research-data management, machine learn-
ing and material informatics for Superalloys”, online.
Bochum, Germany. 17 Jun. 2021)

Gault, B.: Pushing the analytical limits of atom probe
tomography via cryo-enabled workflows (Microscience
Microscopy Congress 2021, online. Oxford, UK. 08 Jul.
2021)

Gault, B.: Pushing the limits of atomic-scale analytical
microscopy (University of Bristol Seminar, online. Bristol,
UK. 01 Mar. 2021)

Gault, B.: Theory and Advances in Atom Probe Tomogra-
phy (Canadian Centre for Electron Microscopy Summer
School, online. Hamilton, ON, Canada. 08 Jun. 2021)

Gault, B.; Guillon, O.: Du térawatt au picométre: Voyage au
ceeur des technologies de I'hydrogéne (Café des Sciences
de ’'Ambassade de France en Allemagne, online. Berlin,
Germany. 20 Jun. 2021)

Giider, U.: Archaeological Traces of High Carbon Steel
Metallurgy in Anatolia (The Iranian Highlands: Resilienc-
es and Integration in Premodern Societies, Deutsches
Bergbau-Museum Bochum, online. Bochum, Germany.
20 Oct. 2021)

Giider, U.: Following the fingerprints of ancient black-
smiths: reverse engineering of archaeological iron (Pint of
Science, online. Diisseldorf, Germany. 17 May 2021)

Giider, U.: Historical and Technological Assessment of
New Metals in Anatolia: Zinc in Urartian Bronze Alloys
(Seminar, Institute of Archaeology, Charles University,
online. Prague, Czech Republic. 10 Nov. 2021)

Hickel, T.; Freysoldt, C.; JanRRen, J.; Wang, N.; Zendegani,
A.: High-throughput optimization of finite temperature
phase stabilities: Concepts and application (Coffee with
Max Planck, Virtual Seminar organized by the MPIE.
Diisseldorf, Germany. 04 Feb. 2021)

Hickel, T.: Application of Density Functional Theory in the
Context of Phase Diagram Modelling (MSIT Winter School
on Materials Chemistry, Virtual Event. 02 May 2021)

Hickel, T.; JanBen, J.; S6zen, H. |.; Kirmann, F.; Surendra-
lal, S.; Todorova, M.; Neugebauer, J.: High-throughput op-
timization of finite temperature phase stabilities: Concepts
and application (Thermec 2021, Virtual Conference. Graz,
Austria. 11 May 2021)

Hickel, T.; JanRen, J.; S6zen, H. |.; Srrekala, L.; Kor-
mann, F.; Surendralal, S.; Todorova, M.; Neugebauer, J.:
High-throughput optimization of finite temperature phase
stabilities: Concepts and application (ICAMS Advanced
Discussions, virtual. Bochum, Germany. 08 Jun. 2021)

Huber, L.; Dsouza, R.; Poul, M.; Neugebauer, J.: Defect
Free Energies (Interdisciplinary Centre for Advanced
Materials Simulation (ICAMS) Seminar, delivered online.
Bochum, Germany. 19 Jan. 2021)

Huber, L.: Simulating the thermodynamics of GB phases
(Seminar, Institut fir Materialswissenschaft (MaWi), Uni-
versity of Stuttgart, delivered online. Stuttgart, Germany.
08 Feb. 2021)

JanBen, J.; Hickel, T.; Neugebauer, J.: pyiron — an inte-
grated development environment for ab initio thermody-
namics (Potential Workshop, ICAMS, virtual. Bochum,
Germany. 13 Mar. 2021)

JanfBen, J.; Neugebauer, J.: pyiron — an integrated
development environment for material science (CECAM
Workshop, virtual. Lausanne, Switzerland. 25 Mar. 2021)

Khanchandani, H.; Stephenson, L.; Raabe, D.; Zaefferer,
S.; Gault, B.: Investigation of hydrogen embrittlement in
high Mn TWIP steel via correlative microscopy (ECCI, APT)
(Cameca Online Webinar series for Atom Probe Tomog-
raphy. Jul. 2021)

Kontis, P.; Antonoy, S.; Kiirnsteiner, P.; Katnagallu, S ;
Mianroodi, J. R.; Lilensten, L.: Development of superalloys
driven by atomic-scale interactions of solutes with crystal
defects (TMS 2021, online. Pittsburgh, PA, USA. 15 Mar.
2021)

Liebscher, C.: How do grain boundaries transform in me-
tallic alloys? (Institute of Material Physics, Westfélische
Wilhelms-Universitat Miinster, Online Colloquium. Miin-
ster, Germany. 15 Jun. 2021)

Luo, T.; Gomell, L.: Application of atom probe tomography
in thermoelectrics research (Cameca Online Webinar
series for Atom Probe Tomography. Jun. 2021)

Lymperakis, L.: Nanomaterials from first principles
(Seminar: Programme of Postgraduate course Materials
Physics and Technology, Department of Physics, Aristo-
tle University of Thessaloniki. Thessaloniki, Greece. 14
May 2021)



Meiners, T.; Frolov, T.; Duarte, M. J.; Richter, G.; Lieb-
scher, C.; Dehm, G.: Resolving grain boundary phase
transformations in Copper by advanced STEM (Thermec
2021, Online Conference. 01 Jun. 2021)

Neugebauer, J.: Ab initio guided design of compositionally
complex alloys (Materials for energy, Digital Workshop.
Bochum, Germany. 26 Feb. 2021)

Neugebauer, J.; Surendralal, S.; DeiBenbeck, F.; Wip-
permann, S. M,; Freysoldt, C.; Todorova, M.: Design and
application of an ab initio electrochemical cell (Spring
Meeting of the German Physical Society (DPG), online.
Berlin, Germany. 02 Mar. 2021)

Neugebauer, J.; Ikeda, Y.; Kérmann, F.: Materials design
based on efficient sampling of high dimensional chemical
and thermodynamic configuration spaces (Workflows for
Atomistic Simulations, Ruhr-Universitdt Bochum, Online
Meeting. Bochum, Germany. 10 Mar. 2021)

Neugebauer, J.; JanBen, J.: Pyiron — an integrated devel-
opment environment for simulation workflows (CECAM
Summer School in 2020: “Simulation Workflows in
Materials Modelling (SWiMM 2020)”, CECAM HQ - Ecole
Polytechnique Fédérale de Lausanne, Virtual Meeting.
Lausanne, Switzerland. 23 Mar. 2021)

Neugebauer, J.: Materials design by exploiting high-di-
mensional chemical and structural configuration spaces
(Kolloguium im Rahmen des SFB 986, Technische
Universitat Hamburg-Harburg, Online Meeting. Ham-
burg-Harburg, Germany. 26 May 2021)

Neugebauer, J.; Zendegani, A.; Hickel, T.: Defect phase
diagrams as novel tool to understand and design tailored
defect structures in advanced steels (Thermec 2021,
Virtual Meeting. Vienna, Austria. 03 Jun. 2021)

Neugebauer, J.: First principles first ICAMS Advanced
Discussions 2021: Recent trends in materials design,
Virtual Conference. Bochum, Germany. 08 Jun. 2021)

Neugebauer, J.: Panel discussion leader (ICAMS Ad-
vanced Discussions 2021: Recent trends in materials
design, Virtual Conference. Bochum, Germany. 08 Jun.
2021)

Neugebauer, J.: Efficient sampling of high-dimension-
al chemical and thermodynamic configuration spaces
(ELRC2020: Invitation to Complex High-Dimensional
Energy Landscapes Reunion Conference Il, delivered
online. Lake Arrowhead, CA, USA. 10 Jun. 2021)

Neugebauer, J.: Ab initio descriptors to guide materi-

als design in high-dimensional chemical and structural
configuration spaces (Minchner Physik Kolloquium

- Festkolloquium fiir Professor Winfried Petry, Tech-
nische Universitat Minchen, delivered online. Miinchen,
Germany. 21 Jun. 2021)

Neugebauer, J.; Surendralal, S.; DeiBenbeck, F.; Wipper-
mann, S. M.; Todorova, M.: Identifying and understanding
corrosion reactions: An ab initio approach (ICASS - 4t
International Conference on Applied Surface Science,
Virtual Conference. 30 Jun. 2021)

MAX-PLANCK-INSTITUT
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Neugebauer, J.: Ab initio descriptors to guide materials
design in high-dimensional chemical and structural con-
figuration spaces (EPFL Materials Science and Engineer-
ing (IMX) Seminar Series, virtual. Lausanne, Switzerland.
22 Nov. 2021)

Neugebauer, J.; Yoo, S.-H.; Lymperakis, L.: Ab initio
insights into fundamental intrinsic growth and materials
limitations in group-Ill-nitrides (MRS Fall Meeting, Virtual
Conference, virtual. Boston, MA, USA. 28 Nov. 2021)

Palm, M.: Phase Equilibria and Phase Diagrams (5th MSIT
Winter School on Materials Chemistry. Online. 3 May
2021)

Palm, M.: Iron aluminides — a class of sustainable mate-
rials (Intermetallics 2021, Educational Center Kloster
Banz, Germany. 7 Oct. 2021)

Peter, N. J.: Chemically triggered faceting transition of
an asymetric tilt grain boundary in Cu (Department of
Metallurgical Engineering and Materials Science, Indian
Institute of Technology, virtual. Bombay, India. 28 Jul.
2021)

Raabe, D.: The Science of dirty alloys: recycling-based
Aluminium for a circular economy (The 4th International
Conference on Light Materials - Science and Technology,
online. 02 Nov. 2021)

Raabe, D.; Kim, S.-H.; Zhang, X.; Ma, Y.; Souza Filho, I. R;;
Schweinar, K.; Angenendt, K.; Vogel, D.; Stephenson, L;
El-Zoka, A.; Mianroodi, J. R.; Rohwerder, M.; Gault, B.; Bai,
Y.; Springer, H.; Ponge, D.; Kulse, M.; Mahajan, A.; Zaeffer-
er, S.: Sustainable Metals (Virtual Keynote Perspective
Lecture, Materials Chain and Materials Science Depart-
ment, RUB. Bochum, Germany. 07 May 2021)

Raabe, D.; Ponge, D.; Kwiatkowski da Silva, A.; Makineni,
S. K.; Katnagally, S.; Zhou, X.; Kamachali, R. D.; Stephen-
son, L.; Kontis, P.; Mianroodi, J. R.; Gault, B.; Thompson,
G. B.; Neugebauer, J.: Structure, chemistry and thermody-
namics of Lattice Defects (Colloquium of the Department
of Materials Science and Engineering, Ohio State Univer-
sitry, online. Columbus, OH, USA. 26 Mar. 2021)

Ramachandramoorthy, R.: High strain rate testing from
micro-to-meso scale (MRS Spring Meeting - In Situ
Mechanical Testing of Materials at Small Length Scales,
Modeling and Data Analysis Symposium, online. 17 Apr.
2021)

Ramachandramoorthy, R.: High strain rate testing of
copper based micropillars and microlattices (206 Depart-
mental Seminar Series, Empa. Thun, Switzerland. 22
Jun. 2021)

Ramachandramoorthy, R.: Micro/nanoscale fabrication
techniques (Small scale mechanics course, RUB. Bo-
chum, Germany. 17 May 2021)

Ramachandramoorthy, R.: Pushing the limits of mi-
croscale manufacturing and mechanical testing (Depart-
ment of Material Science and Engineering Seminar
Series, Tel-Aviv University, online. Tel-Aviv, Israel. 18 May
2021)
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Ramachandramoorthy, R.: Small scale mechanical
characterization (Small scale mechanics course, RUB.
Bochum, Germany. 31 May 2021)

Rohwerder, M.: Scanning Kelvin Probe Techniques for the
Investigation of Corrosion, Hydrogen Uptake and Perme-
ation of Zinc Alloy Coatings on Steels (Galvatech 2021,
Virtual Conference. 21 Jun. 2021)

Roters, F.; Diehl, M.; Eisenlohr, P.; Shanthraj, P.. DAMASK:
the Disseldorf Advanced MAterial Simulation Kit for
studying multi-field crystal plasticity phenomena (Semi-
nar, Engineering Science Department at the University of
Oxford, virtual. Oxford, UK. 18 Oct. 2021)

Scheu, C.; Gleich, S.; Soler, R.; Breitbach, B.; Bolvardi, H.;
Achenbach, J.-0.; Schneider, J. M.; Dehm, G.: Insights in
the Structure, Defects and Stability of Mo,BC Thin Films

by Advanced Characterization Methods (International Con-
ference on Metallurgical Coatings and Thin Films 2021
(ICMCTF2021), Virtual Conference. 26 Apr. 2021)

C. Scheu: Tracing impurities at surfaces and interfaces of
renewable energy materials (MS&T 21, Online Conference,
Columbus, Ohio. 17 Oct. 2021)

Scheu, C.; Hengge, K. A.: Insights in the stability of Pt/Ru
catalyst and the effect for polymer electrolyte membrane
fuel cells (Thermec 2021, Online Conference. 01 Jun.
2021)

Scheu, C.; Zhang, S.: Hematite for light induced water
splitting — improving efficiency by tuning distribution of Sn
dopants at the atomic scale (Karlsruher Werkstoffkollo-
quium_Digital. 15 Jun. 2021)

Siemer, N.: Metadata-schemes and RDM handbook in
SFB1394 (Workshop “Research-data management, ma-
chine learning and material informatics within the SFB/
TR103”", RUB, virtual. Bochum, Germany. 10 Jun. 2021)

Stein, F.: Experimental Determination of Phase Diagrams
(Lecture, 51" MSIT Winter School on Materials Chemistry,
virtual. 02 May 2021)

Surendralal, S.; Todorova, M.: Corrosion at the Quantum
Level (Coffee with Max Planck, Virtual Seminar orga-
nized by the MPIE. Diisseldorf, Germany. 04 Feb. 2021)

Todorova, M.; Surendralal, S.: Corrosion at the Quantum
Level (Coffee with Max Planck, Virtual Seminar orga-
nized by the MPIE. Diisseldorf, Germany. 04 Feb. 2021)

Todorova, M.; Surendralal, S.; Wippermann, S. M,;
DeiBenbeck, F.; Freysoldt, C.; Neugebauer, J.: Insights
into processes at electrochemical solid/liquid interfaces
from ab initio molecular dynamics simulations (TMS 2021,
online. Orlando, FL, USA. 16 Mar. 2021)

Todorova, M.; Surendralal, S.; Wippermann, S. M.;
DeilRenbeck, F.; Neugebauer, J.: Hydrogen at electrified
solid/liquid interfaces — insights from ab initio molecular
dynamics simulations (TYC mini-workshop on “Physics
and Chemistry of Solid/Liquid Interfaces”, online. Lon-
don, UK. 20 May 2021)

Todorova, M.; Surendralal, S.; Wippermann, S. M,;
DeilRenbeck, F.; Neugebauer, J.: Insights into processes
at electrochemical solid/liquid interfaces from ab initio
molecular dynamics simulations (ICTP-Workshop on
“Physics and Chemistry of Solid/Liquid Interfaces for En-
ergy Conversion and Storage”, Virtual Meeting. Trieste,
Italy. 28 May 2021)

Todorova, M.; Yoo, S.-H.; Vatti, A. K.; Neugebauer, J.:
From Semiconductor defect chemistry to electrochemistry
(ICACES/BENCH Virtual Summer School 2021. Géttin-
gen, Germany. 14 Jun. 2021)

Todorova, M.; Surendralal, S.; Wippermann, S. M.;
DeiBenbeck, F.; Neugebauer, J.: Insights into processes
at electrochemical solid/liquid interfaces from ab initio
molecular dynamics simulations (ICACES/BENCh Virtual
Summer School 2021. Gottingen, Germany. 14 Jun.
2021)

Todorova, M.; Surendralal, S.; Wippermann, S. M,;
DeilRenbeck, F.; Neugebauer, J.: Processes at solid/liquid
interfaces - insights from ab initio molecular dynamics
simulations with potential control (AMaSiS 2021 Online

- Applied Mathematics and Simulation for Semiconduc-
tors and Electrochemical Systems. Berlin, Germany. 06
Sep. 2021)

Todorova, M.; Surendralal, S.; Wippermann, S. M,;
DeilRenbeck, F.; Neugebauer, J.: Realistic description of
processes at solid/liquid interfaces by ab initio molecular
dynamics simulations with potential control (MRS Fall
Meeting. Boston, MA, USA. 7 Dec. 2021)

Tsai, S.-P.; Zaefferer, S.: Large-volume 3D EBSD system
and its application to the investigation of grain boundary
corrosion in 316L stainless steel (3D MS conference,
online. 30 Jun. 2021)

Yoo, S.-H.: Electronic passivation schemes for surfaces
with spontaneous polarization and for low symmetry semi-
conductor surfaces in DFT slab calculations (Materials
Design Group Seminar, Department of Materials, Imperi-
al College London, virtual. London, UK. 26 Apr. 2021)

Yoo, S.-H.: Overcoming failing Size Convergence for
Surface Calculations of Materials Exhibiting Spontaneous
Polarization (International Conference Materials Science
and Engineering: Materials Oceania 2021, virtual. Bris-
bane City, Australia. 13 Oct. 2021)

Zaefferer, S.: 2D and 3D SEM-based electron diffraction
techniques as central tools for correlative microscopy
to obtain new insights into microstructure physics and
chemistry (Kolloquium des Zentrums fiir Elektronen-
mikroskopie, online. Graz, Osterreich. 09 Mar. 2021)

Zaefferer, S.: Towards understanding hydrogen embrittle-
ment: Tools for microscopic and nanoscopic detection of
hydrogen and its mechanical effects in microstructures of
steels and superalloys (Colloquium of the Institute of Ma-
terials Science, TU Freiberg, online. Freiberg, Germany.
10 May 2021)
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Publications (as of November 2021)

A comprehensive listing of scientific publications is available on the following institute’s web pages:

Computational Materials Design:
h ://www.mpi 2967 lication

Interface Chemistry and Surface Engineering:
h //www.mpi 2999511/Interf hemistry_an rf Engineerin

Microstructure Physics and Alloy Design:
h ://www.mpi 2987664/Publication

Structure and Nano-/ Micromechanics of Materials:
h //Wwww.mpi 2999 lication

Nanoanalytics and Interfaces:
https:/www.mpi 118894/Nanoanalyti nd_Interf:

Open Access:
h //www.mpi 42 9 n- - lication

Publication statistics

The results of the fundamental scientific research conducted at the MPIE are mainly published in peer-reviewed scien-
tific journals. The following publication statistics are extracted from SciVal, which is based on the Scopus database of
indexed scientific journals. [

From January 2019 to November 2021, 831 peer-reviewed journal articles and reviews were published by the institute;
over 50% of the total set are Open Access and hence made broadly accessible across the scientific community but also
the general public, with a mix between Gold and Green as detailed below.

Publications by subject area

High level subject areas for journals have been defined by the All Science Journal Classification (ASJC), and each jour-
nal and article therein can hence belong to more than one ASJC.I"l

The set of publications between 2019 - 2021 from the MPIE cover a broad range of topics, centred on materials science
& engineering and physics, but also with forays into chemistry, energy and computer science.

Computer Sclence Diverse
% %

*Diverse includes Biochemistry, Genetics and
Molecular Biology/ Decision Sciences/ Dentist-
ry/ Earth and Planetary Sciences/ Environmen-
tal Science/ Health Professions/ Mathematics/
Medicine/ Pharmacology, Toxicology and Phar-
maceutics and Social Sciences.

Energy

Chemical
Engineering
4

Chemistry Material Science
10% sy
Engineering

19%

Physics and Astronomy
20%
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https://www.mpie.de/2967008/publications
https://www.mpie.de/2999511/Interface_Chemistry_and_Surface_Engineering
https://www.mpie.de/2987664/Publications
https://www.mpie.de/2999835/publications
https://www.mpie.de/3118894/Nanoanalytics_and_Interfaces
https://www.mpie.de/4263389/open-access-publications
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Scholarly output

A total of 831 publications was released until 24 November 2021.
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Citation count
Atotal of 7.595 citations was received by publications at the MPIE between 2019 - 2021 with an average of 9.3 citations

per publication. The citation count indicates how many citations these publications received. The years are always the
years in which items were published, and do not refer to the years in which citations were received.
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This is the total citations for the publication set, with years being are the years when articles were published, not to the
years in which citations were received. [l
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189 (23%) publications are in the top 10% most cited publications worldwide in their respective field.

1

2019 2020 2021 est.
& Publications in top 5% most cited (%) = Publications in top 10% most cited (%)

25%

20%

15%

10%

5%

0%

482 (59,6%) publications are in the top 10% journals by CiteScore.

These values indicate the extent to which the set of publication from the MPIE is present in the most-cited journal arti-
cles referenced in Scopus, and presented by CiteScore percentile.[']
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The field-weighted citation impact of publications at the MPIE is 1.85.

The field-weighted citation impact (FWCI) indicates how the number of citations received by the considered set of pub-
lications compares with the average number of citations received by all other publications indexed in Scopus in similar
categories. A FWCI of 1.00 indicates that the set has been cited exactly as would be expected based on the global aver-
age for similar publications across the considered field. A FWCI of more than 1.00 indicates above average citations.!

2
1.5
1
0.5
]

2019 2020 2021 est.

Scholarly output in publications by amount of international, national and institutional
collaboration

Single authorship Scholarly | Cita- Citations Field-
ingle authorship (no ; . .
collaboration) output tions per.publl V\{elghted
Only instititutional 1% cation f:|tat|on
collaboration impact
7%
only national
collaboration International 621 6.051 | 9,7 1,89
e collaboration
Only national 135 827 |61 1,49
collaboration
P Only institutional | 96 589 | 10,5 2,14
niernationa -
collakiaion collaboration
i Single authorship | 9 128|142 2,34
(no collaboration)

“The scholarly output in publications by amount of international, national and institutional collaboration indicates the
extent to which the publication set’s publications have international, national, or institutional co-authorship, and single
authorship. A publication is assigned a single collaboration type.”["
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Institutions participating in MPIE publications

MAX-PLANCK-INSTITUT
FUR EISENFORSCHUNG GmbH

Name Scholarly output Authors Citations per publication
1. MPIE 821 344 93
2. Imperial College London 121 16 7.8
3. RWTH Aachen University 109 95 79
4. Central South University 62 46 10,0
5. Ruhr University Bochum 50 64 10,8
6. CNRS 47 80 6,5
7. Delft University of Technology 46 31 15,0
8. Jiilich Research Centre 37 26 10,1
9. University of Science and 36 69 7,2
Technology Beijing
10. Friedrich-Alexander 31 24 13,1
University Erlangen- Niirnberg

Selected journals

Name

Number of publications

Acta Materialia

111

Scripta Materialia

56

Materials Science And Engineering A

40

Nature Communications

23

Physical Review B

4

Physical Review Letters

Advanced Materials

Science Advances

Nature

Nature Materials
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Open access

A total of 419 papers was published open access between 2019 and 2021.
A list of our open access publications is available on our webpage:

https://www.mpi 42 9 n- -publication
278
250
200
150 162
100 123
50
0
Gold Hybrid Gold Bronze Green
“Gold

Documents that are in journals which only publish open access.

Hybrid gold
Documents that are in journals which provide authors the choice of publishing open access.

Bronze
Published version of record or manuscript accepted for publication. The publisher has cho-
sen to provide temporary or permanent free access.

Green
Published version or manuscript accepted for publication, available at repository.” !

References

1. SciVal, Publication Set Overview Report prepared on the 4" of November 2021.
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Habilitation, doctoral, master and bachelor theses

Habilitation theses

2019

PD Dr. S. Brinckmann: Exploration of Crack Propaga-
tion in Metals by Length-Scale Dependent Simulations
(Ruhr-Universitat Bochum)

2021

PD Dr. M. Herbig: Hiiftimplantate: Ein werkstoffwissen-
schaftlicher Blick auf Geschichte, Moglichkeiten und
Limitationen (RWTH Aachen)

Doctoral theses

2018 (not included in Scientific Report
2016 - 2018)

Dr. rer. nat. M. Sysoltseva: Characterization of aerosols
and nanoparticles released during various indoor and
outdoor human activities (RWTH Aachen)

2019

Dr.-Ing. L. Abdellaoui: Correlation of microstructures
and thermal conductivity of the thermoelectric material
Ag,, ,Sb,,Te, , (Ruhr-Universitat Bochum)

Dr.-Ing. D. An: A study on low-cycle fatigue behaviour of
high-manganese steels (RWTH Aachen)

Dr-Ing. Y. Chang: Challenges and opportunities associat-
ed to the characterization of H/D in Ti and its alloys with
atom probe tomography (RWTH Aachen)

Dr.-Ing. A. Dutta: Deformation behaviour and texture
memory effect of multiphase nano-laminate medium
manganese steels (RWTH Aachen)

Dr.-Ing. A. Gupta: Ab initio based study of precipitate for-
mation in advanced structural Al-based alloys (Ruhr-Uni-
versitdt Bochum), with distinction "summa cum laude”

Dr.-Ing. A. Hariharan: On the interfacial defect formation
mechanism during laser additive manufacturing of poly-
crystalline superalloys (Ruhr-Universitat Bochum)

Dr.-Ing. P. Kerger: Absolute Electrode Potentials - The
Thin Film Electrode (Ruhr-Universitat Bochum)

Dr.-Ing. A. Kini: Laser Additive Manufacturing of Oxide
Dispersion Strengthened Steels and Cu—Cr—Nb Alloys
(RWTH Aachen)

Dr.-Ing. D. Korbmacher: Ab initio study of strongly anhar-
monic and dynamically unstable systems (Ruhr-Univer-
sitdt Bochum)

Dr. rer. nat. P. Kiirnsteiner: Precipitation Reactions During
the Intrinsic Heat Treatment of Laser Additive Manufac-
turing (RWTH Aachen), with distinction "summa cum
laude”

Dr.-Ing. W. Luo: Mechanical properties of the cubic and
hexagonal NbCo, Laves phases studied by microme-
chanical testing (Ruhr-Universit&t Bochum)

Dr.-Ing. T. Meiners: Grain Boundary Structure, Phase
Transitions and Segregation Phenomena in Copper
Alloys (Ruhr-Universitdt Bochum)

Dr.-Ing. A. Merz: Investigation of the “Protection Zone”,
a novel mechanism to inhibit delamination of compos-
ite organic coatings containing conducting polymer
(Ruhr-Universitat Bochum)

Dr-Ing. H.I. Sézen: Ab initio phase stabilities of Ce-based
hard magnetic materials (Ruhr-Universitat Bochum)

Dr. rer. nat. S. Tecklenburg: Defect formation and evo-
lution in zinc oxide: from semiconductors to corrosion
(Ruhr-Universitat Bochum)

Dr.-Ing. M. Uebel: Release and transport of corrosion in-
hibitors in self-healing coatings for intelligent corrosion
protection (Ruhr-Universitat Bochum), with distinction
"summa cum laude”

Dr.-Ing. D. Wang: Damage and Strain Patterning Simula-
tion of Structural Heterogeneity (RWTH Aachen)

Dr.-Ing. C.-H. Wu: The Principle and Applications of Scan-
ning Kelvin Probe based Hydrogen Detection Technique
on Pd-coated and Oxide Covered Surface (Ruhr-Univer-
sitdt Bochum)

Dr-Ing. H. Zhao: Segregation and precipitation at inter-
faces in a model Al-Zn-Mg-Cu alloy (RWTH Aachen)

2020

Dr-Ing. V.G. Arigela: Development and application of a
high-temperature micromechanics stage with a novel
temperature measurement approach (Ruhr-Universitat
Bochum)

Dr.-Ing. P. Bajaj: Precipitation during Intrinsic Heat Treat-
ment in Laser Additive Manufacturing (RWTH Aachen)

Dr.-Ing. C. Corréa da Silva: Investigation of the kinetics of
selective oxidation of iron model alloys during simulated
(Ruhr-Universitat Bochum)
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Dr.-Ing. P. Keuter: Design of materials with anomalous
thermophysical properties and desorption-assisted
phase formation of intermetallic thin films (RWTH
Aachen University), with distinction "summa cum laude”

Dr.-Ing. J. Li: Probing dislocation nucleation in grains and
at £3 twin boundaries of Cu alloys by nanoindentation
(Ruhr-Universitat Bochum)

Dr.-Ing. S. Nandy: Investigations on the Mechanisms of
Ductilization of Mg Alloys with Ca, Al and Zn (Ruhr-Uni-
versitdt Bochum)

Dr-Ing. R. Pei: Microstructural Relationships of Strength
and Ductility in a Newly Developed Mg—Al-Zn Alloy for
Po-tential Automotive Applications (RWTH Aachen)

Dr-Ing. Y. Qin: Microstructure alterations in bearing
steels exposed to severe plastic deformation (RWTH
Aachen)

Dr. M. Schestakow: Nanostrukturierte Cellulose-Aero-
gel-Polyesterverbunde (RWTH Aachen University), with
distinction "summa cum laude”

Dr.-Ing. S. Surendralal: Development of an ab initio com-
putational potentiostat and its application to the study of
Mg corrosion (Ruhr Universitdt Bochum), with distinc-
tion "summa cum laude”

Dr.-Ing. S.-H. Yoo: Development of a computational
framework to determine the chemical and thermody-
namic stability of electrode materials in an electrochem-
ical environment (Ruhr-Universitat Bochum)

Dr.-Ing. A. Zendegani: Ab initio based study of the ther-
modynamics of complex intermetallics (Ruhr-Universitét
Bochum)

2021

Dr. rer. Nat. J. JanBen: pyiron — an Integrated Develop-
ment environment for ab initio Thermodynamics (Pader-
born University), with distinction "summa cum laude”

Dr-Ing. S.-H. Kim: Engineering Impurities in Colloidal
Nanostructures used in “Green Hydrogen” Generation
(RWTH Aachen University), with distinction "summa
cum laude”

Dr. rer. Nat. F. Lochner: Interplay of Real Space and Elec-
tronic Structure for Iron-Based Superconductors: An ab
initio Study (Ruhr-University-Bochum)

Dr. D. Mayweg: Microstructural characterization of white
etching cracks (RWTH Aachen)

Dr-Ing. S.A.H. Motaman: Modeling of the microstructural
effects on the mechanical response of poly-crystals
(RWTH Aachen)

Dr. M. Obermaier: Development of characterization meth-
ods to improve automotive PEMFC degradation analysis
(RWTH Aachen)

Dr-Ing. N.J. Peter: Structure, chemistry and nanomechan-
ics of grain boundaries in Cu—Ag alloys (Ruhr-Universitat
Bochum)

Dr. Z. Rao: Design of Invar and Magnetic High-Entropy
Alloys (RWTH Aachen)

Dr-Ing. K. Schweinar: Advancements in the understand-
ing of Ir-based water splitting catalysts at the near-atom-
ic scale (Ruhr-Universitat Bochum), with distinction
"summa cum laude”

Dr. mont. L. Stemper: Crossover-alloys — a new approach
for future aluminum alloys (University Leoben, Austria),
with distinction "summa cum laude”

Dr.-Ing. C. Tian: On the damage initiation in dual phase
steels: Quantitative insights from in situ micromechan-
ics (Ruhr-Universitdat Bochum)

Dr.-Ing. P.-Y. Tung: Fundamentals of carbide decomposi-
tion and stability (Ruhr-Universitdt Bochum)

Dr-Ing. S. Vakili: Multi-Phase-Field Modeling of Structure
Formation in Metallic Foams (Ruhr-Universitat Bochum)

Dr-Ing. R.S. Varanasi: Mechanisms of refinement and de-
formation of novel ultrafine-grained medium manganese
steels with improved mechanical properties (Ruhr-Uni-
versitat Bochum)

Dr. rer. nat. Y. Wei: Machine learning methods in data-driv-
en nanostructure analysis of materials (RWTH Aachen)

Dr.-Ing. S. Wolff-Goodrich: Development of AICrFeNiTi
Compositionally Complex Alloys for High Temperature
Structural Applications (Ruhr-Universitat Bochum)

Master theses

2019

R. Aymerich Armengol: Structure-property relationship
studies of Pt/TiO, nanomaterials for electrochemical
applications (Universitat Autonoma de Barcelona, Spain)

R. Bueno Villoro: Effect of the processing route on the
microstructure of Ag,,Sb,,Te., (AST) based thermoelec-
trics (Universitat Autonoma de Barcelona, Spain)

R. Dsouza: Fully anharmonic self-diffusion coefficients
using the Finite-Temperature String method (Ruhr-Uni-
versitdt Bochum)

F. Farzam: Microstructure Evolution in FCC Metals during
Friction (Heinrich-Heine-Universitat Disseldorf)

U. Gajera: Phase diagrams derived from optimized empir-
ical potentials (Ruhr-Universitdt Bochum)

D.R. Machado: Investigation of the low cyclic fatigue
behavior of high manganese steels (RWTH Aachen)

S. Roongta: A Physics Based Crystal Plasticity Model for
Cyclic Deformation (Ruhr-Universitdat Bochum)

H.C. Sam: Role of microstructure and environment on de-
layed fracture in a novel lightweight medium manganese
steel (Augsburg University)



2020

A. Aslam: Thermodynamics of binary alloys at atomistic
scale (Ruhr-Universitat Bochum)

X. Dong: Hydrogen Associated Decohesion and Local-
ized Plasticity in a Dual-phase Lightweight Steel (RWTH
Aachen)

N. Kusampudi: Using Machine Learning and Data-driven
Approaches to Predict Damage Initiation in Dual-Phase
Steels (Ruhr-Universitat Bochum)

L. Lahn: On the role of defects in Ir-Ru alloys for energy
conversion applications (RWTH Aachen)

A. Saxena: Machine learning the formation of defect
phases in aluminium alloys (Ruhr-Universitdt Bochum)

C.K. Soundararajan: Recrystallization behavior and me-
chanical properties of interstitially alloyed CoCrFeMnNi
equiatomic high entropy alloy (RWTH Aachen University)

2021

C. Aras: Anharmonic free-energy calculation of dynami-
cally unstable crystal structures (RWTH Aachen)

V. Bhuva: Algorithms for optimal chemical ordering (Uni-
versity of Passau)

MAX-PLANCK-INSTITUT
FUR EISENFORSCHUNG GmbH

B. Hill: Scanning electron microscopy study of the mi-
croscale degradation mechanisms in polymer electro-
lyte fuel cells (Heinrich-Heine-Universitat Diisseldorf)

A. Kokot: Solidification and precipitated structure of
Al,,Co,Cr,.Fe, Ni,, Ti. (x =0, 10, 20) compositionally
complex alloys (Heinrich-Heine-Universitat Disseldorf)

P. Mathews: Concentration-dependent finite temperature
effects in metallic alloys (Ruhr-Universitdt Bochum)

A.W. Paiva do Nascimento: An optimized method to
determine initial parameters of advanced yield surfaces
for sheet metal form-ing applications (Ruhr-Universitéat
Bochum)

M. Vega Paredes: Electron microscopy degradation
studies of ruthenium-platinum core-shell nanoparticles
for polymer electrolyte membrane fuel cells (Universitat
Autonoma de Barcelona, Spain)

Bachelor theses

2020

M. Vega Paredes: Degradation mechanisms during opera-
tion of high temperature polymer electrolyte membrane
fuel cells (Universitat Autonoma de Barcelona, Spain)
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Scientific community service activities of the directors

Prof. Gerhard Dehm

Member of the Selection Committee for Applicants for
Max-Planck-Lise-Meitner Groups (since 2018)

Member of the Selection Committee for the Allocation of
Humboldt Research Fellowships (since 2017)

Member of the Selection Committee for Applicants for
Max-Planck-Research Groups (since 2014)

Member of the board of trustees (Kuratorium) of the KSB
Stiftung (since 2016)

Member of the Board of Governors of Acta Materialia
Inc. (since 2013)

Editorial Board of Advanced Engineering Materials (Wi-
ley) (since 2013)

Member of the Editorial Board International Journal of
Materials Research (Hanser) (since 2007)

Member of the Editorial Board Berg- und HuBttenman-
nische Monatshefte (Springer) (since 2009)

Prof. Jorg Neugebauer

Member (since 2004) and speaker (since 2014) of the
International Max Planck Research School for Interface
Controlled Materials for Energy Conversion (IMPRS-Sur-
Mat) at the Max-Planck-Institut fiir Eisenforschung, the
Ruhr-Universitdat Bochum, the University of Duisburg-Es-
sen, the Max-Planck Institut fiir Kohlenforschung and the
Max-Planck-Institute for Chemical Energy Conversion

Member of the IT-advisory board (BAR) of the
Max-Planck-Society (since 2006)

Director of the Advanced Study Group “Modelling” at the
International Centre of Advanced Materials Simulation
ICAMS (since 2008)

Member of the Scientific Committee of the PSI-k charity
and Speaker of the Working Group Applications to real
materials: Structural materials (since 2009)

Elected Member of the Academy of Sciences and Art in
North Rhine-Westphalia (since 2010)

Elected chair of the Metals and Materials (MM) Division
of the German Physical Society (DPG) (2016 - 2019)

Elected member of the working group Metals and Ma-
terials (AGMM) of the German Physical Society (DPG)
(since 2019)

Elected member of the DFG review board (DFG-Fachkol-
legium) ,Materials Science” (2016 - 2020)

Member of the HLRB (supercomputer in Bavaria) steer-
ing committee of the Leibniz computer centre of the
Bavarian Academy of Sciences (since 2012)

Foreign Member of the Austrian Academy of Sciences
(since 2012)

Chair of the expert committee “Digital transformation
in materials engineering” of the Association of German
Engineers (VDI) (since 2016)

Associate Editor, npj Computational Materials (since
2015)

Member of the scientific advisory board of the Physics
Department of the University of Jena (2015 - 2020)

Member of the scientific advisory board GraFOx, Gradu-
ate school of several Leibnitz institutes in Berlin

Member of the Management Board of the Consortium
Material Digital (since 2019)

Member of the Supervisory Board (Aufsichtsrat) of the
Karlsruhe Institute of Technology (KIT) (since 2019)

Member of the scientific committee of the “Models and
Data for Plasma-Material Interaction in Fusion Devices
(MoD-PMI)” workshop series (since 2016)

Member of the High Entropy Alloys (HEA 2021) Confer-
ence International Advisory Committee (since 2021)

Prof. Dierk Raabe

Member of the Selection Board of the scholarship
programme of the Alexander von Humboldt Foundation
since 2007

Member of selection board of the Alexander von Hum-
boldt Professorship programme (since 2017)

Member of the Governors Board of Acta Materialia Inc.
(2007-2015)

Chairman of the RWTH Board of Governors (Hochschul-
rat der RWTH Aachen) (2012-2017)

Member of the Council of Science and Humanities of the
German Government (Wissenschaftsrat) (2010- 2016)

Senator of the Helmholtz Association for the Research
Field Key Technologies (since 2017)

Member Northrhine-Westfalian Academy of Sciences
since 2008

Member National Academy Leopoldina, 2013

Honorary Professor at Katholieke Universiteit Leuven,
Belgium, 2014
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Budget of the institute

Revenue

(Percentual contributions to total revenue without appointment-related investment funds and general reconstruction of
the buildings; year 2021 data estimated)
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® MPS Institutional Funds u Steel Institute VDEh
# Third-Party Funds  Institutes Own Income
Expenditure

(Percentual distribution of total expenditure; investments include large-scale apparatus, electronic data processing,
appointment-related investments, separate investment for basic equipment; year 2021 data estimated)
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Third-party funds

(Contributions in 1,000 € to total revenue including personnel, material and investements, year 2021 data estimated)

3500
3000
2500
2000
1500
1000

500 |

DFG EU/RFCS

DFG: German Science Foundation

EU: European Union

RFCS: Research Fund for Coal and Steel
Federal: BMBF & BMWi

BMBF: Federal Ministry of Science and Education

Federal
u2019 nz7 992 897
u 2020 2773 1398 1211
= 2021 est. 2888 1500 997

Industry MPG NRW Others
1526 1515 220 546
1234 1156 148 545
624 678 96 arn7

BMWi: Federal Ministry of Economics and Technology
Industry incl. Christian Doppler Society and MaxNet
MPG: Max Planck Society

NRW: State of North Rhine-Westphalia

Others: Diverse expenditure on material costs
(e.g. Humboldt Foundation, Merkle Foundation)
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Personnel structure

Number of occupied scientific / non-scientific positions

(Absolute numbers, September 2021)

200 14 ® Unlimited Contract
® Limited Contract
& Scholarship
150 | Guests
137
100
57
50 15
1] 1
Scientists Scientific HNon-Sclentific
Services Services

Age distribution of junior scientists

(Absolute numbers, September 2021)

B0

&0

40

20

m-25
m25-29
30-34
= 35-39
w40-44
45+

%2]
—
[}
=
n
=
(9}
(%)




MAX-PLANCK-INSTITUT
FUR EISENFORSCHUNG GmbH

0
3)
=
5D
=

@©
i
n

Gender distribution of scientists
(Absolute numbers, September 2021)
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Docs

Scientists and their home countries
(Absolute numbers, September 2021)

20
a7
Doct.

Students  graduates

& female
a male
Under- Others

Venezue Crech Republic (1) paland (1)
Malaysia (1)

: Buigf.aria (1} Russia (1)
| _-:JI:[.;: [2) Jordan (1)
srael (£) i
Caidarta (01 Indonesia (1)

Belgium (2}

Germany (60)

e

Australia (2)

Morocco (2)
Turkey (2)
Taiwan (2)
France (3)
Pakistan (3)
Italy (4)
Brazil (4)
Korea (4)
Spain (8)

Iran {13 India [(42)

China (31)
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Number of junior scientists
(Absolute numbers, year 2021 data estimated)

Financed via third-party funds
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Velbert/Disseldor!
Krour Ratingan Ost

Max-Planck-Institut fiir
Eisenforschung GmbH

Max-Planck-Stralle 1
D-40237 Diisseldorf

Phone: +49-211-6792-0
Fax: +49-211-6792-440
Homepage: https://www.mpie.de

Access
from Central Railway Station:

by Bus 834 (direction Belsenplatz)
to stop Sohnstralle

by Taxi to Sohnstrale/Max-Planck-Stral3e,
10 minutes

from Airport:

by Taxi to Sohnstrale/Max-Planck-Strale,
15 minutes
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