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Preface
The Friedrich-Alexander University of Erlangen and Bruker are pleased to present
Nanobrücken 2018: A Nanomechanical Testing Conference and Bruker Hysitron User Meeting.
This is the 8th 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.
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Day 1: Tuesday, February 20th
Welcome
13:00

Opening Remarks
Mathias Göken, Friedrich-Alexander-Universität Erlangen-Nürnberg
Ude Hangen, Bruker

Student Talks - Session I
Chair: Ude Hangen, Bruker
13:15

“Mechanical fatigue testing of ufg-copper by dynamic micropillar compression and
micro cantilever bending”
Sebastian Krauß, Friedrich-Alexander-Universität Erlangen-Nürnberg

13:35

“Mechanical measurement of molecular single crystals: Nanoindentation as a tool to
measure the impact of sample treatment”
Benjamin Gabriele, University of Manchester

13:55

“In-situ elastic-plastic fracture mechanics at the micron scale by means of dynamical
compliance measurements”
Markus Alfreider, Montanuniversität Leoben

14:15

“Scale-bridging in situ mechanical testing and combined 3D analysis of nanoporous gold”
Thomas Przybilla, Friedrich-Alexander-Universität Erlangen-Nürnberg

Poster Set-Up
14:35

Short Break / Coffee Provided

Remarks
15:30

Introduction to Friedrich-Alexander-Universität Erlangen-Nürnberg
Mathias Göken, Friedrich-Alexander-Universität Erlangen-Nürnberg

Student Talks - Session II
Chair: Roland Bennewitz, INM-Leibniz Institute for New Materials
15:40

“Viscoelastic properties of polymer hybrid coatings analyzed by
high-temperature nanoindentation”
Vahid Samaeeaghmiyoni, University of Antwerp

16:00

“Difference in dislocation source activation stress in the grain interior and at twin
boundaries using nanoindentation”
Juan Li, Max-Planck-Institut für Eisenforschung

16:20

“Viscoelastic properties of polymer hybrid coating analyzed by
high-temperature nanoindentation”
Stephan Weyand, Karlsruhe Institute of Technology

16:40

“Mechanical properties of two different CLEC’s: Hen egg-white Lysozyme (HEWL) and
a novel protein - Halohydrin dehlogenase (HheG)”
Marta Kubiak, Braunschweig University of Technology

Poster Session
All Posters are Eligible for Top Poster Prize
17:15
Poster Session (All Posters) - See Poster List
Barbecue

Keynote Lecture
19:15

“Nano-scale mechanical property characterization: From a tool of mechanical testing
to enabling technology for multidisciplinary applications”
Prof. Yeau-Ren Jeng, University of Taiwan
Nanobrücken 2018 Program
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Day 2: Wednesday, February 21st
Bruker Hysitron User Meeting
09:00

Introduction
James Earle, Bruker
Oden Warren, Bruker

09:10

Instrumentation Updates
Rhys Jones, Bruker (Platform System Products)
Ryan Stromberg, Bruker (Microscopy Products)

10:00

Novel Applications Presentations

10:40

Short Break / Coffee Provided

11:10

Nanobrücken Conference – Opening Remarks

Talks - Session I: In-situ Testing
Chair: Mathias Göken, Friedrich-Alexander-Universität Erlangen-Nürnberg

Invited Talk
11:15

11:45

“Determination of the mechanical properties from nanocompression experiments in
TEM: data processing”
Lucile Joly-Pottuz, University of Lyon
“Quantitative in-situ TEM nanoscale fracture experiments”
Inas Issa, Montanuniversität Leoben

Lunch Break
12:00

Lunch Provided On-Site

Talks - Session I: In-situ Testing (Continued)
Chair: Ryan Stromberg, Bruker
13:00

“The brittle-ductile transition of tungsten single crystals at the micro-scale”
Johannes Ast, Empa—Swiss Federal Laboratories for Materials Science and Technology

13:25

“Combination of nano-indentation and electron channeling contrast imaging (ECCI) to
understand the interaction of hydrogen and dislocations in a high-Mn TWIP steel”
Stefan Zaefferer, Max-Planck-Institut für Eisenforschung

13:50

“In-situ micromechanical testing of backend-of-line structures using laboratory and
synchrotron X-ray microscopy together with micro-/nanomechanical testing
platforms like the Bruker PI 95”
André Clausner, Fraunhofer IKTS

14:15

“Tensile strength of Ag nanowires”
Craig J. Williams, University of Manchester

14:40

Short Break / Coffee Provided

Talks - Session II: Sample Testing by Single Asperity Contacts: Indentation to Scratch
Chair: Prof. Yeau-Ren Jeng, University of Taiwan

Invited Talk
15:10
15:40

“Microindentation on biocompatible semicrystalline polymers”
Miroslav Slouf, Academy of Sciences of the Czech Republic
“Detection of tip-surface instabilities in depth-sending indentation on soft samples
using “air-indent””
Shahrouz Amini, Max Planck Institute of Colloids and Interfaces
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16:05

“Improving the accuracy of atomic force microscope based
nanomechanical measurements”
Bede Pittenger, Bruker

16:30

“Tip calibration issues for sub-10 nm indentation depths in nanoindentation and
atomic force microscopy based methods”
Malgorzata Kopycinska-Müller, Fraunhofer Institute for Ceramic Technologies and Systems

Invited Talk
16:55
17:25

“The role of single-asperity experiments in tribology”
Roland Bennewitz, INM-Leibniz Institute for New Materials
End of Session

Conference Banquet Dinner
19:00

Schloss Atzelsberg
Atzelsberg 1
91080 Marloffstein-Atzelsberg
https://www.schloss-atzelsberg.de

Day 3: Thursday, February 22nd
Talks - Session III: Nano-objects to Nanocomposites
Chair: Erica Lilleodden, Helmholtz-Zentrum Geesthacht

Invited Talk
09:00

“Differences and similarities in the mechanical response of nano-objects”
Erik Bitzek, Friedrich-Alexander University of Erlangen

09:30

“Fabrication of nanocomposites by mechanical alloying and adiabatic
explosive consolidation”
Nikoloz Chikhradze, LEPL Grigol Tsulukidze Mining Institute

09:55

“Mechanical properties of model nanolaminate and nanocomposite films realized by
alternating megnetron sputtering and inert gas condensation of nanoparticles”
Johann Michler, Empa—Swiss Federal Laboratories for Materials Science and Technology

10:20

Short Break / Coffee Provided

Talks - Session IV: Origin of Material Strengths
Chair: Erik Bitzek, Friedrich-Alexander University of Erlangen

Invited Talk
10:50

“Structure matters: insights into size effects in mechanical behavior”
Erica Lilleodden, Helmholtz-Zentrum Geesthacht

11:20

“On a novel strain indicator based on uncorrelated misorientation angles for
correlating dislocation density to local strength”
Paula O. Guglielmi, Helmholtz Center Geesthacht

11:45

“Nanomechanical testing of MoBC and WBC coatings prepared using
magnetron sputtering”
Vilma Buršíková, Masaryk University

12:10

Nanobrücken Conference – Closing Remarks
Mathias Göken, Friedrich-Alexander-Universität Erlangen-Nürnberg
Ude Hangen, Bruker

Friedrich-Alexander University of Erlangen Tour
12:30
Tours and demos
Nanobrücken 2018 Program
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Quantitative Nanomechanical Testing

Enhanced with the Power of
Electron Microscopy
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.
Hysitron PI 88

www.bruker.com/nanomechanical-testing

Hysitron PI 95

In-Situ Nanomechanics

I n n ova tion w ith Integrity
Nanobrücken 2018 Program
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Poster List
Ordered by last name of presenting author
1. “In situ TEM cyclic deformation studies on nanocrystalline palladium thin films”
Ankush Kashiwar, Karlsruhe Institute of Technology
2. “On the way to physically correct indentation analyses”
Gerd Kaupp, University of Oldenburg
3. “Mechanical properities of titania microspheres: influence of crystallinity”
Vasily Lebedev, Lomonosov Moscow State University
4. “Orientation-dependent hardness of microstructural features in a deformed high-alloyed CrMnNi
steel using nano-indentation”
Robert Lehnert, Technische Universität Bergakademie Freiberg
5. “Advances in nanoindentation testing of nuclear materials at Research Centre Řež”
Ondřej Libera, Research Centre Řež
6. “The investigation of the stability of defects in hydrided/dehydrided nanocrystalline Palladium
films using in-situ TEM techniques”
Gunnar Lumbeeck, University of Antwerp
7. “Investigations on the frictional behovior of soft and hard contact lenses by nanoscratch studies”
Florian Pape, Leibniz Universität Hannover
8. “Nano-mechanical testing of nitrile butadiene rubber elastomer after aging”
Michal Prochazka, Slovak Academy of Sciences
9. “Investigation of the mechanical properties of silicon nano-pillars using the
nano indentation technique”
Prabowo Puranto, TU Braunschweig
10. “Multi physics in-situ SEM materials characterization using the Bruker Hysitron nano-mechanical
test platform PI 87”
Harishankaran Rajendran, Fraunhofer IKTS
11. “Preparation of AuNi nanoparticles derived from solid-state dewetting of thin films for
nanomechanical testing”
Johanna Schubert, Friedrich-Alexander-Universität Erlangen-Nürnberg
12. “Macro- and micro-mechanical features of a bio-mineralized spring”
Maryam Tadayon, Nanyang Technological University and Max Planck Institute for Colloids and Interfaces
13. “Combinatorial investigation of the mechanical properties of copper-tungsten compositional
gradient, multilayer, and nanoparticle films”
Keith Thomas, Empa—Swiss Federal Laboratories for Materials Science and Technology
14. “Mechanical characterization of thin plasma polymer coatings on compliant PET substrates”
Michiel Top, Fraunhofer FEP
15. “Characterization and modeling of the ageing of polymers in contact to fluids using
nanomechanical probes”
Céline Vlemincq, Université Catholique de Louvain
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Environmental Control

Temperature, Humidity, and Atmosphere

Measure and Map Material Performance in Real-World Working Conditions
Bruker’s In Operando environmental testing suite enables nanomechanical and nanotribological characterization of materials
in their working environment across a wide range of temperatures, working gases, humidity, and strain rates. The ability
to accurately measure and map nanoscale mechanical properties at temperatures from -120°C to more than 800°C, and
across multiple working conditions aids the development of new materials with properties specifically tailored to withstand
environmental-mechanical extremes.
n Reliable measurements from -120°C to 800°C
n <1 ppm O and H O purity inert atmosphere
2
2
n Minimize effects of reactive surface chemistries

www.bruker.com/nanomechanical-testing

Nanomechanical Testing

I n n ovation w ith Integrity
Nanobrücken 2018 Program
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Abstract - Oral Presentations
Day 1: Tuesday, February 20th
Student Talks - Session I
Chair: Ude Hangen, Bruker

13:15

“Mechanical fatigue testing of ufg-copper by dynamic micropillar compression and
micro cantilever bending”

Sebastian Krauß1,*, Stefan Gabel1,*, Mathias Göken1, Benoit Merle1
1. Materials Science and Engineering, Department Materials Science, Friedrich-Alexander-Universität Erlangen-Nürnberg,
Erlangen, Germany
*sebastian.s.krauss@fau.de, stefan.s.gabel@fau.de
Local fatigue experiments on microscale testing geometries offer the opportunity to isolate microstructure
contributions to mechanical deformation behavior. In contrast to macroscopic fatigue testing, it is therefore
possible to characterize the effect of individual features of interest independently. In this study Equal Channel
Angular Pressing (ECAP) processed copper sheets with a ultrafine grained microstructure were analyzed.
Micropillars and cantilevers were structured by FIB milling, producing testing geometries that are much larger
than the actual grainsize. The fatigue investigations were executed by a novel approach that combines dynamic
nanoindentation and microsample testing [1]. With this technique the high cycle fatigue range is easily accessible
for microscale samples. The experiments were performed at different stress amplitudes, resulting in high,
medium and low stress ranges compared to the yield strength of the material. A failure criterion was defined to
establish Wöhler plots. Observation of the underlying deformation processes was performed by recording SEM
micrographs of the deformed samples. Subsequent investigations were realized by FIB milling of the deformed
samples to create a cross-sectional view of the deformed microstructure.
[1] Merle, B., Höppel, H.W. Microscale High-Cycle Fatigue Testing by Dynamic Micropillar Compression Using
Continuous Stiffness Measurement. (2017) Experimental Mechanics, https://doi.org/10.1007/s11340-017-0362-3

13:35

“Mechanical measurement of molecular single crystals: Nanoindentation as a tool to
measure the impact of sample treatment”

B. Gabriele1,*, C.J. Williams2, P. Hidber3, M. Lauer4, B. Derby2, A. J. Cruz-Cabeza1
1.
2.
3.
4.

School of Chemical Engineering and Analytical Science, University of Manchester, UK
School of Materials, University of Manchester, UK
Department of Pharma Technical Development Small molecules, Roche Innovation Center Basel, Basel, Switzerland
Roche Pharma Research and Early Development, Therapeutic Modalities, Roche Innovation Center Basel, Basel, Switzerland

*benjamin.gabriele@manchester.ac.uk
Understanding the effect of drying and ageing on the mechanical properties of molecular crystals is of major
importance for pharmaceutical companies using processes such as tableting and milling. Hardness and
indentation modulus can be derived from nanoindentation experiments on single crystals using the method
described by Oliver and Pharr [1]. In this study, we developed a workflow that enabled us to establish the impact
of washing, cleaving and drying on the mechanical properties of saccharin and aspirin single crystals. First,
measurements had to be consistent and reproducible while indenting a unique sample at different locations.
Second, different crystals of the same material should give comparable values. The latter goal was achieved
after drying the samples thoroughly. Consistent sample treatment was a crucial step in order to compare
different materials. Because the indentation modulus and the hardness increase significantly for low depth
indents, samples were tested over a wide range of load of penetration. The values of indentation modulus and
hardness reached a plateau at high load indents. The values at the plateau should be used for comparison across
materials. Indentation modulus and hardness were extracted on the (100) face of a dried and cleaved single
crystal of saccharin and aspirin and were compared. Post indentation imaging gave valuable information of
sample deformation processes and allowed identification of cleave planes from the formation of macrocracks.
The structure of these crystals is related with their mechanical properties by means of the novel energy
frameworks simulations implemented in CrystalExplorer [2].
[1] W.C. Oliver, G.M. Pharr, J. Mater. Res., 2004, Vol. 19, 3-20.
[2] M. J. Turner, S. P. Thomas, M. W. Shi, D. Jayatilaka and M. A. Spackman, Chem. Commun., 2015, 3735-3738.
Nanobrücken 2018 Program
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13:55

“In-situ elastic-plastic fracture mechanics at the micron scale by means of
dynamical compliance measurements”

Markus Alfreider1,*, Darjan Kozic2, Otmar Kolednik3, Daniel Kiener1
1. Department for Materials Physics, Montanuniversität Leoben, Leoben, Austria
2. Materials Center Leoben Forschung GmbH, Leoben, Austria
3. Erich Schmid Institute of Materials Science, Austrian Academy of Science, Leoben, Austria
*markus.alfreider@unileoben.ac.at
Fracture mechanical investigations are a cornerstone for the evaluation of material failure and therefore the
estimation of component lifetime in today’s modern discipline of engineering. However, with the increasing
miniaturization of structurally relevant elements in common microelectronic components or medical implants,
classical fracture mechanics tests are not sufficient anymore. Thus, the development of new methods for such
investigations on the micron- or even nanoscale is essential. The recent implementation of micromechanical
testing devices in scanning electron microscopes (SEM) allows for both, applying mechanical load as well as
investigating the deformation behavior at the crack tip in-situ. However, as the classical evaluation techniques
rely on specific standardized shapes as well as assumptions regarding plastic zone sizes and geometric relations,
that can rarely be achieved in such small scales, new methods of analysis need to be developed. The present
work focuses on an experimental approach to evaluate crack propagation in micron sized, square cantilever
shaped beams through application of continuous measurement of sample compliance in a dynamical setup
using a Hysitron PI 85 PicoIndenter.This method, in combination with information from subsequent SEM images,
allows for a detailed view on the behavior of non-linear elastic and elastic-plastic crack propagation. The current
work aims to discuss challenges and solutions regarding the setup and implementation of such experiments,
spanning from brittle model materials such as silicon to highly ductile metals.

14:15

“Scale-bridging in situ mechanical testing and combined 3D analysis of
nanoporous gold”

Thomas Przybilla1,*, Erich Thiess1, Florian Niekiel1, Benjamin Apeleo Zubiri1, Mirza Mačković1,
Peter Schweizer1, Zhuocheng Xie2, Julien Guénolé2, Arun Prakash2, Stephen T. Kelly3, Hrishikesh A. Bale3,
Erik Bitzek2, Erdmann Spiecker1
1. Institute of Micro- and Nanostructure Research & Center for Nanoanalysis and Electron Microscopy (CENEM),
Friedrich-Alexander-Universität Erlangen-Nürnberg, Cauerstr. 6, 91058 Erlangen, Germany
2. Department of Materials Science and Engineering, Institute I, Friedrich-Alexander-Universität Erlangen-Nürnberg,
Martensstr. 5, 91058 Erlangen, Germany
3. Carl Zeiss X-ray Microscopy, 4385 Hopyard Rd, Ste 100, Pleasanton, CA 94588, USA
*thomas.przybilla@fau.de
In this work we present results on in situ small scale testing of nanoporous gold (npg) in scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). By combining nano- and micromechanical
testing of pillar structures with advanced tomographic imaging, a 3D characterization of the plastic deformation
process in different states of deformation is achieved. For small strut sizes 360° electron tomography (ET) is
applied enabling high quality reconstructions of the 3D morphology of npg without missing-wedge artefacts.
Combining the geometric information with mechanical data from in situ testing in SEM and TEM the yield
strength is precisely determined. Furthermore, the experimentally derived 3D data are used as input for ultra
large-scale atomistic simulations in comparison with corresponding simulations of geometrically constructed
structures. This approach allows the correlation of experimental and simulated flow stress, the explanation of
defect mechanisms observed in the experiment and the study of different topology and boundary conditions.
For larger strut sizes mechanical testing and 3D structure analysis of npg pillars are carried out by in situ SEM
and high-resolution X-ray tomography (XT, Nano-CT), respectively. Image correlation analysis applied to in situ
SEM image series reveals the evolution of local strain gradients during deformation and, in particular, local
yielding in the very early stages of deformation. By correlation with experimentally-informed finite element
simulations the overall stress-strain response and the observed local deformation fields are evaluated.
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Student Talks - Session II
Chair: Roland Bennewitz, INM-Leibniz Institute for New Materials

15:40

“Nanomechanics of dislocations and interfaces revisited with new dedicated in-situ
TEM tensile method”

Vahid Samaeeaghmiyoni1,*, Hosni Idrissi1,2, Dominique Schryvers1
1. EMAT, University of Antwerp, Antwerp, Belgium
2. Université catholique de Louvain, Louvain-la-Neuve, Belgium
*Vahid.samaeeaghmiyoni@uantwerpen.be
Focus ion beam (FIB) is an almost sole technique used for the sample preparation of the nano/micro mechanical
testing, due to its site selectivity and its micro machining ability. However, FIB induced damages can significantly
affect the mechanical behaviors and plasticity mechanisms of micro/nano scale samples. The present work
describes a new dedicated method used to improve in-situ TEM tensile test in small-sized Ni specimens. Twin
jet electro-polishing, FIB, and vacuum heat treatment were combined to prepare the samples while the PI 95
PicoIndenter instrument (Bruker) coupled with the Push-to-Pull device were used to perform the in-situ TEM
tensile experiments.This allowed the observation of the intrinsic fundamental mechanisms in quantified manner.
The results obtained in single crystal Ni samples revealed the role of free surfaces in the operation of dislocation
single arm sources. Similar experiments performed on Ni samples with single twin boundary allowed direct
observation of the mechanisms controlling the dislocation/twin boundary interactions.

16:00

“Differences in dislocation source activation stress in the grain interior and at twin
boundaries using nanoindentation”

Juan Li1,*, Gerhard Dehm1, Christoph Kirchlechner1
1. Structure and Nano-/ Micromechanics of Materials, Max-Planck-Institut für Eisenforschung, 40237 Düsseldorf, Germany
*juan.li@mpie.de
Grain and twin boundaries are known to influence the mechanical properties of crystalline materials.
Nevertheless, a thorough quantitative understanding of dislocation grain boundary interactions and the
important role of dislocation source activation at grain boundaries is still not understood. Due to the stochastic
aspects of deformation at the sub-micron length scale, a high number of experiments and a thorough statistical
analysis are required to investigate phenomena related to dislocation source activation. Pop-in statistics,
such as performed by Morris et al. [1], are an ideal tool for this purpose. Within this work we present (1)
systematic studies focusing on the reliability of pop-in statistics and the impact of the experimental protocol
(e.g. polishing conditions, indent spacing, etc.) in Copper, Tungsten and Molybdenum. (2) In the second part,
the source activation strength of different grain boundaries is shown for Copper. In particular, the indents
performed at the coherent Σ3 grain boundaries showed lower pop-in stress than in the grain interior. First
investigations indicate that the dislocation distribution close to the Σ3 grain boundaries was similar to that
in the grain interior, which indicates that the coherent Σ3 grain boundaries are a potential site for dislocation
source activation.
[1] Morris J.R., Bei H., Pharr G.M., George E.P., Phys. Rev. Lett. 106 (2011) 165502.
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16:20

“Viscoelastic properties of polymer hybrid coatings analyzed by
high-temperature nanoindentation”

Stephan Weyand1,*, Hannes Blattmann2, Ruth Schwaiger1
1. Karlsruhe Institute of Technology (KIT) – Institute for Applied Materials, 76344 Eggenstein-Leopoldshafen, Germany
2. Institute for Macromolecular Chemistry and Freiburg Materials Research Center (FMF), 79104 Freiburg, Germany
*stephan.weyand@kit.edu
One of the current trends in macromolecular chemistry is the design of hybrid polymers, which open up
new opportunities in several application. In principle, however, no simple relationship between the polymer
composition and the resulting material properties can be expected for these materials. Additional effects, which
decisively influence the property profile have to be considered.Thus, the investigation of the viscoelastic properties
at the local structural level and over wide temperature and time periods is therefore of particular technological
relevance. In this presentation, the results the temperature-dependent viscoelastic characterization of newly
designed hybrid polymers using a laser-based high-temperature nanoindentation setup will be presented. The
nanoindentation experiments are focused on the correlation between the basic structural motifs and the resulting
viscoelastic property profile of the hybrids. The results obtained from high-temperature experiments reveal,
(i) that the nanoindentation technique is capable of measuring the thermal transitions within hybrid polymers
at the sub-micron scale, (ii) by application of the time-temperature superposition principle the influence of the
hybrid nanofillers on the characteristic viscoelastic functions can be carefully analyzed over a frequency range
of nearly eleven orders of magnitude.

16:40

“Mechanical properties of two different CLEC’s: Hen egg-white Lysozyme (HEWL)
and a novel protein - Halohydrin dehalogenase (HheG)”

Marta Kubiak1,*, Ingo Kampen1, Anett Schallmey2, Carsten Schilde1
1. Braunschweig University of Technology, Institute for Particle Technology, Braunschweig, Germany
2. Braunschweig University of Technology, Institute for Biochemistry, Braunschweig, Germany
*marta.kubiak@tu-braunschweig.de
Mechanical properties of protein crystals and aggregates depend on the structure of individual protein molecules,
packing density, as well as the conformation within a 3-dimensional structure of protein particles. Until now,
there are just few studies about mechanical characterization of protein crystals. Because the catalytic activity of
protein particle correlates with its particle size and must maintain as high as possible during enzyme-catalyzed
reactions, the knowledge of mechanical properties of enzyme crystals is needed for downstream process design
in the biopharmaceutical industry to avoid breakage of particle and thereby, loss of catalytic activity. In this study,
hardness and Young’s Modulus of cross-linked Lysozyme crystals and cross-linked Halohydrin dehalogenase
crystals are evaluated using AFM Nanoindentation and statistical considered.
The results show that hardness of Lysozyme and HheG crystals is in range of 2 to 20 MPa; For Young’s Modulus
values between 40 and 1820 MPa, respectively 1200 MPa, are established. The results for Lysozyme crystals are
comparable to those published in current literature on native protein crystals. Hence, the cross-linking process
seems not to significantly affect both values. The investigation of the mechanical properties of a novel protein Halohydrin dehalogenase from Ilumatobacter coccineus (HheG) has been pioneered in this study.
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Keynote Lecture
19:15 “Nano-scale mechanical property characterization: from a tool of mechanical testing
to enabling technology for multidisciplinary applications”
Yeau-Ren Jeng1,*
1. Department of Mechanical Engineering, National Chung Cheng University, Chia-Yi 621, Taiwan, ROC
*imeyrj@ccu.edu.tw
Depth-sensing indentation has evolved into a powerful tool for characterizing the mechanical property and
tribological behavior in very fine scale over recent decades. This talk will elaborate its background, development
and applications on various materials from metal to non-metal, from engineering to biomedical. Moreover,
combining depth-sensing indentation together with electron microscopy advances our ability to correlate
microstructural changes of a material to the corresponding force-displacement relationship. Cases highlighted
in the talk will reveal insights of mechanical property of nanomaterials, the atomic origin of tribological behavior
and characterization of nanostructured multi-layer thin films.
Recent development of mapping of depth-sensing indentation spatially synchronized with Raman spectrometer
enables the characterization of mechanical property and Raman spectra over a specific arear of the surface
during temperature evolutions and stress cycles. This integrated technique unveils the impact of shear stress
and temperature on protective coatings under demanding applications.
The drive of reduced friction and wear for energy savings and environmental sustainability and miniature,
ubiquitous devices for the era of internet of things (IOT) promise to lead to more exciting development of these
characterization techniques. This talk will end with discussions on potential opportunities such as wearable,
flexible devices made of 2D materials, and ultra-low friction protective coatings and environmental friendly
working fluids for sustainable manufacturing.

Abstract - Oral Presentations
Day 2: Wednesday, February 21st
Talks - Session I: In-situ Testing
Chair: Mathias Göken, Friedrich-Alexander-Universität Erlangen-Nürnberg

Invited Talk
11:15

“Determination of the mechanical properties from nanocompression experiments in
TEM: data processing”

L. Joly-Pottuz1,*, H. Sahib1, I. Inas1,Ⱶ, J. Réthoré2,‡, J. Morthomas1, T. Epicier1, K. Masenelli-Varlot1
1. University of Lyon, INSA-Lyon, MATEIS, CNRS UMR5510, 69621, France
2. University of Lyon, INSA-Lyon, LaMCoS, CNRS UMR5259, 69621, France
*lucile.joly-pottuz@insa-lyon.fr
Nanocompression experiments have already been widely used to study the peculiar behavior of materials at
the nanometer scale. For instance in the case of ceramic materials, a plastic behavior has been observed even
though ceramics are known as brittle material. To get quantitative and reliable values from these experiments,
data processing has to be developed. One important issue in data processing is the determination of the contact
geometry and more precisely the contact area at any time as it allows the calculation of true stress/true strain
curves. Digital imaging correlation (DIC) is one possible solution to precisely follow the shape of the nanoparticle
during the test. DIC can also monitor unusual movements of the sample during the test, due to the finite stiffness
of the sample holder or because of a non-perfect position on the substrate. Such movements may modify the
real displacement of the tip towards the sample and introduce artefacts on the curve.
We will show a procedure that allows the determination of the contact area in two different cases : nanocubes or
spheres compressed between two plateaus. Whereas the cube geometry is relatively straightforward, the case
of a sphere is more complicated to handle. Several methods will be investigated and compared.
Ⱶ
‡

Now at Erich Schmid Institute of Materials Science, Montanuniversität Leoben, Jahnstrasse 12, 8700, Leoben, Austria
Now at GeM institute, Cnrs, Ecole Centrale de Nantes, UMR 6183, France
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11:45

“Quantitative in-situ TEM nanoscale fracture experiments”

Inas Issa1,*, Daniel Kiener1
1. Departement Materials Physics, Montanuniversität Leoben Jahnstraβe 12, 8700 Leoben, Austria
*inas.issa@oeaw.ac.at
Among high strength and elastic limit that materials gain when decreasing their volumes to the submicron
range, they exhibit large plastic deformation under high load. Mechanisms proposed are mainly size, among
other parameters, dependent.
Fewer studies are dedicated on the investigation of the ¨intrinsic¨ size effect on the strengthening of materials,
i.e. fracture experiments at the nanoscale. A good knowledge of the critical size for materials strengthening and
for brittle-ductile transition (BDT) of brittle materials, allows better design guidelines for more fracture resistant,
tough materials and avoid brittle failure of semiconductors used in many advanced microelectronic devices.
We present in situ TEM fracture experiments on chromium and silicon single crystals notched nanobending
beams of thicknesses ranging from [70-400] nm as shown.
Tests are performed in a TEM JEOL2100F operating at 200 kV and using a Hysitron PI 95 PicoIndenter. Dislocation
activities and characters at the notch tip are investigated. Therefore, notches are introduced either in TEM or
using common FIB milling. Size effects on notch blunting and increase of fracture toughness are observed. Thus,
a comparative study on the notches size effect on fracture toughness measurements is performed.

Talks - Session I: In-situ Testing (Continued)
Chair: Ryan Stromberg, Bruker

13:00 “The brittle-ductile transition of tungsten single crystals at the micro-scale”
Johannes Ast1,*, Jakob Schwiedrzik1, Juri Wehrs2, Johann Michler1, Xavier Maeder1
1. Empa—Swiss Federal Laboratories for Materials Science and Technology, Feuerwerkerstrasse 39,
3602 Thun, Switzerland
2. Platit AG, Eichholzstrasse 9, 2545 Selzach, Switzerland
*johannes.ast@empa.ch
It is the aim of the study to understand the fracture process and behavior in micro-scale specimens in the
presence of crack tip plasticity. Notched micro-cantilevers were prepared by focused ion beam (FIB) milling in
a tungsten single crystal. This material has nearly perfect elastic isotropy, a limited amount of activated slip
systems and detailed knowledge of the macroscopic fracture behavior is available [1]. The microcantilevers
have dimensions of 25 µm in length, 5-7 µm in thickness and crack length to thickness ratios a/w of ca. 0.4.
Loading rate and temperature are known to influence the fracture behavior decisively in bcc metals. Therefore
displacement-controlled fracture tests were performed inside a scanning electron microscope in the temperature
range between -90°C and 500°C. Applying the recently presented J-Integral technique [2] to plot continuous crack
resistance curves, the fracture toughness and brittle-to-ductile transition (BDT) temperatures, which depend on
the applied loading rate, were determined. This allows a thorough investigation of the activation energy of the
BDT at the micro-scale.
[1] P. Gumbsch, J. Riedle, A. Hartmaier, H.F. Fischmeister, Controlling Factors for the Brittle-to-Ductile Transition
in Tungsten Single Crystals, Science. 282 (1998) 1293–1295.
[2] J. Ast, B. Merle, K. Durst, M. Göken, Fracture toughness evaluation of NiAl single crystals by microcantilevers a new continuous J-integral method, Journal of Materials Research. 31 (2016) 3786–3794.
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13:25

“Combination of nano-indentation and electron channeling contrast imaging (ECCI)
to understand the interaction of hydrogen and dislocations in a high-Mn
TWIP steel”

Stefan Zaefferer1,*, Yuchen Shan1, Manjunatha Madivala2
1. Max-Planck-Institut für Eisenforschung, Düsseldorf, Germany
2. Institut für Eisenhüttenkunde, RWTH Aachen, Intzestr. 1, Aachen, Germany
*s.zaefferer@mpie.de
Hydrogen embrittlement is one of the key problems for the application of high strength steels and, therefore,
of high research interest. Typical hypotheses of hydrogen-metal interaction are the “hydrogen-enhanced local
plasticity (HELP)” theory and the “hydrogen-enhanced decohesion (HEDE)” theory. A number of serious issues
prevent from direct investigation of these mechanisms. First, hydrogen is practically invisible to most observation
techniques and can, therefore, only be observed indirectly. As a consequence, it is usually not clear whether
hydrogen interacts with dislocations, grain boundaries or other defects in a microstructure. Second, hydrogen is
extremely mobile in microstructures and may, therefore, quickly leave a material during an observation campaign.
The electron channelling contrast imaging (ECCI) technique applied in SEM may contribute to solve some of
the problems, as it allows direct observation and quantification of lattice defects (dislocations, stacking faults,
grain boundaries, elastic strain regions) close to the surface of bulk samples. The bulk nature of the sample
allows keeping much larger hydrogen quantities in the material than TEM thin foils and it enables performance
of (quasi) in-situ deformation experiments.
For our research we observed and quantified the formation of dislocations and stacking faults during nano
indentation into a material with and without hydrogen charging. Different, crystal orientations were selected
from a polycrystal and 25 indentations were done in every crystal. The dislocation structures formed under these
indents were quantitatively analysed in terms of number, curvature, length. A very clear difference between
samples with and without hydrogen was found and interpreted in terms of stacking fault energy and Peierls
potential change.

13:50

“In-situ micromechanical testing of backend-of-line structures using laboratory and
synchrotron X-ray microscopy together with micro-/nanomechanical testing
platforms like the Bruker PI 95”

André Clausner1,*, Ehrenfried Zschech1, Kristina Kutukova1, Yvonne Standke1, Juergen Gluch1, Martin Gall1,
Han Li2, Markus Kuhn2
1. Fraunhofer Institute for Ceramic Technologies and Systems, Dresden, Germany
2. Intel Inc., Hillsboro/OR, USA
*andre.clausner@ikts.fraunhofer.de
Laboratory and Synchrotron sub-micro and nano-X-ray computed tomography (nXCT) offer intrinsic advantages
for 3D imaging, physical failure analysis and metrology of electrical interconnects in semiconductor products,
e.g. - amongst others of course - for on-chip interconnects, the so-called backend-of-line, BEoL structures.
The 3D visualization of crack evolution in Cu/low-k BEoL interconnect stacks is demonstrated using an
experimental setup which combines high-resolution X-ray imaging (using both Laboratory and Synchrotron
sources) with in-situ mechanical loading. The application of a novel micro double cantilever beam (micro-DCB)
test in a laboratory X-ray microscope provides an unprecedented level of details on the fracture behavior of
microchips. Additionally, pushing the level of observed details even more, comparable µDCB experiments were
done using a synchrotron source in combination with a Bruker PI95 platform. The robustness of the BEoL stack
against chip-package interaction (CPI) is evaluated, and the weakest layers and interfaces are identified.
In summary, the in-situ 3D X-ray micro-mechanical testing of structures and defects as well as the kinetics of
degradation processes in microelectronic products provide valuable information for reliability engineering and
design-for-reliability (DFR) in semiconductor industry.
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14:15

“Tensile strength of Ag nanowires”

Craig J. Williams1,*, Halil Yilmaz1, Katy Ainsworth1, Jack Donoghue1, Alistair Garner1, Brian Derby1
1. School of Materials, University of Manchester, Manchester, UK
*craig.williams@manchester.ac.uk
Due to their high transparency and low resistivity, silver nanowires (AgNW) are of significant interest for the
manufacturing of flexible displays. The mechanical properties of the AgNW’s will be a direct contributor to the
life time of these displays.
Here we use in situ nanoindentation (Hysitron PI 85 Nanoindenter) and a Hysitron MEMS ‘push-to-pull’ device
to investigate the tensile strength of commercial pentagonal twinned silver nanowires of different diameters.
We have found that the AgNW show extremely high failure strengths which increases inversely with wire
diameter and the resulting scaling law appears to be the same as for pillar compression.

Talks - Session II: Sample Testing by Single Asperity Contacts: Indentation to Scratch
Chair: Prof. Yeau-Ren Jeng, University of Taiwan

Invited Talk
15:10

“Microindentation on biocompatible semicrystalline polymers”

Miroslav Slouf1,*, Aleksandra Ostafinska1, Sabina Krejcikova1, Helena Vlkova1, Jirina Hromadkova1,
Veronika Sutrova1
1. Institute of Macromolecular Chemistry, Academy of Sciences of the Czech Republic, Heyrovsky Sq. 2,
162 06 Prague 6, Czech Republic
*slouf@imc.cas.cz
This contribution summarizes our experience with both non-instrumented and instrumented microindentation
hardness testing of polymers. We focus on biocompatible semicrystalline polymers that we have been studying
in collaboration with Czech hospitals and a local manufacturer of total joint replacements. The investigated
polymers fall into two groups: (i) various modifications of ultrahigh molecular weight polyethylene (UHMWPE)
for total joint replacements [1] and (ii) poly(lactic acid) (PLA), poly(ϵ-caprolactone) (PCL) and thermoplastic
starch (TPS) that are combined into multiphase systems for implants and/or treatment of local infections [2–4].
The micromechanical properties from non-instrumented microindentation hardness testing comprise Vickers
microhardness (Hv), microcreep (Cv) and microplasticity (Pv). The properties from instrumented testing include
indentation hardness (HIT), indentation modulus (EIT), indentation creep (CIT), and elastic part of the indentation
work (ηIT). We will show how and why the above-listed micromechanical properties correlate with molecular and
supermolecular structure of semicrystalline polymers according to theory established by Tabor [5], Balta-Calleja
[6], Johnson [7], and Struik [8].
Acknowledgement: NV15-31269A (MH CR), TE01020118 (TA CR), POLYMAT LO1507 (NPU I, MEYS CZ).
[1] Slouf M et al.: Polymer Testing 41 (2015) 191–197.
[2] Vackova T et al.: Polymer Bulletin 74 (2017) 445–464.
[3] Ostafinska A et al: RSC Advances 5 (2015) 98971–98982.
[4] Ostafinska A et al: Journal of Mechanical Behavior of Biomedical Materials 69 (2017) 229–241.
[5] Tabor D: The hardness of metals, Oxford University Press, 1951.
[6] Balta-Calleja FJ and Fakirov S: Microhardness of Polymers, Cambridge University Press, 2000.
[7] Johnson KL: Contact Mechanics, Cambridge University Press, 1985.
[8] Struik LCE: Journal of Non-Crystalline Solids 131 (1991) 395–407.
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“Detection of tip-surface instabilities in depth-sensing indentation on soft samples
using “air-indent””

Shahrouz Amini1,*
1. Max Planck Institute of Colloids and Interfaces, Department of Biomaterials, Potsdam, Germany
*shahrouz.amini@mpikg.mpg.de
Depth-sensing indentation measurements have been extensively used to characterize the mechanical response
of the biological and engineering materials. In this technique, to measure the mechanical responses of the
samples, the indenter-sample interactions are recorded and used to extract the load-displacement curves.
Different segment of these curves can be translated to the required mechanical properties using available contact
mechanic models. As long as these contact interactions stay in a stable regime, conventional methods can be
adequate to measure the physical interactions and mechanical responses. However, the tip-surface contacts for
soft materials are more complex.This complexity may lead to notoriously unstable interactions, which are mainly
ignored in conventional depth sensing techniques and cause significant errors in soft sample measurements.
Here, we introduce a new technique called “air-indent” which can be used to record the contact instabilities for
a wide range of soft samples such as lubricants, cells, and liquid metals. This technique allows us to visualize,
record and measure the physical properties and mechanical responses such as surface adhesion and adhesion
forces, capillary bridging, and hardening effects for a wide range of contact depths. Furthermore, we used this
technique to explore the intact surface of the samples and provide insights into the physical characteristics of
their surface layers.

16:05

“Improving the accuracy of atomic force microscope based
nanomechanical measurements”

Bede Pittenger1,*
1. Bruker, Santa Barbara, United States.
*bede.pittenger@bruker.com
The mechanical properties and morphology of sub-micron features in materials are of interest due to their
influence on macroscopic material performance and function. Atomic Force Microscopy has the resolution and
force control to probe the mechanical properties of a wide range of these materials at the length scales of
interest. Over the past two decades, several AFM based methods have evolved to provide mechanical mapping,
each with specific strengths. These methods can be roughly divided into resonant modes (like TappingMode and
Contact Resonance) and non-resonant modes (like Force Volume and PeakForce Tapping). An appropriate choice
of method(s) can allow better understanding of the sample through improved accuracy, resolution or more
details regarding the contact mechanics.
Although qualitative maps have long been available to AFM users, accurate maps of mechanical properties
have proven to be more elusive. Recently, new modes, improved modeling, better calibration, and more optimal
probe design have become available, expanding the capabilities of AFM for nanomechanics. While there is still
much room for improvement, this has resulted in significantly improved ease-of-use and accuracy.
This presentation will review this recent progress, providing examples that demonstrate the dynamic range of the
measurements, their repeatability, and the speed and resolution with which they were obtained. Examples cover
the range from very soft biomaterials and cells, through polymer blends and composites, to metals and ceramics.
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16:30

“Tip calibration issues for sub-10 nm indentation depths in nanoindentation and
atomic force microscopy based methods”

Malgorzata Kopycinska-Müller1,*, Conner Phillips1, Friederich Schmid1, Andre Clausner1
1. Fraunhofer Institute for Ceramic Technologies and Systems IKTS, Maria-Reiche Str. 2, 01109 Dresden
*Malgorzata.Kopycinska-Mueller@ikts.fraunhofer.de
Quantitative evaluation of load-displacement curves P(h) for indentation depths h less than 10 nm can be
challenging due to discrepancies between the assumed ideal and the actual tip geometry. For h < 10 nm,
nanoindentation approaches the size scale of atomic force microscopy (AFM) and shares the same theoretical
challenges. Recently, we developed a procedure that allows for calibration of AFM tips and accurate determination
of indentation moduli M, verified for the range from 3 GPa to 200 GPa against literature values and those provided
by nanoindentation for h > 10 nm. Our model takes into account the influence of the nano-dimensions of the
AFM tip on its stiffness and accounts for the presence of asperities on the surfaces of both the tip and sample.
Tip dimension were subsequently verified by TEM. Encouraged by its effectiveness, we applied the same tip
calibration procedure to a diamond indenter used in a series of load-displacement P(h) measurements with h <
10 nm. We used the P(h) curves measured on fused silica to calibrate the tip geometry and to evaluate the data
obtained on sapphire and organosilicate glass. The use of standard Oliver-Pharr tip calibration procedure was
possible on only about 50% of the data and yielded results deviating from those obtained at greater indentation
depths. In contrast, we could evaluate about 80% of the experimental curves and the results obtained showed
significantly better agreement with the reference values.

Invited Talk
16:55

“The role of single-asperity experiments in tribology”

Roland Bennewitz1,*, Kai Rittgen1, Arnaud Caron1, Xian-Qiang Pei1, Le-Yu Lin2, Alois K. Schlarb2
1. INM-Leibniz Institute for New Materials, 66123 Saarbrücken, Germany
2. Chair of Composite Engineering (CCe), University of Kaiserslautern, 67663 Kaiserslautern, Germany
*roland.bennewitz@leibniz-inm.de
Friction and wear of polymer-steel tribopairs are determined by the interaction of roughness asperities at the
steel surface with the softer polymer. Novel experiments based on linear pin-on-flat sliding revealed that the steel
asperities do not only scratch the polymer surface but also nucleate the formation of transfer layers [1]. Single
asperity experiments were performed to gain further insight into the mechanisms of scratching, material transfer,
and shear stress development. Single-asperity indenters were machined from the steel also tested in macroscopic
experiments. Friction coefficients of single-asperity experiments matched those of macroscopic experiments after
repeated sliding cycles. The real area of contact in single-asperity friction experiments was revealed by scanning
electron micrographs of the indenter. Single-asperity experiments using a Berkovich indenter were performed on
composite PEEK materials with short carbon fibers to study the friction mechanisms with high spatial resolution
[2]. At a smaller length scale, we performed AFM single-asperity experiments on pure and oxidized surfaces of
metallic glasses. The combination of scratching experiments with high-resolution imaging provided insights into
the role of oxidation for friction and wear on metallic glass surfaces.
[1] Pei, X. Q.; Lin, L. Y.; Schlarb, A. K.; Bennewitz, R. Novel Experiments Reveal Scratching and Transfer Film Mechanisms
in the Sliding of the PEEK/Steel Tribosystem. Tribol. Lett. 2016, 63 (3).
[2] Pei, X.-Q.; Bennewitz, R.; Schlarb, A. Mechanisms of Friction and Wear Reduction by Carbon Fiber Reinforcement of
PEEK. Tribol. Lett. 2015, 58 (3), 1-10.
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Abstract - Oral Presentations
Day 3: Thursday, February 22nd
Talks - Session III: Nano-objects to Nanocomposites
Chair: Erica Lilleodden, Helmholtz-Zentrum Geesthacht

Invited Talk
09:00

“Differences and similarities in the mechanical response of nano-objects”

Erik Bitzek1,*, Z. Xie1, A. Vaid1, A. Prakash1, T. Przybilla1, E. Spiecker1
1. Friedrich-Alexander University of Erlangen, Erlangen, Germany
*erik.bitzek@fau.de
Nanoscale metallic objects like thin films, nanoparticles, nanowires, or nanoporous metals receive sustained
attention due to their size-dependent mechanical properties, which can include changes in deformation
mechanisms, pseudoelastic behavior and increased yield strength compared to the bulk material. Usually, these
types of nano-objects are studied individually, with the focus on varying the characteristic length scale of selfsimilar structures. Experimentally, a direct comparison of the mechanical properties of different nano-objects can
be complicated as different types of objects with identical characteristic sizes might not be manufacturable, and
different production routes needed to produce the different structures can influence the chemical composition,
surface quality and defect contents. Simulations do not suffer from these complications. However, the variability,
e.g., of the critical resolved stress for dislocation nucleation or of the deformation mechanisms for different
nano-objects and loading conditions has not been studied in detail.
Here, we present results of in situ compression tests, atomistic and finite element (FE) simulations on nanoporous
Au and compare them with simulations on Au nanoparticles, nanowires and thin films of identical characteristic
sizes. The nanoporous simulation samples were constructed using 360° electron tomography data as well as
using gyroid structures. The virtual nanoparticles, wires and thin films were built by idealizing experimentally
determined structures. Additionally, twin boundaries and surface roughness were introduced in selected samples
to study their influence on the mechanical response. Simulations were performed using different atomistic
interaction models and constitutive models and compared with experiments. The results are discussed in the
context of the transferability of models for the mechanical behavior of nano-scale structures.

09:30

“Fabrication of nanocomposites by mechanical alloying and adiabatic
explosive consolidation”

Nikoloz Chikhradze1,2,*, Guram Abashidze1, Mikheil Chikhradz2
1. LEPL Grigol Tsulukidze Mining Institute, 7, E. Mindeli Str., 0186, Tbilisi, Georgia
2. Georgian Technical University, Tbilisi, Georgia
*chikhradze@mining.org.ge
Bulk nanostructure materials, are characterized by high specific strength, hardness, corrosion, and wear resistant
properties and in particular conditions by super-plasticity. They exhibit specific electrical, thermal, magnetic,
optical, chemical and other properties. Accordingly, the demand on nanoparticles and bulk nanocomposites
in increased for practical application. Therefore, the development of new technologies for fabrication of bulk
nanocomposites is big challenge.
This paper consists of an experimental investigation and manufacture of multifunctional bulk nanostructured
composite materials in Ti-Al-B-C, Si-B-C, SiC-B-C B4C-SiC, B4C-Si-C systems.
The coarse (100-200 µm) crystalline Ti, Al, amorphous Boron and Carbon (Graphite) elementary pure (at
least 98%) powders were used as precursors. The blend with different percentage content of powders were
prepared. The high energetic “Fritsch” Planetary, premium line ball mill used for blend processing, mechanical
alloying, amorphization and nanopowder production. The time of processing varied in range of: 1-36h. The
optimal technological regimes for nanopowder preparation are determined experimentally. Ball milled blend
compacted by explosive consolidation technology and bulk composite materials are fabricated. For shock wave
generation, the industrial explosives and new explosives obtained from decommissioned weapons was used
in the experiments. The technological parameters of the explosive consolidation and the structure-properties
relationship presented and discussed in the paper.
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09:55

“Mechanical properties of model nanolaminate and nanocomposite films realized by
alternating magnetron sputtering and inert gas condensation of nanoparticles”

Johann Michler1,*, Rachel Schoeppner1, Mikhail Polyakov1, Laszlo Petho1, Keith Thomas1
1. Laboratory for Mechanics of Materials and Nanostructures, Empa—Swiss Federal Laboratories for Materials
Science and Technology, Feuerwerkerstrasse 39, 3602 Thun, Switzerland.
*johann.michler@empa.ch
Nanocomposites consisting of dispersed nanoparticles within a bulk matrix are generally fabricated by means
of precipitation of nanoparticles within a bulk material. However, these methods of fabrication are limited
in the control which can be exhibited over material selection and dispersion geometry. To address this, we
have configured a deposition system which allows for the co-deposition of nanoparticles during sputtering.
Sputtering from multiple sources combined with a combinatorial shutter system allowed us to deposit a
large number of different chemical matrix compositions with varying nanoparticle content. Here we present
combinatorial libraries of copper with tungsten nanoparticles (immiscible) and copper/nickel multilayers
with nickel nanoparticles (partly miscible). The thermal stability and deformation were studied by annealing,
nanoindentation using a Hysitron Ubi system and transmission electron microscopy to determine the competing
effects of interfaces, grain boundaries, twin boundaries, and nanoparticles.
Tungsten nanoparticles were co-deposited into a magnetron sputtered Cu matrix, and a random distribution
of tungsten nanoparticles throughout the film was observed by transmission electron microscopy. Depending
on the deposition conditions also a high density of twins is generated, which allows for multiple hardening
mechanisms to be exploited at the same time. A significant reduction in grain growth due to the nanoparticles was
demonstrated upon annealing of Cu films with and without tungsten nanoparticles. Similarly, small additions of
particles at interfaces of Cu /Ni multilayers were found to be able to increase hardness of the coatings by more
than 1 GPa above that of particle-free multilayers. However, at higher particle densities the hardness begins to
decrease again, indicating there is likely an ideal particle concentration that would lead to the highest increase in
hardness. This was attributed to competing mechanisms where the particles act both as dislocation sources and
barriers to dislocation transmission into the other layer. Initial in-situ XRD heating experiments show increased
strength after annealing for both of the films containing W nanoparticles. While the particles do not specifically
stabilize the microstructure of the nanolaminate, the W nanoparticles can dissolve into the Ni layer to create a
solid-solution Ni-W layer. This opens up the ability to use nanoparticles to counteract thermal softening that is
often seen in multilayers and leads to decreased performance of these coatings over time.

Talks - Session IV: Origin of Material Strengths
Chair: Erik Bitzek, Friedrich-Alexander University of Erlangen

Invited Talk
10:50

“Structure matters: insights into size effects in mechanical behavior”

Erica Lilleodden1,*
1. Helmholtz-Zentrum Geesthacht, Geesthacht, Germany
*erica.lilleodden@gkss.de
Abstract not available at time of printing.
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11:20

“On a novel strain indicator based on uncorrelated misorientation angles for
correlating dislocation density to local strength”

Paula O. Guglielmi1,*, Markus Ziehmer2, Erica T. Lilleodden1,2
1. Helmholtz Center Geesthacht, Institute of Materials Research, Materials Mechanics, Germany
2. Hamburg University of Technology, Institute of Advanced Ceramics, Germany
*paula.guglielmi@hzg.de
A new and non-destructive method based on Electron Backscattered Diffraction (EBSD) is proposed and used to
characterize dislocation densities of site-specific areas selected on bulk samples prior to small-scale mechanical
testing. Gold samples submitted to different degrees of pre-straining are analyzed. The method is based on the
determination of a new scalar misorientation parameter called the Characteristic Misorientation Angle (CMA),
which is derived from uncorrelated misorientation data obtained by Electron Backscattered Diffraction (EBSD).
We show that CMA is virtually independent of the scan step size and is more sensitive to plastic deformation
than the more conventional parameters Grain Average Misorientation (GAM) and Grain Orientation Spread
(GOS). A coupled effect of local plastic strain and area size is observed on the measured values of CMA, based
on which values of local GND density are determined. The strength of the characterized areas is subsequently
measured by spherical nanoindentation and is defined as the hardness at the first pop-in observed on the
load-displacement curves. Results show that the site-specific strength of gold decreases with increasing initial
dislocation density. While previous studies have suggested the same trend, the present work offers a new
approach to more quantitatively correlate local dislocation densities to the onset of plasticity, without the need
for destructive TEM investigations or micro-sample fabrication.

11:45

“Nanomechanical testing of MoBC and WBC coatings prepared using
magnetron sputtering ”

Vilma Buršíková1,*, Jiří Buršík2, Ivo Kuběna2, Lukáš Zábranský1, Katarína Bernátová1, Pavel Souček1,
Petr Vašina1
1. Dept. of Physical Electronics, Faculty of Science, Masaryk University, Kotlářská 2, Brno, Czech Republic
2. Institute of Physics of Materials, Czech Academy of Sciences, Žižkova 22, Brno, Czech Republic
*vilmab@physics.muni.cz
The attractive mechanical properties of the group of X2BC ternary compounds (X = Mo, Ta and W) was predicted
using theoretical calculations and lately their applicability was proven also experimentally. These materials
became promising candidates for protection of cutting and forming tools due to their unusually stiffness and
moderately ductility. These properties can be understood by considering the electronic structure and particularly
the extreme anisotropy (orthorhombic crystal lattice with a=0.309nm, b=1.735nm, c=0.305nm).
In this work we focus on nanostructured Mo-B-C and WBC layers (1-3 μm thick) grown on hard metal or steel
substrates by DC magnetron sputtering of three targets: B4C, X (X=Mo or W) and C. Micropillars were prepared
using focused ion beam (FIB) technique in a Tescan LYRA 3XMU SEM×FIB scanning electron microscope (SEM).
Micromechanical testing was done in a Hysitron TI 950 nanoindentor using a flat diamond indenter (diameter of
about 10 μm). Elastic modulus and indentation hardness data were obtained by means of indentation tests using
diamond Berkovich indenter with tip radius less than 50nm. Moreover the fracture resistance of layers was
measured using Cube Corner indenter. The mutual relationships between the obtained results were evaluated
and discussed. Thin lamellas were prepared from indented parts of layers and from pillars along compression
axis and observed in a Philips CM12 STEM transmission electron microscope (TEM) and a JEOL 2100F high
resolution TEM.
The research has been supported by The Czech Science Foundation (Project 15-17875S). Some of the micropillars
were prepared in cooperation with Tescan company.
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Abstract - Poster Presentations
1.

“In situ TEM cyclic deformation studies on nanocrystalline palladium thin films”

Ankush Kashiwar1,2,*, Horst Hahn1,2, Christian Kübel1,3
1. Institute of Nanotechnology, Karlsruhe Institute of Technology, 76344 Eggenstein-Leopoldshafen, Germany
2. Joint Research Laboratory Nanomaterials, Technische Universität Darmstadt, Petersenstr. 32, 64287
Darmstadt, Germany
3. Karlsruhe Nano Micro Facility, Karlsruhe Institute of Technology, 76344 Eggenstein-Leopoldshafen, Germany
*ankush.kashiwar@partner.kit.edu
Nanocrystalline (nc) metals with grain sizes smaller than about 100 nm exhibit outstanding mechanical strength
and fatigue properties compared to their coarse grained counterparts. Recent studies on this class of materials
have reported an extended elastic-microplastic regime upon loading and unloading. With the aim of investigating
the deformation mechanisms governing such elastic plastic transitions, we performed in situ cyclic loadingunloading experiments on 100 nm thick sputtered nc Pd thin film inside a TEM. As the strain is progressively
increased during each cycle, the stress strain curves show a nonlinear unloading deviating from ideal elastic
unloading behavior, which is a characteristic of the Bauschinger effect reported in case of thin metal films. The
corresponding bright field TEM (BFTEM) series show dislocation activity in the grains, which is partly reversible
during unloading. Local contrast changes in several grains were observed indicating grain rotation as another
operating mechanism. We also observed reversible grain/twin boundary migration indicating stress assisted
grain boundary motion. We intend to follow these dislocation based and grain boundary mediated mechanisms
using automated crystal orientation mapping in the TEM during cyclic straining experiments. With this approach
we will be able to develop a closer link of the competing mechanisms and the microstructural heterogeneity in
terms of grain size, crystallographic texture and grain boundary character to further elucidate on the observed
mechanical response of these nc thin films.

2.

“On the way to physically correct indentation analyses”

Gerd Kaupp1,*
1. University of Oldenburg, Edewecht, Germany
*gerd.kaupp@uni-oldenburg.de
Common indentation analyses suffer from iterations, polynomials, and approximations, in order to get along
with an incorrect description of the force-depth curve. There is not the also in FE-simulations assumed “quadratic
relation”, but a simple undeniable half-page physical deduction provides the proof for the empirically found
FN=k h3/2-relation. The penetration resistance 0.8 k with the correct dimension is the value of the first physically
defined hardness Hphys and for the indentation modulus Er-phys (E there from is not Young’s modulus!), avoiding
the ISO 14577 violation of the first energy law principle. The correct physics has important implications offering
unexpected applications of nano- and macro-indentation data. Some of these are detection of surface effects
and phase changes under load, the latter with their transformation energy and activation energy, all with simple
algebra, strictly avoiding all kinds of iteration, polynomials, or approximations. It includes the determination of
correct adsorption energies and direct measurements of indentation hardness from loading curves and stiffness/
indentation modulus without iterations and reference to standards. Furthermore, indentation measurements
gain enormously in precision, because invalid single measurements can be directly excluded if they do not
concur with the undeniable physical FN=k h3/2 law’s linear correlation of >3 nines. The safety issue also for all
applications that derive from H and Er are evident. They require further development and are very promising.
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3.

“Mechanical properties of titania microspheres: influence of crystallinity”

V.A.Lebedev1,2,*, A.S. Poluboyarinov1, V.I. Chelpanov3, D.A. Kozlov1, K.A. Khazova1, Ya.Yu. Philippov1,2,4,
R.M. Sakaev5, P. Tishin4, A.V. Khokhlov4, A.V. Garshev1,2,3
1.
2.
3.
4.
5.

Faculty of Materials Science, Lomonosov Moscow State University, Moscow, Russia
Faculty of Chemistry, Lomonosov Moscow State University, Moscow, Russia
Baikov Institute of Metallurgy and Material Science RAS, Moscow, Russia
Institute of Mechanics, Lomonosov Moscow State University, Moscow, Russia
Department of Mechanics and Matematics, Lomonosov Moscow State University, Moscow, Russia

*vasya_lebedev@mail.ru
Titania microspheres are a perspective object for the fabrication of high performance liquid chromatography
(HPLC) columns. The usual material for this application are silica microspheres of ⌀ 1-10 µm. The proposed
method of Ti(nBuO)4 controlled hydrolysis allows one to obtain titania microspheres with high specific surface
area (up to 300 m2/g), predefined size (from 0.3 to 1.5 µm) and narrow size distribution (σ ranging from 10 to
15 %). However, the freshly obtained TiO2 XRD-amorphous microspheres are sensitive to the pH value of the
media. The additional annealing and the hydrothermal treatment were used for the partial crystallization of TiO2.
Mechanical properties of individual particles of the initial and treated samples were measured in-situ with the
use of the MEMS-based Hysitron PI 95 at Zeiss Libra 200MC TEM. Particles were sedimented on the silicon wedge
(1 µm flat-top). Compression tests at constant rates under displacement control and creep tests under constant
load were performed to study elastic and viscoplastic properties of the material. The reduced Young’s module
was evaluated implying deformation is axially symmetric and its dependence on crystallinity was examined. The
values for the individual particles were compared with the properties of the bulk sample obtained by compacting
of the same particles.
This work was supported by the Lomonosov MSU Program of Development.

4.

“Orientation-dependent hardness of microstructural features in a deformed high-alloyed
CrMnNi steel using nano-indentation”

R. Lehnert1,*, A. Weidner1, H. Biermann1
1. Institute of Materials Engineering, Technische Universität Bergakademie Freiberg, Gustav-Zeuner-Str. 5,
09596 Freiberg, Germany
*robert.lehnert@iwt.tu-freiberg.de
A metastable high-alloyed TRIP steel was studied by nano-indentation inside scanning electron microscope.
Upon deformation the investigated CrMnNi steel shows an intermediate hexagonal phase often referred to
as ε-martensite and subsequently α’ martensite formation. After tensile elongation to 14,3 % the hardness
of the distinct microstructure constituents, i.e. the parent γ-phase, ε and α’ martensite was studied by nanoindentation inside scanning electron microscope. The grain orientation was determined before and after tensile
deformation by means of electron backscattered diffraction. Arising pop-in events, i.e. inhomogeneity’s in
the load-displacement curve, have been observed exclusively in ε-martensite laths. Thus, subsequent t-SEM
examinations were conducted in order to study the impact of indentation on phase transformation of ε to α’.
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5.

“Particle wear and its effect on particle wall interaction”

Ondřej Libera1,*, Hygreeva Kiran Namburi1, Petra Bublíková1, Jan Růžička1
1. Research Centre Řež, Řež, Czech Republic
*ondrej.libera@cvrez.cz
Radiation-induced material degradation is an unavoidable phenomenon in the environment of the nuclear
reactors. As a consequence of radiation damage (displacements per atom, dpa), materials change its reference
microstructure that results in change of their mechanical properties. Evaluation of irradiated materials degradation
in terms of its microstructure and mechanical behavior is vital for long term operation of reactor components and
its safety. Nanoindentation [NI] is foreseen as a state of the art technique to evaluate irradiation induced materials
degradation. This paper presents the current state of art of facility within the hot cells of Research Centre Řež.
The nanoindentation system is customized in hot cells for high temperature mechanical testing of neutron and
ion irradiated materials. 316 stainless steels that were neutron irradiated in two states (i.e. fast neutron energy
spectra and mixed neutron energy spectra) were evaluated by nanoindentation to determine the irradiation
induced hardening. Also NI tests were performed with additional emphasis on measurements near the grain
boundary. Furthermore, high temperature NI measurements were performed on ferritic-martensitic steel in the
temperature range RT- 700 °C, to study evolution of temperature dependent mechanical properties. The results
from mixed and fast spectra irradiated 316 stainless steels states show noticeable increase in hardness due to
radiation hardening. The dependence of hardness on distance from grain boundary will be discussed. The high
temperature nanoindentation results show rapid decrease in hardness between RT and 100 °C and consistent
hardness decrease with increasing temperature up to 700 °C.

6.

“The investigation of the stability of defects in hydrided/dehydrided nanocrystalline
Palladium films using in-situ TEM techniques”

Gunnar Lumbeeck1,*, Behnam Amin-Ahmadi2, Hosni Idrissi1,3, Joris Proost3, Dominique Schryvers1
1. Electron Microscopy for Materials Science (EMAT), Department of Physics, University of Antwerp, Belgium
2. Department of mechanical Engineering, Colorado School of Mines, 1500 Illinois St, Golden, CO 80401, USA
3. Institute of Mechanics, Materials and Civil Engineering, Université catholique de Louvain, Belgium
*gunnar.lumbeeck@uantwerpen.be
Palladium (Pd) has been known as an enabling material for future hydrogen technology such as hydrogen
purification and sensing applications. Recently, nanocrystalline (nc) Pd thin films have been widely used in
hydrogen applications because of their large surface and subsurface site densities and of the presence of a high
fraction of grain boundaries (GBs) which can facilitate the hydriding process. However, in depth experimental
investigations of the effects of hydrogen on the mechanical behaviour and the small-scale plasticity mechanisms
is still missing in the literature. In the present research, in-situ high resolution (HR) TEM nanomechanical testing
was performed on nc Pd films subjected to hydriding/dehydriding cycles to the β phase to observe the nanoscale
deformation mechanisms. Furthermore, in-situ namomechanical testing was combined with Automated Crystal
Orientation Mapping (ACOM) TEM to gain an overall perspective on the GB processes involving grain growth,
grain rotation as well as (de)twinning initiated by the tensile deformation. The observed mechanisms have
been used to interpret the origin of mechanical softening revealed by nanoindentation in the hydrided films,
compared to the non-hydrided films.
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7.

“Investigations on the frictional behavior of soft and hard contact lenses by
nanoscratch studies”

Florian Pape1,*, Tim Matthias2, Bernd-Arno Behrens2, Gerhard Poll1
1. Institute for Machine Design and Tribology (IMKT), Leibniz Universitaet Hannover, 30167, Hannover, Germany
2. Institute of Forming Technology and Machines (IFUM), Leibniz Universitaet Hannover, 30823, Garbsen, Germany
*pape@imkt.uni-hannover.de
Reduction of friction is a key factor to improve wearing comfort of contact lenses. Until now the CoF (Coefficient
of Friction) for such lenses is typically tested in pin-on-disk tests. In order to achieve a more precise view on the
frictional properties of hard and soft contact lenses, nanoscratch tests were performed, which are quite challenging
due to the extrem soft materials. The contact lenses were exposed to salt water prior to the investigations. The
tests were carried out on a Bruker (formerly Hysitron) TI 950 TriboIndenter by applying a spherical diamond cone
tip with a tip radius of 300 nm. The travel length of the tip on the surface was 8 µm. Each test was performed
in three steps: initially, the surface contour was scanned by the tip under very low load on one path (prescan).
Next, the scratch was performed on the same route with a final force of 100 µN (scratch). Finally, the plastically
deformed material was analysed in a postscan. Thereby the tip traveled along the same route and under a very
low load as previously. During the test, the CoF was recorded. A relatively low load (ramped load) was chosen
for the scratch test, due to the extreme softness of the materials. As the material is very sensitive to the applied
load, ploughing effects result in an increased coefficient of friction during the scratch test for the soft lense.

8.

“Nano-mechanical testing of nitrile butadiene rubber elastomer after aging”

Michal Prochazka1,*, Maria Omastova1, Bruno Musil2, Michael Johlitz2
1. Polymer Institute, Slovak Academy of Sciences, Dubravska cesta 9, 845 41 Bratislava 45, Slovakia
2. Institute of Mechanics, Bundeswehr University Munich, 85579 Neubiberg, Germany
*michal.prochazka@savba.sk
In this work nano-mechanical properties of nitrile butadiene rubber (NBR) containing 18 % vol. of acrylonitrile
(ACN) were investigated. This type of copolymer is used for preparation many structural elements, for example
bearing, gaskets, coatings, etc. These elements are often exposed to various environmental influences, which
cause the irreversible change in their mechanical properties.
Aim of this work is testing NBR samples after thermo-oxidative aging. Samples without aging and aged in air
at 100 °C during 1 000 h and 3 000 h were analyzed by TriboIndenter (TI 750: Hysitron, Minneapolis, USA) using
a Berkovich diamond indenter with a tip radius of ~150 nm. Indentations were placed along the cross sections
of all samples at given different profiles of mechanical properties. Unaged samples had almost constant values
of hardness and elastic modulus along the entire cross section. From obtained results average hardness and
elastic modulus 1.4 ± 0.7 MPa and 11.3 ± 5.5 MPa, were calculated respectively. Profiles of hardness and elastic
modulus in aged samples have U shape with higher values on edges of samples and in the middle are values of
mechanical properties almost same as in unaged samples.
These results shows gradient of material degradation from surface to bulk of samples. Curves for hardness of
samples aged 1 000 h and 3 000 h are very similar, but curves for elastic modulus are little different. For samples
aging 3000 h values on edged are little higher. These results shows inhomogeneous degradation of polymer
network caused by diffusion and reaction of oxygen with the material.
Acknowledgment:The work was supported by projectVEGA 2/0010/18 and by the Deutsche Forschungsgemeinschaft
(DFG) under the no. JO 818/3-1.
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9.

“Investigation of the mechanical properties of silicon nano-pillars using nano
indentation technique”

Prabowo Puranto1,3,4,*, Gerry Hamdana1,2, Jannick Langfahl-Klabes3, Zhi Li3, Frank Pohlenz3,
Hutomo Suryo Wasisto1,2, Erwin Peiner2, Uwe Brand3
1.
2.
3.
4.

Institute of Semiconductor Technology (IHT), TU Braunschweig, Braunschweig, Germany
Laboratory for Emerging Nanometrology (LENA), Braunschweig, Germany
Department 5.1 Surface Metrology, Physikalisch-Technische Bundesanstalt (PTB), Braunschweig, Germany
Research Center for Physics, Indonesian Institute of Sciences (LIPI), Tangerang Selatan, Indonesia

*prabowo.puranto@ptb.de
Nanoindentation testing is one of the most reliable standard to determine the mechanical properties of materials
such as thin layers and nano-objects. To have reliable and precise measurements, not only the calibration but also
other considerations that affect the measurements are undertaken. On the other hand, silicon micro and nanopillars become more popular to investigate. For this purpose, silicon nano-pillars with aspect ratio of >1.5 have
been observed using nanoindentation. Experimentally, a Hysitron TriboIndenter 950 with a Berkovich tip was used
to measure modulus and hardness. Each pillar was carefully scanned by the tip with a scan area of 2 µm ×2 mm
using depth-controll. The following times were used: 5 s loading , 2 s holding and 5 s unloading . For reference, a
silicon bulk sample was indented over a scan area of 20 µm ×20 mm. Moreover, the surface area near the pillars
is also measured as a second reference. From the results, it can be seen that the indentation modulus of the
pillars depends on the indentation depth. However, it can be corrected by using the compressibility factor [1]. This
compressibility correction solved the problem but the dimension of the pillars, i.e. height and diameter are very
important to be measured. Therefore, optical confocal microscopy is utilized. Other factors that should be taken
into account are pop-in events and the roughness of the samples which will be included in further experiments.
[1] Li, Zhi et al. Nanotechnology and Precision Engineering 3 (2014). pp. 182-188.

10.

“Multi physics in-situ SEM materials characterization using the Bruker Hysitron
nano-mechanical test platform PI 87”

Harishankaran Rajendran1,*, Andrè Clausner1, Martin Gall1, Markus Loeffler2, Ehrenfried Zschech1,2
1. Fraunhofer Institute for Ceramic Technologies and Systems IKTS, 01109 Dresden, Germany
2. Dresden Center for Nanoanalysis (DCN), TU Dresden, 01062 Dresden, Germany
*harishankaran.rajendran@ikts.fraunhofer.de
The project’s objective is to present a novel method to develop an advanced 3D methodology for micro-scale
characterization of materials with respect to spatially correlating several physical and chemical properties of
the samples. One such example is a multicomponent Si-SiC material used for conducting sealing in slip ring
applications. The material is achieved by impregnating a highly porous electrographite with molten silicon.
The infiltration of silicon into the pores results in a simultaneous transformation of silicon and graphite into
silicon carbide. It was then inferred that in a single grain with a uniform crystallographic orientation, regions
with different electrical properties were found. Hence, a multi-physics property mapping would vastly improve
the understanding of the material behavior. To relate these property maps directly to mechanical and electrical
characteristics, an in-situ Nano indentation device, the Bruker Hysitron PI 87, is used simultaneously within the
same vacuum recipient of a SEM-FIB system. In order to achieve the coordination of the two individual stages (i.e.
the PI 87 with five degrees of freedom and the SEM stage) with respect to the electron column, EDX and EBSD,
several calibration techniques are evaluated. One such technique is the creation of a calibration grid within the
sample stub at which the sample to be tested can be mounted. The main purpose of the grid lines is to serve as
points of origin upon which the relative distance to the region of interest within the sample could be calculated
using the SEM stage input. Further coordinate and transformation leads to the necessary indenter and its stage
settings required for positional coordination with EDX and EBSD experiments. The tests and methods are further
developed and optimized to find a suitably established, reliable, and reproducible stage coordination technique.
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11.

“Preparation of AuNi nanoparticles derived from solid-state dewetting of thin films for
nanomechanical testing”

J. Schubert1,*, C. Wiktor1, P. Schweizer1, S.M. Kraschewski1, P. Herre2, S. Romeis2, W. Peukert2, E. Spiecker1
1. Institute of Micro-and Nanostructure Research (IMN) and Center for Nanoanalysis and Electron Microscopy
(CENEM), Friedrich-Alexander-Universität Erlangen-Nürnberg, Cauerstraße 6, 90158 Erlangen, Germany
2. Institute for Particle Technology, Friedrich-Alexander-Universität Erlangen-Nürnberg, Cauerstraße 4,
91058 Erlangen, Germany
*johanna.schubert@fau.de
Performing in situ compression tests of nanoparticles is a very promising method to reveal materials properties
on the nanoscale. Solid-state dewetting of multi-metal thin films yields mostly defect free, alloyed particles,
which may give insight into the fundamental impact of solid solution hardening on defect nucleation and
plasticity at small scales. In this study, the dewetting of a AuNi bilayer system on a 30 nm SiNx membrane,
resulting in alloyed nanoparticles, was observed in situ by transmission electron microscopy (TEM). Subsequent
annealing at a temperature set in the miscibility gap of the AuNi system yields phase separated particles.
Particles with sizes approximately larger than 500 nm reveal two different segregation behaviors, i.e. particles
with Au on the outer facets or particles with a lamellar structure of each Au- and Ni-enriched phases. Using
the stamping transfer technique [1], several particles were transferred onto a wedge in order to enable in situ
nanomechanical testing using TEM. A micro-wedge was cut out of a tungsten tip using the Focused Ion Beam.
During the transfer procedure, the particles are brought into contact with the wedge and are subsequently
detached from the substrate by electron-beam assisted etching [2] of the SiNx membrane. The transferred
particles are subsequently tested by in situ TEM compression tests using a PI 95 PicoIndenter.
[1] Przybilla, T.; Apeleo Zubiri, B.; Beltrán, A.; Butz, B.; Machoke, A.; Inayat, A.; Distaso, M.; Peukert, W.; Schwieger,
W.; Spiecker, E. Small Methods 2017 1700276.
[2] Liebig, J.P.; Göken, M.; Richter, G.; Mačković, M.; Przybilla, T.; Spiecker, E.; Pierron, O.N.; Merle, B.; Ultramicroscopy
2016 171, 82-88.

12.

“Macro- and micro-mechanical features of a bio-mineralized spring”

Maryam Tadayon1,2, Shahrouz Amini1,2, Ali Miserez1,*
1. Materials Science and Engineering, Nanyang Technological University, Singapore
2. Department of Biomaterials, Max Planck Institute for Colloids and Interfaces, Potsdam, Germany
*ali.miserez@ntu.edu.sg
Nature has evolved efficient approaches to synthesize complex biological structures that exhibit the most
appropriate properties for their specified functionalities. One such example is found in the saddle-shape segment
of the merus, the proximal part of stomatopods’ dactyl club. This hunting appendage is an impressive natural
“hammer” that exhibits a set of characteristics adapted for providing high velocity impacts [1], with the key
function of storing the elastic energy provided by the merus and the saddle of the club [2].
In this study, several different techniques have been employed to characterize the hierarchical structure,
composition, and nanomechanical properties of the smasher mantis shrimp saddle, such as field emission
scanning electron microscopy (FESEM), Raman spectroscopy and nanoindentation. Electron microscopic
micrographs revealed two distinct layers within the saddle: inner successive fibrous layers and outer compact
layer. Nanoindentation studies on cross sectional samples showed a gradient decrease in elastic modulus from
the outer layer towards the inner most layers. The significant drop in both hardness and elastic modulus in the
hydrated mode is also another evidence for high amount of organic phase in inner layers. The output of our
mechanical analysis were later used as the input in Finite Element Modeling (FEM) to evaluate the whole structure
under the real function. The study of this organism and its relatives leads to design clues, which are incorporated
into prototype spring-like composite materials with high stiffness designed for various engineering applications.
[1] Amini, S., Tadayon, M., Idapalapati, S. & Miserez, A. The Role of Quasi-Plasticity on the Extreme Contact Damage
Tolerance of The Stomatopod Dactyl Club. Nature Materials 14, 943–950, (2015).
[2] Tadayon, M., Amini, S., Masic, A. & Miserez, A. The Mantis Shrimp Saddle: A Biological Spring Combining Stiffness
and Flexibility. Advanced Functional Materials 25, 6437–6447, (2015).
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13.

“Combinatorial investigation of the mechanical properties of copper-tungsten
compositional gradient, multilayer, and nanoparticle films”

Keith Thomas1,*, Rejin Raghavan1, Rachel Schoeppner1, Mikhail Polyakov1, Aidan Taylor1, Laszlo Petho1,
Johann Michler1
1. Laboratory for Mechanics of Materials and Nanostructures, Empa—Swiss Federal Laboratories for Materials
Science and Technology, Feuerwerkerstrasse 39, 3602 Thun, Switzerland
*keith.thomas@empa.ch
A combinatorial science approach is utilized to study the microstructural and mechanical properties of metastable
copper-tungsten solid solutions and multilayer films. Lateral compositional gradient (also called compositionspread) samples were deposited by simultaneously sputtering copper and tungsten targets positioned obliquely
at opposite ends of a silicon substrate. An analogous approach was used to deposit thickness gradient multilayer
films. With the samples the impact of both individual layer thickness and the ratio of the two constituent elements
could be investigated. Nanoindentation was performed to measure the hardness and elastic modulus of the
film. Grain size and solid solution strengthening models are applied to interpret the hardness of the films.
A third combinatorial method was used to produce metal matrix composites (MMCs) by co-deposition of
nanoparticles using terminated gas condensation (TGC). The impact of the effect of tungsten nano-particles
on the microstructure and mechanical properties of copper films was investigated. The particle densities and
distributions which are realizable using this method are also discussed. Mechanical char-acterization was
performed using nanoindentation on films between 100 nm and 1 μm in thickness while the film microstructure
was investigated using X-ray diffraction (XRD) and transmission electron microscopy (TEM). While the
nanoparticles do not show an appreciable hardening effect in the films, there is an improvement in the thermal
stability of the film microstructure due to grain boundary pin-ning. As such, the incorporation of nanoparticles
is proposed as a more broadly applicable strategy to maintain the mechanical benefits of nanostructured films
at temperatures where grain growth would otherwise typically occur.

14.

“Mechanical characterization of thin plasma polymer coatings on compliant
PET substrates”

Michiel Top1,2,*, Guus Mulder1,2, Jaroslav Lukeš3, Jeff. T. De Hosson2
1. Fraunhofer FEP, Dresden, Germany
2. University of Groningen, Department of Applied Physics, Groningen, The Netherlands
3. Bruker Nano Surfaces, Prague, Czech Republic
*michiel.top@fep.fraunhofer.de
Mechanical characterization of thin films (600 nm) on compliant substrates still poses a major challenge. Classical
nano-indentation is usually not possible as small indentation depths are influenced by the surface roughness
and large indentation depths are influenced by deformation of the substrate. To avoid the effect of substrate
deformation, mechanical analysis of the thin film coatings was performed at a cross-section. This poster
presents results on the mechanical evaluation of silicon containing plasma polymers, deposited using Plasma
Enhanced Chemical Vapor Deposition (PECVD), deposited on Polyethylene Terephthalate (PET). The coatings had
a thickness of approximately 600 nm. Different sample preparation techniques, including (Ultra)microtomie and
ion polishing were tested and compared. All samples were characterized using a Hysitron TriboIndenter. The
modulus maps of different preparation techniques are discussed and compared with SEM images to discuss the
relation between the measured results and the surface topography. Evaluation of the modulus map showed that
small features on the surface topography influence the measurement results and therefore should be avoided.

Nanobrücken 2018 Program

28

15.

“Characterization and modeling of the ageing of polymers in contact to fluids using
nanomechanical probes”

Céline Vlemincq1,*, Thomas Pardoen1, Bernard Nysten2, Ezio Gandin3
1. Université Catholique de Louvain, Institute of Mechanics, Materials and Civil Engineering,
IMAP, Louvain-la-Neuve, Belgium
2. Université Catholique de Louvain, Insitute of Condensed Matter and Nanosciences, BSMA,
Louvain-la-Neuve, Belgium
3. Solvay R&I Belgium, Modelling Testing and Processing, Bruxelles, Belgium
*celine.vlemincq@uclouvain.be
The contact with industrial fluids and the associated mechanical degradation is a major challenge for the polymer
industry. Currently, the characterization of the mechanical properties after ageing with fluids is long and costly, as it
is essentially based on the macroscopic characterization of saturated samples. In this context, the objective of the
project is to exploit the potential of local methods to evaluate the evolution of the mechanical properties, through
nanoindentation and atomic force microscopy, and to establish assessment protocols for the quantification of
the impact of fluids on mechanical properties with an aging time that could be reduced from months to a few
minutes. The first polymer-liquid couple studied in this work is RTM6(epoxy resin)-water. The aging of this resin
is mostly studied by nanoindentation on immerged samples. This is currently the main part of the project which
involves several complex issues such as the degree of diffusion of the liquid, the influence of residual stresses or
of creep on the nanoindentation response. Macroscopic experiments based on tensile and compression tests on
aged samples are used as reference. At the same time, a modeling approach based on finite element simulations
is deployed to support the understanding of the link between nano-microscopic results and elasto-viscoplastic
macroscopic properties with a model ultimately adapted to the presence of a liquid.
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Practical Information
Conference & Bruker Hysitron User Meeting Venue
Friedrich-Alexander-Universität Erlangen-Nürnberg
Department Werkstoffwissenschaften
Lehrstuhl Allgemeine Werkstoffeigenschaften (WW I)
Martensstraße 5
91058 Erlangen
Deutschland
Conference Banquet Dinner
Schloss Atzelsberg
Atzelsberg 1
91080 Marloffstein-Atzelsberg
https://www.schloss-atzelsberg.de/de/
Transportation from Conference venue to Schloss Atzelsberg has been arranged. After the banquet
dinner the bus will make a stop in the city center close to main hotels.
Conference Webpage
https://www.bruker.com/events/2018/nanobruecken
Host/Sponsor Website
Friedrich-Alexander University of Erlangen: https://www.fau.eu/
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 15 minutes in length, with an additional 5 minutes for discussion.
Contributed Talks are 20 minutes in length, with an additional 5 minutes for discussion.
Invited Talks are 25 minutes in length, 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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