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Preface
The Max-Planck-Institut für Eisenforschung GmbH (MPIE) and Bruker are pleased to present
Nanobrücken 2020: Nanomechanical Testing Conference and Bruker User Meeting.
This is the 10th edition of the Nanobrücken series and combines oral presentations from leading
European research groups with practical workshops/tutorials and a poster competition. The
conference is open to all aspects of nanomechanical and nanotribological testing, including
biomechanical, in-situ experimentation and theory/simulation.

Conference & Bruker User Meeting Venue
Max-Planck-Institut für Eisenforschung GmbH (MPIE)
Max-Planck-Straße 1
40237 Düsseldorf
Deutschland
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Dr. Christoph Kirchlechner (Germany)
Dr. Ude Hangen, Bruker (Germany)
Steering Committee Members
Dr. Eduard Arzt, INM-Leibniz Institute for New Materials (Germany)
Dr. Roland Bennewitz, INM-Leibniz Institute for New Materials (Germany)
Dr. Oden Warren, Bruker (United States)
Dr. Douglas Stauffer, Bruker (United States)
Bruker Organizational Contacts
Dr. Rhys Jones, Bruker (United Kingdom)
Davor Krusevlijanin, Bruker (Germany)
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Day 1: Tuesday, February 4th
Welcome
13:00

Opening Remarks
Gerhard Dehm, Max Planck Institute for Iron Research and Ude Hangen, Bruker

Session I
Chair: Miguel A. Monclús, IMDEA Materials Institute

Invited Talk
13:15

“Compression of Cerium Oxide Nanocubes in an Environmental Transmission
Electron Microscope”
K. Masenelli-Varlot, Univ Lyon, INSA-Lyon

13:45

“Effect of stacking fault energy on the ultimate strength of FCC Ni-Co nanoparticles”
Anuj Bisht, Technion – Israel Institute of Technology

14:00

“Orientation-dependent hardness of Mo3Si phases in a Mo-17.5Si-6B alloy”
Weiguang Yang, Forschungszentrum Jülich

14:15

“Multi-dimensional property correlation with Nanoindentation Mapping”
Christopher M. Magazzeni, University of Oxford

14:30

“Measuring the elastic modulus Mo-based alloy thin films”
Megan J. Cordill, Austrian Academy of Sciences

Poster Set-Up
14:50

Short Break / Coffee Provided

Remarks
Session II
Chair: Karine Masenelli-Varlot, Univ Lyon, INSA-Lyon
15:30

“Quantitative in-situ deformation of nanocrystalline olivine in the transmission
electron microscope”
Patrick Cordier, University of Lille

15:50

“In situ TEM nanomechanical testing of antigorite suggest weak interfaces”
Hosni Idrissi, University of Antwerp

16:10

“Micromechanical testing of geological materials”
Diana Avadanii, University of Oxford

16:25

“Extreme In Situ Mechanics of Ni-based Superalloys and Bond Coating: 800°C and Beyond”
Sanjit Bhowmick, Bruker

Invited Talk
16:45

“High Temperature Mechanical Properties of Hard TaSiN Coatings”
Miguel A. Monclús, IMDEA Materials Institute

Poster Session
All Posters are Eligible for Top Poster Prize
17:15

Poster Session / Barbecue (Prinzengrill Food Truck on-site) and parallel lab tour

Keynote Lecture
19:30

“The shapes and colors of nanoindentation - from van Gogh to green chemistry”
Dr. Etienne Barthel, CNRS Research Director, ESPCI, Sorbonne University, Paris
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Day 2: Wednesday, February 5th
Bruker User Meeting (open to all participants)
09:00

Introduction
Oden Warren, Bruker

09:10

Exciting New Product Developments from Bruker Hysitron
Rhys Jones, Bruker

09:25

Tribo iQ for Hysitron TriboIndenter Series
Ude Hangen, Bruker

09:35

Tribo iQ for Hysitron PicoIndenter Series
Jaroslav Lukeš, Bruker

09:45

Q&A Session (opportunity for users to ask questions)

10:00

Short Break / Coffee Provided

10:30

Nanobrücken Conference – Opening Remarks

Session III
Chair: Dr. Etienne Barthel, CNRS Research Director, ESPCI, Sorbonne University, Paris

Invited Talk
10:35

“Deformation behavior of novel bio-based polymer hybrid coatings studied by
nanoindentation and nanoscratching”
Ruth Schwaiger, Foschungszentrum Jülich GmbH

11:05

“Correlated nanomechanical, morphological, chemical, and crystallographic
characterization of biological materials”
Rachel Board, Swansea University

11:20

“Mechanical Characterization of Individual Intercellular Interfaces in Wood Tissue”
Mohammad Tadayon, Technische Universität Dresden

11:35

“Characterizing Cross-Linking Within Polymeric Biomaterials in the SEM by Secondary
Electron Hyperspectral Imaging”
Nicholas Farr, University of Sheffield

11:50

“Correlating Microstructure to in situ Micromechanical Behavior and Toughening
Strategies in Biological Materials”
Richard E. Johnston, Swansea University

Lunch Break
12:10

Lunch Provided On-Site
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Session IV
Chair: Ruth Schwaiger, Foschungszentrum Jülich GmbH
13:30

“Dislocation plasticity in FeCoCrMnNi high-entropy alloy: Quantitative insights from in situ
transmission electron microscopy deformation”
Subin Lee, Max-Planck-Institute for Iron Research

13:50

“Characterization of the size-dependent indentation behavior of single-crystalline tungsten”
Jin Wang, Karlsruhe Institute of Technology (KIT)

14:05

“Size effect in bi-crystalline Cu micropillars with a coherent twin boundary”
Reza Hosseinabadi, Max-Planck-Institute for Iron Research

14:20

“Slip transmission in nanotwinned Ag under mechanical and thermomechanical loading”
Maya K. Kini, Max-Planck-Institute for Iron Research

14:40

“Combining electron microscopy and nanoindentation to characterize microstructure and
hardness gradient of complex-phase steels”
Y. Chang, RWTH Aachen University

14:55

“Experiments and modeling of the Indentation size effects”
Junhe Lian, Aalto University

15:15

Short Break / Coffee Provided

Session V
Chair: David Armstrong, University of Oxford

Invited Talk
15:45

“Micro-indentation-based techniques to study the influence of mechanical stress on
the electrical performance and structural integrity of microelectronic devices”
André Clausner, Fraunhofer Institute for Ceramic Technologies and Systems IKTS

16:15

“Thin film adhesion measurement by nanoindentation: Review of methodologies by
means of finite element simulations”
Jan Albrecht, Fraunhofer Institute for Electronic Nanosystems ENAS

16:35

“Effect of Pretreatment on Interface Stability and Morphology of Ni/Al Hybrid Foams
by in situ Microcantilever Fracture Experiment”
Jutta Luksch, Saarland University

16:50

“Multicomponent nitride (Cr0.21Fe0.28Co0.30) Nx as corrosion resistant coatings for
fuel cells and batteries”
Smita G. Rao, Linköping University

Invited Talk
17:05

“Hydrogen-microstructure interactions at small scale by in-situ nanoindentation
during hydrogen charging”
Maria Jazmin Duarte Correa, Max-Planck Institute for Iron Research

17:35

End of Session

18:30

Walking group meets at MPIE to walk to ArabesQ

Conference Banquet Dinner
19:00

ArabesQ
Ludenberger Strasse 1-1a
40629 Düsseldorf
https://arabesq.de/
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Day 3: Thursday, February 6th
Session VI
Chair: Maria Jazmin Duarte Correa, Max-Planck Institute for Iron Research

Invited Talk
09:00

“Examples of third body formation in sliding metal surfaces”
Martin Dienwiebel, Karlsruhe Institute of Technology (KIT)

09:30

“Acquisition of Residual Stress and Fracture Toughness of Metals Through Nanoindentation”
Ömer Necati Cora, Karadeniz Technical University

09:50

“3D EBSD analysis of nanoindentation deformation fields”
Andrea Thöne, Bruker Nano GmbH (TBC)

10:10

Short Break / Coffee Provided

Session VII
Chair: André Clausner, Fraunhofer Institute for Ceramic Technologies and Systems IKTS
10:45

“Characterization of lithium-ion battery electrodes via nanoindentation”
Achim Overbeck, Technical University of Braunschweig

11:05

“Nano- and micro-mechanical analysis of a laser-processed metallic glass”
James P. Best, RWTH Aachen

Invited Talk
11:25

“In-situ testing of energy storage materials”
David Armstrong, University of Oxford

11:55

Closing Remarks

12:00

End of Conference
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Introducing the New Hysitron Nanoindenter

TS 77 Select

Quantitative and Reliable Characterization

Delivering Core Techniques Within Reach of Any Laboratory Budget
The Hysitron TS 77 Select automated nanomechanical and nanotribological test system provides
the highest level of performance, functionality, and accessibility of any benchtop nanoindenter.
Built around Bruker’s renowned TriboScope capacitive transducer technology, this new test
system delivers reliable mechanical and tribological characterization over nanometer-to-micrometer
length scales. The TS Select supports the most prominent testing modes, and is an affordable
entry into quantitative nanoindentation, dynamic nanoindentation, nanoscratch, nanowear,
and high-resolution mechanical property mapping.

www.bruker.com/nanomechanical-testing

Nanomechanical Testing

I n n ovation w ith Integrity
Nanobrücken 2020 Program
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Poster List
Ordered by last name of presenting author
1. “Interface monitoring by Nanoscratching on thick stack (product wafers)”
Vincent Coutellier, STMicroelectronics
2. “Coupled electro-mechanical characterization of microstructures using advanced nanoindentation test”
Amir Mirza Gheytaghi, TUDelft
3. “Small scale fracture of multi metal carbide coatings”
H. Gopalan, Max-Planck-Institut für Eisenforschung GmbH
4. “Qualitative determination of local hydrogen contents and release rates near grain boundaries in
Nickel using Scanning Kelvin Probe Force Microscopy”
Patrick Grünewald, Saarland University
5. “PI88Reader – a python tool for measurement files”
Nathanael Jöhrmann, Technische Universität Chemnitz
6. “Impact of Ferritic, Pearlite and Martensitic Micro-structured Steels and Geometric Length Scales
on Micro Tensile Testing”
Jonas Kutschmann, Westfälischen Wilhelms-Universität Münster
7.

“Local mechanical properties of hydrogen enriched Zr-1Nb zirconium alloy nuclear fuel claddings”
Ondřej Libera, Centrum Výzkumu Řež s.r.o

8. “Image registration between EBSD and XPM nanohardness data maps using computer vision”
Mingxuan Lin, RWTH Aachen
9. “Determination of the flow behavior of the joining zones of hybrid semi-finished products by
means of nanoindentation”
Tim Matthias, Leibniz University Hannover
10. “Dentin-Adhesive Interface Characterization by Confocal Raman Microscopy and
Atomic Force Microscopy”
Martin Moos, 3M Deutschland GmbH
11. “Investigations on the Frictional Properties of the Fish Skin of the Spiny Eel (Macrognathus spec.)”
Florian Pape, Leibniz University Hannover
12. “Hydrogen effects on the mechanical behavior of ferritic FeCr alloys investigated by
in-situ nanoindentation”
J. Rao, Max-Planck-Institut für Eisenforschung GmbH
13. “Investigation of Size Effects in Aerospace-Grade Epoxy on the Mechanical Properties by
Mechanical Test in-situ TEM ”
Raz Samira, Tel Aviv University
14. “On the commensuration of plastic plowing at the microscale”
Hanna Tsybenko, Max-Planck-Institut für Eisenforschung GmbH
15. “Plasticity during micro-wall wear test: single dislocation wall formation”
Wenzhen Xia, Max-Planck-Institut für Eisenforschung GmbH
16. “Mechanical Properties of Architected Carbon”
Xuan Zhang, Leibniz Institute for New Materials
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Transform Your Microscope
Into a Powerful, Nanoscale Mechanical Testing Chamber

Gain Insights Into Mechanical Performance at the Nanoscale
Bruker’s comprehensive suite of in-situ nanomechanical instruments combines
powerful electron microscopy with small-scale mechanical testing. Each system
is capable of a wide variety of testing modes, enabling unprecedented insights
into nanoscale material behavior across the research spectrum.

n Nanoindentation

n Nanoscratch

n Microbeam Bending

n Heating

n Pillar or Particle Compression

n Electrical

n Tensile Testing

n Dynamic

Hysitron PI 88 SEM
PicoIndenter

Hysitron PI 95 TEM
PicoIndenter

www.bruker.com/nanomechanical-testing

In-Situ Nanomechanics

I n n ovation w ith Integrity
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Abstract - Oral Presentations
Day 1: Tuesday, February 4th
Session I
Chair: Miguel A. Monclús, IMDEA Materials Institute

Invited Talk
13:15

“Compression of Cerium Oxide Nanocubes in an Environmental Transmission
Electron Microscope”

K. Masenelli-Varlot1,*, R. Zhang1, L. Joly-Pottuz1, T. Epicier1, T. Albaret2, M. Cobian3, D.D. Stauffer4
1.
2.
3.
4.

Univ Lyon, INSA-Lyon, Université Claude Bernard Lyon 1, MATEIS, CNRS UMR 5510, 69621 Villeurbanne, France
Univ Lyon, Université Claude Bernard Lyon 1, ILM, CNRS UMR 5306, 69621 Villeurbanne, France
Univ Lyon, Ecole Centrale de Lyon, LTDS, CNRS UMR 5513, 69613 Ecully, France
Bruker Nano, Inc., Eden Prairie, MN, USA

*Karine.Masenelli-Varlot@insa-lyon.fr
Cerium oxide (CeO2) nanoparticles are used in catalytic systems as photocatalysts, and for biomedical applications.
For these applications, CeO2 can undergo compressive stresses, inducing plastic deformation. In-situ TEM
mechanical tests bring interesting pieces of information but the sensitivity to electron irradiation has to be taken
into account prior to the experiments. Indeed, oxygen vacancies and changes in the cerium valence state have
been occur, and may affect the materials mechanical response. Interestingly, in-situ reduction can be stopped
or even reversed by introducing oxygen molecules during observation. It becomes therefore possible to test
nanocubes with different compositions (CeOx, with 1.5 ≤ x ≤ 2). We will present results obtained on cerium oxide
nanocubes, of sizes ranging from 20 to 50 nm, with a Hysitron PI 95 sample holder fitting in a Cs-corrected FEITitan
Environmental TEM operating under vacuum or with a partial pressure of gas. We will present DFT+U simulations
on bulk systems with various CeOx compositions. The stability of each crystallographic phase appears to be in
agreement with the literature and with experimental observations. Significant changes in the calculated elastic
moduli are obtained and compared with experimental results. In the plastic regime, the formation of dislocations
and stacking faults will be analyzed from images acquired with different zone axes.

13:45

“Effect of stacking fault energy on the ultimate strength of FCC Ni-Co nanoparticles”

Anuj Bisht1, Yuri Mishin2, Eugen Rabkin1,*
1. Department of Materials Science and Engineering, Technion – Israel Institute of Technology, 3200003 Haifa, Israel
2. Department of Physics and Astronomy, MSN 3F3, George Mason University, Fairfax, VA 22030, USA
*cerabkin@technion.ac.il
Achieving theoretical strength during deformation is the holy grail for material scientist. A record-high strength
of 34 GPa has been reported in defect-free Ni nanoparticles exhibiting equilibrium Wulff shape with rounded
corners and edges produced by solid-state dewetting process1. The high strength is attributed to the change in
deformation mechanism from activation of existing dislocation sources to dislocations nucleation - mediated
plasticity. Previous studies on the strength of Wulff shaped nanoparticles were primarily focused on pure FCC
metals. The effect of alloying elements on nucleation-controlled plasticity is largely unknown. Stacking fault energy
(SFE) is an important material parameter in FCC metals determining their deformation behavior. There is a shift
in deformation mechanism in bulk FCC alloys with a decrease in SFE from dislocations-mediated plasticity to
deformation twinning2. It is unclear whether a similar change of the deformation mechanism can occur in alloy
nanoparticles in the nucleation-controlled deformation mode. Ni-Co alloys are selected for the present study as Co
exhibits unlimited solubility in Ni and both metals have similar shear moduli3. Moreover, SFE of Ni reduces with
increasing Co concentration making it an ideal system for a systematic study of the effect of SFE on plasticity. In the
present study, Wulff shaped Ni-Co nanoparticles on sapphire substrate were obtained by solid-state dewetting of
Ni-Co bilayer thin films deposited on sapphire substrates. In-situ mechanical testing of the produced nanoparticles
was performed using a diamond flat punch actuated by capacitance-controlled transducer of Hysitron.
[1] Sharma, A., Hickman, J., Gazit, N., Rabkin, E. & Mishin, Y. Nickel nanoparticles set a new record of strength.
Nat. Commun. 9, 4102 (2018).
[2] Madhavan, R., Ray, R. K. & Suwas, S. Micro-mechanical aspects of texture evolution in nickel and nickel–cobalt
alloys: role of stacking fault energy. Philos. Mag. 96, 3177–3199 (2016).
[3] Yang, Z., Sun, J., Lu, S. & Vitos, L. Assessing elastic property and solid-solution strengthening of binary Ni–Co, Ni–Cr,
and ternary Ni–Co–Cr alloys from first-principles theory. J. Mater. Res. 33, 2763–2774 (2018).
Nanobrücken 2020 Program
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14:00

“Orientation-dependent hardness of Mo3Si phases in a Mo-17.5Si-6B alloy”

Weiguang Yang1, Georg Hasemann2, Ruth Schwaiger1, Manja Krüger2,*
1. Institute of Energy and Climate Research (IEK-2), Forschungszentrum Jülich, 52425 Jülich, Germany
2. Institute of Materials and Joining Technology, Otto-von-Guericke University Magdeburg, 39104 Magdeburg, Germany
*manja.krueger@ovgu.de
Orientation-dependent hardness of the Mo3Si phases in a Mo-17.5Si-6B alloy was studied. Crystal orientations
close to <001>, <101> and <123> were identified by electron backscatter diffraction (EBSD) and tested by
nanoindentation in a scanning electron microscope (SEM) to allow for precise positioning of the indents.
Material pile-ups around the indents were observed in the SEM micrographs of residual indents and the OliverPharr method could thus not be used to determine the hardness. In this work, we estimated the hardness based
on the projected area of residual indents measured from the SEM micrographs. An obvious hardness anisotropy
was observed, as shown in the figure below. We propose a model explaining this observation, which combines
the easy-slip model and the cutting mechanism to consider the anisotropy of slip systems and the upward flow
of material along the surface during indentation.

14:15

“Multi-dimensional property correlation with Nanoindentation Mapping”

Christopher M Magazzeni1,*, Hazel M Gardner1, Phillip Gopon1, John C Waite1, David EJ Armstrong1,
Angus J Wilkinson1
1. Department of Materials, University of Oxford, Oxford, UK
*christopher.magazzeni@materials.ox.ac.uk
An investigation into the capabilities of the KLA Tencor Express Method – called “Express maps” – is made,
revealing both its potential and limits. The Express method performs indents relatively rapidly, at a scale of
seconds per indent rather than minutes per indent, allowing for the production of large arrays (>1000 indents)
relatively rapidly. These nanoindentation maps are performed on reference and engineering materials in order
to study the accuracy, reliability, and quality of data produced via this method. The spatial resolution limit of this
method is tested, as well as effects of probing depth, and total array size.
Following this, a method is presented to perform correlative studies across other intrinsic property maps of
materials: Electron Back-Scattered Diffraction (EBSD) datasets, Electron Micro-Probe Analysis (EPMA) datasets.
This highly spatially resolved method allows for a continuous (relative to feature size) correlation of small scale
features, as well as the capability to rapidly extract correlations of a high dimension of features with a large
number of data points. Two case studies are presented: in the first instance, the effect of crystal anisotropy
on measured hardness in commercially pure (CP) titanium, and in the second instance, the effect of oxygen
diffusion through different crystal orientations of CP titanium on hardness.

14:30

“Measuring the elastic modulus Mo-based alloy thin films”

Megan J. Cordill1,2,*, Patrice Kreiml2
1. Erich Schmid Institute of Materials Science, Austrian Academy of Sciences, Leoben, Austria
2. Department of Materials Science, Montanuniversität Leoben, Leoben, Austria
*megan.cordill@oeaw.ac.at
Nanoindentation is the main method used to measure mechanical properties of thin films and small volumes.
The well-known “10% rule of thumb” is often used to provide substrate free thin film measurements. While this
guideline may hold true for hardness values on some film-substrate systems and film thicknesses (greater than
100 nm), it cannot, and should not, be applied elastic modulus. Using a variety of sputter deposited Mo and
Mo-based alloy films on Silicon with thicknesses varying between 50 nm to 2000 nm, the 10% rule is rigorously
examined with respect to elastic modulus. What will be demonstrated is that the elastic modulus has long range
effects and can be substantially influenced by the substrate, even at 10% of the thickness. Furthermore, the
influence of the tip radius will be examined as this may also have an effect on the measured values. The findings
reveal that the 10% rule should not be blindly applied to any film-substrate system to determine mechanical
properties. It will be illustrated that indentation testing is not a simple as it is perceived, especially when
evaluating the mechanical behavior thin films.
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Session II
Chair: Karine Masenelli-Varlot, Univ Lyon, INSA-Lyon

15:30

“Quantitative in-situ deformation of nanocrystalline olivine in the transmission
electron microscope”

Patrick Cordier1,2,*, Gunnar Lumbeeck3, Vahid Samaee3, Ralf Dohmen4, Dominique Schryvers3, Hosni Idrissi3,5
1.
2.
3.
4.
5.

Univ. Lille, CNRS, INRA, ENSCL, UMR 8207 - UMET - Unité Matériaux et Transformations, 59000 Lille, France
Institut Universitaire de France, 1 rue Descartes, 75005 Paris, France
Electron Microscopy for Materials Science, University of Antwerp, Antwerp, Belgium
Institut für Geologie, Mineralogie und Geophysik, Ruhr- Universität Bochum, 44780 Bochum, Germany
Institute of Mechanics, Materials and Civil Engineering, Université Catholique de Louvain, Louvain-la-Neuve, Belgium

*patrick.cordier@univ-lille.fr
(Mg, Fe)2SiO4 olivine is the main constituent of the upper mantle of the Earth. Understanding its plastic
behaviour and deformation mechanisms is important in order to model the rheology of the mantle. From
the mineral physics point of view, despite effort of the community for more than 50 years, a lot of questions
remain unsolved, among them is the role and contribution of grain-boundary sliding. Indeed, in othorhombic
olivine, plastic slip is only possible along the [100] and [001] directions hence achieving a general deformation
is not possible in a polycrystalline sample without active mechanisms at the grain boundaries. In this study,
specimens of olivine are prepared from amorphous thin films deposited by Pulsed Laser Deposition (PLD) on
silicon substrates. The thin amorphous olivine freestanding films are annealed in situ in the TEM until they
crystallize. The resulting olivine specimens exhibit a grain size distribution in the 50-100 nm range. Automated
crystal orientation mapping performed in the TEM (ACOM-TEM) shows no crystal preferred orientations. In-situ
TEM uniaxial tensile experiments were performed at room temperature on these nanocrystalline specimens
using the PI 95 TEM PicoIndenter from Hysitron-Bruker. Despite a temperature which is very low for a silicate,
the specimens exhibit some plastic deformation which appears to localize along grain boundaries. No evidence
for intracrystalline dislocation activity could be evidenced. These experiments provide a unique route to gain
new information about grain boundary sliding in olivine, a mechanisms which has remained very elusive so far.

15:50

“In situ TEM nanomechanical testing of antigorite suggest weak interfaces”

Hosni Idrissi1,2,*, Thomas van der Werf1,2, Gunnar Lumbeeck2, Vahid Samaee2, Thomas Pardoen1,
Dominique Schryvers2, Patrick Cordier3,4
1.
2.
3.
4.

Institute of Mechanics, Materials and Civil Engineering, Université Catholique de Louvain, Louvain-la-Neuve, Belgium
Electron Microscopy for Materials Science, University of Antwerp, Antwerp, Belgium
Unité Matériaux et Transformations, UMR 8207 CNRS/Université Lille, Lille France
Institut Universitaire de France, 1 rue Descartes, 75005 Paris, France

*hosni.idrissi@uclouvain.be
It is now recognized that large earthquakes are preceded and followed by a wide range of events, e.g. bursts
of low-frequency earthquakes (LFEs), tremors, which can release as much strain as megathrust earthquakes.
These events are related to creeping parts of the fault interface for which some recent models have inferred the
possibility of viscosities of the order of some 1017 Pa.s. However, the detailed mechanisms associated with these
events are poorly known. In this study, we adopt the mineral physics point of view and address the issue of the
mechanical properties of antigorite which, among serpentines, is an important component of fault rheology. Given
its particular crystal structure and its complex microstructure, the rheology of antigorite is still poorly understood.
Standard ductile processes involving dislocation glide have been reported, but other mechanisms like kinking,
delamination, which can lead to a semi-brittle behaviour are likely to contribute as well. Consequently, the type
of rheological law that is adapted to this mineral is still a matter of debate. In the present work, small beams
(4×1×0.1µm3) of antigorite are prepared by Focused Ion Beam and deformed in tension in the TEM using the PI 95
TEM PicoiIndenter holder and the Push-to-Pull (PTP) device (Bruker, Inc). Despite applied stresses close to 1 GPa,
no dislocation activity could be observed. In contrast, significant plasticity resulted from grain boundary sliding.
We propose that due to the crystal structure of antigorite, the interfaces represent a key factor in controlling its
mechanical properties.
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16:10

“Micromechanical testing of geological materials”

Diana Avadanii1,*, Lars Hansen2, Ed Darnbrough3, Katharina Marquardt4, Angus Wilkinson3
1.
2.
3.
4.

Earth Sciences Department, University of Oxford, United Kingdom
University of Minnesota, Minneapolis, US
Materials Science Department, University of Oxford, United Kingdom
Materials Science Department, Imperial College London, United Kingdom

*diana.avadanii@univ.ox.ac.uk
The dominant geomaterials in rocky planets are silicate minerals. A key geological material is olivine ((Mg,Fe)2SiO4),
an orthorhombic mineral. The mechanics of olivine play a key role in large-scale, long-term planetary deformation
processes such as plate tectonics (Earth) or the response of a body to tidal forces (moon Io, exoplanets). One
approach to investigate olivine mechanics is sample deformation in apparatuses recreating thermomechanical
conditions of planetary interiors. Often, these experiments involve a trade-off between reproducing planetary
conditions and mechanical resolution. Moreover, extrapolation using constitutive laws amplifies experimental
errors. To circumvent these issues, we take a ground-up approach, investigating the physics of individual,
small-scale processes to build into scalable models. Thus, high precision mechanical testing is imperative
to understanding the fundamental processes controlling macroscale deformation. Here, we employ two such
techniques to investigate the role of olivine grain boundaries in deformation. First, we use spherical and Berkovich
nanoindentation testing to locally activate plasticity in an olivine bi-crystal. We observe that plasticity is easier to
initiate if the grain boundary is within the volume tested.This observation agrees with the interpretation that certain
grain-boundary configurations can act as sites of microplasticity initiation. Second, to further investigate olivine
mechanics, we are conducting in-situ micropillar testing to activate deformation at a grain boundary oriented at
45° to the loading direction at 800°C. While extrapolation from controlled laboratory experiments to macroscale
deformation is challenging in time and space, nanomechanical testing of geological materials allows fundamental
physical processes to be individually identified and investigated.

16:25

“Extreme In Situ Mechanics of Ni-based Superalloys and Bond Coating:
800°C and Beyond”

Sanjit Bhowmick1,*
1. Bruker, Minneapolis, Minnesota, USA
*sanjit.bhowmick@bruker.com
High-strength structural materials such as Ni-based superalloys and diffusion bond coats are widely used in
challenging environments and with exposure to mechanical fatigue, particle impact, and erosion at elevated
temperatures. Diffusion aluminide bond coats are an example of compositionally and microstructurally graded
coatings with significant variation in engineered mechanical properties across the cross-section. Nanoindentation
and pillar compression, particularly in situ, can be considered as a well-suited technique for measuring the properties
of such complex microstructural materials as the deformation volume can be carefully controlled to probe different
precipitates and microstructural zones. In this study, an SEM nanomechanical instrument with an integrated hightemperature stage and an active tip heating was used to conduct pillar compression of aluminide bond coating
and substrate at room temperature to well above 800°C. This is the first study of an in situ nanomechanical testing
of any sample at such higher temperature with capturing deformation events in detail at that temperature inside
an SEM. With combined analysis of chemistry and microstructural changes, the results were used to understand
local mechanical properties variation as a function of temperature.
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Invited Talk
16:45

“High Temperature Mechanical Properties of Hard TaSiN Coatings”

Miguel A. Monclús1
1. IMDEA Materials Institute, C/Eric Kandel 2, 28906, Getafe, Madrid, Spain
Hard nitride coatings are widely used in the cutting tool industry, where coatings are commonly exposed to high
temperature under service conditions. The addition of Si into nitride coatings, such as the TaSiN system, has
been shown to enhance their oxidation resistance, which coupled with its high hardness, make this system of
great interest for many engineering applications involving high temperatures. In this study, the room and high
temperature mechanical properties of magnetron sputteredTaSiN coatings were measured using nanoindentation
(between 25°C and 500°C). Fracture toughness was also evaluated at a similar temperature range using the micropillar splitting method. The effects of N2 flow ratios on the composition, evolving phases and microstructure of the
obtained nanocrystalline TaSiN coatings before and after the high temperature testing were examined by RBS,
XRD and TEM analysis. Hardness was observed to increase with N content as we approach stoichiometries that
allow higher degrees of crystallization of the TaN hard phases, which are embedded in an amorphous matrix.
Coatings with an optimal composition of Ta55Si10N35 retain a hardness value of up to 30 GPa at 500°C, being also
the toughest.

Keynote Lecture
19:30

“The shapes and colors of nanoindentation - from van Gogh to green chemistry”

Etienne Barthel1,*
1. CNRS research director, ESPCI, Sorbonne University
*etienne.barthel@espci.psl.eu
Local mechanical probes can be applied to a large variety of materials. However, different sample geometries
impose different constraints on the measurements. We will review the opportunities and challenges proposed
by various configurations, including multilayers (we punched into La Moisson, a painting by van Gogh),
Co supracrystals (a weird composite, but quite compliant after all...), thin but porous silica films (a genuine
nightmare). We will also advocate the use of lean indentation, ie pillar compression and related experiments,
demonstrating their benefits through in situ experiments carried out on amorphous silica (a very strange
material, in fact, and maybe not quite your type...) and on biosourced polyesters, which emerge as unexpected
shape memory materials.

Nanobrücken 2020 Program

13

Abstract - Oral Presentations
Day 2: Wednesday, February 5th
Session III
Chair: Dr. Etienne Barthel, CNRS Research Director, ESPCI, Sorbonne University, Paris

Invited Talk
10:35

“Deformation behavior of novel bio-based polymer hybrid coatings studied by
nanoindentation and nanoscratching”

Ruth Schwaiger1
1. IEK-2, Foschungszentrum Jülich GmbH
The combination of nanoscale inorganic building blocks with organic polymer matrices facilitates the design of
hybrid materials with new properties and deformation behaviors. In this study, we investigated newly designed
non-isocyanate polyurethane (NIPU) hybrid coatings. As organicinorganic component, cyclic carbonate
functionalized polyhedral oligomeric silsesquioxanes (POSS-GC) were incorporated into the NIPU architectures.
The interplay of the molecular geometry and concentration of POSS-GC in relation to the micromechanical
properties and the deformation behaviors of the coatings was investigated by scratch tests and nanoindentation
at room and elevated temperatures.The incorporation of POSS-GC into the NIPU system was observed to enhance
the scratch resistance. Homogeneous plastic flow was identified as the main deformation mechanism during
scratching. Based on the time-temperature-superposition principle, the viscoelastic behavior was characterized
over a wide range of frequencies. A clear change in surface deformation morphology and indentation hardness
was observed with increasing POSS-GC concentration. The shear activation volume increased significantly,
while a decrease of the shear yield stress was identified, particularly at high concentrations of POSS-GC. The
observed behavior is likely related to the change in polymer morphology from a homogeneous to a microphaseseparated, heterogeneous system.

11:05

“Correlated nanomechanical, morphological, chemical, and crystallographic
characterization of biological materials”

Rachel Board1,*, Elizabeth Sackett1, Ude Hangen2, Ria Mitchell1, Richard Johnston1
1. Advanced Imaging of Materials (AIM) Facility, College of Engineering, Swansea University, Bay Campus, Swansea SA1 8EN
2. Bruker Nano Surface, Aachen, Germany
*973879@swansea.ac.uk
Nanoindentation allows the precise determination of the modulus and hardness of individual features up to
the mapping of entire large regions in materials. Therefore, nanoindentation is well suited to characterisation
of biological materials exhibiting complex levels of organisation from the macro, micro and nano scales.
The ability to understand the behaviour of the material at different levels of organisation can lead to an
improvement in how manufactured materials are made. Multiple connected techniques are required to fully
understand the different scales of organisation which lead to multifunctionality in nature. X-ray micro-CT is
used to non-destructively explore internal features of materials, locating regions of interest. SEM techniques,
Energy Dispersive Spectroscopy (EDS) and Electron Backscatter Diffraction (EBSD) can map the chemical and
crystallographic structures of the biological material. Correlating morphological, chemical, and crystallographic
information with the mechanical properties can provide insight into the form, structure, properties, and function
of biological materials; which can inform new material design strategies. This study evaluates the structureproperty-function relationship observed in barnacle plates (spp. Semibalanus balanoides) and reindeer antler
(spp. Rangifer tarandus), identifying discrete regions across multiple chracterisation techniques.
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11:20

“Mechanical Characterization of Individual Intercellular Interfaces in Wood Tissue”

Mohammad Tadayon1, Igor Zlotnikov1,*
1. B CUBE – Center for Molecular Bioengineering, Technische Universität Dresden, Germany
*igor.zlotnikov@tu-dresden.de
Wood is a complex cellular material that exhibits a range of functionalities that stem from the mechanical
properties of wood constituents at all levels of their hierarchical organization. In recent years, many studies
were directed at investigating the mechanical performance of wood, and more specifically, at understanding the
properties of the various structural domains that comprise the individual wood cells. However, there is still a lack
of a fundamental understanding of the environmentally dependent static and dynamic response of this tissue,
the load transfer mechanisms between adjacent cells and their effect on the mechanical performance of wood
material as a whole. In this work, we employed a wide range of nanoindentation-based techniques, such as
nanoDMA, modulus mapping and classical indentation (TI 950 TriboIndenter), in combination with in-situ microcantilever bending experiments (PI 85 SEM PicoIndenter), to probe the humidity- and frequency-dependent
(xSol Humidity) mechanical behavior of cell wall constituents and individual intercellular interfaces. Moreover,
the combination of the different experimental approaches allowed us to study the failure of a single interface
between two wood cells.

11:35

“Characterizing Cross-Linking Within Polymeric Biomaterials in the SEM by
Secondary Electron Hyperspectral Imaging”

Nicholas Farr1,*, Samand Pashneh-Tala1, Nicola Stehling1, Frederik Claeyssens1, Nicola Green1,
Cornelia Rodenburg1
1. Department of Materials Science and Engineering. Sir Robert Hadfield Building. Mappin Street, Sheffield S1 3JD, UK
*nfarr1@sheffield.ac.uk
A novel capability built upon secondary electron (SE) spectroscopy in the Scanning Electron Microscope (SEM)
provides an enhanced cross-linking characterization toolset for polymeric biomaterials, with cross-linking
density and variation captured at a multiscale level. Although the potential of SE spectroscopy for material
characterization has been investigated since 194, the absence of suitable instrumentation and signal processing
proved insurmountable barriers to applying SE spectroscopy to biomaterials. Consequently, capturing SE spectra
containing cross-linking information is a new concept with Secondary Electron Hyperspectral Imaging (SEHI)
providing the potential of in-situ chemical analysis, including cross-linking density from nano - micron scale in
an SEM. To date, cross-linking extent is inferred from analytical techniques such as nuclear magnetic resonance
(NMR), differential scanning calorimetry, and Raman spectroscopy (RS). NMR provides extremely localized
information on the atomic scale and molecular scale, while RS information volume is on the microscale. Other
methods for the indirect study of cross-linking are bulk mechanical averaging methods, such as tensile and
compression modulus testing. However, these established averaging methods for the estimation of polymer
cross-linking density fail to provide information of spatial distributions within the biomaterial morphology across
all relevant length scales. The efficacy of the SE spectroscopy capability is demonstrated in this presentation by
the analysis of poly(glycerol sebacate)-methacrylate (PGS-M) at different degrees of methacrylation delivering
new insights into PGS-M morphology.
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11:50

“Correlating Microstructure to in situ Micromechanical Behaviour and Toughening
Strategies in Biological Materials”

Richard E Johnston1,*, Ria L Mitchell1, Cameron Pleydell-Pearce1, Mark Coleman1, Laura North1,
David LaBonte2, Michelle Oyen3, Rachel Board1, Elizabeth Sackett5, Edward C Pope4, Hari Arora5
1.
2.
3.
4.
5.

Advanced Imaging of Materials (AIM) Facility, College of Engineering, Swansea University, Swansea, UK
Department of Bioengineering, Imperial College London, UK
Department of Engineering, East Carolina University, Greenville, North Carolina, USA
College of Science, Swansea University, UK
College of Engineering, Swansea University, Swansea, UK

*r.johnston@swansea.ac.uk
Multi-modal and multi-scale imaging and characterization using light, electron, and X-ray microscopy can uncover
new insights into diverse hierarchical biological materials. X-ray microscopy (µCT/XRM) reveals previously
undiscovered internal microarchitectures, and generates 3D representations of complex surface structures,
while light and electron microscopy provide microstructural, chemical, and crystallographic characterisation.
In addition, in situ micromechanical deformation can elaborate both the properties of biological materials, and
their deformation and fracture behavior. Fusing these techniques together in correlative workflows can extend
the fundamental basis of materials science – structure/property relationships - to study structure/property/
function relationships honed by millions of years of evolution. Here, we demonstrate the correlative potential of
numerous coupled systems at different length scales: X-ray microscopy (XRM), scanning electron microscopy
(SEM), nanoindentation, and micromechanical in situ testing to holistically investigate the chemical composition,
microstructural and nano/micromechanical properties of a biological mineralised material - the internalized
shell, or cuttlebone, of the cuttlefish Sepia officinalis. Combining in situ nanoindentation with XRM identifies
a possible crack-arresting mechanism in the dorsal shield, arising from its graded multi-layered structure of
varying stiffness, hardness, chemistry, mineralization, and microstructure. A Bruker Hysitron Intraspect 360
in situ diamond nanoindenter implemented inside a Zeiss Xradia Versa520 X-ray microscope initiated a crack at
the outer surface of the dorsal shield that propagated through the outer prismatic layer, reaching the interface
with the middle laminar region, but terminating there.

Session IV
Chair: Ruth Schwaiger, Foschungszentrum Jülich GmbH

13:30 “Dislocation plasticity in FeCoCrMnNi high-entropy alloy: Quantitative insights from
in situ transmission electron microscopy deformation”
Subin Lee1, Maria Jazmin Duarte1, Michael Feuerbacher2, Rafael Soler1, Christoph Kirchlechner1,
Christian H. Liebscher1, Sang Ho Oh3, Gerhard Dehm1,*
1. Max-Planck-Institut für Eisenforschung, Düsseldorf, Germany
2. Ernst Ruska-Centre for Microscopy and Spectroscopy with Electrons and Peter Grünberg Institute,
Forschungszentrum Jülich GmbH, Jülich, Germany
3. Sungkyunkwan University, Suwon, Republic of Korea
*Dehm@mpie.de
The mechanical properties of high-entropy alloys (HEAs) are not fully understood yet. Detailed understanding
of the physical origin of the strengthening mechanisms of the alloys, especially, the solid solution hardening
and the its effects on the dislocation plasticity is required. In this study, we report on the dislocation plasticity
of FeCoCrNiMn HEA of face-centered cubic single crystal by using in situ transmission electron microscopy
deformation testing. The threshold shear stress for dislocation glide is measured from the radius of curvature
of dislocations as over 400 MPa, in average. Also, even after the deformation and release the external stress,
some of dislocations are still curved because of the high friction stress of the alloy. The detailed underlying
mechanisms are addressed by atom probe tomography, chemical analysis using scanning transmission electron
microscope and electron diffraction analysis.
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13:50

“Characterization of the size-dependent indentation behavior of
single-crystalline tungsten”

Jin Wang1,2,*, Tillmann Volz3,4, Sabine M. Weygand4, Ruth Schwaiger1,2
1. Institute for Applied Materials, Karlsruhe Institute of Technology (KIT), Hermann-von-Helmholtz-Platz 1,
76344 Eggenstein-Leopoldshafen, Germany
2. Institute of Energy and Climate Research, Forschungszentrum Juelich GmbH, Wilhelm-Johnen-Straße,
52428 Juelich, Germany
3. Center of Applied Research, Karlsruhe University of Applied Sciences, Moltkestraße 30, 76133 Karlsruhe, Germany
4. Faculty of Mechanical Engineering and Mechatronics, Karlsruhe University of Applied Sciences, Moltkestraße 30,
76133 Karlsruhe, Germany
*jin.wang@kit.edu
Tungsten has been considered as an important structural material due to its outstanding high temperature
performance. However, as the brittle-to-ductile transition temperature (BDTT) of tungsten is fairly high, the
brittleness at room temperature has been limiting its application. According to some previous studies, the
mechanical behavior of tungsten is not only dependent on temperature, but also related to its microstructures,
for instance, the grain size, crystallographic orientation, or grain shape [1]. Focusing on one grain, properties
such as hardness and strength are highly associated with the dislocation structure and dislocation density. In
this work, a series of nanoindentation tests were performed on single crystalline tungsten and the indentation
induced dislocation structures systematically analyzed. The experimentally observed indentation size effect (ISE)
of single crystalline tungsten can be described quantitatively by a bi-linear ISE model based on the classic
Nix-Gao model [2]. In addition, transmission Kikuchi diffraction (TKD) measurements were conducted on the
cross-sections beneath indents under the plane strain condition and the corresponding dislocation density was
determined based on the Nye and Kröner tensor [3] [4]. The indentation induced dislocation density exhibits
characteristics similar to the dislocation structure at a crack tip under the same plane strain condition [5] [6] and
can be correlated to the size-dependent hardness determined from indentation.
[1] D. Rupp, Bruch und Spröd-duktil-Übergang in polykristallinem Wolfram: Eifluss von Mikrostruktur und Lastrate,
Aachen: Shaker, 2010.
[2] W. D. Nix and H. Gao, “Indentation size effect in crystalline materials: a law for strain gradient plasticity,”
Journal of the mechanics and physics of solids, pp. 411-425, 1998.
[3] J. Nye, “Some geometrical relations in dislocated crystals,” Acta Metallurgica, pp. 153-162, 1953.
[4] E. Kröner, “Allgemeine Kontinuumstheorie der Versetzungen und Eigenspannungen,”
Archive for Rational Mechanics and Analysis, pp. 274-334, Oct. 1959.
[5] J. Rice, “Tensile crack tip fields in elastic-ideally plastic crystals,” Mechanics of Materials, pp. 317-335, Dec. 1987.
[6] J. Kysar and C. Briant, “Crack tip deformation fields in ductile single crystals,” Acta Materialia, p. 2367–2380, 24 May 2002.

14:05

“Size effect in bi-crystalline Cu micropillars with a coherent twin boundary”

Reza Hosseinabadi1, Gerhard Dehm1, Christoph Kirchlechner1
1. Max-Planck-Institut für Eisenforschung GmbH
It was recently shown by micropillar compression that the stress for ideal dislocation slip transmission through
a Coherent Twin Boundary (CTB) is similar to the stress required for dislocation cross-slip. The difference in
shear stress of a single and bi-crystalline micropillar (Δτ2%) can be as low as 7 MPa. A double-hump dislocation
shape was proposed to explain the unexpectedly low difference, where an additional curvature of dislocations
in bi-crystalline micropillars is necessary to form a perfect screw dislocation required for the cross-slip-like slip
transmission.[1]
Aim of this study is to study the size scaling of CTB containing micropillars to validate or revise the doublehump theory. We employ Focused Ion Beam (FIB) machining to mill more than 120 micron-sized single and bicrystalline pillars with a single vertical ∑3(111) CTB. Subsequently, in situ microcompression experiments inside
a scanning electron microscope (SEM) as well as post-mortem imaging using SEM were performed.
Bi-crystalline pillars follow the same size scaling laws as typically observed in micro-pillars, i.e. smaller are
substantially stronger. Furthermore, Δτ2% tends to increase with reduced pillar diameters. This effect can be
explained by the double-hump theory and will be quantitatively compared to model predictions.
[1] N. V. Malyar, B. Grabowski, G. Dehm, and C. Kirchlechner, “Dislocation slip transmission through a coherent ∑3{111}
copper twin boundary: Strain rate sensitivity, activation volume and strength distribution function,”
Acta Mater., vol. 161, pp. 412–419, 2018.
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14:20

“Slip transmission in nanotwinned Ag under mechanical and thermomechanical loading”

Maya K. Kini1,*, Claudia Merola2, Benjamin Breitbach1, Dennis Klapproth1, Bastian Philippi3,
Jean-Baptiste Molin1, Gerhard Dehm1, Christoph Kirchlechner1
1. Max Planck Institut Institut für Eisenforschung GmbH, Düsseldorf, Germany
2. Institute of applied physics, TU Wien, Vienna, Austria
3. Dillinger, Saaarbrüken, Germany
*m.kini@mpie.de
Studies on Cu and brass bicrystals [1,2] containing a coherent ∑3 twin boundary (CTB) show perfect slip
transmission without storage of any additional dislocations at the grain boundary. Similarly, deformation of
epitaxial thin films [3] show deformation under thermomechanical load with no storage of dislocations in
thin films. In the present study, we extend these slip transfer conditions to multiple closely spaced CTBs in a
nanotwinned Ag. We validate the theory of perfect slip transmission even in a low stacking fault energy metal
Ag by micropillar compression experiments, theoretical considerations and thermomechanical deformation in
wafer curvature measurements. Further experimental conditions favoring slip transmission and related size
scaling laws are discussed.
[1] N.V. Malyar, J.S. Micha, G. Dehm, C. Kirchlechner, Dislocation-twin boundary interaction in small scale Cu
bi-crystals loaded in different crystallographic directions, Acta Materialia 129 (2017) 91-97.
[2] J.P. Liebig, S. Krauss, M. Goken, B. Merle, Influence of stacking fault energy and dislocation character on slip transfer
at coherent twin boundaries studied by micropillar compression, Acta Materialia 154 (2018) 261-272.
[3] G. Dehm, T.J. Balk, H. Edongue, E. Arzt, Small-scale plasticity in thin Cu and Al films, Microelectron Eng. 70(2-4)
(2003) 412-424.

14:40

“Combining electron microscopy and nanoindentation to characterize microstructure
and hardness gradient of complex-phase steels”

Y.Chang1,*, U.Hangen2, W. Bleck1
1. Steel institute, RWTH Aachen University
2. Nano Bruker GmbH, Aachen, Germany
*Yuling.Chang@iehk.rwth-aachen.de
Complex-phase (CP) steels attract more attention from the automobile industry due to their better stretchflangeability compared with dual-phase steels in the same strength level. The microstructure of CP steels
normally consists of ferrite, martensite and various forms of bainite. Due to the complexity of CP microstructure
and resolution limitation of the conventional metallography, microscopy techniques are utilized to identify
and distinguish the microstructural constituents. We investigate a commercial hot-rolled complex-phase steel
(CP800), which is characterized by high strength and excellent hole expansion ratio. The microstructure of CP800
is characterized as a ferritic-bainitic matrix with the dispersion of hard martensite islands through the EBSD
and EPMA combined method. The extreme property mapping (XPM) mode of Hysitron TI 980 TriboIndenter
equipped with a cube-corner indenter is utilized to obtain the nanohardness distribution in the nanometer
scale. Over fifty thousand indents are located in an 60*60 µm2 area. The high-resolution nanohardness profile
coupled with electron microscopic results shows that isolated high nanohardness peaks are caused by either
hard constituents (martensite or precipitations) or extreme fine grain clusters. Besides these few peaks, the
majority of the microstructure exhibits homogeneous nanohardness distribution with only smooth gradients.
This hardness distribution leads to homogeneous plasticity distribution during deformation and consequently
prevents the strain localization and early crack initiation during hole expansion test. Based on the results of this
study, the XPM and high-resolution nanohardness map are effective in identifying microstructural constituents
and presenting the gradient of hardness distributions in complex-phase microstructure.
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14:55

“Experiments and modeling of the Indentation size effects”

Junhe Lian1,2,*, Wenqi Liu1, Yao Yao3,4, Ude Hangen4
1. Advanced Manufacturing and Materials, Department of Mechanical Engineering, Aalto University,
Puumiehenkuja 3, 02150 Espoo, Finland
2. Impact and Crashworthiness Lab, Department of Mechanical Engineering, Massachusetts Institute of Technology,
77 Massachusetts Avenue, Cambridge, MA 02139-4307, USA
3. Steel Institute, RWTH Aachen University, Intzestraße 1, 52072 Aachen, Germany
4. Bruker Applications Lab, Dennewartstrasse 25, 52068 Aachen, Germany
*junhe.lian@aalto.fi; lianjh@mit.edu
Nanoindentation has been developed into a mature tool to measure the mechanical properties of materials at
small length scales. The indentation size effects (ISE) in different indenter types leads to the validation problems
of experiment results. In order to investigate the ISE of spherical indenters, a series of nanoindentation tests
with indenters of the different radius (1, 2, 5, 20 μm) on a cold-rolled ferritic stainless steel (AISI 439) sheet are
performed. For each tip, three groups of tests with indentation strain of 0.2, 0.3 and 0.4 are conducted. Grains
with crystallographic orientations close to [100], [111], in the normal direction the inverse pole figure on the [100][110]-[111] unit triangle are selected. The load-displacement curves and the surface topographies are recorded,
and the hardness value is analyzed as well. A local crystal plasticity (CP) model is used for the numerical study of
indentation tests. The CP parameter, initial critical resolved shear stress (τ0), is varied for different indenter radius
to fit the load-displacement curves and pile-up patterns from experiments. The nanoindentation experiment
results show a prominent size effect, where the hardness increases with decreasing indenter radius. The slight
decrease of hardness with increasing indentation strain for the same indenter indicates the ISE as well. The
increase in τ0 with decreasing indenter radius after calibration in the local model shows the same trend with the
hardness results from experiments, which proves the ISE can be captured by adjusting τ0. The relationship of the
indenter radius and τ0 is given by a Boltzmann equation.

Session V
Chair: David Armstrong, University of Oxford

Invited Talk
15:45

“Micro-indentation-based techniques to study the influence of mechanical stress on
the electrical performance and structural integrity of microelectronic devices”

André Clausner1,*, JSimon Schlipf1, Jendrik Silomon2, Jens Paul3, Simone Capecchi3, Gottfried Kurz3
1. Fraunhofer IKTS, Dresden, Germany
2. Volkswagen AG, Wolfsburg, Germany
3. GLOABALFOUNDRIES, Dresden, Germany
*andre.clausner@ikts.fraunhofer.de
First, a micro-indentation-based technique is presented, used to investigate the influence of mechanical strain on
the electrical behavior of integrated circuits (ICs). The method is used to introduce highly localized strain fields
into the transistor level of the ICs, resulting in reversible transistor parameter deviations due to the piezoresistive
effect. To that, newly designed ring oscillator test structures manufactured in the 22 nm FDSOI technology node
enable a high sensitivity to mechanical load. They were used to monitor the strain effect on the transistors
performance. With that, the influence of local mechanical strain on the electrical IC performance caused e.g.
by chip-package interaction is studied (eCPI). Complementary to the eCPI studies, a tribo-indentation-based
technique is shown to study the structural integrity of metallization stacks of ICs exposed to mechanical stress.
There, the initiation and growth of cracks due to mechanical loading of the metallization stacks, e.g. caused by
chip-package interaction (CPI) is studied. Complementary FEM simulations for both experimental approaches
provide deeper insight into the occurring stress-strain tensor components and their respective impact.
The presented micro-indentation based studies of eCPI and CPI effects can give a deeper insight in the mechanical
and electrical reliability of microelectronic systems and therefor can help to improve the robustness of future
technologies.
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16:15

“Thin film adhesion measurement by nanoindentation: Review of methodologies by
means of finite element simulations”

Jan Albrecht1,*
1. Fraunhofer Institute for Electronic Nanosystems ENAS, Technologie-Campus 3, 09126 Chemnitz, Germany
*jan.albrecht@enas.fraunhofer.de
Continuous downsizing and integration of various features into microelectronic circuits has increased their
structural complexity. This also applies to the reduction of thicknesses of thin films. The performance of these
thin films is fundamentally determined by their adhesion to the substrate. The existing literature gives a
wide range of methods [1]. In most cases, a crucial sample preparation is necessary, and the chosen method
and preparation can influence the experimental results. One way to get rid of the sample preparation is
nanoindentation. The interpretation of the introduced interfacial damage is very challenging due to the complex
load situation, e.g. high hydrostatic stresses under the indenter tip. Nevertheless, there is a high demand on a
reliable characterization method for thin films as well as coatings. Within the work reported here, a review of
existing methods to determine the energy release rate ERR from the indentation results is shown and compared
to finite element simulations.
Due to the complexity of the indentation process - high deformation, plasticity, geometric non-linearity, crack
propagation at the interface and/or bulk material, phase transition etc. - the accuracy and validation of the
FE-model with the analytical approaches reported in the literature [2, 6, 8 etc.] is important. In this work, axialsymmetric and plane strain models using ABAQUS [3] were used to extract the crack driving forces at the interface
during the indentation process. The crack propagation analysis by means of the cohesive zone approach for
interfaces in general were used. It is shown that the static evaluation of the ERR for initially specified interfacial
cracks (crack existing before indentation) will lead to lower ERR values as for transient calculations taking into
account the crack propagation. The highest ERR depends further on the stiffness of the substrate. A modification
of the analytical approach will be discussed to overcome the dependency on the indentation depth and to
consider the effect of the substrate.
[1] R. Lacombe “Adhesion Measurement Methods: Theory and Practice”, CRC Press, 2005, ISBN: 1420028820.
[2] D. B. Marshall, and A. G. Evans, “Measurement of adherence of residually stressed thin films by indentation.
I. Mechanics of interface delamination”, Journal of Applied Physics 56, 2632 (1984).
[3] SIMULIA (ABAQUS) Manuals (V. 6.14), Dassault Systemes Simulia Corp., Providence, RI, USA, 2014.
[4] Oliver W.C. and Pharr G.M., “Measurement of hardness and elastic modulus by instrumented indentation:
Advances in understanding and refinements to methodology”, J. Mat. Res., Vol. 19, No. 1 (2004), pp. 3-20.
[5] J. Albrecht, M. Weissbach, J. Auersperg, S. Rzepka, “Method for Assessing the Delamination Risk in BEoL Stacks
around Copper TSV Applying Nanoindentation and Finite Element Simulation”, 19th Electronic Packaging Technology
Conference, Singapore, 2018.
[6] J. Malzbender, G. de With, “Energy dissipation, fracture toughness and the indentation load-displacement curve of
coated materials”, Surface and Coatings Technology 135 2000. 60-68.
[7] Y.W. Zhang *, K.Y. Zeng, R. Thampurun, “Interface delamination generated by indentation in thin film systems —
a computational mechanics study”, Materials Science and Engineering A 319–321 (2001) 893–897.
[8] M. P. DE BOER and W. W. GERBERICH, “Microwedge indentation oft hin film fine line-I Mechnics”,
Acta mater. Vol. 44, No. 8, pp. 3 169-3 175, 1996.
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16:35

“Effect of Pretreatment on Interface Stability and Morphology of Ni/Al Hybrid Foams
by in situ Microcantilever Fracture Experiment”

Jutta Luksch1,2, Anne Jung2, Christoph Pauly3, Christian Motz1, Frank Mücklich3, Florian Schaefer1,*
1. Saarland University, Materials Science and Methods, Campus D2.3, 66123 Saarbruecken, Germany
2. Saarland University, Applied Mechanics, Campus A4.2, 66123 Saarbruecken, Germany
3. Saarland University, Chair of Functional Materials, Campus D3.3, 66123 Saarbruecken, Germany
*f.schaefer@matsci.uni-sb.de
Ni/Al hybrid foams are a new class of innovative cellular composite materials consisting of open-cell aluminum
(Al) foams electrochemically coated with nanocrystalline nickel (Ni). They may be used for lightweight construction
elements or as crash energy absorbers. The Ni coating strengthens the Al foam achieving an up to ten times higher
energy absorption capacities compared to the Al basis foam. Cellular materials such as foams provide a strong
structure-property relationship as the macroscopic material properties strongly depend on the strut geometry and
the material properties of the individual struts. The interface stability between the coating and the substrate foam
is the dominant contribution in the strengthening mechanism of Ni/Al hybrid foams. Hence, micromechanical
characterization is an important task for the design of components made of Ni/Al hybrid foams. A strong interface
corresponds to a shear-stiff connection between substrate foam and coating, whereas a soft interface allows
sliding between the two phases and hence reduces the buckling stiffness of individual foam struts resulting in
lower strength and energy absorption capacity of the macroscopic foam. An increased critical energy release rate
for interface cracking was revealed by in situ microcantilever bending tests prepared by focused ion beam (FIB)
during bending tests in the scanning electron microscope (SEM) after the chemical pretreatment of the base foam.

16:50

“Multicomponent nitride (Cr0.21Fe0.28Co0.30)Nx as corrosion resistant coatings for
fuel cells and batteries”

Smita G. Rao1, Rui Shu1, Arnaud le Febvrier1, Per Eklund1
1. Thin Film Physics Division, Department of Physics, Chemistry, and Biology (IFM), Linköping University, SE-581 83
Linköping, Sweden
Multicomponent nitride films of composition (Cr0.21Fe0.28Co0.30)Nx were grown at 300°C on Si substrates by
magnetron sputtering for application as corrosion resistant coatings in fuel cells and batteries. Structural and
mechanical properties of the films were studied in order to identify the coating best suited for the application.
From XRD it was observed that at lower concentrations of nitrogen the films had at least two competing phases
but increasing nitrogen content promoted the stabilization of FCC structure with lattice parameter of ~3.6Å. The
stabilization of the FCC structure may be due insertion of N2 into the film which on bonding with Cr gives rise
to CrN with a rock salt crystal. Further increase in nitrogen resulted in the (111) preferential orientation of the
film being more intense which might also indicate formation of CrN which has a lower Gibbs free energy when
compared to nitrides of other metals1. SEM images showed a dense columnar growth with grain size increasing
on increasing N2 partial pressure.
Nanoindentation and scratch testing carried out with a Hysitron TI 950 Triboindenter showed that the coatings
have good adhesion to the substrate and hardness ~12GPa. These tests confirmed that the coatings are stable
and suitable for carrying out further corrosion and mechanical tests.
[1] Jodi, D. E., Park, J., Straumal, B. & Park, N. Investigation on the precipitate formation and behavior in
nitrogen-containing equiatomic CoCrFeMnNi high-entropy alloy. Mater. Lett. (2020). doi:10.1016/j.matlet.2019.126806
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Invited Talk
17:05

“Hydrogen-microstructure interactions at small scale by in-situ nanoindentation
during hydrogen charging”

Maria Jazmin Duarte Correa1,*, Jing Rao1, Xufei Fang2, Gerhard Dehm1
1. Max-Planck Institut für Eisenforschung GmbH, Düsseldorf, Germany
2. Technische Universität Darmstadt, Darmstadt, Germany
*j.duarte@mpie.de
The understanding of hydrogen interactions with different features (e.g. dislocations, grain boundaries,
precipitates, etc.) in alloys and composites is essential either to control and benefit from the hydrogen technology,
or to prevent the destructive outcome of hydrogen embrittlement. Failure mechanisms initiate at the atomic
scale with hydrogen absorption and further interaction with trap binding sites or defects. Nanoindentation and
related techniques are valuable tools to study independently such mechanisms due to the small volume probed.
Even more, in situ testing while charging the sample with hydrogen can prevent the formation of concentration
gradients due to hydrogen desorption. Two custom electrochemical cells were built for in situ hydrogen charging
during nanoindentation of the sample: “front-side” charging with the sample and indenter tip immersed into
the electrolyte, and “back-side” charging where the analyzed region is never in contact with the solution and
therefore the observed effects are only due to hydrogen. We discuss the advantages and disadvantages of both
approaches during the study of the hydrogen effect on the mechanical behavior and incipient plasticity in bcc
FeCr alloys. The newly developed back-side charging technique allows overcoming surface degradation that
might occur during front-side charging. The presence of hydrogen on the top analyzed surface was assessed
by Kelvin probe measurements, showing a fast hydrogen diffusion rate towards the upper surface as well as a
pronounced release flow for the analyzed Fe-Cr alloys.

Abstract - Oral Presentations
Day 3: Thursday, February 6th
Session VI
Chair: Maria Jazmin Duarte Correa, Max-Planck Institute for Iron Research

Invited Talk
09:00

“Examples of third body formation in sliding metal surfaces”

Martin Dienwiebel1,2,*
1. Microtribology Centre µTC, Institute for Applied Materials, Karlsruhe Institute of Technology, Strasse am Forum 5,
76131 Karlsruhe Germany
2. Fraunhofer Institute for Mechanics of Materials IWM, Wöhlerstrasse 11, 79108 Freiburg, Germany
*martin.dienwiebel@kit.edu
Sliding induces severe changes of the material with respect to topography, composition and microstructure by
mechanical mixing of the tribocouples with the lubricants and additives [1]. This new material differs, depending
on the tribological system, strongly from the original materials and as a result influences the friction and the wear
performance of sliding components significantly. This talk will present examples of combined in-situ tribometry
experiments and atomistic simulations that improve our understanding of nanoscale interfacial processes in
metallic tribo couples and coatings. The combined experimental and simulation data allowed a look at the third
body formation of tungsten and tungsten carbide [2,3], wear particle formation [4] and metallic multilayers [5].
[1] M. Godet, Wear, 100 (1984) 437-452.
[2] P. Stoyanov,…, M.D., Tribol. Lett., 50 (2013) 67-80.
[3] P. Stoyanov,…,M.D., ACS Appl. Mat. Int., 5 (2013) 6123-6135.
[4] N. Beckmann,…, M. D., et al., Phys. Rev. Appl., 2, 064004 (2014).
[5] E. Cihan,…, M.D. et al, Scientific reports, 9, 9480 (2019).
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09:30

“Acquisition of Residual Stress and Fracture Toughness of Metals
Through Nanoindentation”

Ömer Necati Cora1,*, Dursun Ekmekc1,2
1. Department of Mechanical Engineering, Karadeniz Technical University,61080, Trabzon, TURKEY
2. Department of Mechanical Engineering, Gümüşhane University, Gümüşhane, TURKEY
*oncora@ktu.edu.tr; necaticora@gmail.com
Fracture toughness and residual stress are two important material properties to assess and compare the materials’
brittleness or ductility. These properties have been obtained through conventional XRD measurements, and
impact tests. This study, on the contrary, aimed to obtain such properties through nanoindentations along with
empirical equations available in literature. To this goal, two different materials were employed. For fracture
toughness measurement, an armour steel grade Armox Advanced was used while an automotive steel grade
(advanced high strength, dual-phase steel DP 1000) was preferred for residual stress measurements. Prior to
nanoindetation measurements, armour steel blank was subjected to ballistic test and shot with 12.7 mm caliber
armour piercing bullet at a distance of 30 m. Nanoindentation sample for fracture toughness measurement
was prepared from the surrounding of perforation to measure the highest intensity. DP 1000 grade steel blank,
on the other hand, were deformed in a u-shaped channel to induce residual stress and measurements were
obtained on the outer bent surface. Results showed that nanoindentation might be a reliable and fast alternative
to conventional methods.

09:50

“3D EBSD analysis of nanoindentation deformation fields”

Andrea Thöne1,*
1. Bruker Nano GmbH (TBC)
*tbd@bruker.com
Abstract not available.

Session VII
Chair: André Clausner, Fraunhofer Institute for Ceramic Technologies and Systems IKTS

10:45

“Characterization of lithium-ion battery electrodes via nanoindentation”

Achim Overbeck1,*, Ingo kampen1, Wolfgang Haselrieder1,2, Arno Kwade1,2
1. Institute for Particle Technology, Technische Universität Braunschweig, Braunschweig, Germany
2. Battery LabFactory Braunschweig, Technische Universität Braunschweig, Braunschweig, Germany
*a.overbeck@tu-braunschweig.de
The structural stability and mechanical integrity of porous electrode coatings is of major importance regarding
mechanical stability in further electrode and cell processing as well as regarding the available electrochemical
cycling stability. Lithium-ion battery electrodes consist of particulate active materials, additives like carbon
black and a polymer binder. These components form a porous coating on the current collector (copper or
aluminum) under removal of solvent. Typical coating thicknesses are between 50-100 µm depending on the
specific application of the battery. Here we present different nanoindentation methods developed for the
micromechanical characterization of electrodes.
Quasistatic compressions with a lager or small displacements and a multi-stepwise microcompression is done
using a Flat-Punch tip. We show the statistical data collection and model-based evaluation.
A Berkovich Tip and Nano-DMA - even at different temperatures – are used to determine elastic, plastic and
viscous properties. Additionally, we present single particle compression to determine the brake function of
active material. Furthermore, we give an outlook the transferability of the data to the production process e.g.
calandering and the validation of DEM models.
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11:05 “Nano- and micro-mechanical analysis of a laser-processed metallic glass”
James P. Best1,*, Sandra Korte-Kerzel1, Jamie J. Kruzic2
1. IMM – Institut für Metallkunde und Materialphysik, RWTH Aachen, Aachen, Germany
2. School of Mechanical & Manufacturing Engineering, UNSW Sydney, Sydney, Australia
*best@imm.rwth-aachen.de
The recent development of laser powder bed fusion (LPBF) of bulk metallic glasses (BMGs) opens up the possibility
of creating large BMG components with complex geometries. However, additive manufactured BMGs exhibit
poor ductility and toughness when compared to their traditionally as-cast (AC) counterparts. In this work, we
show how small-scale mechanical measurements can help to understand and rationalise structural differences
between LPBF and AC Zr-based BMGs, through variability in their mechanical response. The LPBF-processed alloy
showed significantly lower fracture toughness when compared with the as-cast alloy, and this was explained
by energetic barriers for activating shear transformations in the glass, elucidated in detail using micro-pillar
compression testing. Evaluation at the micro-scale is critical, as thermal influences on the microstructure from
laser-processing and melt-pool solidification exist at these length-scales. These results are further related to
the glassy laser-processed structure through advanced structural analyses using synchrotron X-ray diffraction
and nanoindentation. Our results show that micro- and nano-mechanical measurement is an effective tool for
understanding material deformation of laser-processed amorphous alloys at critical length scales.

Invited Talk
11:25

“In-situ testing of energy storage materials”

David Armstrong1
1. Department of Materials, University of Oxford, Parks Road, Oxford, OX1 3PH, UK
Solid state batteries with Lithium metal anodes have huge potential as the next high energy-density cells.
However, the development of solid state batteries has been hindered by new failure modes not seen in liquid
and semi-solid electrolyte systems. A greater understanding of the physical properties of the component parts
and the mechanical interaction between them during cycling is required for real battery applications. In order to
investigate this we have developed a methodology to test the microstructural and mechanical properties of air
sensitive battery-specific materials.
This new approach focuses on in-situ observation of plastic deformation with reference to crystallographic
orientation. To demonstrate this we use the example of Li metal, which has previously been shown to have
anisotropy in elastic and yield properties. Large single crystal tests and Density Functional Theory (DFT)
modelling of the crystal structure have shown the anisotropy but the role of the microstructure and texture has
yet to be explored for materials used in Li metal batteries.
In-situ nanoindentation and Electron Backscatter Diffraction (EBSD) allows for testing the mechanical properties
of Li metal in specific crystallographic directions. The physical response to load measures elastic modulus,
hardness and creep behaviour of the material. Observing the real time development of sink-in around indents is
indicative of the dislocation activity caused by the highly localised stress in soft materials.
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First-and-Only AFM-Based
Viscoelastic Technique That Ties
Directly to Bulk DMA

AFM-nDMA mode — Addressing Nanoscale Domains with Highest Resolution
How do nanoscale phases differ from bulk? What are viscoelastic properties right near an interface or in an interphase? How does
this affect load transfer, as a function of temperature? Bruker’s new AFM-nDMA mode allows researchers to answer these types of
questions. For the first time an AFM can provide complete and quantitative viscoelastic analysis of polymers at the nanoscale, probing
materials at rheologically relevant frequencies, in the linear regime. Proprietary dual-channel detection, phase-drift correction, and
reference frequency tracking enable a small strain measurement in the rheologically relevant 0.1 Hz to 20 kHz range for nanoscale
measurements of storage modulus, loss modulus, and loss tangent that tie directly to bulk DMA.

NEW AFM-nDMA mode
 Provides accurate moduli and loss tangent at bulk DMA frequencies – a first for AFM
 Delivers absolute calibration with quantified load and adhesion – and no need for a reference sample
 Creates master curves with WLF and Arrhenius analyses from AFM data
 Discovers nanomechanical effects that conventional AFM approaches might miss

Your research deserves the very best that AFM technology has to offer!

Visit www.bruker.com/AFM-nDMA, email productinfo@bruker.com
or call +1.877.823.6339 for more information.

Innovation with Integrity

Atomic Force Microscopy
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Abstract - Poster Presentations
1.

“Interface monitoring by Nanoscratching on thick stack (product wafers)”

Vincent Coutellier1,*, Gregory Imbert1,**
1. STMicroelectronics, Crolles, France
*vincent.coutellier@st.com
**Gregory.imbert@st.com
In the context on a Front-end semiconductor industry, it becomes important to ensure product fiability before
Packaging and Aging steps. Nanoscratching technique is used to assess weak interfaces through thick and
complex stacks. The ability to scratch in small areas on TI 980 is a key point to address different adhesion
problematics usually detected after packaging, bonding or thermal aging.
Interface monitoring is done using ‘High Load’ spherical tip to scratch a 1.5µm stack made of several oxide
and dielectric layers. Critical load (Lc) mean & stdev values, related to TEOS-glass delamination events, are
measured on 300mm product wafers picked in the production line. The ability to choose scratch localization
and direction allows to perform the measurements in patterned areas. The trend obtained on measured wafers
is stable until tip damaging and Lc values can be normalized with tip radius value given with Bruker tips. This
technique is able to catch process excursions or optimization.
Tips have been observed after Lc mean excursion: sudden tip damage is observed by AFM topography datas of
spherical indents performed in Au layer & SEM characterization.

2.

“Coupled electro-mechanical characterization of microstructures using advanced
nanoindentation test”

Amir Mirza Gheytaghi1,*, Ude Hangen2, Hengqian Yi1, Sergey Lemeshko2, Kouchi Zhang1
1. Microelectronics department, TUDelft, The Netherlands
2. Bruker Nano Surfaces, Aachen, Germany
*a.mirzagheytaghi@tudelft.nl
The combination of electrical measurements with nanoindentation provides valuable new insights into electromechanical behavior during material deformation at the nanoscale in a wide variety of applications such as
electro-active materials, bioelectric structures, micro-electromechanical systems, among others. In this study,
the simultaneous electro-mechanical response of conductive coated micropillar structures is investigated using
advanced nanoindenter equipment. A Hysitron Triboindenter with performech controller, and a Keithley source
meter is used to determine the resistance of an interconnect structures under compressive force on a sapphire
wafer. Metalized SU-8 pillars as a vertical electrical interconnect, with length of 100 µm in various diameters
of 100, 80, 60, and 40 µm with 2 µm Al coating are compressed for 50 µm. The diamond tip shape with 100 µm
square flat punch indenter covers the largest micropillar. The die samples are mounted and connected to the
copper stage by Ag paint. The experiments were performed in single cycles displacement controlled mode. By
passing a current through a conductive nanoindenter probe, in-situ electrical characteristics were determined
as a function of applied probe force and probe displacement into the sample. The interconnect structures were
tested successfully and the compressive force was recorded simultaneously with the electrical current passing
through the pillar. The results showed that by compression of pillars, force and current increased. Elastic length,
critical buckling and densification stresses decreased by decreasing pillar diameter, but the average current
increased. The correlation between the nanomechanical properties, electrical properties, and deformation
behavior is of paramount importance in designing next-generation materials and devices.
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3.

“Small scale fracture of multi metal carbide coatings”

H. Gopalan1, M. Amalraj1, B. Völker1, C. Kirchlechner1, J.M. Schneider1, G. Dehm1
1. Max-Planck-Institut für Eisenforschung GmbH, Düsseldorf 40235, Germany
The micromechanical behavior of sputtered multi metal carbide (Hf-Nb-Ta-Zr)C coatings was investigated.
A equiatomic high entropy alloy (Hf-Nb-Ta-Zr) and high density graphite were used as targets to reactively
sputter carbide coatings on Si (100) with a silicon nitride buffer layer at different substrate temperatures (RT, 300,
450, 600 and 750°C). Energy and wavelength dispersive x-ray spectra confirmed that the metal compositions
were equiatomic with a carbon content close to stoichiometric value. X-ray diffraction revealed that a single
phase with a rocksalt structure was obtained for all deposition conditions. Furthermore, XRD measurements
highlighted that crystallinity improved markedly with increasing deposition temperatures and the magnitude of
compressive stresses reduced, concomitantly. For the highest temperature, tensile stresses of 500MPa was noted.
Optical microscopy also revealed extensive mud cracking of the film deposited at 750°C, consistent with high
tensile stresses. Microstructures characterized by transmission electron microscopy revealed columnar grains
with nanocrystalline dimensions. Coatings deposited at 600°C showed the highest hardness and indentation
modulus of 32 and 350 GPa, respectively, measured with the continuous stiffness mode. Focused ion beam
machining is used fabricate micro cantilever which are tested in situ in a SEM to evaluate fracture properties of
these complex carbide coatings. Nanoindentation based toughness measurements are underway to compare
toughness estimates these two techniques.

4.

“Qualitative determination of local hydrogen contents and release rates near grain
boundaries in Nickel using Scanning Kelvin Probe Force Microscopy”

Patrick Grünewald1,*, Christian Motz1
1. Chair for Materials Science and Methods, Saarland University, 66123 Saarbruecken, Germany
*p.gruenewald@matsci.uni-sb.de
The role that hydrogen plays on the mechanical properties of metals has been thoroughly investigated over
the years, but still remains an up-to-date topic. One of the challenges in the field of hydrogen embrittlement
is the determination of the local hydrogen content. While it is possible to measure the hydrogen content of
whole specimens, e.g. using thermal desorption spectroscopy, information about the local distribution of the
hydrogen is rarely available. If one wants to correlate the hydrogen content to single microstructural features,
like grain boundaries or dislocations, the local hydrogen content needs to be measured with a sufficient
spatial resolution. Furthermore, mechanical tests are to be performed in the future, especially in the form of
nanoindentation, to correlate mechanical properties with local hydrogen content. Therefore, the experimental
setup and specimen geometries need to be suitable to combine the measurement of the local hydrogen content
with mechanical tests. Recent literature suggests that a combination of a Pd-coating with scanning Kelvin
Probe Force Microscopy could prove to be a suitable tool to measure the local hydrogen content with a spatial
resolution in the nanometer range. To combine this technique with mechanical tests, we use a combination of
specimen geometry and electrolytic cell that allows us to charge the specimens from below while the SKPFM
measurements and mechanical tests can be performed on the top site.

5.

“PI88Reader – a python tool for measurement files”

Nathanael Jöhrmann1,*, Bernhard Wunderle1
1. Technische Universität Chemnitz, Professorship Materials and Reliability of Microsystems, Chemnitz, Germany
*nathanael.joehrmann@etit.tu-chemitz.de
A script based data handling is especially useful to speed up data analysis when working with many similar
measurements and can also help reduce careless mistakes. PI88Reader is a tool to read one or more Triboscan
measurement files (*.tdm) into python. Additional modules help with customized data analysis, plotting and
automated report generation. The latter could be done as PowerPoint or Excel file. The tool is open source (using
MIT license). Depending on community interest and feedback the functionality could be extended.
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6.

“Impact of Ferritic, Pearlite and Martensitic Micro-structured Steels and Geometric
Length Scales on Micro Tensile Testing”

Jonas Kutschmann1,2, Thomas Pretorius2, Andreas Offergeld2, Andreas Kern2, Gerhard Wilde1
1. Institute of Materials Physics, Westfälischen Wilhelms-Universität Münster, Wilhelm-Klemm-Str. 10, D-48149 Münster
2. thyssenkrupp Steel Europe AG, Kaiser-Wilhelm-Straße 100, D-47166 Duisburg
Mechanical properties of different microstructures of steels are characterized by micro tensile tests and compared
to other mechanical testing methods. Out of the heavy plates, provided by thyssenkrupp, miniaturized specimens
with a dog-bone shape contour were cut. The specimen dimensions are of constant gauge length of 4 mm, with
a gauge width between 0.3 mm and 0.5 mm and a gauge thicknesses between 1.5 mm and 0.05 mm. The depth
profile of the heavy plates are correlated to mechanical properties. The thickness of the specimens has been varied
over a considerable range to verify an occurring specimen size effect.
The tensile test results are correlated to Vickers hardness measurements, average grain sizes by EBSD and macro
tensile tests for the ultimate tensile strength. All steels show a linear correlation between Vickers hardness and
tensile strength. Micro testing of the steels reproduce the macro-scale results well. The tensile strength is almost
unaffected by down-scaling of the thickness for small grain sizes. In contrast, the fracture strain decreases together
with decreasing dimension.

7.

“Local mechanical properties of hydrogen enriched Zr-1Nb zirconium alloy nuclear
fuel claddings”

Ondřej Libera1,*, Jan Procházka1, Patricie Halodová1, Petra Gávelová1, Jakub Krejčí2
1. Centrum Výzkumu Řež s.r.o., Hlavní 130, Husinec-Řež, Czech Republic
2. UJP Praha a.s, Nad Kamínkou 1345, Praha-Zbraslav, Czech Republic
*ondrej.libera@cvrez.cz
Zirconium alloys are being commonly used as a material of choice for nuclear fuel claddings in water cooled nuclear
reactors for decades due to their good corrosion resistance and low neutron absorption. However, the increasing
operation conditions of next generation nuclear reactors (Gen-IV) in terms of higher temperatures, pressures and
higher neutron flux requires evaluation of further Zr cladding usability. The embrittlement of Zr claddings due to
hydrogen pickup from reactor coolant is one of the issues for its potential use in Gen-IV reactors. Nanoindentation
is an effective tool for analysis of the change of mechanical properties of hydrogen enriched Zr claddings from
localised material volume. Zirconium alloy Zr-1Nb (E110) with experimentally induced hydrides was analysed by
the means of nanoindentation. Zirconium hydrides were formed in the material after exposure in high temperature
water autoclave. The optimized methodology of surface preparation suitable for nanoindentation is described and
the resulting surface quality is discussed. The nanoindentation measurements were performed as an array of
10x10 indents across areas with hydrides. Depth dependent mechanical properties measured by nanoindentation
were compared between the material with no hydrogen content, low hydrogen content (127 ppm H) and high
hydrogen content (397 ppm H). Additional pile-up corrections of hardness and reduced modulus results were
performed utilising SPM scans of indented areas.
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8.

“Image registration between EBSD and XPM nanohardness data maps using
computer vision”

Mingxuan Lin1,*, Yuling Chang1, Wolfgang Bleck1
1. Steel institute, RWTH Aachen University, Aachen, Germany
*Mingxuan.Lin@iehk.rwth-aachen.de
Bruker’s XPM is an industry-leading technology for high-throughput nano-indentation measurement, which
facilitates ultra-fast acquisition of high-resolution hardness maps. With this technology, systematic investigation
of the relation between crystallographic defects and hardness in metallic materials becomes feasible via accurate
registration between Electron Backscatter Diffraction (EBSD) and hardness images. However, memory effect of
the piezoelectric actuators causes machine-specific drift of the indenter in the x- and y-directions, and thus results
in nonlinear spatial distortion (spatial error) of hardness maps. We propose a distortion correction method by
computer-vision-aided image registration between the hardness map and a Scanning Electron Microscope (SEM)
image on the post-indentation specimen. With trivial homographic registration between SEM and EBSD images,
coordinates of each individual indent can therefore be determined with high accuracy on the coordinate system
of the EBSD map; thus, each nano-hardness data point can be correlated with crystallographic data, e.g. grain
orientation, Geometrically Necessary Dislocation (GND) density and grain/twin boundary parameters. The
investigation has been conducted on an industrial grade complex phase steel, CP800, with a Bruker TI 980
TriboIndenter and a Zeiss SIGMA SEM (with Oxford EBSD.

9.

“Determination of the flow behavior of the joining zones of hybrid semi-finished
products by means of nanoindentation”

Dipl.-Ing. Tim Matthias1,*, M. Sc. Norman Heimes1, Dr.-Ing. Florian Pape2, M. Sc. Aleksandr Zaitsev3,
Prof. Dr.-Ing. Bernd-Arno Behrens1
1. Institute of Forming Technology and Machines (IFUM), Leibniz Universitaet Hannover, 30823, Garbsen, Germany
2. Institute of Machine Design and Tribology (IMKT), Leibniz Universitaet Hannover, 30167 Hannover, Germany
3. Institute of Metallurgy, Mechanical Engineering and Transport, Peter the Great St. Petersburg Polytechnic
University, 195251, St. Petersburg, Russia
*tmatthias@ifum.uni-hannover.de
The Collaborative Research Center (CRC) 1153 “Tailored Forming” focuses on the development and research of
novel process chains for the production of load-adapted hybrid solid components, using joined semi-finished
products. By using locally adapted material combinations, different requirement profiles of the functional and
structural areas in the component can be met much more consistently than with conventional processes. In
addition, the product quality can be improved through the use of materials adapted to loads and requirements.
To reproduce the deformation behavior of the semi-finished products in the numerical simulations more precisely,
the flow properties of the materials of the hybrid semi-finished products are determined experimentally. Different
joining processes within the CRC 1153, such as friction welding, extrusion and laser beam welding, result in
joining zones of different properties. For example, in the case of the laser beam welding process in steel-steel
combinations, a clearly recognizable weld seam is formed with its resulting mixing zone. In comparison, there is
only a fine mixing zone after friction welding, which is characterized by a very fine-grained microstructure close to
the joining zone. The joining processes of aluminum-steel combinations in friction welding or extrusion produce
very hard, brittle intermetallic phases of a thickness of only a few micrometres. The determination of the flow
properties of these joining zones is not possible with a conventional tensile test due to their thickness and their
graded structure. For this reason, these material properties could yet not be determined and were therefore not
taken into account in the numerical process designs.
In context of this work, the possibility of the determination of the material parameters by nanoindentation shall be
shown. In order to validate the indenter measurements at the joining zone, parallel indenter measurements and
tensile tests were carried out on the monomaterials of the semi-finished products. Indents indicate the beginning
of the flow of the intermetallic phase. This procedure could be verified by the results of the tensile tests and
literature data.
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10.

“Dentin-Adhesive Interface Characterization by Confocal Raman Microscopy and
Atomic Force Microscopy”

Martin Moos1, Bernd Dippel1, Christoph Thalacker1, Bernd Anich1, Henry Loll1, Gautam Mishra1
1. 3M Deutschland GmbH, Neuss, Germany
Morphology, dimensions and chemical nature of adhesive-dentin interfaces on pre-etched and non-etched
teeth were analyzed by Atomic Force Microscopy and Raman Microscopy. Analytical results of both techniques
showed that an additional etching step in tooth preparation led to an approx. 5 µm thick hybrid layer between
dentin and adhesive. Without additional etching both adhesives showed hybrid layer thicknesses of approx.
1 µm or less.

11.

“Investigations on the Frictional Properties of the Fish Skin of the Spiny Eel
(Macrognathus spec.)”

Florian Pape1,*, Norman Heimes2, Tim Matthias2, Bernd-Arno Behrens2, Gerhard Poll1
1. Institute for Machine Design and Tribology (IMKT), Leibniz University Hannover, 30167 Hannover, Germany
2. Institute of Forming Technology and Machines (IFUM), Leibniz University Hannover, 30823 Garbsen, Germany
*florian.pape@imkt.uni-hannover.de
In nature, optimized surfaces have evolved with which living beings react to their environmental conditions.
In case of animals that live partly in soil, the skin has to protect against wear and offers favorable frictional
properties. In order to take advantage of the properties of the skin, it is necessary to understand the function
of it. In the context of this study, the skin of the spiny eel was investigated. This fish partially lives in the sand
at the bottom of waters where he catches living worms and insects. The surface of the skin has a fine structure.
In order to understand the properties of the fish skin better, frictional tests were carried out on the micro- and
nanoscale. For this purpose, measurements were performed with the help of a tribometer to determine the
friction resistance. A 6 mm steel ball was used as a pin under a load of up to 200 mN and a sliding speed of
1 mm/s. Subsequently, nano-scratch studies were carried out to determine friction values at low forces during
the test. For the nano-scratch tests, a spherical diamond cone tip with a radius of 300 nm was utilized. While the
tip has moved over the surface with increasing load of up to 100 µN, the coefficient of friction was recorded.
In the test procedures, friction values of about 0.3 could be determined. It is feasible, that a relatively high
coefficient of friction of the skin is advantageous for the fish to transfer force to the soil in order to move forward.

12.

“Hydrogen effects on the mechanical behavior of ferritic FeCr alloys investigated by
in-situ nanoindentation”

J.Rao1,*, G.Dehm1, M.J. Duarte1
1. Max-Planck-Institut für Eisenforschung GmbH, 40237, Düsseldorf, Germany
*j.rao@mpie.de
Single-phase ferritic Fe-Cr binary alloys with Cr concentrations similar to stainless steel were investigated to
explore the Cr influence on the absorption of hydrogen and its consequences on the mechanical response. These
alloys, which are susceptible to hydrogen embrittlement, have high hydrogen diffusivity and low solubility,
suitable then for in-situ studies. Hydrogen is electrochemically introduced to the specimens by using an in-situ
nanoindentation set-up, developed in-house, which enables collecting mechanical properties while simultaneously
charging the sample with hydrogen from the backside. As the surface of the specimen stays intact, it is possible to
characterize specific microstructural changes before and after hydrogen charging employing, e.g., transmission
electron microscopy (TEM), electron channeling contrast imaging (ECCI), electron backscatter diffraction (EBSD).
The sample surface is characterized in this way before and after the measurements ensuring reliability. During
hydrogen charging, the pop-in load decreases with increased applied voltage, indicating a reduction of the shear
stress necessary for nucleating dislocations. The hardness of the alloys increases with increased applied voltage,
corresponding to a higher amount of hydrogen charged into the material. Larger variations of both properties
with higher Cr concentration are also observed, while the elastic modulus presents almost no change at different
grain orientations or Cr concentration. Substitutional chromium atoms that act as flat trapping sites for hydrogen
retard its diffusion, resulting in a larger increase of hardness with a higher concentration of Cr.
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13.

“Investigation of Size Effects in Aerospace-Grade Epoxy on the Mechanical
Properties by Mechanical Test in-situ TEM”

Raz Samira1,*, Atzmon Vakahi2, Noa Lachman1
1. Department of Materials Science and Engineering, Tel Aviv University, Israel
2. The Hebrew University, Center for Nanoscience and Nanotechnology, Jerusalem, Israel
*razsamira@mail.tau.ac.il
Epoxy polymers are often used as a base for composites for aviation and aerospace applications, owing to
their light weight, good affinity to the fillers, excellent mechanical properties, and stability under chemical
corrosion and high temperatures. Many studies previously demonstrated that materials within smaller scales
such as thin films or nanotubes, exhibit significant increase in the mechanical properties compared to the bulk
material. However, few studies have dealt with these size effects in epoxy resins, and none was able to validate
a mechanism. A PicoIndenter is combined within TEM in order to investigate size effects of an epoxy on the
mechanical properties. A real-time video of the fracture process is gathered with the corresponding mechanical
data from force and displacement. Those both data combined help to understand the said size effects. We
present an in-situ flexural bending experiments of thin cantilevers (below 200nm). Experiments showed crack
propagation within the elastic region until fracture, without yield point. Furthermore, the nano-scale samples
demonstrate a significant increase in the flexural strength. We also present unique specimen preparation
technique, designed for soft materials such as polymers, employed to meet the geometrical constraints of the
in-situ experiments. This work can further be expanded towards potential application as thin inter-layer of matrix
in reinforced composites or in MEMS applications.

14.

“On the commensuration of plastic plowing at the microscale”

Hanna Tsybenko1,*, Wenzhen Xia1,**, Gerhard Dehm1, Steffen Brinckmann1,2
1. Department Structure and Nano-/Micromechanics of Materials, Max-Planck-Institut für Eisenforschung GmbH,
Düsseldorf, Germany
2. Forschungszentrum Julich GmbH, Julich, Germany
*h.tsybenko@mpie.de
**w.xia@mpie.de
Improvement of the operating life cycle of engineering components in sliding contact requires the
understanding of the “run-in” phase mechanisms. For a single asperity wear experiment, the transition from
static indentation to the dynamic wear represents the “run-in” phase at the microscale respectively. During
the transition to plastic plowing, the penetration depth increases initially and decreases subsequently to the
steady-state regime value. This transition sequence was reported in both experimental [1-4] and numerical
modeling studies [5] and was observed for metallic [1,2] as well as for non-metallic [3,4] materials. In the
current study, we focus on a qualitative description of the transition from indentation to wear for single
asperity experiments and define the depth controlling mechanisms during the initial stages of wear. For this
purpose, we conduct wear tests with sphero-conical nanoindenter tips on polycrystalline austenitic steel,
copper and cementite. In order to further investigate the single grain orientation influence, wear tests were
performed in large [001] and [111] grains of austenite. The main factors that control the wear depth during the
transition from indentation to wear are the conservation of contact area, elastic recovery and front pile-up
development. During the first stage of transition, the depth increases due to the contact area conservation
while the elastic recovery defines the slope of the depth curve. The depth recovery is observed only in ductile
materials that show pronounced pile-up development. The crystallographic orientation does not affect the
initial depth increase but influences the depth during the steady-state wear.
[1] Kareer, A. Ph.D. Thesis, University of Leicester (2015).
[2] Brinckmann, S. ; Fink, C. A.C. ; Dehm, G., Wear 338-339 (2015), p. 430–435.
[3] Cayer-Barrioz, J., et al, Tribology International 39 (2006), 2, p. 62–69.
[4] Tayebi, N.; Conry, T. F.; Polycarpou, A., Journal of Materials Research 18 (2003), 9, p. 2150–2162.
[5] Chamani, H. R. ; Ayatollahi, M. R, Wear 356-357 (2016), p. 53–65.
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15.

“Plasticity during micro-wall wear test: single dislocation wall formation”

Wenzhen Xia1,*, Gerhard Dehm1, Steffen Brinckmann1,**
1. Department of Structure and Nano-/Micromechanics of Materials; Max-Planck-Institut für Eisenforschung GmbH,
Düsseldorf 40235, Germany
*w.xia@mpie.de
**brinckmann@mpie.de
Engineering surfaces consist of microasperities, which result in complex collective interaction of tribological
metallic contacts. Single microasperity wear, i.e. nano/micro-scratch, testing has been developed to simplify the
tribological contact and become a useful technique for understanding the mechanisms during the very initial
run-in stage of tribology [1, 2]. However, the understanding of abrasion-induced plasticity is still incomplete.
In this work, we introduce a novel micro-wall wear test that aims at 1) further simplifying the stress state in the
contact zone and 2) better identifying the active slip system in the entire deformation zone. Initially, we utilize the
advanced Focused Ion Beam (FIB) to produce micro-walls with different wall directions in {111} and {100} grains.
We indent and scratch on the micro-walls using a wedge nanoindenter tip. We observe that the dislocations prefer
to be activated on the positively inclined slip-planes [3] and then on the negatively inclined slip-planes. After
abrasion, the active slip-planes remain activated while the dislocation activity moves closer to the top surface.
Interestingly, high-resolution electron backscatter diffraction (EBSD) results show that single dislocation-walls
form after indentation in some of micro-walls. In all micro-walls, dislocation walls are formed during abrasion.
Both sides of the dislocation-wall are misoriented by a large angle. Transmission electron microscopy (TEM)
confirm the high density of dislocations in the dislocation-walls. The present study is the first to produce a
dislocation-wall in a single grain during tribology. This micro-wall wear test has the potential to better study the
origin of tribology-induced grain refinement in metals.
[1] S. Brinckmann, G. Dehm, Nanotribology in austenite: Plastic plowing and crack formation, Wear 338 (2015) 436-440.
[2] S. Brinckmann, C.A.C. Fink, G. Dehm, Nanotribology in austenite: Normal force dependence, Wear 338 (2015) 430-435.
[3] W. Xia, G. Dehm, S. Brinckmann, Unraveling indentation-induced slip steps in austenitic stainless steel, Mater. Design (2019).

16.

“Mechanical Properties of Architected Carbon”

Xuan Zhang1,*, Andrey Vyatskikh2, Huajian Gao3, Julia R. Greer2, Xiaoyan Li4
1.
2.
3.
4.

Leibniz Institute for New Materials, Saarbrücken, Germany
Division of Engineering and Applied Science, California Institute of Technology, Pasadena, CA
School of Mechanical and Aerospace Engineering, College of Engineering, Nanyang Technological University, Singapore
Department of Engineering Mechanics, Tsinghua University, Beijing, China

*xuan.zhang@leibniz-inm.de
A long-term challenge in the design and manufacture of materials and structures is to create porous materials
that are simultaneously lightweight, and strong. Here we advanced the 3D microfabrication methodology in
combination of two-photon lithography and high-temperature pyrolysis, to fabricate nanoarchitected pyrolytic
carbon of two prototype unit-cell geometries, octet- and iso-truss, and achieved combined excellent properties
with low density, high specific strength, imperfection insensitivity as well as good resilience. The lightweight
densities of the architected carbon ranges from 0.24 to 1.0 g/cm3, with GPa-level compressive strengths ranging
from 0.14 GPa to 1.90 GPa, and > 10% deformability before brittle fracture. The smallest characteristic lengths
(the struct diameters) of these carbon trusses approach the resolution limit of the most available 3D additive
manufacturing technologies, and their compressive strengths in this research approximately attain the theoretical
limits defined by the strengths of graphene and diamond.
[1] Xuan Zhang, Andrey Vyatskikh, Huajian Gao, Julia R. Greer, Xiaoyan Li. Lightweight, flaw-tolerant and ultrastrong
nanoarchitected carbon. Proceedings of the National Academy of Sciences of the United States of America, 201817309, 2019.
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Practical Information
Conference & Bruker User Meeting Venue
Max-Planck-Institut für Eisenforschung GmbH (MPIE)
Max-Planck-Straße 1
40237 Düsseldorf
Deutschland
Conference Banquet Dinner
ArabesQ
Ludenberger Strasse 1-1a
40629 Düsseldorf
https://arabesq.de/
Conference Webpage
https://www.bruker.com/nanobruecken-2020
Host/Sponsor Website
Max-Planck-Institut für Eisenforschung GmbH: https://www.mpie.de/
Bruker: https://www.bruker.com
Oral Presentation Guidelines
The workshop prefers that you use your own laptop computer. However, bringing a backup of your
presentation file on a memory stick is recommended.
Student talks are 12 minutes in length, with an additional 3 minutes for discussion.
Contributed talks are 15 minutes in length, with an additional 5 minutes for discussion.
Invited talks are 25 minutes, with an additional 5 minutes for discussion.
Poster Presentation Guidelines
Posters should be prepared in A0 portrait format; stands and pins will be provided.
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Pre-Event at Max-Planck-Institut für Eisenforschung GmbH
Tuesday, February 4th | 09:00 to 12:00
Prior to the Nanobrücken conference and user meeting, there will be a pre-event on Tuesday, February 4, 2020
from 09:00 - 12:00 at Max-Planck-Institut für Eisenforschung GmbH in Düsseldorf, with live demonstration on:
• Bruker’s Hystron PI 95 TEM PicoIndenter
• Bruker’s Hystron PI 88 SEM PicoIndenter with In-Situ SPM Imaging - NEW
• Bruker’s Hystron TI Premier
Registration is required to attend the pre-event.
To register for the pre-event, please email Davor Krusevljanin, Bruker (Davor.Krusevljanin@bruker.com).
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