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Preface
The Technical University of Berlin and Bruker are pleased to present
Nanobrücken 2019: Nanomechanical Testing Conference and Bruker Hysitron User Meeting.
This is the 9th 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 19th
Welcome
13:30

Opening Remarks
Oden Warren, Bruker

Student Talks - Session I
Chair:Ude Hangen, Bruker
13:45

“Microstructure and mechanical characterization of thin bioactive PEO coatings
fabricated on UFG CP Ti”
H. Mora-Sanchez, IMDEA Materials Institute

14:00

“Investigation of fatigue of hierarchically structured ceramic materials using nanoindentation”
Cecilia Müller, Technische Universität Berlin

14:15

“Tensile deformation of penta-twinned Ag nanowires”
Hu Zhao, University of Manchester

14:30

“Experimental analysis of the effect of solid solution and precipitates on the critical
resolved shear stress for basal slip in Mg alloys as a function of temperature”
Jingya Wang, IMDEA Materials Institute

14:45

“Evaluation of the interfacial toughness in a novel GaN-on-diamond material using
nanoindentation method”
Cainan Long, University of Bristol

15:00

“Measuring mechanical properties of crystalline salt forms of derivatives of
phenylethylamine by nanoindentation”
Lygia Silva de Moraes, University of Strathclyde

Poster Set-Up
15:15

Invited Talk
15:45

Short Break / Coffee Provided
“Fracture and plasticity at the nanoscales – in situ observation during clamped beam
bending experiments of Cu/Nb nanolayers”
Arief S. Budiman, Singapore University of Technology & Design

Student Talks - Session II
Chair: Brian Derby, University of Manchester
16:15

“On the mechanical properties of benzoic acid derivaties”
B. Gabriele, University of Manchester

16:30

“Fracture toughness of pre-deformed chromium studied with microcantilever bending”
Stefan Gabel, Friedrich-Alexander-Universität Erlangen-Nürnberg

16:45

“Study the indentation induced plastic zone size using electron channeling
contrast imaging”
Uthman Mahmud, University of Birmingham

17:00

“Inverse analysis on tempered lath martensite: A materials science and
methodological study”
J. K. Engels, Ruhr-Universität Bochum

Poster Session
All Posters are Eligible for Top Poster Prize
17:15
Poster Session (All Posters) - See Poster List
Barbecue
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Keynote Lecture
19:00

“Bioinspired concepts for the mechanical design of materials”
Prof. Peter Fratzl, Max Planck Institute of Colloids and Interfaces

Day 2: Wednesday, February 20th
Bruker Hysitron User Meeting (open to all participants)
09:00

Introduction
Oden Warren, Bruker

09:10

Exciting New Product Developments from Bruker Hysitron
Rhys Jones, Bruker

09:25

Tribo iQ for Hysitron TriboIndenter Series
Ude Hangen, Bruker

09:35

Tribo iQ for Hysitron PicoIndenter Series
Jaroslav Lukeš, Bruker

09:45

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

10:00

Short Break / Coffee Provided

10:30

Nanobrücken Conference – Opening Remarks
Claudia Fleck, Technical University of Berlin
Erica Lilleodden, Helmholtz-Center, Geesthacht

Talks - Session I: Spatial and Depth Resolution Limited Materials Investigation
Chair: Erica Lilleodden, Helmoltz-Center, Geesthacht

Invited Talk
10:40
11:10

Invited Talk
11:30

“A new perspective on the 10% rule for thin film mechanical behavior”
Megan Cordill, Austrian Academy of Sciences
“Application of cross-sectional modulus mapping and nanoindentation to investigate
local mechanical properties of functional thin films and wear resistant hard coatings”
Michael Tkadletz, Montanuniversität Leoben
“Characterization of the mechanical properties of thermoset polymer films
by nanoindentation”
Alessandro Benedetto, Saint-Gobain Research Paris

Lunch Break
12:00

Lunch Provided On-Site

Talks - Session I: Spatial and Depth Resolution Limited Materials Investigation (Continued)
Chair: Anke Märten, Technical University of Berlin
13:10

“Using XPM for correlating Nb segregation with mechanical properties of cast
Inconel 718 ”
Alberto Orozco-Caballero, IMDEA Materials Institute

13:30

“Plant fibre cell walls characterization by Peak-Force Quantitative Nano Mechanics technology”
Alain Bourmaud, Université Bretagne Sud
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Talks - Session II: In-situ Testing
Chair: Sanjit Bhowmick, Bruker

Invited Talk
14:10

“Nanobeam electron diffraction and in situ deformation of CuZrAl bulk metallic glass
in the STEM”
Thomas C. Pekin, University of California, Berkeley

14:40

“Testing of titania microspheres mechanical properties by Hysitron PI-95”
V.A. Lebedev, Lomonosov Moscow State University

15:00

“In-situ cantilever testing of irradiated tungsten”
J Ed Darnbrough, University of Oxford

15:20

Short Break / Coffee Provided

16:00

“Sub-pixel displacement measurement from in-situ TEM tensile experiment data using
custom made Matlab codes”
Andrey Orekhov, University of Antwerp

16:20

“Composition analysis at elevated temperatures; EDS for in-situ electron microscopy”
Meiken Falke, Bruker Nano GmbH

16:40

“A study of fracture behaviour of gamma lamella using the notched TiAl micro-cantilever”
Rengen Ding, The University of Birmingham

Invited Talk
17:00
17:30

“Nanomechanical testing of bcc micropillars – power laws and lattice resistance correlations”
Brian Derby, University of Manchester
End of Session

Conference Banquet Dinner
19:00

Australian Restaurant

Day 3: Thursday, February 21st
Talks - Session III: Dynamic Testing
Chair: Henri Ovri, Helmholtz-Zentrum Geesthacht
09:00

“Towards the standardisation of dynamic instrumented indentation testing”
Michael Griepntrog, BAM Federal Institute for Materials Research and Testing

09:20

“Advances in calibration of the geometry of an AFM tip for nanoscale mechanical
characterization of materials”
Malgorzata Kopycinska-Müller, Fraunhofer Institute for Ceramic Technologies

09:40

“Nanoscale quasi-static and fatigue behaviour of open-cell aluminium foam struts”
Merle Schmahl, Technische Universität Berlin

10:00

“Nanoscale mapping of mechanical properties of iron aluminide based alloys”
Vilma Buršíková, Academy of Science of the Czech Republic

10:20

Short Break / Coffee Provided
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Talks - Session IV: Thin Film Testing and Modelling
Chair: Alessandro Benedetto, Saint-Gobain Research Paris

Invited Talk
11:00

11:30

Invited Talk
11:50
12:20

“Regular mechanical stability control of ultralow-k thin films: An assessment beyond
elastic modulus and hardness”
Holm Geisler, GLOBALFOUNDRIES Module One LLC & Co. KG
“Mechanical behavior of porous thin low-k films during nanoindentation”
Oguzhan Orkut Okudur, KU Leuven
“Nanoindentation-based investigations of PLC-type plastic instability”
Henry Ovri, Helmholtz-Zentrum Geesthacht
Opening Remarks and Demos
Claudia Fleck, Technical University of Berlin
Ude Hangen, Bruker
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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
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Poster List
Ordered by last name of presenting author
1. “In-situ 4D characterization of indentation damage in mineralized biological materials”
Rachel Board, Swansea University
2. “Combination of micro mechanical testing with approaches to measure the local hydrogen content”
Patrick Grünewald, Saarland University
3. “Influence of surface roughness on elastic nanoindentation measurements”
Wieland Heyn, Fraunhofer Institute for Ceramic Technologies and Systems
4. “Microscale formability of ultrafine-grained and superplastic alloys”
H. Holz, Friedrich-Alexander-University Erlangen-Nuremberg
5. “Nanoindentation analysis of Mg-SiC nanocomposite powders synthesized by
mechanical milling”
Daniela Hübler, Technische Universität Berlin
6. “Nanoindentation as part of a thermo-mechanical characterization of thin sputtered copper films
on silicon”
Nathanael Jöhrmann, Chemnitz University of Technology
7. “Loading curves allow for iteration-less calculation of phase transition onsets with
transformation- and activation-energies”
Gerd Kaupp, University of Oldenburg
8. “Extension of in-situ indentation results by (S)TEM graphical data processing”
D.A.Kozlov, Lomonosov Moscow State University
9. “Nanoindentation testing of irradiated nuclear materials at Research Centre Řež”
Ondřej Libera, Research Centre Řež
10. “Characterization of a third body by nanoindentation”
Dominic Linsler, Fraunhofer Institute for Mechanics of Materials IWM
11. “Towards in-situ nanotomography at the Imaging beamline P05”
E. Longo, Helmholtz-Zentrum Geesthacht
12. “Micromechanical characterization of an individual twin boundary in pure Mg”
Mohammadhadi Maghsoudi, Helmholtz-Zentrum Geesthacht
13. “Surface properties of tailored forming thrust bearings”
Tim Matthias, Leibniz University Hannover
14. “Surface properties inside pitchers of the tropical pitcher plant nepenthes”
Florian Pape, Leibniz University Hannover
15. “In-situ micromechanical testing of Nickel specimens charged by an Ar-H2 plasma”
D. Perius, Saarland University
16. “Influence of nanoindentation location for nanomechanical characterization on silicon
micropillar arrays”
Prabowo Puranto, TU Braunschweig
17. “Effect of precipitate on basal slip and {0112} tension twinning in AZ91 micro-pillars”
Shanshan Si, University of Birmingham
18. “Modeling cold sintering processes via deformation of a single crystal using nanoindentation”
Craig J. Williams, University of Manchester
19. “Micro-mechanical behavior of nanoporous gold with and without an electrochemical environment”
Yijuan Wu, Helmholtz-Zentrum Geesthacht
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Transform Your Microscope
Into a Powerful, Nanoscale Mechanical Testing Chamber

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

n Nanoindentation

n Nanoscratch

n Microbeam Bending

n Heating

n Pillar or Particle Compression

n Electrical

n Tensile Testing

n Dynamic

Hysitron PI 88 SEM
PicoIndenter

Hysitron PI 95 TEM
PicoIndenter

www.bruker.com/nanomechanical-testing

In-Situ Nanomechanics

I n n ovation w ith Integrity
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Abstract - Oral Presentations
Day 1: Tuesday, February 19th
Student Talks - Session I
Chair: Ude Hangen, Bruker

13:45

“Microstructure and mechanical characterization of thin bioactive PEO coatings
fabricated on UFG CP Ti”

H. Mora-Sanchez1,*, I. Sabirov1, M. A. Monclus1, E. Matykina2, R. Arrabal2, J. M. Molina-Aldareguia1
1. IMDEA Materials Institute, Calle Eric Kandel 2, Getafe 28906, Madrid, Spain
2. Departamento de Ingeniería Química y de Materiales, Facultad de Ciencias Químicas, Universidad Complutense,
Madrid 28040, Madrid, Spain
*h.mora.sanchez@gmail.com
A Plasma Electrolytic Oxidation (PEO) coating was generated on Ultra-Fine Grained Commercially PureTi (UFG CP
Ti).The objective of the PEO coating is to provide enhanced bioactivity to the titanium surface via incorporation of
Ca and P species into the TiO2 film. The coating is characterized by a relative high surface roughness and porosity.
Nanopores and random-shape micro-cavities are found through the 10 µm coating thickness. EDX indicated the
formation of heterogeneously distributed Ti and Ca/P-rich domains within the coating. Crystalline TiO2 anatase
and rutile phases were found by means of XRD, anatase being the predominant phase. TEM confirmed the
presence of Ca and P amorphous phases embedded in the TiO2 matrix. The mechanical characterization of the
coating was carried out by nanoindentation. This represents a challenge, due to the inherent porosity and large
roughness of PEO coatings. To overcome this challenge, low-depth nanoindentations (~150 nm) were performed
on the cross-section of the coating and care was taken to minimize the influence of micro-cavities. It was found
that the incorporation of Ca and P species minimized the scatter in the mechanical properties of the oxide
material. In order to better understand the effect of the nature and distribution of the crystalline and amorphous
phases on the mechanical properties of the coating, TEM was performed under the indentations. The effect of the
phases found for different Ca and P contents on the mechanical properties is discussed.

14:00

“Investigation of fatigue of hierarchically structured ceramic materials
using nanoindentation”

Cecilia Müller1,*, Anke Märten1, Claudia Fleck1
1. TU Berlin, Materials Engineering, Str. des 17. Juni 135, 10623 Berlin, Germany
*cecilia.mueller@tu-berlin.de
Many natural materials have exceptional mechanical properties, which are difficult to reproduce in materials
engineering. One example are teeth which are astoundingly resistant under the harsh fatigue and environmental
loading conditions in the mouth and possess potent strengthening and toughening mechanisms to hinder
crack formation and propagation. Zirconia materials have found increasing interest for tooth replacements,
because of their toughness, biocompatibility and aesthetic. However, in contrast to teeth, they are prone to
brittle fracture despite the inbuilt transformation toughening mechanism of certain zirconia formulations. We
investigated possibilities to further increase the toughness of zirconia-based ceramic constructs by implementing
hierarchical features into the structure, that were shown to be important for the fracture resistance of teeth.
One such feature is layering of differently stiff and strong entities. Electrophoretic deposition (EPD) has been
shown a very promising method to produce multi-layered zirconia constructs, consisting of alternating layers of
cubic stabilized zirconia[1], and preceding mechanical studies of such structures showed promising results[2].
However, during method development it is often difficult to create specimens of sufficient size for conventional
mechanical tests, such as three-point bending tests. We therefore exploited a new method for the investigation
of fatigue and crack propagation in layered ceramics on the nanoscale. We used nanoindentation to cause
fatigue within hierarchically structured zirconia samples to characterise the cyclic deformation behaviour and to
investigate crack formation. In this work we investigate the differences between low cycle fatigue created with
cyclic quasi static measurements and nano-DMA measurements with higher number of cycles.
[1] C. Mochales, S. Frank, R. Zehbe, T.Traykova, C Fleckstein, A. Maerten, C. Fleck, W. D. Mueller, Tetragonal and cubic
zirconia multilayered ceramics created by EPD, J. Phyz. Chem B, (2013)
[2] R. Zehbe, et al., Electrophoretic deposition of multilayered (cubic and tetragonal) zirconia ceramics for adapted crack
deflection, J Eur Ceram Soc (2015)
Nanobrücken 2019 Program
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14:15

“Tensile deformation of penta-twinned Ag nanowires”

Hu Zhao1, Alex Eggeman1, Brian Derby1
1. School of Materials, University of Manchester, Manchester, UK
Silver nanowires exhibit excellent electrical and optical performance for applications as transparent conducting
films. Penta-twinned silver nanowires synthesized by polyol process are readily available commercially for
applications in flexible electronics. Research on the mechanical performance of penta-twinned silver nanowires
is not only necessary to understand the reliability of these devices, but also provides a platform to investigate the
deformation mechanism of metallic nanomaterials. Measuring the mechanical properties of nanowires accurately
is difficult and reports in the literature conflict with each other. Here we use pico-indenter combined with push to
pull devices to measure the mechanical properties of single silver nanowires in the SEM. Compared with other
methods, the alignment during tensile test is easy to adjust, and the mechanical data and displacement can be
accurately measured. Penta-twinned nanowires with a range of diameters (from 100-400 nm) have been tested
under similar conditions, confirming the presence of a size effect. These data are compared with measurements
made on single crystal Ag nanowires and the deformation microstructures in both nanowires are compared
using TEM.

14:30

“Experimental analysis of the effect of solid solution and precipitates on the critical
resolved shear stress for basal slip in Mg alloys as a function of temperature”

Jingya Wang1, Reza. Alizadeh1, Jon M. Molina-Aldareguia2, Javier Llorca1,2,*
1. IMDEA Materials Institute. C/ Eric Kandel 2, 28906 Getafe, Madrid, Spain
2. Department of Materials Science, Polytechnic University of Madrid, 28040 Madrid, Spain
*Javier.llorca@imdea.org
Mg alloys have many potential applications in engineering due to their good specific properties. The dominant
deformation mechanisms of polycrystalline Mg alloys are the basal slip, which present the lowest values of
the critical resolved shear stress (CRSS). Moreover, the big discrepancy of the CRSS between the different slip
systems and twin leads to the large plastic anisotropy and the negative effects on the ductility. Thus, increasing
the CRSS for basal slip in Mg is expected to increase the strength and enhance the ductility of Mg alloys. In
this investigation, the effect of Al and Zn solute atoms and precipitates on the CRSS for basal slip is analysed
using the micropillar compression tests at different temperatures. The micropillars, with a square cross sections
and lateral sizes varying between 3 and 7 μm, were focused ion beam (FIB) milled in selected individual grains,
favourably oriented for the basal slip. The micropillars were compressed in-situ at room and ex-situ at elevated
temperature. The results show that the strength and strain hardening behaviour of the micropillars is strongly
dependent on pillar size effects, grain orientation, solute content and the presence of precipitates. Strategies to
decouple size effects and isolate the effect of chemical composition and precipitate on the CRSS for the basal
slip of Mg-Al and Mg Zn alloys as a function of temperature will be discussed.

Nanobrücken 2019 Program
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14:45

“Evaluation of the interfacial toughness in a novel GaN-on-diamond material using
nanoindentation method”

Cainan Long1, Dong Liu1,*, Martin Kuball1
1. Center for Device Thermography and Reliability (CDTR), University of Bristol, Bristol, BS8 1TL, United Kingdom
*dong.liu@bristol.ac.uk
Instrumented nanoindentation is a powerful technique for evaluating the micro-mechanical properties of
materials, which makes it an ideal method to assess the interfacial fracture toughness for modern multilayer
microelectronics such as GaN-on-diamond for use in high power radio frequency (RF) devices. As GaN(700nm)on-diamond(100µm) is a material system comprising of a brittle film on a rigid substrate, which is different
from most of the existing work on metal-substrate materials, a comprehensive study was carried out to identify
the most suitable buckling-based solutions for the determination of its interfacial toughness. Specifically,
indentation tests were applied on several systems including Al-on-diamond, GaN-on-diamond and GaN-onsapphire for comparison. For low modulus metallic film like Al, interfacial delamination was difficult to initiate
due to the lack of sufficient elastic strain energy during the deformation process as the films have large plastic
deformation and low yield strength. In the case of GaN-on-diamond, interfacial delamination was created in the
form of buckles/blisters using a Berkovich diamond indenter. Based on the geometry of the blisters and loaddepth curve, the interfacial fracture energy was derived using three analytical models: ‘Marshall and Evans
model(ME)’[1], ‘Hutchinson and Suo model(HS)’[2] and ‘Dual-indentation model(DI)’[3]. It was found that the HS
and DI models gave consistent results while only unrealistically high values were obtained using ME model[4].
However, compared with GaN-on-sapphire, the interfacial toughness of GaN-on-diamond is lower. To assist the
understanding of the experimental results, a 2D axisymmetric finite element (FE) model was used to simulate
the indentation process. The simulated load-depth curve showed a good correlation to the experimental results,
which will be used for future analysis of the indentation induced delamination process in GaN-on-diamond
material systems.
[1] D. B. Marshall and A. G. Evans, J. Appl. Phys., vol. 56, pp. 2632–2638, 1984.
[2] J. W. Hutchinson and Z. Suo, Adv. Appl. Mech., vol. 29, pp. 64-191, 1992.
[3] M. Lu and H. Huang, J. Mater. Res., vol. 29, pp. 801–810, 2014.
[4] W. Li and T. Siegmund, Acta Mater., vol. 52, pp. 2989–2999, 2004.

15:00

“Measuring mechanical properties of crystalline salt forms of derivatives of
phenylethylamine by nanoindentation”

Lygia Silva de Moraes1,*, Alan Kennedy1, Luca Russo2, Monika Warcheza1
1. WestCHEM, Department of Pure and Applied Chemistry, University of Strathclyde. Glasgow, G1 1XL, United Kingdom
2. GSK R&D. Gunnels Wood Road, Stevenage, Hertfordshire, SG1 2NY, United Kingdom
*lygia.silva-de-moraes@strath.ac.uk
Active pharmaceutical ingredients can be altered to improve important physicochemical properties of the
drug and so enhance the desirable pharmacological effects. Depending on the chemical composition of the
active pharmaceutical ingredient, salt formation using a counterion that will not cause any undesirable effects
in the body, is a common way to modify properties of the solid state, for example, melting point, aqueous
solubility and hardness. This work is interested on measuring hardness of a database of crystalline salt forms of
derivatives of phenylethylamine with different types of counterions. The aim is to understand structural effects
on hardness and ultimately how hardness influences the size and shape of particles during pharmaceutical
processing. This work will discuss the linear relationship between the force applied to the sample and the area
of the resultant penetration, the methodology used to analyse nanoindentation force curves in order to obtain
hardness values, and will show the resultant relationship between hardness and values of elastic modulus
obtained. This technique was used for more than 100 salt forms of active pharmaceutical ingredients, obtaining
coefficient of determination higher than 80 %.
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Invited Talk
15:45

“Fracture and plasticity at the nanoscales – in situ observation during clamped beam
bending experiments of Cu/Nb nanolayers”

Arief S. Budiman1,*, Hashina Parveen Anwar Ali1, Ihor Radchenko1
1. Extreme Materials Laboratory (XML), Singapore University of Technology & Design (SUTD), 8 Somapah Rd., Singapore
*suriadi@alumni.stanford.edu
Plastic deformation mechanisms in metal-metal nanolayer composites (nanolaminates) have been studied
extensively during the last decade. Fracture mechanisms however have been less understood. It has been observed
that, for the case of metal-metal nanolaminates with a semicoherent interface, such as Cu/Nb, low interface shear
strength increases the interface barrier to dislocation crossing, which improves nanolaminate plasticity. In this
study, we use Cu(63nm)/Nb(63nm) accumulative roll-bonded nanolaminates, which have a large anisotropy of the
interface shear strength between rolling and transverse directions (RD and TD, respectively), to study the effect of
interface shear strength on the failure in metal-metal nanolaminates with a semicoherent interface during in situ
clamped beam bending. Further, finite element analysis is used to understand the observed behavior. The results
show a substantial difference between the fracture behaviors along the RD and TD owing to differences in the
interface shear strength and grain size. For the RD beams, the slip bands originate from the Nb layers at the notch/
crack tip followed by crack propagation along these bands. For the TD beams, the crack propagation is inhibited
by interface shear. We suggest that shear bands form subsequently through the beam and lead to the final beam
failure. However, under the assumption of the presence of the grain boundaries near the stress concentration
zone, the interface shear in the TD beams could be inhibited. In this case, the crack growth can be attributed to the
formation of microcracks at grain boundaries beside the main crack. Comparison with similar Cu/Nb nanolayers
produced via PVD (Physical Vapor Deposition) will be provided and mechanisms associated with plasticity and
fracture will be discussed.

Student Talks - Session II
Chair: Brian Derby, University of Manchester

16:15

“On the mechanical properties of benzoic acid derivaties””

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@postgrad.manchester.ac.uk
The first step required to establish the relationship between crystal structure of molecular materials and
mechanical properties is to develop an accurate experimental methodology for the measurement of stiffness
and hardness. In active pharmaceutical ingredients (APIs), mechanical properties of crystalline powders impact
materials processing and compaction which is a required process in the production of tablets. Given that APIs are
available in scarce quantities during early stages of research and development, nanoindentation of a few single
crystals of micrometric dimensions is thus a convenient characterisation method. We first developed a statistically
relevant method to assess mechanical properties of molecular single crystals by nanoindentation, using aspirin
as a case study. Then, we proceeded to measure the mechanical properties of a series of benzoic acid derivatives
single crystals including benzoic acid, p-aminobenzoic acid, p-toluic acid and p-nitrobenzoic acid. Scanning Probe
Microscopy of the indents showed no cracks or pile-ups due to aromatic bonds being easily broken within the
crystal structure. Crystal structures of substituted acids with polar groups were found to be stiffer and harder
materials. First attempts were made to correlate the mechanical properties measured with other crystal physical
properties such as the melting point. By studying isostructural crystals, one can assess how different substituent
groups on a similar molecular fragment impact overall mechanical properties of crystals. This study is a first
step towards a better understanding of the intimate relationships between molecular and crystal structure and
mechanical properties which govern important processing steps in the development of drugs.
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16:30

“Fracture toughness of pre-deformed chromium studied with microcantilever bending”

Stefan Gabel1,*, Benoit Merle1, Mathias Göken1, Erik Bitzek1
1. Institute I: General Materials Properties, Friedrich-Alexander-Universität Erlangen-Nürnberg, Erlangen, Germany
*stefan.s.gabel@fau.de
Cr, Mo and W are bcc metals, which have a high melting point and high strength. However their fracture
toughness at room temperature is low. This is due to their rather high ductile to brittle transition temperature.
At room temperature the fracture toughness is limited by dislocation mobility or by the inability to activate
nucleation sources. While this behavior is well characterized for W, there are only few studies for Cr. FIB milled
cantilevers were used to investigate the facture toughness of Cr on the microscale and to study the influence of
the loading rate and the initial dislocation density of the sample. In order to achieve high dislocation densities
by pre-deformation, Vickers indentations were performed on the sample surface prior to testing. An FEM-based
estimation of the resulting strain field was used to select positions corresponding to different amounts of predeformation, where cantilevers were fabricated. Subsequent testing was performed with a G200 nanoindenter.
The dynamic mode (CSM) allowed tracking the stiffness change of the cantilever, which can be correlated to
ongoing crack growth. The measurements showed that an increase of the loading rate embrittles Cr, whereas
an increase of the dislocation density leads to a toughening of the sample. Furthermore the dependence of the
brittle to ductile transition in the fracture behavior on the availability dislocations and activity of dislocations
sources was investigated via TEM-lamella lift-outs and Transmission Kikuchi Diffraction mapping.

16:45

“Study the indentation induced plastic zone size using electron channeling
contrast imaging”

Uthman Mahmud1,*, Yu Lung Chiu1
1. School of Metallurgy and Materials University of Birmingham, Edgbaston, Birmingham, B15 2TT, United Kingdom
*UXM598@student.bham.ac.uk
Electron channeling contrast imaging can be effectively used to study the dislocation microstructures of
larger areas than that which is possible on a TEM. This project aims to apply this technique to the study of the
nanoindentation plastic zone size variation in different crystals and orientation.
Initially, nanoindentation was performed with a TI 950 system on pure copper with maximum loads of 100-500 μN
with the loading direction close to the [111] orientation of the crystal in order to establish the indentation size effect.
ECCI was then used to determine the plastic zone size (see Figure 1 for example) under each condition. Similar
work will be carried out on BCC and HCP crystals in order to achieve a better understanding of the subject.
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17:00

“Inverse analysis on tempered lath martensite: A materials science and
methodological study”

J. K. Engels1,*, N. Vajragupta1, A. Hartmaier1
1. Ruhr-Universität Bochum, Universitätsstraße 150, 44801 Bochum, Germany
*jenni.zglinski@rub.de
Crystal plasticity (CP) models have proven to accurately describe elasto-plastic behavior on micro- and nanometer
length scales in numerous publications. However, the parameters calibration, involving series of experiments
at these length scales, and an inverse analysis are required. In this regard, nanoindentation test promises to
be a well-suited tool to realize an inverse method approach to determine the typically large number of model
parameters. The objective of this work is to develope a parameterization technique for nonlocal CP models by
means of an accessible and reproducible work flow. To show its practical relevance, the complex microstructure of
tempered lath martensite is chosen as test material. Its complexity is the hierarchical structure built of sub-units of
lath, blocks and packets which appear in a prior austenite grain (PAG) during quenching.
To achieve this goal, we combined finite-element simulations with nanoindentation tests. Latter have been
performed into single packets of tempered lath martensitic specimen of different carbon contents to record two
characteristics of the individual imprints: the load-displacement curves as well as the residual imprint topology
around the remaining imprint surfaces with the help of atomic force microscopy.
On the numerical side, a nanoindentation model is created and coupled to a nonlocal CP formulation [1]. A
parametric study is conducted to better understand the influence of different model parameters on mechanical
response of lath martensite during nanoindentation. In the next step, nonlocal CP parameters are systematically
adapted to mimic nanoindentation tests. Hence, an appropriate optimization algorithm is introduced. As a final
validation step it is successfully demonstrated that the nanoindentation-informed CP model is able to predict the
macroscopic stress-strain response of polycrystals.
Two stories can be deduced from this study: on the one hand, materials science clearly states that the material
properties can locally deviate very strong, which is caused by a dependency of the size distribution on the
microstructure level. On the other hand, a methodological approach is pursued which shows that the inverse
analysis is also possible for highly complex microstructures such as those of tempered lath martensite.
[1] A. Ma and A. Hartmaier, “On the influence of isotropic and kinematic hardening caused by strain gradients on the
deformation behaviour of polycrystals”, Philosophical Magazine, Vol 94, 125-140 (2014)

Keynote Lecture
19:00

“Bioinspired concepts for the mechanical design of materials””

Prof. Peter Fratzl1,*
1. Max Planck Institute of Colloids and Interfaces, 14476 Potsdam, Germany
*gabbe@mpikg.mpg.de
Biological materials are typically based on nanoscale building blocks which assemble into hierarchical structures.
The consequence is that the mechanical behavior of such materials is typically scale-dependent.The macroscopic
behavior is, however, not generally an average of the smaller scale properties. In particular, unusual properties
may result from hierarchical assembly, such as tension-compression asymmetry, self-healing properties, defect
tolerance, exceptional fracture resistance and more. The lecture discusses the structural origin of some of these
properties and highlights the importance of scale-dependent mechanical investigations.
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Abstract - Oral Presentations
Day 2: Wednesday, February 20th
Talks - Session I: Spatial and Depth Resolution Limited Materials Investigation
Chair: Erica Lilleodden, Helmholtz-Center, Geesthacht

Invited Talk
10:40

“A new perspective on the 10% rule for thin film mechanical behavior”

Megan J. Cordill1,2,*, Julia Sträußnig1
1. Erich Schmid Institute of Materials Science, Austrian Academy of Sciences, Leoben, Austria
2. Department of Materials Science, Montanuniversität Leoben, Leoben, Austria
*megan.cordill@oeaw.ac.at
Nanoindentation is the main method used to measure mechanical properties of thin films and small volumes.
However, it is known that the substrate influences the measured hardness and elastic modulus. The work around
for the substrate influence, no matter the substrate, is to only use data taken from the first 10% of the film
thickness (the 10% rule). While this guideline may hold true for some film-substrate systems (hard on soft or
hard on hard) and film thicknesses (greater than 100 nm), it cannot, and should not, be applied universally.
Using a variety of sputter deposited metal films on Silicon and polyimide with thicknesses varying between 50
nm and 500 nm, the 10% rule is rigorously examined. The substrate influence as well as the film microstructures
and residual stresses will be analyzed along with pile-up formation. What will be demonstrated is that hardness
is less likely to be significantly influenced by the substrate at a depth of 10% of the film thickness, with the
substrate having more of a short range effect. The elastic modulus, on the other hand, will have long range
effects and be a substantial influence even at 10% of the thickness. These findings reveal that the 10% rule
should not be blindly applied to any film-substrate system to determine mechanical properties. Old and new
ways to separate the film behavior from the substrate behavior will be discussed to provide further insight into
measuring thin film mechanical behavior.

11:10

“Application of cross-sectional modulus mapping and nanoindentation to investigate
local mechanical properties of functional thin films and wear resistant hard coatings”

Michael Tkadletz1,*, Alexandra Lechner1, Nina Schalk1,2, Bernhard Sartory3, Christoph Czettl4
1. Department of Materials Science, Montanuniversität Leoben, Franz Josef-Straße 18, 8700 Leoben, Austria
2. Christian Doppler Laboratory of Advanced Coated Cutting Tools, Montanuniversität Leoben, FranzJosef-Straße 18,
8700 Leoben, Austria
3. Materials Center Leoben Forschung GmbH, Roseggerstraße 12, 8700 Leoben, Austria
4. CERATIZIT Austria GmbH, Metallwerk-Plansee-Straße 71, 6600 Reutte, Austria
*michael.tkadletz@unileoben.ac.at
Functional thin films and hard coatings are frequently characterized by complex architectures and chemical and/or
microstructural gradients with respect to their film thickness. Such sophisticated structures have major influence
on local mechanical properties, which are of vital importance for many applications. Thus, their investigation
is a crucial factor to derive structure-property-performance relationships. The most reliable, but nevertheless
challenging approach to access depth-dependent lateral information on mechanical properties in films and
coatings is to utilize cross-sectional testing such as modulus mapping and/or indentation testing. However,
in addition to experimental challenges, also the preparation of suitable cross-sections for such experiments
is very demanding. Within this work, different sample preparation strategies are presented and discussed in
terms of their efficiency for cross-sectional SPM imaging, modulus mapping and indentation testing. Exemplary
measurements performed on a uniform α-Al2O3 reference coatings are addressed to show ideal preparation
parameters and to discuss the plausibility of results. Cross-sectional indentation measurements on a stepwise
graded Ti(B,N) coating are compared to conventional measurements on respective single layer coatings to
demonstrate validity of the determined mechanical properties. Modulus mapping measurements on the graded
Ti(B,N) coating will be shown to illustrate their potential for phase identification as well as identification of
mechanical discontinuities. Finally, results of SPM imaging, modulus- and indentation mapping performed on a
partially decomposed dual-phase TiAlN hard coating will be presented and correlated to microstructural features
observed via SEM/EBSD investigations.
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Invited Talk
11:30

“Characterization of the mechanical properties of thermoset polymer films
by nanoindentation”

A. Benedetto1,*, F. Barrières1
1. Saint-Gobain Research Paris – 93 quai Lucien Lefranc – 93303 Aubervilliers Cedex – France
*alessandro.benedetto@saint-gobain.com
Saint-Gobain designs and delivers innovative and high performance solutions that improve our habitat and
daily life. The Group provides its expertise in the areas of innovation and co-development through a wide
range of high-performance materials for demanding applications in diverse segments, such as the automotive,
aeronautical, health, defense, security, and even the food & beverage industries.
Among the materials of Saint-Gobain, thermoset polymer is a category that presents many advantages: chemical,
thermal and mechanical stability, polymerization without solvents and even the possibility to source them from
renewable natural monomers.
On the other hand, their mechanical characterization can be difficult to achieve because traditional bulk material
probes cannot always be fabricated.
We will present how nanoindentation allows obtaining mechanical characterization of this kind of materials cast
in thin films or micro structured samples. Use of nanoindentation with spherical tips allowed to access different
ranges in the applied representative deformation and measure at the same time the elastic and plastic behavior.
The change in mechanical properties with temperature and humidity could be measured by nanoindentation
in controlled environment. We will present the existence of a material glass transition that can be triggered not
only by temperature changes but by environment hygrometry changes as well.

Talks - Session I: Spatial and Depth Resolution Limited Materials Investigation (Cont.)
Chair: Anke Märten, Technical University of Berlin

13:10 “Using XPM for correlating Nb segregation with mechanical properties of cast
Inconel 718”
Alberto Orozco-Caballero1,*, Cristina Gutierrez-Garcia1, Jon Molina-Aldareguia1
1. IMDEA Materials Institute, Calle Eric Kandel 2, Getafe, Madrid, 28906, Spain
*alberto.orozco@imdea.org
Forged and cast Inconel 718 superalloy parts are extensively used in the low-pressure turbine section of jet engines
due to their excellent mechanical strength at moderate temperatures. At large scales, the cast microstructure is
characterized by large (millimeters) γ-Ni grains. However, at the grain scale, significant heterogeneities develop
by chemical segregation during the solidification process, forming dendrites and a large fraction of MC carbides
and other second-phase particles in between. Such inhomogeneity is expected to introduce large variations in
the local strength of the material that have not been studied before.The capabilities of the novel extreme property
mapping (XPM) mode of the Hysitron TI950 triboindenter enables mapping the hardness and elastic modulus in
extensive areas rapidly, with a high lateral resolution (~5 μm). Here, we correlate the XPM maps with electron
back-scatter diffraction (EBSD) and energy dispersive spectroscopy (EDS) maps of the same areas in cast Inconel
718. The EDS results showed strong Nb segregations across the dendritic arms and in the interdendritic regions
that led to strong nanohardness gradients. However, the XPM maps show relatively constant elastic moduli
inside the grains, not influenced by the local chemical composition. Interestingly, the elastic modulus maps
show clearly the effect of the grain orientation, as could be expected for a material with a high elastic anisotropy
like Ni. In summary, the capabilities of the XPM technique provide valuable information on the heterogeneity of
the local mechanical properties in complex microstructures, key for developing microstructure based models in
such materials.
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13:30

“Plant fibre cell walls characterization by Peak-Force Quantitative Nano
Mechanics technology”

Alain Bourmaud1,*, Olivier Arnould2, Christophe Baley1
1. Univ. Bretagne Sud, UMR CNRS 6027, IRDL, F-56100 Lorient, France
2. LMGC, Université de Montpellier, CNRS, UMR 5508, Montpellier, France
*alain.bourmaud@univ-ubs.fr
The industrial interest for plant bast fibers used as composite materials reinforcements increases. This tendency
is explained by their low impact on the environment and their very interesting specific mechanical properties
which make them attractive for transported applications. The tensile properties of the elementary fibers are
well described in the literature, but additional information at the cell wall scale is needed to better understand
the relationship between their ultrastructure and their mechanical performance. Indeed, an elementary flax
fibre is itself assumed to be a composite because of its specific ultrastructure made up of several cell walls
and layers. During plant development, the secondary cell wall of the outer bast fibre bundles firstly becomes
thickened, while complete filling takes around two months. Consequently, during fibre development, the degree
of maturity may differ between the outer and inner fibre layer, giving to the fibres a skin-core like ultrastructure.
The associated spatial cell-wall stiffening is an interesting parameter to better understand the evolution of flax
stem stability during growth and more especially in the case of lodging. Even in mature fibres, it is possible that
changes in growth, maturation, retting or scutching conditions could induce mechanical gradients within the
cell wall.
The aim of this work is to present different results from investigations on a range of plant cell walls including
palm, flax, hemp, kenaf or jute fibres, performed in atomic force microscopy (AFM) associated with PeakForce
Quantitative Nanomecanique (PF-QNM) mode.

Talks - Session II: In-situ Testing
Chair: Sanjit Bhowmick

Invited Talk
14:10

“Nanobeam electron diffraction and in situ deformation of CuZrAl bulk metallic glass
in the STEM”

Thomas C. Pekin1,2,3,*, Jun Ding4, Christoph Gammer5, Burak Ozdol2, Colin Ophus2, Mark Asta1,4,
Robert O. Ritchie1,4, Andrew M. Minor1,2
1. Department of Materials Science and Engineering, University of California, Berkeley, Berkeley, CA 94720, USA
2. National Center for Electron Microscopy, Molecular Foundry, Lawrence Berkeley National Laboratory, 1 Cyclotron
Road, Berkeley, CA 94720 USA
3. Institut für Physik, Humboldt-Universität zu Berlin, Newtonstraße 15, 12489 Berlin, DE
4. Materials Sciences Division, Lawrence Berkeley National Laboratory 1 Cyclotron Road, Berkeley, CA 94720, USA
5. Erich Schmid Institute of Materials Science, Austrian Academy of Sciences, Jahnstrasse 12, 8700 Leoben, Austria
*tcpekin@physik.hu-berlin.de
Nanobeam electron diffraction (NBED) is a relatively new, versatile and powerful technique that has been used
recently in the study of crystalline materials to measure strain, polarization and orientation. This technique is
based on the computational analysis of thousands of diffraction patterns acquired while scanning across a sample.
Here, we show through the application of fast detectors and new analysis techniques an extension to traditional
crystalline material NBED in which we measure and spatially map local order and strain simultaneously in
amorphous materials. When used in combination with in situ deformation, this technique allows one to measure
the time-resolved evolution of strain and the amount of local order under increasing deformation. We find that
under deformation, there is a reduction of local order in a CuZrAl bulk metallic glass (BMG) in the high strain
regions. This is the first direct observation of the nanoscale origins of BMG deformation, and can, in combination
with molecular dynamics models, provide insight into how one might improve BMG ductility.
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14:40

“Testing of titania microspheres mechanical properties by Hysitron PI-95”

V.A.Lebedev1,*, A.S.Poluboiarinov1, V.I.Chelpanov2, D.A.Kozlov1,3, G.Peters4, Ya.Yu.Philippov1, R.M.Sakaev1,
D.S.Volkov1, A.V.Khokhlov1, A.V.Garshev1,2
1.
2.
3.
4.

Lomonosov Moscow State University, Moscow, Russia
Baikov Institute of Metallurgy and Material Science RAS, Moscow, Russia
Kurnakov Institute of General and Inorganic Chemistry RAS, Moscow, Russia
Kurchatov Institute, Moscow, Russia

*vasya_lebedev@mail.ru
Titania microspheres are suitable for fabrication of HPLC columns due to their chemical stability. In order to
determine the mechanical characteristics of the individual titania microspheres, we used the Hysitron PI-95 at
Zeiss Libra 200MC TEM. This device allows us both to carry out mechanical measurements according to the
required loading program, and to observe the process of deformation by TEM.
As objects of study, we used amorphous titania microspheres with narrow size distribution. Two ways to
increase crystallinity of the samples were proposed: annealing and hydrothermal treatment. The study of the
microstructure of titania microspheres was carried out comprehensively using the methods of SAXS, SEM, DCS,
XRD, and helium pycnometry. It has been shown that hydrothermal treatment of titania microspheres leads to
the formation of a reticular internal structure, whereas annealing results in sintering of the internal structure of
microspheres, which is accompanied by significant shrinkage.
Evaluation of the mechanical properties of microspheres in the elastic region was made according to the Hertz
model. It turned out that the effective Young’s modulus of the initial amorphous microspheres are 27 GPa,
annealing leads to an increase in the Young modulus – up to 44 GPa. Hydrothermal treatment reduces the
effective Young’s modulus to 4 GPa. Using cyclic loading, the linear elastic limits for each type of titania
microspheres were evaluated. Moreover, creep tests of the samples were performed are undertaken to study
rheonomic properties of the particles. The graphical data analysis allowed us to evaluate the drift correction and
microspheres shape evolution.
This work was supported by the Lomonosov MSU Program of Development.

15:00

“In-situ cantilever testing of irradiated tungsten”

J Ed Darnbrough1,*, M Alfreider2, D Kiener2, D Armstrong1
1. Materials Department, University of Oxford, UK
2. Department Materials Physics, University of Leoben, Austria
*ed.darnbrough@materials.ox.ac.uk
Development of extracting mechanical information from small volumes is key for science where samples are
scarce, expensive or difficult to produce. Radiation damage in materials for nuclear fission and fusion applications
is one of these crucial areas requiring investigation. Neutron irradiated material is expensive and experimentally
difficult due to the timescales and complexity of getting material into and out of a nuclear reactor. To circumvent
these problems the nuclear community has turned to ion irradiation using accelerators to mimic the damage
observed from neutron exposure. This has the disadvantage of a minimal penetration depth of the ions meaning
only the near surface volume is representative of radiation damage.
My work in development of a new in-situ square sectioned cantilever methodology shows extraction of mechanical
information from a small volume with radiation damage. The example I will discuss is the comparison of single
crystal tungsten to He ion irradiated tungsten. Tungsten due to a high melting point and low sputtering rate make
it ideal for use in fusion reactor walls and structural components (e.g. divertors) [1]. Early work suggests that
high irradiation doses can lead to embrittlement in tungsten [2]. Radiation damage in Tungsten produced a visible
damaged layer of ~1.56µm from which cantilevers were produced with a 1x1 µm cross-section area and a length of
10 µm.These are tested in-situ in the SEM with a PI85 picoindenter allowing measurement of the load, displacement
during the observation of the failure leading to understanding of stress concentration in the material.
[1] P. Norajitra et al Journal of Nuclear Materials 2007 367-370 pp 1416-1421
[2] N. Yoshida Journal of Nuclear Materials 1999 266-269 pp 197-206
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16:00

“Sub-pixel displacement measurement from in-situ TEM tensile experiment data
using custom made Matlab codes”

Andrey Orekhov1,*, Ivan Lobato1, Sandra Van Aert1, Nick Schryvers1
1. EMAT, University of Antwerp, Atwerpen, Belgium
*Andrey.orekhov@uatwerpen.be
In-situ TEM mechanical experiments have emerged as a powerful tool to investigate the mechanical properties
of nanoscale samples. They can provide detailed structural information at angstrom-scale resolution, meanwhile
yielding the corresponding stress-strain information. However, precise interpretation of tensile test data remains
challenging, due to the difficulties associated with the preparation of a sample with homogeneous thickness,
sample shape design, crystallographic orientations and accurate measurement of load and displacement.
We propose an advanced method of displacement measurement with sub-pixel accuracy based on a phase
correlation algorithm. It allows to monitor the sample displacement in two orthogonal directions and thus to
calculate the total displacement. The displacement measurement at high precision enables one to calculate an
absolute strain value that is important in order to accurately predict microstructure evolution and flow strain
behaviour during the entire straining process. In addition, displacement measurement allows to measure the
stiffness of the PTP chip and thus yield more accurate stress values.

16:20

“Composition analysis at elevated temperatures; EDS for in-situ electron microscopy”

Meiken Falke1, Igor Nemeth2, Ralf Terbrog1,*
1. Bruker Nano GmbH, Berlin, Germany
*Meiken.falke@bruker.com
Energy dispersive X-ray spectroscopy (EDS) for in-situ analysis in the electron microscope is explored. Fast efficient
EDS is achieved using large solid and high take-off angles for photon collection, good collimation and suitable
sample holders. Geometric optimization in combination with high brightness electron sources and aberration
correction allows EDS identification and tracking of single atoms at low accelerating voltages in STEM within a
few seconds [1]. Specimen holders should not shadow the detector(s). Reaction cell geometry and materials as
well as window materials and e.g. reaction species sticking to them must be considered. Constantly changing data
streams demand new ways of data acquisition and processing. EDS experiments at temperatures up to the range
of 1000°C in STEM and SEM will be used to discuss further challenges. Agglomeration and evaporation of material
in a Pd-Au-nanoparticle test structure during heating in a conventional STEM were analyzed and evaluated using
phase analysis and statistical methods. The stability of the holder in Z-direction with changing temperature was
important [2]. Heat radiation changes the low energy part of EDS spectra. Still, low energy element ID and chemical
phase analysis are available within certain limits.
[1] R. M. Stroud et al. Appl. Phys. Lett. 108 (2016) 163101
[2] T. T. van Omme et al., Ultramicroscopy 129 (2018) 14

16:40

“A study of fracture behaviour of gamma lamella using the notched TiAl micro-cantilever”

Rengen Ding1, Yulung Chiu1
1. The University of Birmingham, Birmingham, United Kingdom
Single γ(TiAl) - a2(Ti3Al) lamellae colony microcantilevers were machined from a polycrystalline commercialTi-45Al2Mn-2Nb sample using a focussed ion beam. The long axis of the microcantilevers is perpendicular to the lamellar
interface, and the notch with tip size of 10 nm is milled in the same γ lamella for all notched microcantilevers. A
Hysitron PI85 picoindenter was used to perform micro-bending tests. The results demonstrated that the notched
microcantilever test is a reliable method to measure fracture toughness of individual γ lamella (e.g., 3.1 ± 0.2 MPa
m1/2). (111)[112] twinning ahead of the notch (crack) tip plays a key role in the crack initiation site and propagation
paths. Work-hardening is attributed to the interaction of twinning with the lamellar interface.
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Invited Talk
17:00

“Nanomechanical testing of bcc micropillars – power laws and lattice
resistance correlations”

Brian Derby1, Halil Yilmaz1
1. School of Materials, University of Manchester, M13 9PL, United Kingdom
It is now well established that the compression plastic flow stress, σp, of metallic micropillars increases with
decreasing sample diameter. With fcc metals, if the pillar flow stress and pillar diameter are normalised by the
shear modulus resolved onto the active slip system, μ, and Burgers’ vector, b, respectively, the data follows an
empirical relation of

σp /μ = A ( d/b ) n (1)
with a “universal exponent” of approximately n = -0.67.
Specimens from bcc metals tested in microcompression show significant differences in their behaviour with size
exponents showing a range from -0.2 to -0.8. It is generally believed that the difference in the behaviour of bcc
and fcc metals is related to the behaviour of dislocations in the different lattices. In fcc materials dislocations are
highly mobile, show similar mobility for edge and screw character and show little need for thermal activation.
However, in bcc materials the dislocation core structure of a screw dislocation leads to a significantly higher
Peierls’ stress and lower mobility compared to edge dislocations, requiring a degree of thermal activation. In
which case a different relation may be more appropriate with

σp- σb = A’d n’

(2)

Where, σb, is the temperature dependent lattice friction stress that must be overcome to allow plastic flow.
Here we will show that if the data is plotted in the form of equation (1), if equation (2) is valid there should
be a strong correlation between the slope of the log(σ)/log(d) plot (A in equation 1) and the exponent n. This
prediction is shown to be consistent with micropillar compression experiments carried out on a range of bcc
metals over a range of testing temperatures in this study and also hold true or data in the published literature.
Further analysis of the data can be used to predict a “natural power law” for micropillar compression, which for
the case of bcc materials is found to be close to the empirical value of -0.67 determined for fcc materials.
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Abstract - Oral Presentations
Day 3: Thursday, February 21st
Talks - Session III: Dynamic Testing
Chair: Henri Ovri, Helmholtz-Zentrum Geesthacht

09:00

“Towards the standardisation of dynamic instrumented indentation testing”

Michael Griepntrog1,*
1. BAM Federal Institute for Materials Research and Testing, Division 6.7 Surface Modification and Measurement
Technique, Unter den Eichen 44-46, 12203 Berlin, Germany
*michael.griepentrog@bam.de
Over the past 30 years, instrumented indentation test (IIT), more known as nanoindentation, has become the
most important tool for the determination of mechanical properties of thin films and small structures. During
the last 15 years the standard ISO 14577 has been prepared to enable the user to evaluate mechanical properties
from the experimental force displacement curve.
In the first part the main changes in part 1 of ISO 14577 during the last revision - The use of a variable ε and the
consideration of the real existing lateral displacement for evaluation of the experimental data - will be discussed.
In the second part the main normative requirements of the draft of the new part 5 of ISO 14577 “Linear elastic
dynamic instrumented indentation testing (DIIT)” will be presented. The draft of part 5 of ISO 14577 specifies
verification and calibration of testing machines for carrying out the measurement of the dynamic material
response when an oscillatory force or displacement, with amplitudes small in comparison to the prescribed
target values, is imparted to the indenter while the indenter is continuously loaded to a prescribed target load or
target depth or while the load or displacement is held constant at a prescribed target value. In case of a material
showing linear plastic-elastic behaviour, the measured dynamic response is used for continuous evaluation of
the dynamic stiffness of the contact as a function of depth and frequency. Using the dynamic stiffness of the
contact a reduced dynamic modulus will be calculated.
In the third part further, new standardisation projects will be presented, and it will be shown how to take an
active part in the preparation of these new standards.

09:20

“Advances in calibration of the geometry of an AFM tip for nanoscale mechanical
characterization of materials”

Malgorzata Kopycinska-Müller1,*, Conner Phillips1, Alexander Kutscher2, Gianaurelio Cuniberti2,3
1. Fraunhofer Institute for Ceramic Technologies, Maria Reiche Str. 2, 01109 Dresden
2. Institute for Materials Science and Max Bergmann Center for Biomaterials, TU Dresden, 01062 Dresden, Germany
3. Dresden Center for Computational Materials Science (DCMS), TU Dresden, 01062 Dresden, Germany
*Malgorzata.Kopycinska-Mueller@ikts.fraunhofer.de
We developed a procedure for calibration of an AFM tip for mechanical characterization of materials on the
nanoscale. In our approach, we diverged from assumptions of a perfect geometry of the tip and the sample
surface. The influence of the nano-dimensions of the tip on its stiffness was taken into account as well as
the presence of multi-asperities. With this premise, we used values of contact stiffness, measured with the
atomic force acoustic microscopy (AFAM) method, from a reference sample to characterize the geometry of
the AFM tips used in the experiments. The information obtained allowed for determination of the diameter
of the tip-sample contact area and description of the effective geometry of the asperities present within the
interaction region. To validate our results we imaged the tips used in measurements with high resolution TEM.
The geometry parameters were in a very good agreement with the dimensions determined from TEM images.
We also used the calibration procedure to calculate the indentation modulus of selected materials. We support
our empirical findings with help of molecular dynamics simulations. Our experimental and simulated findings
will be presented as a function of the indentation depth for direct comparison. The preliminary data analysis
indicate that our improved procedure for calibration of AFM tips and analysis of the load dependent stiffness
data will help the AFM-based methods to become reliable and valid tools for mechanical characterization of
materials on nanoscale.
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09:40

“Nanoscale quasi-static and fatigue behaviour of open-cell aluminium foam struts””

Merle Schmahl1, Anke Märten1, Paul Zaslansky2, Claudia Fleck1,*
1. Department of Materials Science, Technische Universität Berlin, Berlin, Germany
2. Restorative and Preventive Dentistry, Charité – Universitätsmedizin Berlin, Berlin, Germany
*Claudia.fleck@tu-berlin.de
Open-cell metal foams have steadily gained importance and interest over the last years, for example for
lightweight structures in automotive or aircrafts, due to their specific property portfolio. Here, they are exposed
to static and cyclic loading conditions. The macro-scale quasi-static and fatigue properties of metal foams scatter
to a great extent, due to structural inhomogeneities and defects on several length-scales. Here, an important
variable is the strut microstructure. In the case of precision cast aluminium-silicon (Al-Si) alloy (A356) open
cell foams, the struts consist of one or two Al-dendrites, forming the matrix. These are surrounded by Al-Si
eutectic. Further, intermetallic phases are present. To assess the influence of the local microstructure on the
strut properties, we performed nanoindentation tests on single struts. Quasi-static nanoindentation showed
a high scatter in the hardness and the reduced Young’s modulus of the Al-matrix which could only partially
be explained by the distance of the indents to Si and intermetallic phases visible on the surface. We further
investigated the nanoscale fatigue behaviour by cyclic indentation tests using the NanoDMA mode of the TI 950
TriboIndenter by Bruker. We analysed the course of the load-depth curves as a function of cycle number and
correlated these courses with microstructural differences around the indents. As for the quasi-static experiments,
the microstructure as visible on the surface could not explain the different behaviour. Submicron resolution
synchrotron micro tomography experiments and TEM investigations of the nano-fatigued struts allowed us to
evaluate the distribution of Si particles and intermetallic phases in the volume beneath the indents. We found a
strong correlation between the local microstructure, the dislocation density and structures in the volumes below
the indents, and the specific courses of the indentation depth-number of cycle curves.

10:00

“Nanoscale mapping of mechanical properties of iron aluminide based alloys”

Vilma Buršíková1,*, Vojtěch Homola1, Yvonna Jirásková2, Naděžda Pizúrová2, Martin Friák2
1. Department of Physical Electronics, Faculty of Science, Masaryk University, Kotlářská 2, Brno, Czech Republic
2. Institute of Physics of Materials, Academy of Science of the Czech Republic, Brno, Czech Republic
*vilmab@physics.muni.cz
Iron aluminide based alloys have been among widely investigated materials because of their numerous excellent
physical, chemical, and mechanical properties, (e.g., high melting points, resistance to oxidation and corrosion,
relatively low density, good wear resistance, high strength-to-weight ratio). The advantageous properties also
include low cost production and easy fabrication. Based on the above advantages, Fe-Al based alloys s appear to
be suitable as a substitute for common stainless steels in a wide range of industrial applications [1-3]. However,
the development of new Fe-Al based alloys depends substantially on understanding of the influence of alloy
composition and microstructure on the resulting mechanical properties.
Mechanical property mapping using micro- and nanoindentation tests is an excellent tool to study the effect of
crystal structure on local indentation response of the studied alloys [4]. The aim of the present work was to study
the local mechanical properties of Fe78Al22, Fe71Al22Ti7, Fe72Al20Ti4Nb4 and Fe70Al22Ti4Nb4 alloys.
The present work was supported by the Czech Science Foundation, project No. 17-22139S.
[1] I. Baker, P. R. Munroe, Mechanical properties of FeAl. Int. Mater. Rev. 1997, 42, 181–205.
[2] M. Zamanzade, A. Barnoush and Ch. Motz, A Review on the Properties of Iron Aluminide Intermetallics,
Crystals 2016, 6, 10.
[3] M. Palm, M. Fe-Al materials for structural applications at high temperatures: Current research at mpie.
Int. J. Mater. Res. 2009, 100, 277–287.
[4] V. Bursikova et al, Study of local mechanical properties of Fe78Al22 alloy, Key Eng Mater, 2018, 784, 27-32
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Talks - Session IV: Thin Film Testing and Modelling
Chair: Alessandro Benedetto, Saint-Gobain Research Paris

Invited Talk
11:00

“Regular mechanical stability control of ultralow-k thin films: An assessment beyond
elastic modulus and hardness”

Holm Geisler1,*, Marcus Fuchs1, Michael Hecker1, Petra Hofmann1, Dirk Breuer1, Moritz-Andreas Meyer1
1. GLOBALFOUNDRIES Module One LLC & Co. KG, Wilschdorfer Landstr. 101, 01239 Dresden, Germany
*holm.geisler@globalfoundries.com
To assure robustness of on-chip backend-of-line interconnect stacks against chip-package-interaction (CPI)
stress, it is mandatory to regularly screen the mechanical properties of interlayer dielectric (ILD) thin films.
ILDs typically consist of fragile ultralow-k (ULK) materials, e.g., micro- to mesoporous Si-C-O-H. Depth sensing
nanoindentation is used in semiconductor industry to monitor reduced elastic modulus and hardness of ULK
films on silicon wafers at multiple measurement positions. However, the classical data evaluation according
to Oliver&Pharr [1] does not include the film thickness and actual layer stack. Moreover, the nanoindentation
hardness is not a physical material property, rather a measurement instruction. It depends, amongst others,
on the shape of the indentation probe tip. Nano-scratch testing is suitable to characterize adhesion or cohesion
of ULK thin films by extracting critical force and displacement values from the measured raw data. On the
other hand, this method is fast, does not require extensive data treatment and can therefore be used for ULK
production monitoring as long as film composition and thickness vary only within tight boundaries. Yet it does
not yield physical material/interface properties and thus, a benchmarking between different film materials will
fail if only critical forces are reported and all other circumstances like probe tip shape or layer thicknesses
are neglected. Otherwise, a detailed simulation of all monitoring measurements is by far too time consuming
to support screening with a statistically significant amount of data. Therefore, it will be shown here how to
obtain further material parameters from scratch testing by using an approach based on the concept of the
effective indenter [2] extended for layered surfaces [3]. This approach provides thickness independent Young’s
modulus, von Mises stress and maximum tensile stress, σxx, amongst others, for multilayer stacks. It will allow
us to compare ILD films with different composition, to design optimized experimental settings for production
monitoring, to identify thresholds for critical film parameters, and to understand the fracture mechanisms in
more detail.
[1] W.C. Oliver, G.M. Pharr, J. Mater. Res., Vol. 7, 1992, pp. 1564-1583
[2] A. Bolshakov, W.C. Oliver and G.M. Pharr, MRS Proceedings, Vol. 356, 1994, p. 675
[3] N. Schwarzer, ASME Journal of Tribology 122, 2000, pp. 672-681

11:30 “Mechanical behavior of porous thin low-k films during nanoindentation”
Oguzhan Orkut Okudur1,2,*, Kris Vanstreels2, Ahmed Sobhi Saleh2, Ude Hangen3, Ingrid De Wolf1,2
1. Department of Materials Engineering, KU Leuven, Kasteelpark Arenberg 44, B-3001, Leuven, Belgium
2. imec, Kapeldreef 75, B-3001, Leuven, Belgium
3. Bruker Nano Surfaces, Aachen, Germany
*oguzhan.orkut.okudur@imec.be
Accurate mechanical property measurements of ultra-thin porous films by nanoindentation is a challenging task
due to the substrate effects. Additionally, pore densification can potentially influence the obtained data. Since
both issues may occur simultaneously, their differentiation is usually not possible. In this study, a wide range of
porous thin films (low-k materials used in integrated circuit technology) with thicknesses ranging from 109 nm to
378 nm and porosities from 10% to 47% are used. Measurements with three different nanoindenter probes and
extensive finite element simulations are employed to evaluate their mechanical behavior during nanoindentation
and to provide a systematic understanding of substrate effects and pore densification. It is demonstrated that
the pore densification can induce nonlinear mechanical behavior and extent of this nonlinearity is determined by
quadrilateral interactions between the indenter sharpness, indentation depth, film thickness and porosity. Even
under rigorous densification, it is shown that the intrinsic thin film modeling (iTF from Hysitron) may be used
to extract substrate independent mechanical properties of porous thin films in the as-processed condition. The
technique can further be extended to quantitatively monitor the densification impact under applied indentation
stresses, which enables in-depth understanding on the mechanical behavior of porous thin films.
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Invited Talk
11:50

“Nanoindentation-based investigations of PLC-type plastic instability”

Henry Ovri1
1. Helmholtz Zentrum Geesthacht, Institute of Materials Research, Materials Mechanics, 21502 Geesthacht, Germany,
Portevin Le-Chatelier (PLC) type plastic instability is a type of material instability that results in severe strain
localization, reduction in ductility and formation of surface striations during forming operations. Understanding
the underlying microscopic mechanism(s) that govern this type of instability requires detailed experimental
investigations of the relationships between the phenomenon and local microstructural constituents, crystallography
and grain morphology. Most of the available models for this type of instability, both phenomenological and
theoretical, are based on descriptions of mesoscopic observations and global responses observed in stressstrain curves. In this talk, it will be shown that the perceived gap in understanding between the microscopic
origins and macroscopic manifestations of the phenomena can be bridged by utilizing nanoindentation testing.
By exploiting the nanoscale force–displacement resolution and site-specific capabilities of the nanoindenter, we
are able to gain further insight into underlying mechanisms governing the phenomenon.
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First-and-Only AFM-Based
Viscoelastic Technique That Ties
Directly to Bulk DMA

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

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

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

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

Innovation with Integrity

Atomic Force Microscopy
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Abstract - Poster Presentations
1.

“In-situ 4D characterization of indentation damage in mineralized biological materials”

Rachel Board1,*, Elizabeth Sackett1, Ude Hangen2, Ria Mitchell1, Richard Johnston1
1. Advanced Imaging of Materials (AIM) Facility, College of Engineering, Swansea University, Swansea, SA1 8EN, UK
2. Bruker Nano surfaces, Aachen, Germany
*973879@swansea.ac.uk
Biological materials exhibit unique levels of organization, and in recent years scientists and engineers have
gained inspiration from nature, generating the field of biomimicry, thus resulting in novel, bio-inspired designs.
These natural structures range in scale from macro to micro to nano, providing biological materials with the
ability to carry out multiple functions in nature. Visualization and characterization of the microstructure is key
to determining its structure-property-function relationship. This is achieved by correlating different techniques
that, individually, give a window of understanding about the material, including information such as its
chemical composition and crystallographic orientations. Traditionally, micro computed tomography (microCT)
and X-ray microscopy (XRM) have been used in materials science as a non-destructive technique to examine
internal defects such as cracks and pores. Acquiring an understanding of the 3D microstructure, using these
X-ray methods provides insight to the complex internal architectures of natural materials. Further to this, the
ability to observe the response of a material to mechanical loading in 3D provides valuable information on their
deformation. The Intraspect 360 is an in-situ nanoindentation instrument that can apply a predefined load to a
specimen via a diamond indenter, while simultaneously capturing 3D volumetric X-ray data. This allows for 4D
analysis, to investigate failure behavior such as crack initiation and propagation in various biological structures.
Investigating this behavior can lead to an improved understanding of biological materials and their function,
and ultimately improve the design of manufactured materials.

2.

“Combination of micro mechanical testing with approaches to measure the local
hydrogen content”

Patrick Grünewald1,*, Mohammad Zamanzade1,2, Christian Motz1
1. Chair for Materials Science and Methods, Saarland University, 66123 Saarbruecken, Germany
2. Mécanique Physique et Interfaces, MINES Saint-Étienne, 42023 Saint-Étienne, France
*p.gruenewald@matsci.uni-sb.de
The role that hydrogen plays on the mechanical properties of metals has been thoroughly investigated over
the years, but still remains an up-to-date topic. One of the challenges in the field of hydrogen embrittlement is
the determination of the local hydrogen content. While it is possible to measure the hydrogen content of whole
specimens, e.g. using thermal desorption spectroscopy, information about the local distribution of the hydrogen
is rarely available. If one wants to correlate the hydrogen content to single microstructural features, like grain
boundaries or dislocations, the local hydrogen content needs to be measured with a sufficient spatial resolution.
Furthermore, if mechanical tests are to be performed, the experimental setup and specimen geometries need to
be suitable to combine the measurement of the local hydrogen content with mechanical tests. Recent literature
suggests that a combination of a Pd-coating with scanning Kelvin Probe Force Microscopy could prove to be
a suitable tool to measure the local hydrogen content with a spatial resolution in the nanometer range. To
combine this technique with mechanical tests, we use a combination of specimen geometry and electrolytic
cell that allows us to charge the specimens from below while the SKPFM measurements and mechanical tests
can be performed on the top site. The mechanical tests are mostly performed using a nanoindenter for macro
specimens as well as an in-situ nanoindetation module for micro specimens.
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3.

“Influence of surface roughness on elastic nanoindentation measurements”

Wieland Heyn1,*, André Clausner1, Ehrenfried Zschech1
1. Fraunhofer Institute for Ceramic Technologies and Systems, Dresden, Germany
*wieland.heyn@ikts.fraunhofer.de
The characterization of the mechanical properties of layered thin-film-structures is an important challenge with
respect to the better understanding and for improving the design of microelectronic devices, based on the Cudamascene-process. Because of the small investigated volumes and the easy implementation of the measuring
procedure, Nanoindentation is an appropriate method for measuring the Hardness of thin film systems. However
when it comes to the evaluation of Young´s Modulus, it is complicated to derive meaningful values by using
plastic Nanoindentation with sharp rigid indenters. Therefore elastic Nanoindentation with spherical indenter
geometries is used in this study. With an analytical approach, that was developed by Chudoba and Schwarzer
et al., it is possible to derive the Young´s Modulus of thin films, even in layered structures. This is done by
fitting the Load-displacement curve of the wholly elastic contact between sample and spherical Indenter. In this
study the influence of surface roughness on the measured load-displacement-curves is discussed by comparing
measurement results on Fused Silica standard samples with different values of roughness. In future works, the
insights of the work with Fused Silica will be used to determine the elastic modulus of layered structures as well.

4.

“Microscale formability of ultrafine-grained and superplastic alloys”

H. Holz1,*, P. Feldner1, B. Merle1, M. Göken1
1. Materials Science & Engineering, Institute I, Friedrich-Alexander-University Erlangen-Nuremberg (FAU), Germany
*Hendrik.Holz@fau.de
It was recently shown that superplastic deformation can be achieved on volumes as small as a few square
microns [1]. Small-scale investigations based on a modified indenter tip were carried out in order to compare the
small-scale behaviour of the alloy Zn-22 % Al – which is known for its macroscopic superplastic properties – to
pure ultrafine-grained Al with a comparable grain size. For this purpose, a Berkovich indenter tip was structured
by focused ion beam milling to create a die, containing V-shaped grooves with a depth ranging from 0.2 µm to
1.1 µm. Indentation tests were performed with varied temperature, speed and depth in order to evaluate the
influence of these parameters on the die cavity filling. Additionally, several tests were performed with a creep
segment. In order to evaluate the microscale forming properties, a fill factor is calculated as the ratio between
the cross-sectional area of the V-groove and the filled area. Against expectations, it is shown that the ultrafinegrained Al exhibits a better micro-formability than the superplastic alloy. This is due to a more pronounced
intracrystalline dislocation activity for Al during forming, in contrast to rather intercrystalline deformation
processes dominating in the superplastic alloy. Furthermore, the micro-formability decreases with increasing
forming speed and increases when creep segments are added.
[1] P. Feldner, B. Merle, M. Göken, Superplastic deformation behavior of Zn-22% Al alloy investigated by
nanoindentation at elevated temperatures, Mater. Des. 153 (2018) 71–79. doi:10.1016/j.matdes.2018.05.008.

5.

“Nanoindentation analysis of Mg-SiC nanocomposite powders synthesized by
mechanical milling”

Daniela Hübler1,*, Alireza Ghasemi1, Sepideh Kamrani1,*, Claudia Fleck1
1. Materials Engineering Department, Technische Universität Berlin, Germany
*huebler@tu-berlin.de, sepideh.kamrani@tu-berlin.de
Nanoindentation is the only feasible method to determine hardness and elastic modulus of powder particles.
Mixtures of magnesium (Mg) powder and SiC nanoparticles at various volume fractions were mechanically
milled to produce nanocrystalline Mg-SiC nanocomposite powders. X-ray diffraction (XRD), scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) were utilized to characterize the microstructure of
the milled powders. The effects of nanoparticle reinforcement content on mechanical properties of the milled MgSiC nanocomposite powders were evaluated using nanoindentation tests. The results clearly showed a signiﬁcant
enhancement of nanohardness and reduced elastic modulus (Er) in the milled powders with increasing reinforcement
content. It was found that the well distributed SiC nanoparticles (even up to 10 vol%) trigger several strengthening
mechanisms and remarkably improve the nanohardness of the nanocomposite powders. The comparison of asreceived Mg and milled Mg highlights the significant effect of mechanical milling on nanohardness and Er due
to grain refinement and increased lattice strain. The load-displacement curves also reveal the fact that twinning is
suppressed after mechanical milling due to remarkably shorter dislocation glide paths.
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6.

“Nanoindentation as part of a thermo-mechanical characterization of thin sputtered
copper films on silicon”

Nathanael Jöhrmann1,*, Bernhard Wunderle1
1. Chemnitz University of Technology, Germany
*nathanael.joehrmann@etit.tu-chemnitz.de
Thin copper layers are commonly used in today’s packaging applications. Thermo-mechanical stress during
operation will cause failures in the Cu layers and interfaces over time. As the properties of Cu are very process
and size dependent, its resistance to fatigue failure needs to be characterized with samples that have undergone
identical processing steps as those in the real application. As part of a fatigue characterization of thin Cu films on
silicon under typical processing conditions, nanoindentation was used to determine the elasto-plastic material
data. For that purpose a three-parameter Ramberg-Osgood material law was fitted with an FE-simulation to
reproduce the loading curves of measured indentation data. The elastic modulus was directly obtained from the
unloading part in combination with a texture analysis to estimate the Poisson ratio.

7.

“Loading curves allow for iteration-less calculation of phase transition onsets with
transformation- and activation-energies””

Prof. Dr. Gerd Kaupp1,*
1. University of Oldenburg, Germany
*gerd.kaupp@uni-oldenburg.de
After the strict deduction of the physical nanoindentation loading parabola equation, it is used for the iterationfree elimination of initial surface effects, or for material’s gradients, or for the detection of sharp phase change
onsets with virtually all kinds of solid materials under pressure. The sharpness of the transition onsets indicates
the formation of polymorph interfaces. The phase transition energies are calculated and normalized without
iterations for the comparison of typical materials, which will be discussed with respect to the normalization
possibilities. Furthermore, the activation energies are obtained by using the excellent high temperature facilities
of the Triboindenters®, etc. Endothermic phase changes require the conversion energy from the indenter,
exothermic ones help the indenter. Also consecutive phase transitions can be analyzed.
Fortunately, the presented straightforward simple formulas can also be used for the calculation of the
corresponding materials’ qualities from old published experimental loading curves, usually going close to or
above the micro range, or to obtain the most useful energetic qualities of already structurally studied phase
transitions. There is certainly both academic and industrial interest to these unprecedented most simple
applications of nanoindentation experiments.
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8.

“Extension of in-situ indentation results by (S)TEM graphical data processing”

V.A.Lebedev1,*, D.A.Kozlov1,2, R.M.Sakaev1, A.S.Poluboiarinov1, V.I.Chelpanov3, K.A.Khazova1,
Ya.Yu.Philippov1, A.V.Khokhlov1, A.V.Garshev1,3
1. Lomonosov Moscow State University, Moscow, Russia
2. Kurnakov Institute of General and Inorganic Chemistry RAS, Moscow, Russia
3. Baikov Institute of Metallurgy and Material Science RAS, Moscow, Russia
*vasya_lebedev@mail.ru
Nanomechanical measurements allow us to determine mechanical characteristics of nano- and microobjects,
which is required for further calculations of the mechanical parameters of the structures based on them. At the
same time, in-situ measurements are carried out in the SEM and TEM chambers. Thus, it is possible to obtain
graphic information that can supplement the standard measurements of indenter displacement and force. In this
work, indentation of titania microspheres with different phase composition was tested by MEMS-based Hysitron
PI-95 at Zeiss Libra 200MC TEM. Videos of the indentation processes were also recorded, including the probe
approach, deformation and fracture of the microspheres. In order to process the videos and to extract additional
geometrical data we coded the program based on free Python packages.
Using the Digital Image Correlation (DIC) algorithm, relative probe displacements were measured during
indentation. The results obtained allowed us to clarify the calibration of the movement of the indenter in free
sample tests, as well as to determine the drift function in real measurements. The results obtained are important
for long-term measurements, in particular creep tests.
Based on graphical data we were able to determine the evolution of the shape of the indented microspheres.
During video processing, areas of individual objects were determined, sizes of contact areas were calculated, and
changes in linear dimensions of the deformed objects were determined. The obtained quantitative data will be
used for comparison of mechanical tests with the results of FEM simulations.
This work was supported by the Lomonosov MSU Program of Development.

9.

“Nanoindentation testing of irradiated nuclear materials at Research Centre Řež”

Ondřej Libera1,*, Hygreeva Kiran Namburi1, Petra Bublíková1
1. Research Centre Řež, Řež, Czech Republic
*ondrej.libera@cvrez.cz
Neutron irradiation affects the microstructure as well as mechanical properties of nuclear reactor core
components, making them more susceptible to failure under harsh reactor environment. The evaluation of
mechanical properties of core nuclear reactor structural components is therefore essential for its long term
operation and safety. Nanoindentation is a state of the art analytical technique suitable for the analysis of
nuclear material’s mechanical properties degradation due to neutron irradiation. This paper summarizes the
recent development of nanoindentation testing of irradiated nuclear materials in hot cell facility at Research
Centre Řež. The nanoindentation system is customized in hot cells for high temperature mechanical testing
of neutron and ion irradiated materials. In this work NI tests were performed on nuclear grade steels like 316
stainless steels and ferritic-martensitic steels. 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. Furhermore, these measurements were supported by EBSD
analysis of the microstructure and residual stresses from material preparation. Also NI tests were performed
with additional emphasis on measurements near the grain boundary. 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 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.
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10.

“Characterization of a third body by nanoindentation”

Dominic Linsler1,*
1. MicroTribology Centrum µTC, Fraunhofer Institute for Mechanics of Materials IWM, 76131 Karlsruhe
*dominic.linsler@iwm.fraunhofer.de
Metallic tribological systems in the ultra-low wear regime having wear rates of a few nanometers per hour or,
in the present case, 10-11 mm³/(N m), are often connected to running-in related phenomena and the evolution of
a third body. The running-in of the tribosystem AlSi9Cu3 (disk) vs. 100Cr6 (pin) crucially depends not only on
the topography but also on the subsurface microstructure that is influenced by machining. T6 heat-treated and
as-cast AlSi9Cu3 surfaces tested with similar counter surfaces show differences in the wear rate of the pin of
as much as a factor of 14. Since the topography was in all cases comparable, we conclude that this difference
is due to a different mechanical behavior of the subsurface microstructure.
Subsurface microstructures have been characterized by focused ion beam microscopy, X-ray photoelectron
spectroscopy depth profiles and nanoindentation.

11.

“Towards in-situ nanotomography at the Imaging beamline P05”

E. Longo1, S. Flenner1, A. Kubec2, F. Wilde1, H. Burmester1, U. Tietze1, J. Brehling1, L. Lottermoser1,
T. Dose1, F. Beckmann1, C. David2, I. Greving1,*
1. Helmholtz-Zentrum Geesthacht, Institute of Material Research, Germany
2. Paul Scherrer Institut, Laboratory for Micro- and Nanotechnology, PSI, Switzerland
*imke.greving@hzg.de
The development of innovative nanomaterials requires in-depth knowledge of their three-dimensional
inner structures. Today, there is a high demand to use non-invasive 3D high-resolution imaging methods for
investigating and characterizing materials connectivity and periodicity, especially following mechanical tests.
Thanks to its non-destructive character, X-ray nanotomography is a particularly well suited technique for studying
multi-scale hierarchical nanomaterials, such as nanoporous gold (NPG) [1]. The tomographic approach allows
achieving 3D reconstructions by simply rotating the sample and acquiring 2D radiographies at many angles.
Moreover, it allows detecting potential defects of the inspected material by visual assessment of its tomograms
and can provide quantitative information, such as pore size distribution. The NPG images shown in this poster
were collected at the P05 beamline operated by the Helmholtz-Zentrum Geesthacht (HZG) at the PETRA III storage
ring at the Deutsches Elektronen-Synchrotron (DESY) in Hamburg, Germany. On the poster an overview of the
nanotomography endstation is given. The entire set-up is accommodated on a 6.8 m long granite optical bench.
It comprises two sliders equipped with six axes kinematics for the positioning of X-ray optics, one slider for the
sample stage and one slider for the detector [2]. The versatility of the set-up permits to perform measurements
in absorption or phase-contrast mode, covering engineering as well as biological materials. The high brilliance of
the Petra III storage ring promotes in-situ measurements and allows spatial resolutions below 50 nm. Currently
the experimental set-up is capable of performing a full tomographic scan below 1 minute.
[1] Larsson et al., Nanoporous gold: a hierarchical and multiscale 3D test pattern for characterizing X-ray nano
tomography systems. Journal of Synchrotron Radiation 26, 1, 194—204 (2019)
[2] Greving et al., Nanotomography endstation at the P05 beamline: Status and perspectives.
J. Phys.: Conf. ser. 849 012056 (2017)
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12.

“Micromechanical characterization of an individual twin boundary in pure Mg”

Mohammadhadi Maghsoudi1,*,Markus Ziehmer1, Erica T. Lilleodden1,2
1. Institute of Materials Research, Materials Mechanics, Helmholtz-Zentrum Geesthacht, Geesthacht, Germany
2. Institute of Advanced Ceramics, Hamburg University of Technology, Hamburg, Germany
*Mohammadhadi.maghsoudi@hzg.de
In addition to dislocation slip, deformation twinning also plays an important role in accommodating strain in
magnesium. To date, there have been many numerical as well as experimental efforts to understand different
aspects of mechanical twinning in magnesium, however, the pure role of twin boundary (uncoupled from the effect
of grain neighborhood) on the plasticity response of Mg is not yet fully understood. For this kind of analysis, local
mechanical characterization takes the advantage. Micro-mechanical testing has seen a rapid development over the
last decade providing access to the local mechanical properties of materials. In this regard, micro-compression
testing has opened up the possibility of localizing the region of interest (here at a twin boundary) to be deformed.
This work carries out small scale microstructural and –mechanical characterization at a twin boundary which is
embedded in bi-crystalline micropillars. Comparison between the uniaxial compression behaviors of twinned
bicrystals with their single crystalline counterparts can make useful statements on how an individual twin
boundary affect the plastic response of micron-sized Mg volumes. The present work clarifies that disappearance
of the twinned part inside microcolumns through detwinning might render a hardening effect on Mg based on the
analyzed stress-strain curves, strain hardening rate as well as the corresponding microstructures.

13.

“Surface properties of tailored forming thrust bearings”

Tim Matthias1,*, Bernd-Arno Behrens1, Alexander Chugreev1, Florian Pape2, Timm Coors2, Gerhard Poll2
1. Institute of Forming Technology and Machines (IFUM), Leibniz University Hannover, 30823 Garbsen, Germany
2. Institute for Machine Design and Tribology (IMKT), Leibniz University Hannover, 30167 Hannover, Germany
*tmatthias@ifum.uni-hannover.de
The surface properties of rolling bearings are fundamental to avoid wear and early failures. In our case, Tailored
Forming cylindrical thrust roller bearings were investigated. Through laser cladding or plasma-transferred-arc
welding, a lower grade base steel can be combined with a high strength steel acting as cladding for rolling contact
loads. A subsequent forging process is applied to benefit from process- and material-specific advantages. Fatigue
tests were conducted to assess the bearings. Prior and after the tests, the bearing surfaces were investigated by
nano-indentation studies. Nano-scratch tests were performed to determine the frictional and mechanical surface
properties. The measurements were carried out on a Bruker (formerly Hysitron) TI950 TriboIndenter by applying
a spherical diamond cone tip with a 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 (pre-scan). Next, the scratch was performed on the same route with a final force of 1 mN (scratch).
Finally, the plastically deformed material was analysed in a post-scan. During the test, the coefficient of friction
was evaluated. The measured surface properties were compared to thrust bearings made from conventional
100Cr6 bearing steel.
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14.

“Surface properties inside pitchers of the tropical pitcher plant nepenthes”

Florian Pape1,*, Tim Matthias2, Bernd-Arno Behrens2, Gerhard Poll1
1. Institute for Machine Design and Tribology (IMKT), Leibniz University Hannover, 30167 Hannover, Germany
2. Institute of Forming Technology and Machines (IFUM), Leibniz University Hannover, 30823 Garbsen, Germany
*florian.pape@imkt.uni-hannover.de
The tropical pitcher plant (nepenthes sp.) is a genus of carnivorous plants. The plant uses its pitchers to trap
insects like ants, flies or small vertebrates and decompose them in a digestive fluid. Potential prey is attracted by
scents and fall into the traps, where they cannot escape due to the slippery side walls. The inside of the pitchers
is covered by waxy films to protect the traps and resulting in a smooth and slippery surface. The trapped insects
have a weight ranging from approx. 0.1 mg to 100 mg featuring therefore vertical adhesive forces of approx. 0.05
to 10 mN [1]. Thus very small forces have to be applied when investigating the pitchers surface properties.
To investigate the pitchers surface nano-scratch studies were performed applying a Bruker (formerly Hysitron)
TI950 TriboIndenter. For the nano-scratch tests a spherical diamond cone tip with a radius of 300 nm was utilized.
While the tip was moved over the surface with increasing load the coefficient of friction was recorded. As final load
50 µN, 100 µN and 200 µN were applied to the tip. Before and after the scratch tests scanning probe microscopic
images were taken to investigate the pitchers surface topography. The results showed a very smooth surface with
low coefficient of friction during the nano-scratch tests.
[1] M. Scherge, S. Gorb: Biological Micro- and Nanotribology, Nature’s Solutions, Springer-Verlag Berlin Heidelberg, 2001

15.

“In-situ micromechanical testing of Nickel specimens charged by an Ar-H2 plasma”

D. Perius1,*, P. Grünewald1, C. Motz1
1. Saarland University, Institute of Material Science and Methods, Saarbrücken, Germany
*d.perius@matsci.uni-saarland.de
For the long-lasting research topic of hydrogen embrittlement, the question about the charging conditions
plays a significant role. Is the sample charged with hydrogen and how can one carry out mechanical testing of
such charged sample without outgassing? In-situ testing of samples in SEM and TEM using hydrogen gas were
conducted in the past, while in recent literature the investigation of plasma charged macroscopic specimens
were carried out in an environmental-SEM. To extend this principle to the micro scale, we conducted multiple
micromechanical experiments on pillars and micro bending beams. The biggest hurdle is checking whether the
specimens are charged with hydrogen, wherefore the focus has been laid on the charging methodology. The
charged specimens were then tested regarding their elastic and plastic mechanical behavior.
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16.

“Influence of nanoindentation location for nanomechanical characterization on
silicon micropillar arrays”

Prabowo Puranto1,3,4,*, Wilson Ombati Nyangau1, Gerry Hamdana1,2, Jan Thiesler3,
Hutomo Suryo Wasisto1,2, Zhi Li3, Erwin Peiner1,2, Uwe Brand3
1.
2.
3.
4.

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

*prabowo.puranto@ptb.de
Semiconductor microstructures created in 3D such as micropillars, microwires, and microrods are widely
employed in sensing of physical properties (e.g., humidity, mass, vibration, and force) due to their increased
area surface-to-volume ratio. These sensors are often fabricated by top-down and/or bottom-up approaches, and
always yield different precision levels. It is therefore important to characterize the micromechanical properties
of these sensors using standard methods. Using nanoindentation, for instance, mechanical properties like
stiffness (S), hardness (H) and Young’s modulus (E) can most reliably be measured and evaluated. However,
several error sources and uncertainties during nanoindentation measurements may be pronounced including
pile-up, indentation size effect, drift, and surface forces. Moreover, for micropillar nanoindentation, material
compressibility has been identified as an additional source of uncertainty [1]. The current further study considers
the eccentric indentation of a silicon micropillar as an additional uncertainty contribution. To investigate the latter,
various indentations with depth control were equidistantly applied from the center of a 1.6 μm sized Si pillar,
which result in indentation trend.
[1] G. Hamdana, P. Puranto, J. Langfahl-Klabes, Z. Li, F. Pohlenz, M. Xu, T. Granz, M. Bertke, H.S. Wasisto, U. Brand,
E. Peiner (2018) Nanoindentation of crystalline silicon pillars fabricated by soft UV nanoimprint lithography
and cryogenic deep reactive ion etching. Sensors and Actuators A: Physical 283, 65-78.
https://doi.org/10.1016/j.sna.2018.09.035.

17.

“Effect of precipitate on basal slip and {0112} tension twinning in AZ91 micro-pillars”

Shanshan Si1,*, Ian Jones1, Yu-Lung Chiu1
1. School of Metallurgy and Materials, University of Birmingham, Edgbaston, Birmingham, B15 2TT, UK
*SXS1278@student.bham.ac.uk
Precipitation hardening response in magnesium alloys is influenced by the precipitate orientation, size and
inter-particle spacing. To provide an insight into the quantitative relationship between the hardening effect and
precipitate microstructures, AZ91 magnesium alloy was selected as a model system in the present study. Micropillars compression tests were performed using a Picoindenter system on both solution-treated and aged AZ91
alloys along [51059] and [1010] which activates the basal slip and {0112} twinning, respectively. The basal slip
shows little difference between the solution-treated and aged samples. The twinning in the aged samples requires
a higher yielding stress and is associated with more smaller strain bursts than those in the solution-treated
samples. EBSD and TEM microstructural analyses of the deformed samples show that the higher strengthen
during the twining in the aged samples is likely caused by the precipitate rotation and the profuse stacking faults
in the twin. Precipitates has been found to promote the nucleation but not growth of {0112} twinning.
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18.

“Modeling cold sintering processes via deformation of a single crystal
using nanoindentation”

Craig J. Williams1,*, Lucy Donora1, Andrew J. Forrest1, Benjamin Gabriel2, Brian Derby1
1. Nanomechanical Characterisation Laboratory, University of Manchester, Manchester, United Kingdom
2. CEAS, University of Manchester, Manchester United Kingdom
*craig.williams@manchester.ac.uk
Recently there have been a number of reports on sintering ceramics at room temperature in the presence
of a liquid phase under considerable pressure. The mechanism is believed to be associated with enhanced
dissolution of material when under high pressure, sometimes called pressure solution. A similarity with similar
processes in rock deformation or even the behaviour of damp sugar offers a model material with which to
investigate the process.
He we use common NaCl and Mannitol crystals with the Hysitron TI 950 Triboindenter as a possible model of the
cold sintering process. We use a 20μm conical tip and large single crystals to perform dissolution experiments
in dry, super saturated solvent and anti-solvent conditions. The experiments were set up using 2 hour nanoDMA
reference creep tests to observe the behaviour of the crystals when subjected to high pressure.
We have shown that the crystals behave differently, with significantly increased creep for the super saturated
solvent (using the same experimental parameters) and conclude the technique may be useful in future cold
sintering process investigations.

19.

“Micro-mechanical behavior of nanoporous gold with and without an
electrochemical environment”

Yijuan Wu1,*, Jürgen Markmann1,2, Erica Thea Lilleodden1,3
1. Institute of Materials Research, Helmholtz-Zentrum Geesthacht, Geesthacht, Germany
2. Institute of Materials Research and Technology, Hamburg University of Technology, Hamburg, Germany
3. Institute of Advanced Ceramics, Hamburg University of Technology, Hamburg, Germany
*Yijuan.wu@hzg.de
In situ micro-compression testing of nanoporous gold (NPG) was carried out in order to investigate the coupled
effects of electrochemistry and the size ratio of pillar diameter to average ligament diameter. Micro-pillars of
NPG with varying size ratios were produced by focused ion beam milling, and then mechanically tested with
and without immersion in an electrolyte using a nanoindenter equipped with a flat punch. A critical size ratio
was determined at which the test structure can be considered a representative volume of material resulting in
uniform deformation and reproducible stress-strain behavior. Using a novel loading profile, the contribution to
the displacement due to the actuation could be decoupled from the compression-induced deformation. Electrochemo-mechanical coupling measurements showed that the strength of pillars increased considerably when
surface adsorption occurred, i.e. under positive applied potential, and the stress response to potential jumps was
found to be fast and reversible.
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Practical Information
Conference & Bruker Hysitron User Meeting Venue
Technical University of Berlin
Straße des 17. Juni 135
10623 Berlin
Deutschland
Conference Banquet Dinner
Australian Restaurant
Conference Webpage
https://www.bruker.com/events/2018/nanobruecken
Host/Sponsor Website
Technical University of Berlin: https://www.tu-berlin.de
Bruker: https://www.bruker.com
Oral Presentation Guidelines
The workshop prefers that you use your own laptop computer. However, bringing a backup of your
presentation file on a memory stick is recommended.
Student Talks are 12 minutes in length, with an additional 3 minutes for discussion.
Contributed Talks are 15 minutes in length, with an additional 5 minutes for discussion.
Invited Talks are 25 minutes 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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SEM Precourse at Bruker Nano GmbH
Tuesday, February 19th | 9:00 to 12:00
How does microstructure relate to mechanical properties?
A workshop on quantifying microstructure. Presentation and live demonstration.

SEM Precourse Venue
Bruker Nano GmbH, Am Studio 2D, Berlin – Aldershof
Close to Local Train Station „Adlershof“ – S9

Limited number of participants / bus transfer to Nanobrücken venue.
Contact Davor Krusevljanin (davor.krusevljanin@bruker.com) to reserve your space.
Local Organization: Laurie Palasse, Andrea Thoene, Rüdiger Hack, Alexandra Wirth

Topics
1.

From the mm to the atomic scale, X-ray spectroscopy for analytical electron microscopes
M. Falke, A. Käppel

2. QUANTAX EBSD solution for advanced materials characterization
L. Palasse, D. Goran
3. In-situ SEM nanomechanics
S. Bhowmick
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