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Resune

L'adaptation des surfaces pour des fonctions préedétgesi par le choix des matériaux métalli-
qgues ou des couches minces ayant des propriétés méearagancées peut potentiellement
permettre de réaliser des nouvelles applications agsetithelles. Concevoir de telles applica-
tions utilisant des nouveaux matériaux nécessite eniprdi@u la connaissance des propriétés
mécaniques des matériaux ciblés a I'échelle micrpgpee et nanoscopique. Une méthode sou-
vent appliquée pour caractériser les matériaux agseéichelles est la nanoindentation, qui peut
étre vue comme une mesure de dureté a I'échelle naniogeop

Ce travail présente une contribution relative a l'intétption des résultats de la nanoindenta-
tion, qui fait intervenir un grand nombre de phénomenessjgfues couplés a 'aide de simu-
lations numériques. A cette fin une approche interdistiile, adaptée aux phénomenes appa-
raissant a petites échelles, et située a I'intersedrdre la physique, la mécanique et la science
des matériaux a été utilisée. Des modeles numéridada nanoindentation ont été congus a
I'échelle atomique (modéele discret) et a I'eéchelle debeux continus (méthode des élements
finis), pour étudier le comportement du nickel pur. Ce matéa été choisi pour ses propriétés
mécaniques avancées, sa résistance a l'usure et ssohipatibilité, qui peuvent permettre des
applications futures intéressantes a I'échelle namiscie, particulierement dans le domaine
biomédical. Des méthodes avancées de mécanique die soit été utilisées pour prendre en
compte les grandes déformations locales du matériadgp@mulation corotationelle), et pour
décrire les conditions de contact qui évoluent au coursadealyse dans le modele a I'echelle
des milieux continus (traitement des conditions de coniattatérales et tangentielles par une
forme de Lagrangien augmenté).

L'application des modeles numériques a permis de cargrib I'identification des phénomenes
qui gouvernent la nanoindentation du nickel pur. Le conmgroent viscoplastique du nickel
pur pendant nanoindentation a été identifié dans urageé&xpérimentale—numeérique couplée,
et I'effet cumulatif de la rugosité et du frottement sur laprsion des résultats de la nanoin-
dentation a été montré par une étude numérique (dentésultats sont en accord avec des
tendances expérimentales). Par ailleurs, I'utilisatderf’outil numérique pour une autre appli-
cation a petites échelles, la manipulation des objets@atact, a contribué a la compréhension
de la variation de I'adhésion électrostatique pendastomanipulation. La déformation plas-
tique des aspérités de surface sur le bras de manipulatearickel pur) a été identifiee comme
une source potentielle d’augmentation importante de adin pendant la micromanipulation,
qui peut potentiellement causer des problemes de rel@cte précision de positionnement,
observés expérimentalement.

Les résultats présentés dans cette these montrentegusimulations numériques basées sur



la physique du probleme traité peuvent expliquer desaerogls expérimentales et contribuer
a la compréhension et l'interprétation d’essais coumamt utilisé pour la caractérisation aux
petites échelles. Le travail réalisé dans cette th@ésecsit dans un projet de recherche appelé
‘mini—micro—nano’ (nun), financé par la Communauté Francaise de Belgique darzlie de

‘I'Action de Recherche Concertée’, convention 04/09-310



Abstract

The adaptation of surfaces for specific functions by the @iseetallic materials and thin films
with advanced mechanical properties can potentially leadavel applications on the small
scales. The conception of nanoscale devices taking adyaatanew materials requires the
characterization of these materials on the micro— and mates in the first place. One of the
frequently used methods of material characterization oallsseales is the nanoindentation,
being conceptually a nanoscale hardness measurement.

This thesis presents a contribution to the interpretatiomamoindentation results, involving a
large number of coupled phenomena by using numerical sttook For this purpose an in-
terdisciplinary approach was chosen, adapted to smak sf@nomena combining concepts
from physics, mechanics and material science. Numericdletsavere developed to study the
behavior of pure nickel on the atomic scale (discrete dpsori), and on the scale of continuum
mechanics (finite element method). This material was chtigats advanced mechanical and
wear properties coupled to bio—compatibility, which caadéeo interesting future applications
particularly in the biomedical field. Advanced methods olicanechanics were applied to
consider the local finite deformation applied to the matétiaing a corotational formulation)
and to take contact conditions into account in the finite elehmodel (using an augmented
Lagrangian treatment of normal and tangential contact).

The application of the numerical models contributed to tentification of the physics govern-
ing the nanoindentation. The rate—dependent plastic li@hafvpure nickel in nanoindentation
was identified in a coupled experimental-numerical studg,the cumulative effect of surface
roughness and friction on the dispersion of nanoindentiatsults was shown through a nu-
merical study (with results in good agreement with expenitaktrends). The continuum scale
numerical tool was used to model a different application malsscales, the manipulation of
objects by contact. The plastic flattening of the surfaceasgs of the microgripper (made of
pure nickel) was identified in a numerical study as sourcendhgortant increase of contact
adhesion during micromanipulation, which can potentigdlult in release and accuracy issues,
also observed experimentally.

The results of this thesis show that physically—based nigalesimulations yield results that
can potentially explain experimental trends and conteahliotthe better understanding of the
nanoscale world. The research work presented in this thadishe related results contribute to
a research project entitled ‘mini—-micro—nanein) with the financial support of ‘Action de
Recherche Concertée’ convention 04/09-310 sponsordueyrench—speaking Community of

Belgium.
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Chapter 1

Introduction

1.1 Motivation of the study

This thesis aims at giving a contribution to the understagaif the behavior of surfaces on the
micro— and nanoscale via numerical simulations.

The research work presented in this thesis and the relaatiseontribute to a research project
entitled ‘mini-micro—nano’{:un) with the financial support of an ‘Action de Recherche Con-
certée’ convention 04/09-310 sponsored by the Frenclakapg Community of Belgium. This
part of the project spanned for 4 years including the primeailye of the present work, leading
to both fundamental and applied research tasks (design oppeg on the microscale). This
project involved three departments of the Université &ide Bruxelles (ULB), responsible for
the experimental tasks (Chemicals and Materials Depe)ntlmerical modeling related to the
understanding of material behavior on the small scales {{BB&pt.) and the design of po-
tential future applications (Beams Dept.) exploiting tloelamulated experience. This thesis
constitutes a part of the second contribution. For moreildetanformation on the objectives
and organization of thevun project the reader can consult [ARC(04/09-310) 2003].

The physics on small scales is different from the macrossalare familiar with and involves
more complex phenomena. For their understanding, andaemsg their complexity, numeri-
cal models can be very helpful.

As an example, the main issues of the manipulation of objegtsontact on small scales in
the high—precision industry and in medical applicatiorsratated to releasing them (in micro—
handling tasks under a microscope, pick, hold and placeatipes of micro—components or
in assembly operations of micro—mechanisms) disturbieg t#tcurate spacing [Carpieik al.
2001, 2002]. Release problems stem from the adhesion betive®bject and the gripper arm
and its potential increase during the gripping and mantmgarocedure. Identifying the key

physical phenomena governing the experiments on smaése# numerical simulations can
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Figure 1.1: Highlighted items of the chart correspond todbetribution of this thesis to the
research tasks of theun project [ARC(04/09-310) 2003].

for example substantially contribute to the identificatofthe parameters of an applicable ma-

terial.

In micro—electro—mechanical system (MEMS) application®lving moving parts, improved
mechanical properties and wear resistance of the matersald to produce components can
result in significant improvements of the performance anidbity of these microscale de-
vices. The frequently used base material, silicon, has naalvgntages in hano—fabrication
(considering the vast experience with this material in fiakl), but its mechanical properties
cannot be fitted for all demands. A recent field of intereshesuse of metallic materials in
MEMS applications for their advanced mechanical and weapgies compared to silicon.
Particularly the use of pure nickel and pure titanium baséenas on the nanoscale results
in significant additional advantages considering thei-bamnpatibility, which can potentially
lead to a broadening of the domain of application of MEMS t@mal and biomedical appli-
cations.

The use of novel materials and advanced single—or mulgérlayaterial systems for adapting
the surface properties for a given function first impliesrelsterizing their mechanical prop-
erties. This allows to identify their strengths and weakesdor future applications. One of
the frequently used methods for material testing on smallesc/Andréet al. 2007; Laconte
et al. 2004], particularly adapted for the characterization @ fhim mechanical properties, is
the nanoindentation [Baker 2001]. Nanoindentation candmsidered conceptually as a hard-

ness test made on the small scale, i.e. a hard indenter witedefned geometry is pushed
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in the sample material. Contrary to the traditional hardmasasurements, the applied load—
indenter displacement curves (or shortly ‘load—displaeeiturves’) are continuously mon-
itored in nanoindentation. The load—displacement curvescansidered to be the response
of the material and are the basis of analytical post—treatmethods (using a number of as-
sumptions), which aim at the identification of material prdpes of the sample, usually the
elastic modulus. However, since a large number of spuriodscaupled contributions (e.qg.
sample surface roughness and friction, effect of the satestetc.) can intervene in the load—
displacement curves and considering the complex physittgeafiano—hardness measurement,
numerical models can give additional insight into the pbysivolved. They can help in assess-
ing the correctness of the underlying assumptions of theqpesitment methods and contribute
to the identification of the main sources of dispersion inanagentation results and to the in-

terpretation of experimentally observed trends.

In summary, the use of specific metallic materials (pure eli@d pure titanium) and sur-
face functionalization on the micro—and nanoscale by th@iedion of thin films, can lead
to interesting applications, particularly in the biomedifield. Numerical models can poten-
tially contribute to the understanding of the behavior &S materials on small scales. Since
the overall material behavior is the convolution of physitsmming from different scales, and
even though it is not purposed to investigate all the scalesterest, different types of nu-
merical models were set up on different scales, to invegtitiee various contributions to the
material behavior. As a result, the approach to solve tizeélproblems uses advanced numer-
ical methods, and somehow involves interdisciplinary atgpbetween physics, mechanics and

material science.

1.2 Outline of the thesis

The plan of the thesis is as follows. First, to set the scdr@experimental material testing pro-
cedure considered here, i.e. the nanoindentation andlt#iedessues, are presented in Chapter
2. This chapter explains in more detail how the convolutibthe effects of different mate-
rial behaviors and sources of scattering may result in ateancelationship between material
properties and the load—displacement curve, leading touseambiguities in the interpretation
of nanoindentation data. This is the reason why the cortabwf numerical models to the
understanding and interpretation of nanoindentationt®suay be of importance.

In Chapter 3, the objectives and the related applicatiomuoferical methods of nanoindenta-
tion on different scales are presented. An atomic level migalemodel of nanoindentation was
set up to investigate the physics at the nanoscale. Thisatisesumerical model, has the prime

advantage of identifying trends related to the variatioplofsical parameters. The atomic scale
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numerical model and the issued results are presented il88ct. The main drawback of such
small scale discrete numerical models is the lack of possiibect quantitative correlation with
experimental results. For a direct qualitative and quatig comparison with experimental
results a continuum scale numerical model, using the fihd@ment method was developed.

In Chapter 4 the necessary numerical developments; addmgat constraints and nonlinear
material behavior in a finite deformation description on¢batinuum scale are presented and
discussed.

Chapter 5 illustrates the applications of this continuualesaumerical model to the problem of
nanoindentation (Section 5.1 to Section 5.4) and to micropudation (Section 5.5). Section
5.1 constitutes a preliminary numerical study investiggtihe influence of some indentation
parameters on nanoindentation results of pure nickelgusirate—independent material model
(i.e. the material behavior is independent from the rateti@irs). An interesting feature of
the developed continuum scale model is the possibility ofractlcomparison with experi-
ments, which is exploited in Section 5.2, considering rdéggendent material effects in conical
nanoindentation of pure nickel. The objective of SectioB i5.the numerical evaluation of
the dispersion in nanoindentation results of pure nickel thuthe effect of sample surface
roughness and friction on the contact interface in realistiientation conditions. Section 5.4
discusses the performance of two experimental post—tezdtmethods (implemented in a nu-
merical post—treatment tool) in the varying numerical maé&on configurations considered in
Chapter 5 (different material properties and behaviotuiog surface roughness and friction).
The attention is then shifted to the problem of micromaragiah in Section 5.5, aiming for a
better understanding of the adhesive electrostatic sff@etl their variation due to the plastic
deformation of surface roughness in the gripper—manipdlabject contact. Finally, the con-
clusions are made on the research work discussed in this theShapter 6, together with the

outlook and the further developments it implies.

1.3 Main contributions of the thesis

The contributions of this thesis can be divided in two grougpe development of numerical

models, and their application to the considered nanoscaldgms, contributing to the under-

standing of phenomena on small scales.

Nanoindentation modeling is addressed on two scales irthibiss: an atomic scale discrete
model (Section 3.1), and a continuum scale model using tite Blement method (Chapter 4)
were developed using advanced numerical techniques. Hwaspare taken in the choice of
the numerical ingredients allowed coupling experimental aumerical studies on the contin-
uum scale.

Applying the developed numerical models lead to the follayunain results.
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It is shown in a coupled experimental-numerical investigethat considering the rate—depen-
dent plastic behavior of pure nickel in conical nanoindBatais a physically—based need (Sec-
tion 5.2). All of the experimentally observed trends argodpced in the numerical simulations
using a simple rate—dependent plastic material behavith, avmaterial parameter set in the
physically sound domain for metals.

It is shown, using a numerical model, that the effect of ibictand of surface roughness on
the dispersion of nanoindentation raw and post-treatedtsesre cumulative, i.e. considering
friction on a rough surface increases the scattering (@@&i3). The resulting dispersion is
found to be sufficiently high, so that it could be wrongly mested as variations in the elastic
properties of the material.

It is shown through a two—scale mechanical model set up oedh&nuum scale, coupled to

electrostatic simulations that the flattening of the swafasperities during micromanipulation
gives rise to a significant increase of the contact adhe8ent{on 5.5). The magnifying fac-

tor of the adhesive electrostatic forces due to the plagiorchation of the surface asperities
is evaluated and it is found to give a contribution to the difiy to release objects when the

squeezing manipulation force is released.



Chapter 2

Material property measurement by

nanoindentation

Among the prime goals of the project, the characterizatidsutk materials and coatings by
nanoindentation is the focus of this chapter of the thedig Manoindentation experimental
procedure and two methods used to derive an elastic modwosthe load—displacement
data are presented first. Then, some frequent sources tdrogitin nanoindentation, and
the resulting ambiguities related to the difficulty of theedevolution of the potential con-

tributions to the indentation response are discussed.

The relative movement on the contact interface of nanosiealiees induces friction and wear in
the contacting material pair, which can have disturbinga#. Applying suitable surface coat-
ings on the substrate material can deliver substantialawgments considering performance
and reliability, and broaden the field of application to thenhedical field. The use of pure
nickel and pure titanium materials and metallic substrate thin film coatings forming poten-
tially bio—compatible systems is of high interest, congiagtheir interesting mechanical and
wear properties compared to the widely used silicon.

Surface engineering requires in first instance measuriagrichanical properties of the sub-
strate material and of the coatings. The success of smad# sgglications depends among
others on the solution of materials issues, such as medigmaperties associated with the
design and fabrication. The remarkably small thicknes$ésendeposited film layers which
can be as thin as a few nanometers severely restricts theechbapplicable mechanical char-
acterization methods. This implies that the measuring@qgant itself has to be adapted to the
nanoscale, which leads to one of the frequently used naleostaerial testing methods, the
nanoindentation measuring procedure.

A great deal of effort has been directed towards the devetopmf techniques for character-

izing the mechanical properties of small volumes of makefiasting methods on small scales



Nanoindentation experiment 2.1 Experimental conditions

concurrent to nanoindentation can be found in Aretrél. [2007]; Laconteet al. [2004]. The
principle of the nanoindentation experiment is similarite micro—hardness measurement but
in contrast to traditional hardness testers, the nanotatien system allows the application of
a specified force (on the order of micronewtons) or displaa@n{on the order of nanometers)
to obtain a load—displacement curve. This continuouslgneed load—displacement curve is
considered to be the mechanical fingerprint of the mateesphonse to the deformation, and
it is used to determine usually the elastic modulus of thepdamaterial via analytical post—
treatment methods involving a number of simplifying asstioms. Nanoindentation is mainly
used for its advantage to allow a local measurement of nahigroperties of bulk materials,
substrates coated with thin films and multi-layer sandvadiesctly, in working conditions.
As opposed to most alternative testing methods, in nanatatien the actual complete system
(substrate and thin film layers) is the subject of the measen¢ without changing its integrity
for the purpose of the measurement (by removing the substrat pre—-measure etching step
to test the coating, for example). Moreover, since in ré@-dpplications the material work-
ing conditions involve contact loading, the number of agstioms made for the prediction of
the performance of a material system by nanoindentatiangusmilar loading conditions) is
kept to a possible minimum. Respecting the complex streds@ain state resulting from con-
tact loading may be of importance in thin film delaminatior dracture studies for example
[Abdul-Baqgi 2002; Gengt al. 2007; Latellaet al. 2007; van den Bosch 2007].

2.1 Nanoindentation, equipment and experimental conditins

The nanoindentation experiments of the research proje@ performed using a Hysitron Tri-
boindenter [Hysitron 2008]. The indentation equipmentsisis of a frame on which the in-
denter actuator, the thermally isolated indentation clean(ilised because nanoindentation due
to its high accuracy is sensible to thermal gradients), kacdample holding plate are attached
(Fig.2.1). For a more detailed information on nanoindeaigtthe reader is referred to [Baker
2001]. The indenter tips are exchangeable, and can haeeattfstandard geometries (axisym-
metric or sharp—edged), and they are usually made of diam®dhd choice of the diamond,
being the hardest natural material is necessary to enfdm& tp deformation for the sake of
accuracy [Jeong & Lee 2005], and reproducibility of the expents. It has to be emphasized,
that the actual tip geometry is usually not known in detaibrbbver with an increasing number
of indentations a cumulative irreversible deformationred indenter tip is usually observed. It
can be evaluated by adequate imaging techniques, as shd@etiion 5.2, but it is far form
being a common practice, since it is extremely time—consgmi

In coupled experimental-numerical studies a conical iteferan be used for the sake of consis-

tency between the experimental conditions and the numeniadel having an axial symmetry,
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Figure 2.1: Schema of the nanoindentation equipment.

and thus avoiding 3D modeling. However, due to accuracyessuthe fabrication of spherical—
capped conical indenter tips, the agreement between thelastd the nominal radius of.2n
seems to be in some regions approximate (Fig.2.2). The mftuef this inaccuracy is studied
in Section 5.1. Potential tip misalignment may also be a@®of error, however for conical
shaped indenters, its influence is rather small, at leasiragds the indentation depth does not
exceed the height of the spherical cap [Pellettesl. 2007].

HESNERY A UE INTG SLOW PHOT

Figure 2.2: The accuracy of the fabrication of the indenfes tannot guarantee in all cases a
constant radius of curvature of the i) > R,, SEM image presented in Tam [2006].

Important experimental parameters are determined by tinglsapreparation procedure, hav-
ing the goal to approach as much as possible the ideal nasmdsitbn configuration, i.e. to
reduce surface roughness, to decrease the effect of oyeiesland impurities, to remove work—
hardened layers, to relieve residual stresses and to deaneavanted anisotropy.

8
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Spurious effects related to the sample surface roughnesanaindentation can have a high
influence in many practical configurations. This problemddrassed in Section 5.3. Surface
roughness effects are especially important in the smadintetion depth regime [Berke & Mas-
sart 2006; Bouzakist al. 2001; Wanget al. 2007b; Warren & Guo 2006; Yat al. 2004].
Note that with special care in the sample preparation pragedsed on pure nickel and pure
titanium bulk materials, the arithmetic roughness valu¢hef sample surfaces could be kept
to a few nanometers only. This satisfying consistency betwbe experiments and idealized
numerical conditions allowed performing the coupled ekpental-numerical study in Section
5.2. In practice however, the surface roughness of thin fibas reach average values of 30—
40nm [Barshilia & Rajam 2002; de Souz al. 2005, 2006; Fangt al. 2007; Kumaret al.
2006] which become comparable to the imposed indentatipthdémited by the film thick-
ness. In extreme cases the influence of surface roughnedgaakip high dispersion, resulting

in difficulties in exploiting and interpreting nanoindetita results.

The actual nanoindentation set of the tested material tepled by aalibration stepin which
the potentially varying testing procedure—related expental parameters are evaluated, such
as: the approximation of the actual indenter geometry f&@a dunction), the evaluation of the
indenter frame stiffness (frame compliance) and spuriadenter displacement due to ther-
mal gradients in the indentation chamber (thermal drifQ)r & detailed presentation of these
standard notions the reader can consult [Tam 2006; Trig2@b%]. In this step a reference in-
dentation in a material with known properties, usually tigeartz is performed. The resulting
load—displacement curves are used as a reference in thengastnent methods.
Nanoindentation follows a predefined loading sequenceeawerapplied force is specified as a
function of time. Generally three parts of the loading sempeeare distinguished (Fig.2.3): the
loading period where the applied force is increased untdakpvalue, the holding period where
for a prescribed amount of time this peak load is maintaiaed, finally the unloading period
where the applied force is decreased gradually to zero. dtue flevels are increased once
the indenter—sample contact is established. The first stdpad increment, made to establish
contact between the sample surface and the indenter tiggauson—zero initial penetration,
and therefore results in a threshold in both force level amtmtation depth with a relative
influence being the most pronounced in small indentatiotldephe maximum value of the
applicable peak load is a characteristic for the nanoiratem equipment, and was fixed to be
under 10nN. The minimum value of the peak load is determined, deperalirihe indenter tip
and the sample material to obtain meaningful results, demnsig that the scattering in nanoin-
dentation results is the highest in small indentation defthe indenter speed usually varies
between some tens afin/s to someum/s in the experiment. The duration of the holding

period is limited by increasing effects of thermal driftdenter displacement due to spurious
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thermal gradients). Usually a large number of indentat{bogsdreds) are performed in one set,

which is a need to reach a stable average in nanoindent&arzpkis & Michailidis 2004].
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Figure 2.3: Load—displacement curve portions correspantb the loading, holding and un-
loading periods. The plotted experimental load—displaa@naurve is of pure nickel, with a
5s—10s—5s loading, holding and unloading time, respectively at 9000peak load in conical

nanoindentation [Tam 2006].

2.2 Post—treatment of nanoindentation data — numerical tolo

The Young's modulus of the sample can be extracted from naeaitation data with various
post—treatment procedures. Note that material paramel¢asned from nanoindentation are
relative values compared to a reference value associatie imdentation of a material with
known properties, measured in the calibration step of theements [Baker 1997; Fischer-
Cripps 2006].

Two frequently used post—treatment methods for nanoimadientdata were considered in this
work: a method proposed by Oliver and Pharr [Oliver & Pha82]&nd another proposed in Ni
et al. [2004], both having the goal to identify the elastic modwdusl the nano—hardness of the
tested material (more details concerning these methodg\ame in the corresponding section of
the Appendix). The nano—hardness of a material is not amantrmaterial property, since itis

max

usually defined as the ratio of the peak load and the projextethct aredd,,,., = and

cont’
. : : S proj
thus depends on the elastic and plastic behavior of the rav& F,,,, and on the deformed
contact geometry viaﬂ;‘;’;}. Hence, the focus in this work was rather set on the postetliea
elastic modulus, considered as an intrinsic material ptgpe

The above experimentally applied methods are usually builinctions within the measuring

10
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equipment. They were implemented in a numerical tool sucto adlow the post—treatment
of raw experimental indentation data, as well as data isfnoed numerical simulations in a
similar manner as in the experiments. The post—treatmehaims for a large flexibility and
interactivity so that the user can intervene, and adjustesotierwise unaccessible parameters
of the post—treatment methods considered here; and allaesving step—by—step the proce-
dure. Applying experimental post—treatment methods toerigal indentation data allowed to
study the influence of various parameters of indentatioronbt on raw nanoindentation data
but also on the value of the post—treated elastic modulust@afocus on the practical implica-
tions of the work.

Different post—treatment methods potentially show défémperformance in predicting the elas-
tic modulus of the tested material, which raises the quesifovhich method should be pre-
ferred in which conditions. Section 5.4 aims at providingaswer to this question by a
discussion on the performance of the two considered pesttrtrent methods based on the in-
dentation configurations considered in Sections 5.1 toveitB {/arying material properties and

behavior, surface roughness and friction).

The common simplifying assumptions of both post-treatmesthods are:
¢ flat and smooth sample contact surface,
o frictionless contact between the indenter tip and the sampl

e the behavior of the indenter—sample contact in the unl@pperiod is elastic and rate—
independent. This means that potential viscoelastictsff@heng & Cheng 2005; Ovaert
et al. 2003; Zhanget al. 2008] are not taken into account,

¢ the values of the Poisson’s ratio of both the samplg,,;.. and the indenter material,,,

are known, or approximated.

The first post—treatment method considered here is the mdstyspread method, proposed
by Oliver and Pharr [Oliver & Pharr 1992], used for its sinefily and its broad range of ap-
plication. This method is based on the assumption of pudelstie unloading of the indenter—
sample frictionless contact. It only uses the unloadingrsag of the load—displacement curve
of nanoindentation to compute the contact stiffness fahmrprocessing. Along with this sim-
plicity, it requires the knowledge of a geometrical quantialled contact depth,. defined on
an actual deformed contact configuration, which itself dejseon potential pile—up or sink—in
phenomena (Fig.2.4). The contact depth is evaluated fremntximum indentation depth,...

by making simplifying assumptions. Note that a significamprovement for the approximation
of h. could result from the measurement of the experimental inpiegfile, which can further-

more give additional information about the deformationgadure during indentation [Bolzon

11
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Figure 2.4: Definition of the contact depth used in the Oliver and Pharr post—treatment
method. The influence of potential sink—in and pile—up phesma om:,. can become signifi-

cant in nanoindentation experiments.

et al. 2004; Nagyet al. 2006]. However, it is a complex and time consuming procedame
thereby it is rarely performed systematically after nadeimtation tests.

Post—treatment methods are also sources of nanoindensatatiering due to their assumptions
and approximations which are not always applicable praltyic One of the main sources of
dispersion recognized in the literature is related to thr@pmation of the deformed shape of
the indenter imprint and thereby the valuehpfHabbabet al. 2006; Taljat & Pharr 2004].

The second post—treatment method, proposed by Ni et al.efdi. 2004] has the goal to
overcome the main drawback of the Oliver and Pharr methedthe evaluation of the contact
depth, and thereby increase the accuracy of the predictitimei case of spherical nanoinden-
tation. This post—treatment method is based on trendsrdeted by numerical simulations of
nanoindentation using the finite element method. The assonspof the numerical work of

this post—treatment method in addition to the common assangpare:
¢ the indenter tip geometry is spherical,
e the material is elastic—plastic with isotropic power lawdening,
e the behavior of the material is rate—independent.

Based on the numerical results, Ni et al. defined non—dimaasfunctions of the indentation
problem in terms of the contact stiffness, the total wdrk and the elastic work of indenta-
tion IW,, corresponding to the area under the loading and the umgaxbrtions of the load—
displacement curve respectively. These functions are fmeithe evaluation of the Young's
modulus of the tested material. The corresponding drawlsattiat this method is more sen-

sitive to changes in any portion of the curve and to the vianatin the load levels affecting

12
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directly the integrated work quantities.

Finally, for the sake of a more complete overview, energgeldanethods [Beegaat al. 2005;
Kusano & Hutchings 2003] have to be mentioned, that use #itisritype of methodology to
evaluate more advanced material properties, such as@flsti data [Cao & Lu 2004; Gi-
annakopoulos & Suresh 1999; M# al. 2003; Zhaoet al. 2006]. The identification of the
plastic material parameters from nanoindentation datansasonsidered in this work. For
more detailed information on the performance of frequeapplied post—-treatment methods
of nanoindentation and for a detailed description of the-gosatment methods used here the
reader is referred to [Beegaat al. 2005; Kusano & Hutchings 2003] and [Nt al. 2004;
Oliver & Pharr 1992], respectively.

2.3 Nanoindentation results and sources of dispersion

The result of a nanoindentation experiment is the load+akgment curve, being considered as
the sample material response to indentation. Usually aéivela accurate set of nanoindenta-
tions presents a scattering of around 10-20% in the loagtadiement curves. This dispersion
stems from various sources, among which some listed in th@yviog frequently add to the

ones already discussed before (related to the machineursays the tip geometry, the sample

preparation).

Pop—ins are sudden displacement bursts observed duritaattiag period, as shownin Fig.2.5.
They are characteristic in &t depth for conical indentations in pure nickel with the intden
of 2um radius of curvature. Pop-ins are usually explained in ttezdiure by sudden dis-
location nucleations [Fujikanet al. 2008; Zong & Soboyejo 2004]. Even though pop-ins
occur usually in small indentation depths, the load—disgri@ent curves can be strongly altered
by this phenomenon, consequently giving questionableindeatation results. Note that the
post—treatment method of Oliver and Phatrr is less senddiy®p—ins, since since it is based
on the unloading period of the load—displacement curve.

The residual imprint on the sample surface after nanoiradiemtis on the order of a micrometer
of diameter when considering high force levelsy®) and a blunt indenter type with a conical
geometry (with a nominal radius of curvature ¢fi2) leaving a relatively large imprint. In the
case of annealed pure nickel for example, the average gearosthe nickel sample was two
orders of magnitude larger than the imprint size. As a camsece nanoindentations could be
performed in crystalline materials in the middle of the gsdio avoid grain boundaries, regions
that show a potentially different material behavior thaamitinaterial inside the grain [Aifantis &

Ngan 2007; Liaret al. 2007]. Note that the grain material properties are aimedhftine case

13
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Figure 2.5: Pop—ins for nanoindentations of pure nickelCi®2 N peak load with a conical
indenter of 2sm nominal tip radius [Tam 2006].

of large grained crystalline materials, since their betiaids dominant in the overall material
response. Practically, however this is not always feasdiee this implies localizing the grain
boundaries using a time—consuming pre—measure surfane #stdhe case of small grained
or nanocrystalline materials, one can hardly proceed mrttanner anymore, since the size of
the grains can be on the same order of magnitude, or smadlerttie nanoindentation imprint
size. Particularly for nanocrystalline materials the éaxgplume fraction of grain boundaries
is the deliberate result of material processing, resuitirgdvanced plastic properties [Delincé
et al. 2006; Ebrahimet al. 1999; Mirshams & Parakala 2004; Tomeal. 2002]. In this case
the grain boundaries are not considered to have spuriocestgffsince their contribution to the
behavior of the material is characteristic for the testeda.

The indentation of quasi—brittle materials often resultsample damage by the propagation of
cracks in the material instead of plastic deformation [Jarigharr 2008]. Damage is a dissi-
pative phenomenon, which can result in easily recognizdisiglacement bursts in the load—
displacement curve, but a smooth load—displacement cumiasto the ones of elastic—plastic
material response can also be obtained (Fig.2.6). The aubes fracture can potentially in-
fluence the complete indentation response since by suchg#atha integrity of the material
under the indentation zone is compromised. Depending cagkiegmptions of the nanoindenta-
tion post—treatment methods, they may not remain appkdalduasi—brittle materials (e.g. the
post—treatment method of Ni et al. [Bii al. 2004] developed for elastic—plastic material behav-

ior). Moreover, since both plasticity and damage can hawdai impact on load—displacement
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Figure 2.6: Residual deformation in nanoindentation okéugjuartz with a Berkovich tip
(sharp—edged pyramidal shape), potentially caused btebficture, in spite of the similar-
ity of the obtained load—displacement curve to an elaskiste material response. Load-

displacement curves presented in Tam [2006].

curves of nanoindentation, it is unrealistic to expect aightforward interpretation of nanoin-
dentation results based solely on experimental load-atisphent data, when no strongly moti-
vated assumption on the behavior of the sample materialssiiple to make.

Advanced problems in nanoindentation, such as the chaizatien of multi-layer systems and
substrates with thin coatings, where the interface betweerarious material layers is prone to
fail, may present additional dispersion. The delaminatibthe applied coatings is a potential
failure mechanism [Abdul-Baqgi 2002; van den Bosch 2007]JcWwhwvorks much like fracture in
the bulk material, discussed before, only localized to kive film interface. The understanding
of the deformation and failure mechanisms of material sgsteomposed of substrate material
and thin layers with different material ductility remainseoof the major issues of nanoindenta-
tion [van den Bosch 2007; Xu 2004].

Different material behaviors (ductile and brittle) canuiésn load—displacement curves with
similar features. Following this line of thought it will bdv@ewn in Section 5.1 that similar
load—displacement data can result from different mat@aahmeter sets using the same ma-
terial model, and in Section 5.2 that the same indentatida dan be reproduced by a rate—
independent and a rate—dependent material model, whijetoallatter bears a physically mo-

tivated material parameter set for pure nickel.
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Moreover, despite all experimental efforts there is no gatee that a single material parame-
ter set obtained by nanoindentation at a given depth couféirerepresentative of the tested
material’s behavior in a wide range of indentation depthise ihdentation response of a ma-
terial may indeed be potentially dependent on the magnivfidee indenter penetration. This

phenomenon is generally referred to as indentation sieetsf{ISE), and may take important

proportions, leading to large variations in nanoindentatesults.

2.3.1 Indentation size effects

Indentation size effects can originate from various sajraenong which material-related and
surface-roughness—related effects (referred to as geoaietize effects) are the most com-
monly considered. They result in an increase of the postteddematerial nano—hardness value
H,.... In spite of its definition compacting all of the indentatijparameters leading to a large
freedom of interpretation (effects of the indenter geometurface roughness, material behav-
ior), the nano—hardness value of a material is often usea chgracteristic of its resistance to
deformation. A stiffer material response to indentationses an increase in the load levels at

fixed indentation depth, which leads to an increas&/ gf,,.

Such a stiffness increase in the sample response to inaentain be related to the high strain
gradients in the sample material which therefore shows e&-dizpendent behavior [Al-Rub
et al. 2007; Fricket al. 2008; Zhacet al. 2003]. Material size effects are recognized to be
responsible for an increase in the nanohardness value githe material by a factor as much
as 2 to 5 when decreasing the deformed volume [Al-Rub 2007t@l. 2006]. A reasonable
explanation for size effects in crystalline materials cerfrem the plastic deformation pro-
cedure. Size effects are results of low—level phenomengdstom the scale of dislocation
activity or as low as the atomic level, which appears on th@oseale as an increase in the
material hardening in the plastic behavior. Material sitfeats in crystalline materials are the
subject of intensive research. They are often explainetiéynteraction of dislocations [Balint
et al. 2008], which causes a stiffer response to deformation ofalsmlume of material than
of the bulk. In nanoindentation, the localized severe de#dion of a small material volume
induces high strain gradients, which is responsible foagiygearance of size effects. Three ex-
amples of testing procedures, other than indentation, evimaterial size effects were observed
are nanoscale bending [Stolken & Evans 1998; Weingl. 2003], nanoscale torsion [Horste-
meyeret al. 2001; Radi 2008], and the compression of small-scale pi[fnick et al. 2008].
The material-related indentation size effects are stnoingée small indentation depth regime
and weaken gradually with increasingly deep indentatidim®[et al. 2006]. In a numerical
model, they are often taken into account by using a straidigna plasticity formulation [Fleck

& Hutchinson 1997, 2001; Qiet al. 2003; Thoet al. 2006; Tymiaket al. 2001]. Depending
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on the considered model, size effects are reproduced necalgrin a phenomenological man-
ner [Fleck & Hutchinson 2001], or based on physical quasgjtsuch as the dislocation density
in the sample [Evers 2003; Gao & Huang 2003; @aal. 1999; Qiuet al. 2003]. Higher order
theories taking material size effects into account weredwawnot considered in this work, the

focus is set on other indentation—related phenomena.

Another interpretation of the indentation depth—depehdanohardness is related to the pres-
ence of surface roughness. The energy necessary for thieirgusf surface asperities was
recognized to be a significant term in the energy balancedearitation depths comparable to
the height of the surface asperities. With increasing itelepenetration, the relative contri-
bution of the surface roughness deformation in the totakwebindentation decreases and the
contribution related to the the bulk deformation becomesidant. In the literature indentation
size effects depending on the surface topology have beeciatsd to this phenomenon [Gao
& Fan 2002; Kimet al. 2007; Qiuet al. 2003; Zhanget al. 2004], and denoted as geometrical
indentation size effects (GISE), as will be discussed iri8e&.3. The common feature in ma-
terial related and roughness related ISE is that their inflaas strong in the small indentation

depth regime and weakens with increasing indentation depth

2.4 Discussion on the nanoindentation experiment

Nanoindentation is a testing procedure with a simple ppieciwell adapted to characterize
the local behavior of bulk materials and thin films in workiognditions. The result of a
nanoindentation experiment is the load—displacementecureing usually considered as the
sample material response to indentation. Actually, it iImposed of the convolution of various
contributions: (i) the behavior of the material system gata-plastic [Cheng & Cheng 2004],
rate—dependent [Bucailkt al. 2004; Chudoba & Richter 2001], size—dependent [Al-Ruél.
2007; Al-Rub 2007; Friclet al. 2008; Mirshams & Pothapragada 2006; @iwal. 2003; Tho

et al. 2006; Zhacet al. 2003], the effect of residual stresses [Warren & Guo 20Q8))the
geometry of the contact (sample surface topology and irdeygometry [Kimet al. 2005;

Lu & Bogy 1995; Yuet al. 2004], (iii) the potential indenter tip deformation and align-
ment [Jeong & Lee 2005; Pelletiet al. 2007]), and (iv) the effects of the contact interface
behavior (adhesion, friction) [Caet al. 2007]. Conversely to its major advantage of being
a local and straightforward measurement, its main drawlsmtke difficulty of the deconvo-
lution of a large number of potential contributions to thdentation response of the material
system. Similar load—displacement data may result fronmpsasiwith different material behav-
iors. Therefore the interpretation of load—displacememnes obtained in ideal conditions of a

numerical model, without considering the majority of th@esimental sources of dispersion is
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Figure 2.7: Different sources of scattering in nanoindeorma

already a complex task, let alone the challenge of intergyetxperimental data. The problem
of convoluted effects can be somewhat alighted with thefehctoice of experimental condi-
tions (e.g. when thin film material properties are addresedindentation depth usually does
not exceed 10% of the film thickness [Cai & Bangert 1995; Haorsh & Soh 2003; Kusano
et al. 2003]). This however cannot be considered to be a generdlilfle solution. Issues
related to high inaccuracies and the compromised validityiraplifying assumptions of the
post—treatment methods can result in varying degrees afesag¢ particularly when indenta-

tions are made in small indentation depth.

A more detailed understanding of this testing method intikedly simple situations is there-
fore needed. An exhaustive study of issues in less complegindentation setups is indeed
useful to build a knowledge base allowing the interpretabbobserved trends in more more
complex systems. In view of the important interaction oferxmental effects, this can be done
efficiently when experiments are coupled to numerical madehere all parameters are freely
adjustable. Numerical results obtained from such modeioatribute to the interpretation of
the experimental results, since the analytical backgrdanthe interpretation of the measures
still lacks a full understanding of the physics encountehedng the measurement process.
Experimental results are exposed to the convolution oéckfiit sources of scattering, that can

be enhanced or decreased by the experimental parametegyg. Miust be defined such as to

18



Nanoindentation experiment 2.4 Discussion

decrease to the minimum the effect of the sources of digpeminanoindentation, in order to
ensure exploitable results. This leads to one of the maj@ctibes of numerical simulations of
nanoindentation: the identification of the dominant sositmiescattering and the choice of the
indentation parameters that can potentially contributééa reduction.

These are the reasons why the development of an adaptedioaieol for the simulation of
nanoindentation coupled to experiments was defined as & fijective of the research work.

The development of the numerical tools is the focus of thieyoahg two chapters of the thesis.

19



Chapter 3

Nanoindentation modeling on different

scales

Numerical modeling can be useful in the understanding ofctiraplex physics involved

on small scales. Different numerical modeling strategiesamoindentation, adapted to
specific requirements are first presented in this chaptdjrg to the particular choice of
the numerical models applied in this thesis: (i) an atoma&esaumerical model, and (ii) a
continuum scale numerical model, using the finite elemenhatk The atomic scale nu-
merical model set up to investigate some features of theindantation procedure linked
to atomic scale mechanisms in very small indentation depthits results are also dis-

cussed here.

In nanoindentation of thin film—substrate sandwiches ifittdentation depth is too large the
substrate influences the response of the film. As a resuit,sreall indentation depths are re-
quired to characterize the mechanical properties of thimsfilAs a rule of thumb to avoid the
effect of the substrate/10 of the film thickness (under&n for thin films) is usually taken as
maximum indentation depth. In the case of such shallow itedegrious artifacts of the load—
displacement curve have been observed which cannot bediegad by the ‘classical’ contin-
uum theory, particularly the increased hardness due toefieets and appearance of pop—ins.
Considering the small size of the deformed material voluitne material response in such an
experiment is the combination of a behavior that can be destiby continuum models and
the one of individual atoms. The shallower the indent is tloeerthe atomic level behavior of
the material becomes dominant. Depending on the purposedimulation different aspects
of the nanoindentation procedure are addressed in diffexenerical models. Any numerical
modeling strategy is adapted to specific requirements rtunfately it is rarely possible to di-
rectly compare the simulation results issued from differeadels. The reader can consult the

review paper of Gouldstone [Gouldstoeeal. 2007] considering different numerical models
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Figure 3.1: Domain of application and computational demafritie different numerical meth-
ods discussed in this section (an atomistic and a continwaie sumerical model were chosen

to study the nanoindentation procedure).

and techniques applied at different length scales of nalemitation for further details. When
the numerical frame has to be coupled directly to experisyghe continuum models are most
frequently preferred because of their computational efficy. These models are well adapted
to reproduce the overall average response of the materi@moindentation and to conduct
parametric studies addressing parameters which are dlifiicaccess experimentally.

In order to describe the more complex physics of shallow matiemtations where the size—
dependent response of the material has to be taken into retgdtba continuum methods are
specially adapted to microscale simulations, using higheéer theories in a finite element set-
ting [Fleck & Hutchinson 2001; Qet al. 2006] for example. However, when the purpose of
the numerical simulation is the understanding of the ptadiformation, models usually work
on smaller scales. The descent to scales where continuutmamies is not applicable anymore
usually implies the use of computationally more expensiveikations. One of these computa-
tional numerical methods uses the discrete dislocatiastiplty or dislocation dynamics models
which focuses on the plastic deformation of the crystalhmagerial considering only the slip
planes without details on the positions of the atoms [Bw&008; Kreuzer & Pippan 2004;
Miller et al. 2003; Nicolaet al. 2007; Shilkrotet al. 2004]. Experimental efforts are made
in order to investigate the deformation mechanisms on tiheesponding scale using adapted
experimental techniques. The work of Kulkarni and BhuslhanKarni & Bhushan 1996] con-

sidering nanoindentation with sharp tips used in atomicdanicroscopy (AFM) in very small

21



Nanoindentation modeling on different scales

indentation depth (down to 25nm) should be mentioned. IuN&Bahr [2003] the activated
slip systems of face—centered cubic (FCC) crystals in aommdentation setting is studied ex-
perimentally. Tanaka investigated the plastic zones aptbahd formation around a crack tip in
silicon, observed together with the produced dislocatiarcture [Tanak&t al. 2004]. Finally,
the recent experimental work of Fujikane et al. gives insigto the elastic—plastic transition
in GaN crystals [Fujikanet al. 2008].

When the details of the onset of the plastic deformation aedlislocation activity are in the
focus of interest, atomistic simulations investigating tbwest scale can be used. Generally,
atomistic models are used for system sizes smaller thami@@round the upper limit of the
range of thin film nanoindentations), a scale from which pthemerical methods are more ap-
propriate to describe the behavior of the material [Gouwldset al. 2007]. The atomic level
models have the indisputable advantage of identifyingeds concerning the main physical
variables of a problem and give qualitative informationtfoe understanding of experimentally
observed complex phenomena. The main handicap of puratyistio models for mechanical
applications is that they are computationally expensiveeyltherefore generally handle length
(in the order of tens ofim) and time scales (som&) many orders of magnitude smaller than
in the experiments. Extending them is the main challengeioferical modeling on the atomic
scale. This results for example in molecular dynamics sitmuhs where the prescribed inden-
ter speed can reach 1@0s [Fanget al. 2003, 2006; Jiamet al. 2006; Noreyaret al. 2005;
Richteret al. 2000] due to computational limitations, as opposed to thEeemental values
in the range of somgm/s. Even though atomic level calculations are computatigretpen-
sive, the increase in computational power in recent yesowad the adaptation of atomic level
models to interesting mechanical applications [Rafii-T&f#0]. Very large systems could be
modeled using parallel computational techniques with isgvaillion atoms [Leeet al. 2005;
Vashishtaet al. 2006]. The computational effort, directly related to thentity of information
of atomic level models however still remains very large.alnumerical works using molec-
ular dynamics in the domain of tribology considered the fEwbof nanoscratching [Komanduri
et al. 2000; Noreyan & Amar 2008] or nanoscale machining [etral. 2007]; and were used
for the identification of different wear regimes [Zhang & &a 1997] and for the explana-
tion of tribological phenomena, like the nanoscale stitk-{£ho et al. 2005] and adhesion
[Song & Srolovitz 2006]. The possible qualitative compan®f the nanoscratch behavior of
Au and Pt issued from the numerical model and the experirhdata [Fanget al. 2006] also
encourages the use of atomic level simulations for problemnserning nanocontact and fric-
tion [Harano 2004; Mate 2008].

Considering the modeling of the nanoindentation procedine review of Szlufarska [Szlu-
farska 2006] gives a general overview. The prime concerruo €alculations is the under-

standing of the early stages of plastic deformation in tingpda material (i.e. the determination
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of a suitable criterion defining the onset of defect nucteafVliet et al. 2003]), the study
of the dislocation nucleation [Kelchnet al. 1998; Lilleodderet al. 2003; Miller & Rodney
2008], the observation of the indenter—sample contact§@ipheret al. 2001] and the induced
wear mechanism in the tip [Hagelaatral. 2006]. From the point of view of the atomic scale
simulations presented in the following, one of the mostregéng papers presents the results
of modeling the nanoindentation of pure nickel [Saraev &I&4iR006].

Finally, to complete this overview explaining the reasohthe particular choice of the numer-
ical models applied in this work, the complex but very pramgshybrid methods and methods
using homogenization techniques have to be mentioned efthethods build a bridge between
scales using suitable numerical methods on each scale. ighertscales are fed by the lower
scale behavior allowing the seamless treatment of mulpdes. One member of this fam-
ily of methods is the quasi-continuum method which considgomic and structural scales
simultaneously (using an adaptive FEM mesh [Knap & OrtizZ(8henoyet al. 1999]) for
the analysis of fracture and plasticity [Millet al. 1998, 2003]. Coupling atomic level mod-
els to other methods can be addressed for problems with ¢grgmetrical size, e.g. discrete
dislocation methods [Miller & Rodney 2008; Shilkret al. 2004], quasi—continuum methods
[Vashishtaet al. 2006], or advanced finite element models [Viettal. 2003]. The atomic
scale model is used to catch precisely the local behavionehtaterial and the higher scale
model to prescribe more realistic boundary conditions ®dtomic scale model. It has to be
noted however that finding the proper boundary conditione&zh considered model (working
potentially at different length scales) to assure the ttemsbetween the different scales is far
from being obvious, especially in a multi-model numericgdeanbly. The main drawback of

these models is their advanced complexity compared toesmgldel approaches.

Taking into consideration the different aspects of the gmésd numerical methods, and that
behavior of materials in nanoindentation stems from cbuatidons of different scales, two nu-

merical descriptions of the nanoindentation procedure haen used:

¢ a finite element model working on the continuum scale (a etaiescription is given in
Chapter 4)
— applied to small, moderate and large indentation depth

— to model the overall indentation response of the studie@n#hton the continuum

scale together with experiments, and taking into accoup¢emental parameters

— to study the influence of experimental parameters that &fieuti to control in the

real-life setup
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e a single level purely atomistic numerical model (presemetktail in the following sec-

tion)

— to simulate the nanoindentation procedure at very smadintation depths

— to contribute to the understanding of some features of theindentation procedure

linked to atomic scale mechanisms in very small indentadiepth

3.1 A simple atomistic model of nanoindentation

In nanoindentation even for shallow indentation depths déformation of a very large vol-
ume of material has to be considered with respect to the atecale. A quantitative comparison
with experimental results is thereby not possible in theexrof this study considering the ex-
tremely large computational effort necessary to modelntateon, even with very sharp AFM
tips in indentation depths where the experimental scatieg small enough to obtain results
with a reasonable accuracy for the comparison [Kulkarni &ugttan 1996]. The purpose of
this work is to gain some insight in the features of the nat@mation in very small indentation
depths linked to the atomic scale in a numerical study. Fioeneixperimental point of view,
indents performed in nanoindentation are so small thattheybe made inside a grain and the
material properties corresponding to the ones of singlstaly (with defects) can be measured.
For the sake of simplicity and to be able to handle large sysize calculations in a most
efficient way, an atomic level numerical model using empirjgotentials was chosen for the
simulation task. In the model all atoms of the considere&elitattice are represented, with
three degrees of freedom of displacement correspondingdio &om. The choice of a quasi—
static simulation of the nanoindentation procedure isriaks in Hagelaaet al. [2006]; Miller
& Rodney [2008], since the speed of the indenter can be ceresicto be negligible (varying
between some tens afn/s to someum/s in the experiment) with respect to the speed of the
atom vibrations. This reduces the numerical problem stractural optimizatiorwith quasi—
static increments calculated by the ‘NAMD Scalable Moleciynamics’ software [NAMD
2008]. NAMD is a parallel molecular dynamics code openltribsited, designed for high-
performance simulation of large biomolecular systemd) witjuasi—static optimization feature.
The choice of a molecular dynamics solution has been redotavoid using non—physically
large indenter velocities, since it would be impossibleriddpe the time scales between simu-
lations and experiments, and for the sake of computatidfiaiesmcy.

The surface adhesion forces and the forces applied to gbiestic deformation of the sample

This section is based on P. Berke, M.-P. Delplancke-OgletkeLyalin, V.V. Semenikhina, A.V. Solov'yov, ‘Sim-
ulation of the nanoindentation procedure on Nickel on thalkst length scale: a simple atomistic level model’
published in Latest Advances in Atomic Cluster Collisiosucture and dynamics from the nuclear to the biolog-

ical scale, edited by J.-P. Connerade and A.V. Solov'yopédrial College Press, London (2008)
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in the nanoindentation experiment are basically of difiegder (the latter being more impor-
tant). As a result, the surface adhesion forces are oftelected in the structural numerical
simulation on the continuum scale. However this assumjgiont satisfied generally anymore
on smaller scales. In order to remain consistent with thesjgkyon the considered scale, the
rather rare choice is made to represent the diamond lattiteeandenter and the interaction
between the tip and the sample is taken into account [Ciphstiet al. 2001; Lilleodderet al.
2003]. The atoms in the diamond lattice are frozen, the itetes represented as an unde-
formable body. The interaction potentials of both the NiaNd Ni—C interactions are modeled

by Lennard—-Jones type interaction potentials.

Ors(r) = € [(ro/r)"* = 2(ro/r)°] (3.1)
wheree [eV] is the energy well depth, [A] the equilibrium distance between two atoms, and
r [A] the distance measured between two atoms. Even thoughpihiexdmation might not be
the best choice to describe the behavior of the nickel nat@nid the contact interaction, it is the
necessary implication of the use of NAMD code in one step efiimulation procedure (as de-
scribed later). A major difficulty in atomic level models setchoice of the interaction potential
and of its parameters to properly describe the behavioreofrtbdeled material. An inaccurate
choice indeed results in the non—physical response of terical model (issues of stability of
the lattice, ‘crushing’ or ‘explosion’ of the lattice at iadtation). Fortunately, Lennard—Jones
type potentials seem to represent (in a limited, but satisfg manner) the atomic interaction in
FCC lattices, but the improvement of the model by using mdexjaate interaction potentials
is recognized to be an important development step in a futork, before addressing more
advanced systems. The two sets of Lennard—Jones poteatéahpters were calculated to fit
the best possible the Morse type potentials obtained foNN&nd Ni—C interactions, issued
from density functional theory (DFT) calculations [Shia& Maruyama 2007], and used to
describe the nanotribology of a small scale scratch tesc&khwith a nanoindenter [Liet al.
2007]. The parameter sets used for the Ni—Ni interactiomsfanthe Ni—C interactions are:
NimNi = 0.424%V, 1N = 2,564 andeVi~C = 0.1V, )¢ = 2.4A. The indenter is
constructed from 3308 carbon atoms in a diamond latticen(thié lattice parametety;,,, =
3.564 [Kittel 1996]), the same material as in the experimentdirsgt Even though in reality
the nanoindenter has a tip radius ®f= [100...80@vm] for the sharpest tips, in this study a
cono-spherical tip of 2m radius has been considered due to computational limitstidine
chosen tip size and geometry is in good agreement with otbetsausing atomistic models of
nanoindentation where the indenter tip radius ranges géndérom 2nm [Fanget al. 2003;
Lilleoddenet al. 2003] to 18:m [Hagelaaret al. 2006]. The deformability of the indenter is
not taken into account in this numerical work,. The indetifeis modeled merely as a rigid
body, which is a common assumption, since both its elastiduius as well as its yield limit

are orders of magnitude higher than those of nickel. A defemt FCC lattice structure (with
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Figure 3.2: Applied boundary conditions in the atomic lesigtulation, the atoms in the inden-

ter are frozen.

the lattice parametery; = 3.524 [Kittel 1996]) of parallelepipedic shape with dimensions
10nmx 10nmx 6.5nm built from roughly 65600 atoms was considered for the niskehple,
corresponding to a defect—free single crystal indentatietlap. The sample was constructed
from unit cells with[001] orientation. The variation of the lattice orientation o thickel struc-
ture was not considered in this study, keeping in mind hownesdependence of the material’s
response on the lattice orientation [Riché&tral. 2000]. This size of the lattice was found to
be sufficiently large with respect to the size of the diamardenter with 2m tip radius and
the imposed displacement of @:&. The considered atomic scale model of nanoindentation
uses simple ingredients, however this relative simplistpalanced by a computational effi-
ciency that allowed to reach a system size and an indentd#ipth comparable to other works
in the field [Christopheet al. 2001; Linet al. 2007]. The displacement of the atoms on the
lateral and bottom sides of the nickel lattice are presdriteebe zero during the whole sim-
ulation, leaving only the upper contacting surface of tiieda and the enveloped volume to
deform (Fig.3.2). During the numerical indentation thednter moves downwards and comes
into contact with the sample. The rigid indenter then defthe sample volume and finally is
retracted upwards to its final position. The holding periogspnt in the experiments is omitted
here, considering that the simulation is quasi—static.s Timethodology corresponds to a dis-
placement controlled simulation. The nanoindentatiornusation is divided into quasi—static
increments; at the beginning of each increment the posdfahe rigid diamond indenter is
updated and then an iterative structural optimization sgpg the structural optimization fea-
ture of the NAMD code is made recalculating the position & fitee nickel atoms in order to
minimize the total energy of the system. A program was cretielrive the whole calculation

as an external frame to the structural optimization stemoanicating with the NAMD code
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Figure 3.3: Programmed external frame mimics an increnhé@gstative solution scheme, used
in nonlinear computations. This frame drives the compatatexploiting the structural opti-

mization feature of the NAMD code in one step of the procedure

through its standard input and output parameters) and tepsathe results of the structural op-
timization (Fig.3.3). The structural optimization featwof the NAMD code is driven using the
following input parameters; the parameters of the Lenndwdes type interaction potentials;
the initial configuration of the position of the atoms; themher of optimization steps which
are generated in an incremental iterative calculationrseht® solve the nonlinear indentation
problem. The outputs of the structural optimization steg, the optimized configuration with
the updated position of the atoms; the total energy of theesyshe gradient of the total energy
of the system are used to create the total energy—indersjgladement curve and to decide on
the convergence of the actual optimized configuration irettternal frame.

An increment is considered converged when a gradient ofatad ¢nergy satisfies the toler-
ance condition. The overall convergence of the indentaiomlation is ensured by a ‘bypass’
procedure increasing the prescribed tolerance value wiemtrement size had reached the
minimum prescribed value and the calculation still has maisBed the convergence criteria
after a large number of optimization steps. This numericaheuver allows the continuation
of the simulation and the configurations with a high tolemmalue can be filtered out in the
post—processing step. Note that considering a path—depemmlentation response, this intro-
duces the assumption, that the converged configuratiohsatiigh tolerance still remain good
approximations of the corresponding actual equilibriuatest The average displacement step
of the indenter per increment in the simulation was 0.084ith a fixed minimum step size of
0.0014.
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Figure 3.4: a. Variation of the total energy of the modelestay as a function of the in-
denter displacement b. Atomic level load—displacemeniederived from the total energy—

displacement curve.

Numerical results and analysis

The main results obtained from the atomic scale numericalehof nanoindentation are pre-
sented here. The main outputs of the numerical simulatierha total energy of the structure
as a function of the indenter displacement (Fig.3.4a), fwanich the atomic scale reaction
force—displacement or load—displacement curve was cadfig.3.4b), and the positions of
the atoms in the deformed configurations (Fig.3.5). Sineectirbon atoms in the indenter are
frozen, the change in the total energy of the structure etedlto two contributions: the de-
formation of the sample volume and the contact interactetben the nickel and the carbon
atoms on the indenter—sample interface. The zero refereneryy level corresponds to the

initial configuration with the defect—free, undeformed aekdxed perfect nickel lattice, and the
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indenter sufficiently far so that there is no contributiothed sample—indenter interaction to the
energy balance. The convention is taken that the zero valtizeoaxis of the indenter displace-
ment on all figures matches the position of the sample costafdce and negative values stand
for separation between the contacting bodies in a georaksense.

In theapproach phaséhe indenter moves towards the sample until contact is kstad. With
diminishing separation distance (from @:8 to 0.1nm) the total energy of the system first de-
creases (Fig.3.4a), the indenter and the sample volunrastattich other bulging up the nickel
contact surface. In force—controlled simulations the aboentioned attraction between the
two surfaces may result in a jump—to—surface phenomenomeasioned in Hagelaagt al.
[2006]; Szlufarska [2006]. An experimental manifestatadrjump—to—surface is called pull—-
in in AFM experiments. This jump—to—surface, related taratattraction in the context of
nanoindentation can only be observed experimentally withdondition (among others) of
having to manipulate atomically clean surfaces. In expenitsithe major sources of attraction
between the indenter tip and the sample are electrostatiesgLambert & Régnier 2006], cap-
illary forces [Lambert 2007; Mate 2008] and Van der Waalséasr[Israelachvili 1974; Mate
2008]. Further approaching the indenter to the sample (th@rseparation distance of around
0.1nm on), the interaction force between the indenter and the Eachanges to repulsion, with
an increase in the energy of the system.

The next phase of the numerical nanoindentation starts teemepulsive interaction force
between the indenter and the samgéforms the nickel lattigecausing a global increase in
the energy level of the system. In agreement with the thebgontinuum solid mechanics,
based on observations on the macroscale, the sample défamsfirst elastic followed by
an elastic—plastic regime. The transition correspondbédcstart of the nucleation of disloca-
tions in the sample volume [Vliedt al. 2003] causing the first large energy jump in Fig.3.4a,
at around 0.24m of indenter penetration. Until this point the elastic cantaodel of Hertz
[Hertz 1882], considering the approximation of a deformeabbdy with a flat surface and a
rigid spherical body with @m of contact radius was applied to the problem, as in Lilleodde
et al. [2003]. A good agreement between the Hertzian contact meitlela sample’s Young'’s
modulus ofE,,,,,e = 5000GPa and the numerical results was obtained. This valag or-
der of magnitude higher than the macroscopically measweihge ofFy; = 207GPa [ASM
1990]. A peak contact pressure of 1300GPa was calculatertldt lyy the Hertzian contact
model. This value is two orders of magnitude larger than lie®tetical shear strength of the
nickel crystal defined by,,.. = G/27 = 12GPa [Vlietet al. 2003]. Deviations of the results
of atomic scale numerical models from the predictions ofticmum solid mechanics are often
observed (explained by the complex stress condition ui@antenter) but generally with con-
siderably smaller magnitude. The large difference obskhege is related to the (imposed) use

of Lennard—Jones interaction potentials. The plastiadyngl in the present numerical model
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Figure 3.5: Snapshot in cut view of the deformed configuratb the nickel lattice in the
numerical model during indentation at indenter penetratib4.3831. The atoms on the left,
right and bottom sides are blocked (in green), the inderddoan atoms are represented in
black.

seems to start off the symmetry axis of the indenter (Fig,35agreement with other atomic
scale models [Leet al. 2005], but contrary to the predictions of the continuum deHertzian
contact model. With larger penetration of the indenter,aifhe peak value of 0:8n, the sys-
tem response is composed of subsequent energy and forcs.jding@ spacing of these energy
jumps on the total energy—indenter displacement curveoseclat larger indentation depths
(passing from around 0.21n to 0.07m and their magnitude is also increasing at large pen-
etration values (up to @2") showing the increasing plastic deformation of the nicketi¢ce
(Fig.3.4a). The sharp falls in the total energy of the systeditate the plastic relaxation of the
stresses in the lattice corresponding to the reorganizafiothe position of a larger number of
atoms via dislocation activity. In agreement with expemtseand the theory of continuum solid
mechanics, the slope of the atomic scale load—displacecueve of indentation in the purely
elastic domain is steeper than in the elastic—plastic dedton domain.

After reaching the maximum prescribed value of the indeptretration, the indenter is re-
tracted, corresponding to the beginning of thdoading phase The initial decrease of the
total energy during unloading can be explained by the elastaxation (to some extent) of
the accumulated stresses in the nickel lattice. There asigmificant energy and force jumps
in the beginning of the unloading up to an indentation deftaround 0.Gm suggesting the
mainly elastic nature of this nanoindentation phase (H@)3 The post-treatment method of

nanoindentation proposed by Oliver and Pharr [Oliver & PA802], based on the assumption
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of elastic contact unloading was applied to the numericadiHalisplacement curve in the un-
loading period and the following material properties hagerbobtained: a hardn aﬁple =
646GPa, two orders of magnitude larger than the documermtees for bulk nickel/§4* =
4GPa [Pauleaet al. 2006] and a Young’s modulus?’ , = 4580GPa that matches well the
value found by Hertzian elastic contact analysis of the ilogdurve (less than 10% of devia-
tion). The source of the difference between the elastic madkentified in the loading, and in
the unloading period is the effect of the increased contdetaction in the deformed configura-
tion, having a larger contact area. The fair agreement letwlee Young's modulus calculated
by the Hertzian elastic contact approximation using the enical loading curve and the value
obtained by the Oliver—Pharr post—treatment method cosfiihm validity of its simplifying ap-
proximations, particularly when contact adhesion is lowté\the similar multiplicative factor
of around two orders of magnitude of the initial yield strémgnd of the hardness of the mate-
rial in the numerical model with respect to the macroscopatemal properties of pure nickel.
This can be explained by the dependencé/ain the elastic—plastic behavior of the material.
The sample—tip interaction is mainly responsible for thergy jumps during the retraction of
the indenter from penetration depth of 0x%% on (Fig.3.4a), due to the rearrangement of a
large number of nickel atoms on the sample surface durintacbseparation by these adhesive
forces. This adhesive atomic interaction is witnessedraggithe very similar shape of the
final unloading portion of the curve compared to the apprqawse. Contact separation be-
tween the indenter and the sample occurs at arounch@df penetration depth, which can give
an indication on the residual imprint depth. As expected,fihal total energy of the system
suffering permanent deformation after indentation is brghan the one corresponding to the

initial defect—free configuration.

Conclusions and outlook

The numerical results issued from this simple atomic leveteh set up for nanoindentation
in very shallow indentation depths are consistent with thgsjcs of the problem, and the na-
ture of the obtained total energy—displacement curve isomdgagreement with other works
considering the indentation in materials with FCC lattidaiet al. 2006; Leeet al. 2005;
Lilleoddenet al. 2003; Richteet al. 2000; Saraev & Miller 2006; Vliegt al. 2003].

In spite of some differences stemming from the scale on wtiiemumerical model is formu-
lated (i.e. important influence of contact adhesion) anthalkimplifying assumptions that can
be refined (Lennard—Jones interaction potentials) theativeisponse of the discrete model is
in good agreement with the experimental trends and the yhefarontinuum solid mechanics.
Conversely, this implies that the results of atomic scal@ernical models, representative of the

considered problem can be used to derive trends that arecalplel on the continuum scale,
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enforcing a potential practical interest of such low—sesateulations. Hence, by adequate scale
transition assumptions, trends issued from atomistic mizaenodels can be used to formulate
or verify constitutive relationships formats for higheakss.

Since no matching is obtained from a quantitative viewpaome aspects of the developed
qualitative model are still to be revisited. The stiff regpe of the system is an inevitable result
of the use of Lennard—Jones potentials. The outlook of thidysincludes the use of more
realistic Embedded Atom Model (EAM) type potentials in arttedescribe the behavior of the
modeled nickel monocrystal sample better.

Furthermore, to ensure that atomic scale models remaiaseptative of the (mechanical) prob-
lems in the context of this research, their geometrical simuld be further increased. Since
the computational effort of the considered numerical masle¢latively small the system size
can be increased without particular difficulties in a futwerk. This can allow atomic scale
models to address a number of advanced issues in the outldbls ahesis, linked to atomic
scale phenomena, such as the study of thin film adhesion dachid@tion and material size
effects [Nairet al. 2008].

For very shallow indentations the atomic scale numericalleling revealed interesting fea-
tures of the nanoindentation experiment concerning th&tipldeformation of the sample (e.g.
off—axis yielding). In order to study the plastic defornoatimechanism in the nickel lattice a
post—treatment method using the centrosymmetry paramfteteased on the property of central
symmetry of the defect—free, undeformed FCC lattice camipamented.

P = Z |R; + Riy1|? (3.2)

i=1,6

with R; and R, the vectors corresponding to six pairs of opposite neasghbors in the lat-
tice. This would allow to study the influence of different gpometries on the onset of plastic
deformation, giving additional insight into the physicgloé nanoindentation.

Finally it is noted, that despite the discrete nature of tlueleh, the large scale transition and
the influence of contact adhesion during unloading, thegBfi?harr post—treatment method of
nanoindentation [Oliver & Pharr 1992] was applied to the ptinal load—displacement curve,
and was shown to perform well, resulting in a deviation oldgn 10% with respect to the
value obtained by the Hertz elastic contact analysis dudading. This method can be contin-
ued to be applied in future studies to numerical load—despteent curves issued from atomic

scale simulations.

3.2 Continuum scale models of nanoindentation

Atomic level models are used generally for fundamentalaedeaiming at the understanding

of complex phenomena by a low—level description. Such nsodah reproduce qualitatively
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the trends observed experimentally, potentially leadmthé identification of the key physical
parameters of the studied phenomena. However, when therivaifeame has to be coupled
directly to experiments considering both qualitative andritative results on the scale of the
experiments, continuum models are most frequently predeto the low scale description of

the material because of their computational efficiency.

The requirement of a direct coupling of the numerical modeéxperiments on a physical
basis lead to considering the nanoindentation simulatiothe continuum scale. Continuum
scale numerical models have frequently proven their peréorce in the same context for prob-
lems such as: to develop more accurate post—treatment dsetticmanoindentation [Net al.
2004]; to propose inverse methods of nanoindentation [Bodz al. 2004; Stausst al. 2003];

to broaden the scope of material properties obtained frenexiperimental load—displacement
curves [Bouzaki®t al. 2001; Bouzakis & Michailidis 2004; Bucaillet al. 2004, 2003; Cao
& Lu 2004; Giannakopoulos & Suresh 1999; Krane¢ral. 1998; Maet al. 2003; Zhacet al.
2006] on the basis of the comparison of numerically obtatneds with experimental results;
to study the the influence of various contributions to the sneed load—displacement curves
[Jeong & Lee 2005; Waltezt al. 2007; Youn & Kang 2005]; without aiming for an exhaustive
overview.

The most frequently used discretization in continuum medethe finite element method be-
cause of its computational efficiency, its broad domain gfiagtion and high flexibility. The
possibility of using a large variety of material behaviagaétic—plastic material models, dam-
age models), including higher order theories to model rmatsize effects; its direct applica-
bility to advanced problems, such as modeling the defoonand delamination of thin films
and thin film sandwiches [Abdul-Bagi 2002; van den Bosch 20Q@ir2004] using different in-
terfacial and contact behaviors; and the possibility ofpded multi—-physics simulations, using
models that can be defined in terms of physically meaningwhimeters are interesting and
valuable features of the finite element method.

In the majority of the cited numerical works, the authors csemercial finite element pack-
ages for the sake of simplicity. Commercial finite elememtasare interesting for prototyping
of the potential need for a physical ingredient for exampleagailable in a research oriented
code, but preprogrammed with a simple model in the commlezoie). However, due to their
often limited flexibility they potentially cannot alwaystisdy yet emerging demands of the re-
search. This motivated the development of the continuurde saanerical tool using the finite
element method presented in detail in the following chaptéh the objective of reaching a
maximum flexibility and accuracy by the proper choice of thienerical ingredients, adapted

for the problem of nanoindentation.
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Chapter 4

Developed continuum scale numerical tool

for large deformation contact

This chapter treats the development of the continuum seateerical tool using the finite
element method, applicable to problems involving friciboontact, and the finite elastic—
plastic deformation of one of the bodies in contact. The rstéps of the development con-
sist of including (i) the corotational finite deformationsdeiption, (ii) isotropic hardening
plasticity and (iii) normal and tangential contact conistiaby the augmented Lagrangian

formulation.

Contact deformation gives a large contribution in the aggtions considered in this work
(nanoindentation and micromanipulation by contact), pidly inducing large elastic and plas-
tic deformations. These are aspects that a numerical modist Ine able to describe. For this
purpose a finite element code, programmed in MATLAB languages further developed in

order to include the following features:
¢ finite deformation description
e material plasticity
e normal and tangential contact constraints

to the original code, which initially contained an elemehtdry with linear elastic and dam-
aging behavior in infinitesimal deformation descriptionda nonlinear solver. The program
development was made keeping in mind computational effigieiobustness and an emphasis
on maintaining a maximum degree of flexibility of the resujtcode for future development of

new features and material/interface behaviors.

In order to be able to describe large local deformations tigenal finite element code had to
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be modified. The choice of the most adequate, efficient anastatumerical frame to describe
finite deformations in finite element models remains an opghatual question. Two fami-
lies of finite deformation descriptions are distinguished, hyperelastic [Areiast al. 2003;
Liebe et al. 2003; Simo 1992] and hypoelastic formulations. The hyp@eted model uses a
hyperelastic potential (functional), defined in terms o&ists from which stresses are derived.
This results in a formulation where the requirements of r&bdity, of path—independence and
of no energy dissipation in a closed elastic cycle are nyusatisfied. This formulation is
frame invariant and therefore satisfies the strong objegtoriterion (stresses are only gen-
erated by strains without any contribution of rigid motion)Vhen coupled to plasticity, this
formulation uses the multiplicative decomposition of tieéatmation gradient (relating the ini-
tial and deformed configurations) in its elastic and plagtids. The basis of the formulation
of computational plasticity is the maximum plastic dissipa theorem. However, in spite of
its merits the hyperelastic formulation has a major drawbhalben considering its flexibility
for future developments, particularly including matesae effects. Strain gradient plasticity
(SGP) models coupled to hyperelastic formulations are gergiplex [Chamboret al. 2001,
2004; Fleck & Hutchinson 1997], whereas SGP models couplégpoelastic formulations are
simpler [Fleck & Hutchinson 2001; Niordson & Redanz 2004] gerform well in reproducing
phenomenologically material size effects, resulting i thore efficient choice from the code

development point of view.

Hence a hypoelastic formulation was chosen to describe fdgformations in the finite ele-
ment code. Hypoelasticity coupled to plasticity can be m®red as a rather straightforward
extension of the infinitesimal deformation theory, beingta+type formulation. The main issue
of hypoelastic formulations is the choice of objective sadé@d objective integration schemes
of the rate equations, as explained later. In a purely el&siding cycle, non—physical stresses
may appear using hypoelastic formulations, but conside¢hat for the aimed applications usu-
ally the plastic response of the material is dominant thisds considered to be a severely
penalizing error. Moreover some additional developmeatsrestore the energy conservation
of an elastic cycle [Noelst al. 2004], if it is justified in the context of the considered apat
tions by erroneous numerical results.

The corotational hypoelastic—plastic finite deformatiomiulation [Ponthot 1995, 2002] was

implemented in the existing code with the following saliégdtures:

e it is a trivially objective scheme, very efficient handlingoplems involving large rigid

rotations,

e itintroduces a full decoupling of the contributions of mé@&éand geometrical nonlinear-

ities,
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e an analytical expression exists for the evaluation of thestent tangent stiffness matrix,

e it consists of a straightforward development from the inéisimal displacement and de-

formation theory.

In the majority of industrial applications the loading of taustural element is transferred by
contact (e.g. sheet metal forming [Zhaetgal. 2003], tight interface fit [Yangt al. 2001], let
alone the tire industry). In the context of the project immg nanoindentation the capability
of describing contact conditions in a numerical model isiobsly required. Including contact
loading to the original code represents an essential stée table to prescribe the evolving
boundary conditions related to contact evolution (of baithnmal and tangential contact condi-
tions).

The theory of contact mechanics is an interdisciplinargandnich via the coupling of structural
and contact behaviors needs input from different reseasdsauch as tribology, mathematics,
computer science, mechanics, and for coupled multi—-peysiablems heat transfer [ldesman
& Levitas 1994; Xing & Makinouchi 2002], or electromagneti®r plasticity and damage for
example [Jefferson 2003; Stachowiak 2005]. Computaticnatact mechanics, sometimes
also presented as the numerical branch of tribology, salueserically contact problems and
has become a vast domain of research. Indeed problems imyalentact and friction are of
utmost importance in most engineering applications anal doenplexity usually requires the
use of numerical models for their understanding. In spitdeflarge number of contributions
in the domain, the choice of the most efficient numerical ro@tio treat contact constraints still
remains an open and frequently discussed question.

In this work an augmented Lagrangian treatment of the noandl tangential contact con-
straints was added to the initial finite element code. Thimtdation was chosen considering

its principal advantages:
e it satisfies both normal and tangential contact conditicasty,

¢ it avoids numerical ill-conditioning (penalty method) ahé use of an additional field of

variables (Lagrange multiplier method),
e itintroduces a full decoupling of the contact nonlineastirom other contributions.

Its major disadvantage from a theoretical point of view is tise of a generalized Newton
method with a convergence rate which cannot be establisgetbusly at least in a general

setting, when friction with Coulomb type law is considered.

Problems related to finite deformations and contact, usorgimear, non—differentiable con-
stitutive laws for the interface behavior lead to the usedvamced numerical methods. The

salient features of the chosen numerical methods and somedetailed discussion related to
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the major steps of the code development are presented imlitbe/ihg. Section 4.1 sketches
the main developments needed to describe material plgstiche corotational finite deforma-
tion frame, introducing the main ingredients related todlescription of finite deformations.
Section 4.2 gives basic notions of the general computdtioor@act mechanics formulation,
the chosen Coulomb friction model and the induced numeditgtulties to tackle. Then, the
development of the required one—node contact elemenfysagjshe normal and tangential
contact constraints is presented. Finally, a discussiotherchoice and performance of the

numerical ingredients and on the development of the iffitigte element code is given.

4.1 Modeling the elastic—plastic material behavior in a caoo-

tational finite deformation framework

Finite deformation formulations and related issues améikin detail in several references the
interested reader can consult for a more general overviely{&hkoet al. 2000; Laursen
1992; Ponthot 1995; Wriggers 2002; Zienkiewicz 2000]. Taemulation presented in this
section considers the work of Ponthot [Ponthot 1995, 20@8) introduced a unified stress
update algorithm for elastic—plastic constitutive equadiin a finite deformation framework

using acorotational formulationwithin anupdated Lagrangian scheme

4.1.1 Kinematics in finite deformation theory

Contrary to the infinitesimal deformation theory of contis media, the finite deformation
theory necessarily distinguishes between the initial &edleformed configuration. Hence the
kinematics used to describe finite deformations have to beetgfirst.

The position of a material particle in the reference configon of a body, corresponding to
a timet, is denoted byX while its position in the deformed configuration of the bodgyrre-
sponding to atime > ¢, is noted byx = x(X, ). Note that considering an updated Lagrangian
scheme, the initial configuration &t corresponds to the last converged equilibrium configura-
tion of the analysis. The deformation gradient relatingde®rmed configuration to the initial

configuration is defined as
_ox

~ X
By the polar decomposition theorem [Ponthot 1995] the atregnsofU and the rotation tensor

F (4.1)

R can be uniquely defined by

F=RU with R'R=1 and U=U" (4.2)
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with I representing the identity tensor. The spatial gradienetdaity L = FF-! (differentia-

tion with respect to the actual configuration) can be dec@agdinto

D = L(L+ L") the rate of deformation tensor
2 _ 4.3)
W = 1(L — L") the spin tensor

The rate equations used in modeling material plasticityaren in terms of the rate of defor-
mation tensoD in the chosen finite deformation theory, which is decompaseéts elastic part
D, and plastic parD, by

D=D,+D, (4.4)

This assumption is usually made in hypoelastic—plastimtdations, causing a negligible error
for small elastic strains. This leads to a straightforwadgesion of the infinitesimal plasticity

theory based on the additive decomposition of the elastiqudastic strains and strain rates.

4.1.2 Plasticity constitutive setting

One of the most developed theories of material nonlineg&itlge mathematical theory of plas-
ticity [Bushnell 1977; Hill 1956; Hult & Lemaitre 1981; Kaanov 1971], resulting in various
models describing the nonlinear plastic behavior of makeri The reader can consult [Be-
lytschkoet al. 2000; Crisfield 1995; de With 1999] for a general view on theptly of plasticity.
The common idea in all plasticity models is that the indudegtc deformation is irreversible.
In a simple elastic behavior, the structure returns to itgieal configuration as soon as the loads
are removed. Plastic behavior can be classified in two maingy: rate—dependent, and rate—
independent theories. The former group includes phenorsectaas creep or viscoplasticity
[Bushnell 1977] where the magnitude of the irreversibleod®ftion depends on the duration
of the loading and on the strain rate. Such a model is coreidarSection 5.2 to describe the
behavior of pure nickel in nanoindentation.
The latter group corresponds to a particular case of the meneral rate—dependent models
with a simpler behavior of the material assumed to depentd®itotding history only [Hugues
1984]. Itis a common practice to use this type of material ehtmldescribe the plastic response
of metallic materials, when their rate—dependent effeesasumed to vanish. For similar rea-
sons a rate—independent plastic material model was impitdén the numerical tool.
In the theory of plasticity, contrary to the theory of elasi, in which total elastic strains and
stresses are directly related, the relationship betweerdtie of strains and the rate of stresses
is postulated as

&=H,(D-D,) (4.5)

whereg is an objective rate (see below) of the Cauchy stress tensod H, the elastic stiff-
ness tensor.
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Detection of plastic straining, the yield function

Plastic deformation is triggered when stresses in the mahteach a given limit. The phys-
ical origin of plastic straining in crystalline materiaksthe activation and propagation of dis-
locations generated by the applied stresses resultingearsiip on a number of slip planes
[Bowman 2004; de With 1999; Hill 1956]. In the material mgdalmathematical function
called yield function is used to detect an increase of mlatformations. Yield functions de-
fine a surface, which envelops all physically possible sts¢gtes in rate—independent plasticity.
Stress states inside this contour cause only elastic def@mns, while stress states on this yield
surface give rise to elastic—plastic deformations. By d&dim, in rate—independent plasticity
stress states outside the yield contguare not admissible. These conditions are expressed

mathematically by the Kuhn—Tucker complementary condgio

vy >0
f <0 (4.6)
V=0

with ~ the consistency parameter, which determines the magndugkstic strain. The dot
superscript denotes the time derivative of the considened.t

The von Mises pressure—insensitive yield function forrngpic materials was chosen for the
numerical tool. This yield criterion is frequently assunfed metals [de With 1999; Geers
2001; Hill 1956], furthermore it offers the numerical adtage that the gradients of the Von
Mises yield surface, which are used for the numerical sotugirocedure, are always uniquely

defined. Mathematically the von Mises contour is expressed a

1
f(o‘, O’v) = \/5[(0'1 — 0'2)2 + (0'2 — 0'3)2 + (0'3 — 0'1)2] — Oy (47)
whereo, 0, andos are the principal Cauchy stresses ands the current yield strength of the
material, depending on its hardening behavior.
A Ludwik’s law, with a power law expression is used togeth&hwhe von Mises yield function

to describe the hardening behavior of metallic materiath@nsimulation
ou(k) =09+ K K" (4.8)

whereo, (k) is the current yield stress, stands for the elastic limit in uniaxial tension. The
scalar valued hardening parameters typically dependent on the strain history through in-
variants of the plastic strain tenso andn are curve fitting parameters, called hardening
coefficient, and hardening exponent, respectively, chosdi (4.8) to experimental stress—

strain data. Ludwik’s law describes well experimentalstrestrain data for the considered base

materials, pure titanium and pure nickel well. Since thédyfenction depends on the loading
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history only through a scalar-valued hardening paramigteryield surface can only expand or
shrink, but not translate or rotate in the stress spacena&inematic hardening is considered

here.
Plasticity evolution laws and the flow rule
Considering the definition of a yield surface, plastic stirag) occurs when the stress point

in the stress space is on the yield contour of a yield surface,subsequently remains on this

contour as the loading progresses. This is expressed byfttsestency condition

:6—0-0'4-&&:0 4.9)
The evolution law of plastic deformation is defined by the flole
D,=9n with n= or (4.10)
Jo

n is the unit outward normal to the yield surface in the casessbaiated plasticity.

4.1.3 The essence of the corotational formulation

The major challenge of integrating the above rate equaiiotine finite deformation framework
is to respectncremental objectivityluring a finite time step. The objectivity criterion means
that a pure rotation or rigid translation transformationwdd not cause any increment of strain
D and of stresgo.

To solve this problem the equations are first rewritten ao@tationalmoving frame [Ponthot
1995]. This corotational frame is generated using a skem#asgtric tensoi2 = -Q7 in the

following. A group of rotations is generated by

r = Qr
I'(to) = I

(4.11)

This group of rotations implies a change of frame from thet€aan reference axes to the

corresponding rotating axes. In these rotated axes then@atiess tensor transforms as
oc‘=rTor (4.12)
and the rate of Cauchy stress is given by
cc=r"(6-Qo+oQ)r=r"6°r (4.13)

with 6¢ a corotational objective stress rate (the Jaumann r&e=if\W).
In the new (rotating) reference frame the evolution equatiake a simple form, similar to the

infinitesimal theory of plasticity

‘= H; (D°-D;) (4.14)

p
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with
D¢ = rTDr
n = rfnar (4.15)
H: = H,

and the scalar quantities remain unchanged.
Numerical solution by return mapping algorithm

The main difficulty in elastic—plastic computation is théccéation of stresses [Argon 1975],
on which the internal forces and the global equilibrium @& fystem depend. The equations of
the mathematical theory of plasticity have to be integrfitéatthies 1989; Ortiz & Popov 1985;
Ortiz & Simo 1986] to obtain the stresses correspondingéatiiual state of deformation. In a
finite element study the stresses are calculated at eagratitsn point of every element. The
integration of the above rate equations is conducted usiatuen mapping algorithm [Simo &
Taylor 1985] with an iterative forward Euler scheme. For endetails on the numerical solution
of problems in plasticity the reader can consult [Owen & HmMi980; Simo 1988; Sussmann
& Bathe 1987]. Conceptually the return mapping schemes eatmMided in an elastic predictor

step and a plastic corrector step.

Elastic predictor step

First an elastic predictor is established starting fromlést converged configuration assum-

ing the total incremental deformation elastic in #lastic trial step
t1
o, =0+ / H, Dedt (4.16)
to
The trial strese§, is back—transformed in the initial Cartesian frame
t1
o =11 0l T =1] {rg o) o+ / H. Dcdt} r (4.17)
to
Using the polar decomposition (4.2) and tiat= sym (L)
1 . .
D¢(t)=rI Dr, = 51~1T R[UU '+ U 'UR" 1, (4.18)

The following three assumptions are next introduced, asamnthdt [2002] i.e. (i) that the
reference configuration is the configuration at tinéupdated Lagrangian configuratior) =

I; (ii) we suppose(t) = R(t); and (iii) the following exponential map fdd(¢) is assumed

U(t) = exp[t ;tto c} (4.19)
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with C = InU the incremental natural strain tensor between the refereofiguration and the
actual configuration. Considering the above assumptiansiti stress tensor can be calculated
as

o, =R [0y +H, C]R" (4.20)

The major features of this formulation are, that:

¢ all kinematic quantities are based on the deformation gradi, which is derived in a

straightforward manner in a finite element frame
¢ R is computed exactly from the polar decomposition
¢ the logarithmic strain tensdr can be computed exactly [Ponthot 1995]

e the scheme is trivially incrementally objective, since lwe tcase of rigid body motion

C = InU = 0 and the stress tensor is updatedras= R o, R” for any finite rotation

¢ the formulation is not restricted to isotropic behaviorganstitutes a natural frame for

anisotropy

Plastic corrector step

If the elastic trial step violates the yield conditiorptastic corrector steps used to return

to the evolving yield surface. The nonlinear system of eiguatto solve is:

p

H!'(c—-0,)+D, = 0
L (or
Dy - (80) (4.21)
flo, k) = 0
\ ; -

The linearization of this system of equations for the Newt®aphson local iteration procedure

can be written as
o (k+1) o ()

= — [Jp(e®, k)t MW (4.22)

(kD) o (R) (k)

where the superscripts in parenthe§esrepresent the current iteration numb&s(o®), x*))
is the Jacobian matrix of the system (4.21), &) (o*), k*)) stands for the matrix of resid-

uals at thek-th iteration of a given increment of the local Newton—Raphprocedure.
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Consistent tangent stiffness matrix of the return mapping

The notion of the tangent stiffness matilik consistent with the integration algorithm of the
constitutive equations was introduced in Simo & Taylor [2P8The local tangent stiffness
matrix calculated at the integration points of the elemeistsd in the assembly of the global
structural tangent stiffness matrix has to be consistettit thie chosen algorithm of integration
of system (4.21) to keep the asymptotically quadratic rht®nvergence of the global iteration
on the structural level, which is necessary for computaiiefficiency. The derivation df; (if
possible by an analytical expression) is essential to geeaan efficient calculation.

The elastic—plastic operataonsistentwith the stress integration algorithm is defined by the
relation [Ponthot 1995; Simo & Taylor 1985]

W) ()
H = lm 2» 9% (4.23)
pU—ith g DSHHD

with subscripts:, and superscripts in parenthegéscorresponding to the increment number
and the iteration number of the local iteration loop, resipely. D™ and ™ —o')
are the increment of strain and stress between non—eduitibterations(:) and(i + 1).

After some straightforward manipulations the Jacobiarrimdfﬁl issued from the linearization

of the nonlinear system of equations to solve at £k iteration of the increment can be

i 62f (k) of (k) 62f (k) 7
-1, Y YJ - (k)
L] + <820') <80’) o (80’ M)n

n n

Jk (4.24)

of O of (k)
(@), (50).

The uppeB x 3 matrix of the inverse of the Jacobian mat.m});1 is the tangent stiffness matrix

expressed

consistent with the stress update integration algorihniSimo & Taylor 1985]. The tangent
stiffness matrix consistent with the stress integratidmeste is used in the code on local and
global levels for the sake of rapid convergence and effigier@@nce the local iteration con-
verged,H; is further used to construct the material stiffness masee(below) of the global

structural iteration.

4.1.4 Evaluation of the structural consistent tangent stihess matrix

As pointed out in the previous section, in order to guaratite@symptotically quadratic rate of
convergence of the Newton—Raphson iteration loop on thetstral level, the structural tangent
stiffness matrix consistent with the stress integratidresteK ; has to be used. An interesting

feature of the corotational finite deformation formulatisthat an analytical expression of this
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matrix K, can be given by direct linearization. By definition, thidfagss matrix is given by

£ K]0 qz® (4.25)

ntn
at increment: and at iteratior(i). From here on the superscript in parenthgsgseferring to
the iteration number is omitted for the sake of a less compdeation, keeping in mind however,
that the consistent tangent operator is defined betweendweaguilibrated iterations.
In the current deformed configuration at timtie internal forces of a nodeof the discretized

structure, in the directiohare evaluated using Einstein’s notation convention as

fz’nt Ii = / Blj 0ji av (4-26)
V(t)

: ON . : : : - :
with By, = 8—1 Ny being the interpolation function of the finite element. Theression of
x .

L .
the the consistent tangent operator is

fint 10 = K 17 Tn (4.27)

where the uppercase letters relate to nodes and lowerdsss leorrespond to directions. The

time derivative of (4.26) can be written as
fint Ii — / [B[j dji dV + B]j Uji dV + B[j Uji dV] (428)
\%4

The first term on the right side of (4.28) expresses the infleef the change of stress (the
traditional notion of the stiffness matrix in infinitesintaleory) and the second and third term
describes the influence of the change in the geometry on tbenal forces.

The expression of ;; depends on the chosen objective rate of stress. It was shoRorthot
[1995] that the Jaumann objective rate is consistent witbbtetional formulation considered
here. By the appropriate mathematical developments theession ofKK, can be established
as [Ponthot 1995]

Ks IJik — / B]j BJ[ Tijkl dVv with
|4

(4.29)
1 1 1

Tijw = K+ 0i0n — %Uz‘lékj - §U¢k5ﬂ + §Ulj5ik - §Ukj5il
with ,,,, denoting the Kronecker delt&;} is the contribution to the structural stiffness matrix
related to the material behavior (defined in the constiéutw), in our case it is obtained from
H, presented previously. The other termsIfy,; can be condensed in a matﬂisi(fje,jl which
represents the contribution related to changes in the gepme
Note, that in the case of infinitesimal displacement andrdedtion theoryiK9¢° does not exist,
since the initial and deformed configurations are assumébd tmilar. Equation (4.29) indeed
degenerates to the stiffness matrix of linear elasticitgmn = 0 is taken and<™** is replaced
by the elastic tensor of Hooke. The corotational formulatnsidered here has the major
advantage of fully decoupling the treatment of material g@ometric nonlinearities, leading to

a high degree of flexibility for the choice of the material beior.
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4.1.5 Conclusion

In this section the necessary ingredients of the corotatifamte deformation formulation and
of mathematical plasticity used during the implementatbthe finite deformation plastic be-
havior in the finite element code were presented.

The programmed elements use the von Mises yield functiomigatropic nonlinear hardening
behavior. The necessary incremental iterative solutionguture was introduced. The notion of
the elastic—plastic tangent stiffness matrix consistetit the stress integration algorithm was
recalled. The latter, determined on the level of the inteégngooints of the elements was used
in the global iteration algorithm for the construction oétimaterial stiffness matrikK™.

The finite deformation scheme used here is trivially incretakly objective, and the contribu-
tion related to changes in the geometry to the structufsthetis matrixi<s¢°, being specific to
finite deformation formulations can be determined anadiyc The structural stiffness matrix

is defined a¥, = K™ + K9 showing a full decoupling of material and geometric nonlin

earities, being an interesting feature of the formulation.

In spite of the material and geometric nonlinearities cod@sd in the formulation the asymptot-
ically quadratic rate of convergence of both the global d&edtegration point—level iterations
was ensured. The plastic element set was assessed usingl devehmark problems, among
others, some presented in AFNOR [1990]. The simulationgwaccessful for the considered

problems, the obtained results correspond to the andlyésalts of the benchmarks.
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4.2 Computational contact mechanics using augmented La-

grangian formulation

Several recent publications [Chabraedal. 2005; Stadler 2007] and books [Meguad al.

2004; Stachowiak 2005; Wriggers 2002; Wriggers & Zavari@842 are dedicated to exper-
imental and computational tribology and related issuese fader can consult them for a
more general overview of the subject. Modeling contact @ and contact evolution in a
numerical model is required to represent the evolving banndnd loading conditions of prob-
lems involving contact. In this work, contact problems wiitie following assumptions were

addressed:
e rigid (undeformable) body—deformable body contact in twoehsions,
e the rigid body is described by parametric curves,
e whenever friction is assumed on the contact interface, ddddumodel is used.

In the following subsections, basic notions of contact na@ats are first introduced, with con-
stitutive laws for frictionless normal contact and fricted behavior. The chosen Coulomb
friction model, coupled to normal contact conditions is fiywaiscussed. This introduction

is followed by the presentation of the main steps of the dgrakents necessary to include a

one—node node—to—facet contact element in the finite elecoeie.

4.2.1 Contact mechanics

Contact kinematics

To put the problem in a general context, all contact relatioill be formulated for finite de-
formations, for problems in which two bodies approach eatleroand come into contact on
parts of their boundaries. Two bodiés and B, are considered with boundari€s andI';
respectively in a structural analysis framework. The bagywill represent a rigid body, and
body B, will be considered deformable. When boundary conditioresagplied on the bodies
B; ; i = 1,2, namely surface tractions dn, body forces, and forced displacements; displace-
ment/strain and stress fields are generated as a response.

The rigid body is represented by a single or interconneeteddimensional convex parametric
curves, which implies that the contact variables (see bettescribing the contact kinematics
are well defined [Heegaard & Curnier 1995]. The assumptiamegfecting the deformation of
one of the bodies can be adopted in many engineering apphsatApart from the obvious
example of nanoindentation, this assumption could be padd even for materials in contact

with similar elastic moduli if they exhibit plastic yieldgnwith strongly different yield strengths
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Figure 4.1: Definition of the contact variables for a. urdtal and b. tangential contact.

(in that case the low yield limit material is prone to suffee tmajority of the deformation if
it enters the plastic domain during indentation while theeotmaterial remains elastic). If the
normal7i(xy,y;) at a pointa; (21, y;) of surfacel’; passes through the poiat(z,, y2) of the
surfacel'y, then the distancg a;a» || is minimal. The point, (x4, y;) is the normal projection
of point as(z2,y2). The choice of the point; is not unique in general, unlegs is convex.

The signed normal distaneg can be defined as
dn(az) = fi(x1,y1) [T(az) — Z(ay(az))] Vag € Ty (4.30)

with 7 denoting the position vector in the two—dimensional sp#ceé, is positive the two bod-
ies do not inter—penetrate. Making the assumption of thsigatatic evolution of the contact

variables the relative contact velociti&éat timet can be written as
5d(ag, t) = 62 (ag, t) — 6 (ay, t) (4.31)

&d, is the projection ofid on the tangent vector space fp representing the vector field of
tangential relative velocities. The normal contact distaf), and the tangential relative contact

velocity dd, are linear functions of the displacement veator
Unilateral contact conditions

Frictionless normal contact, amilateral contactconditions are usually characterized by the

following conditions:

e solids can separate, but not pull each other (since surfdiceséon forces and contact
forces necessary for surface deformation are usually tdréifit order — the latter being

more important),

e solids can press, but not penetrate each other,

which are classically expressed mathematically at a giventpf the contact surface using

variablesi,, andf,,, representing respectively the normal separation distand normal contact
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forces between the contacting solids:

These conditions are also referred to as the Hertz—SigrMoreau conditions in contact me-
chanics [Alart & Curnier 1991; Meguidt al. 2004]. Such conditions coincide with Kuhn—
Tucker complementary conditions in the theory of optimat

f

n‘l

separation

contact

Figure 4.2: Unilateral contact conditions, multivaluedtart law.

The contact law relating, to d,, (Fig.4.2) is a non—smooth, multivalued function (it is ndt d
ferentiable and can take an infinite number of values at tlggndr Even simple, frictionless
contact problems are therefore difficult to formulate anldesaumerically, since a weak form

of the contact mechanics problem is usually needed.

Friction contact laws

Practically all real-life contact problems involve frimtial effects. Friction is a particularly
complex phenomenon that stems from and bridges multiplescBiom atomic level (atomic
interactions in Section 3.1) to the macroscale. Frictioteptally depends on a variety of
parameters of the contact, i.e. the normal contact foresrdlative sliding speed, the tempera-
ture, the humidity, the lubrication, the surface roughnpessible wear and particle detachment
forming a third body layer, etc. [Stachowiak 2005; Wrigge@€2].

This results in a large number of friction models with vagyiocomplexity, developed and
adapted for different types of problems. In this work dretibn conditions (without lubri-
cation) were considered, since the aimed applications wedally in these conditions. The
most well-known and most widely applied dry friction modekie simplest one, defined by
one parameter (usually referred to as the coefficient of friction), the gjaot of the normal
and the tangential forces on the contact surface, separdttenstates of sliding and sticking
under constant normal force. It is generally known as theehotl Coulomb, or Amontons
[Mate 2008; Wriggers & Zavarise 2004]. Although this modebased on a phenomenological
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description of the frictional behavior on the macro—scaleas a vast field of application, and
it was shown to perform well in complex situations as well fidnovsky & Bhushan 2007].
Even though other, more complex constitutive laws may belscribe the frictional behav-
ior of the contact interface on the considered micro-ancseale [Carpiclet al. 1996, 1997,
2001; Deshpandet al. 2007; Mate 2008; Nosonovsky & Bhushan 2007], the Coulondys |
remains the most frequently adopted law for friction in tiber&ture (concerning the modeling
of nanoindentation, see [Antunesal. 2006, 2007; Bolzoret al. 2004; Bressaet al. 2005;
Bucailleet al. 2004, 2003; Caet al. 2007; Cao & Lu 2004; Carlssoet al. 2000; Habbab
et al. 2006; Mata & Alcala 2004; Mesarovic & Fleck 1999; Q& al. 2007; Taljat & Pharr
2004; Wanget al. 2007b]). It was therefore chosen in order to allow the resolbe compared
to other works. However, the developments were performed that other laws for friction
can be accounted for in future works.

This model is first presented for the particular case of sahdcontact under constant normal
load (f,, = const). The relative sliding speed between the solidslaatbingential contact force
at a given point of the contact surface are representédmsnd f;, respectively. Two tangential

contact states can be distinguished:

e the state of stick: the tangential forces are under a limitesg f; ||< &, there is no

relative movement between the solids in contakt= 0,

e the state of slip: the tangential forces are equal to the lralue|| f; ||= &, and the solids

are in relative movemeriitdd, ||> 0.

Keeping the limit value for stick: constant, the similarity of the Coulomb contact conditions
to the formulation of perfect plasticity is easily recogatite. The Coulomb contact law relat-
ing f; to d; (Fig.4.3) is a non—smooth, multivalued function. For sanileasons as in the case
of unilateral contact, this leads to difficulties in formtithey and solving the tangential contact

problem in a numerical scheme.

stick

slip

1
=

Figure 4.3: Tangential contact conditions of the Coulomttibn model at constant normal

contact force, multivalued contact law.
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Coupling Coulomb friction law and unilateral contact cotidns

The stick limitk is not a fixed value in the classical Coulomb friction modelt,dn the contrary,
it depends on the magnitude of the normal force via the coefiiof friction ;. by the relation:

k = u f,. This results in a coupling between the unilateral and thgeatial contact laws, as
illustrated in Fig.4.4.

fr 4 fi 4 f
separation VRN'= _sl;) -
o d S
é n sli E :adt
S|t —
f

Figure 4.4: Unilateral and tangential contact conditiasuiting from the coupling of Coulomb
friction law and unilateral contact constraints.

Three contact states are thus to be considered:

gap: d,>0 f,=0 fi=0
sticki d, =0 f, <0 || fill<lwfull dde=0 (4.33)

The use of non—smooth, multivalued functions and the cagpf normal and tangential con-
tact behavior are the reason for which even the simplestd@dulfriction model requires ad-

vanced solution methods in computational contact mechkanic

4.2.2 Numerical modeling of contact by an augmented Lagrangn for-

mulation

Analytical solutions of contact problems are restrictedgitople load cases with elementary
geometries [Hertz 1882] thereby calling for numerical deions in most practical cases. The
most obvious change taking place when two surfaces comeonttact is related to the fact

that their displacements have to satisfy some restrictoonthe contact surface, and that con-
tact stresses appear in the contact zone. Starting fronolisisrvation, contact mechanics, in
its first interpretation, can be considered as a particldaiogboundary conditions that vary

within the analysis, rendering the overall structural peabnonlinear independently from the

constitutive law used to model the material behavior.
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Contact ﬂ
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Figure 4.5: As opposed to classical problems (left), whamstering contact (right) the dis-
placements of bodyB have to satisfy contact conditions defined by the contacs lamw the

contact surfaceg'..

The nonlinear nature of the problem makes a proper consideraf these constraints not
straightforward, hence iterative algorithms are needethethod based on minimization prin-
ciple was considered in this work. For a summary and a detdigscription of the applicable
computational methods to contact mechanics problems #@erecan consult [Meguidt al.
2004; Wriggers 2002; Wriggers & Zavarise 2004].

Search for equilibrium as an optimization problem

Without any loss of generality as for the treatment of thetacinproblem the assumption will
be made, that the mechanical equilibrium of the system witkhontact conditions can be de-
fined by the minimization of a functiondl(«) (the free energy potential for example). This
allows the description of the continuum mechanics equilibrproblem as an optimization
(minimization) problem [Meguict al. 2004]. The solution of the equilibrium problem of the

two discretized bodies in the absence of any contact canfressed as

u* =argmin[ll(ad)] «— TI(ad*) < II(4) Vu (4.34)

wherell(«) is for example a hyperelastic or elastic—plastic functighamaitre & Chaboche
1985] in terms of the global displacement vecipand the notation* = argmin f(y) denotes

the particular poing* which realizes the minimum of the functigiiy). A necessary condition
for 4 * to be a solution of the problem (which becomes sulfficieni(if) is strictly convex) is

[Heegaard & Curnier 1993; Pietrzak & Curnier 1999]

VIN@*) = fint(@*) = fors =0 (4.35)

whereV denotes the gradient operatﬁlf,t(ﬁ) is the internal force vector aryﬂ;t the externally
applied force vector. Note that in elasticity any continyonoblem can be formulated as a min-

imization problem. This is based on the fact that the totéépisal energy realizes a minimum
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at the solution point. This is no longer valid in plasticiyhere another functional has to be
introduced if one wishes to convert the problem of the semchquilibrium to a minimization
problem [de Borst & Mihlhaus 1992; Lemaitre & Chaboche 1985

Including contact constraints

Contact conditions add new and potentially evolving kinBo@onstraints to the original prob-
lem. These constraints can be divided in two classes: tHataral contact problem [Burguera
& Viano 1994; Chen 2001; Han & Sofonea 2000; Sofonea 1997 Faettbnal contact problem
[Alart & Curnier 1991; Baillet & Sassi 2003; Fergg al. 2004; Kimet al. 2000; Kontoleon

& Baniotopoulos 2000; Kontoleoat al. 1999; Laursen & Simo 1993; Lin & Tseng 1998;
Meyeret al. 1991; Serpa & Iguti 2000; Wriggers 2002; Wriggers & Zavaf9@4; Yanget al.
2005]. The former restrains the normal components of thplatiement at the interface of
the contacting bodies to avoid inter—penetration, whike lditer condition describes the tan-
gential (e.g. stick—slip) behavior in the contact zone. nirthe conceptual point of view, a
mechanical contact problem can be considered as a ‘clésseehanical problem (search for
equilibrium by minimizing a functionall(«)) with additional contact features related to the
inequality constraints [Barber & Ciavarella 2000; Wrigg@002; Wriggers & Zavarise 2004].
The constrained optimization problem of findifig subject to contact constrains transforms to

anunconstraineaptimization problem using a generalized functional
O(u) = 11(@) + Co(fn, dn(@)) + Co fy, ddi(@)) (4.36)

whereC,,(f., d,(«)) andC,(f;, od,(u)) stand for functionals representing normal and tangen-
tial contact conditions.

With the assumption made that the equilibrium of the analyagstem is the minimum of a
functional, the solution of the structural — contact medt&problem becomes from a mathe-
matical point of view an inequality—constrained minimipatproblem. It has to be realized that
the major difficulties in the algorithmic treatment of corttproblems are related to adding the
inequality constraint§’,, andC; and to the non—differentiability of normal contact andtioa
terms. To overcome these difficulties, different formuat were developed, the best choice

still remains an open and frequently discussed questionmpaitational contact mechanics.

The minimization problem is solved here using a primal-doethod, which means that prac-
tically the saddle point of an augmented Lagrangian funcid” = II(@) + C4* (having
conceptually a form similar to (4.36)) is searched for withewton type continuous multiplier
update procedure [Arorat al. 1991; Heegaard & Curnier 1995; Pietrzak & Curnier 1999].
CAL = CAL + OAL is expressed using augmented Lagrangian multipliers (@esvh Such a

solution procedure can be used, the gradients of individoatiact constraints are available.
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The augmented Lagrangian formulation is the convolutiatheftclassical penalty and Lagrange
multiplier optimization methods [Nocedal 2000; Wriggef®2], bearing the prime advantages
of both, however without inheriting their respective digatages.

In the penalty method, a penalty term is used to enforce theacbconditions. This method
can be preferred because only the primal displacementblasi@nter the formulation, which
leads also to a straightforward implementation. Howevacesthis method is a regularization
method based on the penalty principle, this implies thastramts are exactly satisfied only at
an infinite value of the penalty parameter. As a result, tlieeecompromise between satisfying
the contact conditions and numerical ill-conditioning.

Enforcing the contact constraints using Lagrange mudtiplresults in the exact satisfaction of
the contact conditions. At equilibrium the values of the taagye multipliers correspond to the
unknown contact forces. Conversely to this advantage,utsarical drawback is that in this
method the field of Lagrange multipliers and the displacerfield both have to be discretized
(using interpolation functions for the Lagrange multiptieand kinematic contact variables)
[Wriggers 2002]. As a result the total number of unknownsicgeased with respect to the un-
constrained problem, and has to be adapted when the comtaxdace varies during the loading
process.

The augmented Lagrange multiplier method is the combinatigenalty and Lagrange multi-
plier methods, including a Lagrange multiplier teriy the dual variable) as well as a penalty
term: g, = A\, +r,d, andg; = X\; + r;dd;. Contact is detected with a linear combination of pri-
mal and dual variables. Note that when the Lagrange mudtipdirms are zero the expressions
of g, andg; correspond to the penalty method. This method ensures theeade satisfaction
of the contact constraints, at the same time the regul@izaarameters; andr,, penalizing
d, anddd,, respectively, take small values (usually= r,, = 10 to 100 was used), allowing to
avoid numerical ill-conditioning. This formulation aliéhe prime advantages of the penalty
and Lagrange multiplier methods, i.e. simple implemeataéind accurate solution, resulting in
an efficient and accurate computational contact mecharetisad. Multiplier methods are dis-
cussed in the context of a general constrained optimizatioblem (for equality and inequality
constraints), and its solution in Aroet al. [1991].

Before considering the complete mechanical problem, tbas@n the additional terms~
andC/L related to contact constraints are first introduced. Thisld/gorrespond to contact
configurations with rigid bodies only (i.e. without the faiomal I1(«) describing the mechani-

cal behavior of the contacting solids).
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Contact contribution to the Augmented Lagrangian for ui@fal contact con-
ditions (A1)

For the sake of simplicity in a first step the unilateral cebfaroblem is investigated (the as-
sumption is made that there is no friction between the coingsurfaces). It was shown in
Alart & Curnier [1991] that a functional'/'* expressing the frictionless, normal contact condi-

tions can take the following form:

1 1
A |12
— 1 I+

Tn

dist[g,, Ry] (4.37)

C;?L(/\na dn(ﬁ)) = _2

where disfp, C] = min,cc || p—y

 gn = A\n + Tad, IS the augmented Lagrange multiplier
for normal contact; an®., is the space of positive real numbers.

This form of the functionalC4~ for normal contact in the augmented Lagrangit sat-
isfies the normal contact conditions exactly, moreover & thee advantage that an analytical
expression of the consistent tangent stiffness matrix eagieoived from it, which ensures that
the global structural iteration loop keeps its asymptdifiaguadratic rate of convergence when

unilateral contact conditions are prescribed [Alart & Garri991].

Contact contribution to the Augmented Lagrangian for puigtibn conditions
(G

When pure friction conditions are considered (the asswonp made that the normal force
remains constant, implying that the stick limit valle= const.), a functional’Al’ express-
ing the corresponding contact conditions can take theviafig form [Alart & Curnier 1991;
Pietrzak & Curnier 1999]:

. T 1 .
CiAL()\t, (Sdt(U)) = )\t (Sdt + gt ” (Sdt H2 —ﬁd|st2[gt, K] (438)
t

whereg; = \; + r;dd; is the augmented Lagrange multiplier for tangential can@aadK is a
segment oR defined by the constant stick limit valéeasK = [-k  &].

This form of the functional’** for tangential contact at fixed stick limitin the augmented
Lagrangiand“” satisfies the corresponding contact conditions exactiyoiidering this par-
ticular form of friction law with a constant stick limit vadu(which can potentially be used to
model micro-and nanoscale contact behavior [Carpickl. 1996, 1997, 2001)), it is possible

to derive an analytical expression of the consistent tangtéfness matrix.
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Augmented Lagrangian for Coulomb friction conditions bs#w deformable
bodies

The complete form of the function@*” is now used including the functionBl(i) describing
the mechanical behavior of the contacting bodies. The forahfof the contact functional 4>

for Coulomb friction in the augmented Lagrangi@ri” used in the finite element code is the
combination of the expression used to describe unilatemact conditions”/'* and the one
describing tangential contact conditiofi$”, taking however the dependence of the stick limit

on the normal force into account.

1 1,
QAL(T, M, ) = TI(d) — | A ||? +=—dist[g,, R]
+)\t 5dt + 5 || 5dt ||2 —2—”dlst2[gt, KM]
whereK, is a segment defined B, = [—1g,  1g,), depending on the coefficient of friction

1 and the augmented Lagrange multiplier of unilateral cdnggc It must be stressed that
finding the saddle point of the augmented Lagrangpdti = TI(@) + C“4~ is not a standard
optimization problem, but only a quasi—optimization peshl since the convex skt depends
on the solutioni through\,,. The augmented Lagrangian is continuously differentiatté
respect taz, A, and), if II(%) is continuously differentiable with respectd@dAlart & Curnier
1991]. Consequently, the saddle—point of the augmentedabagan, (i *, \:, \;) is unique,

resulting from the strict convexity dil(#). The necessary condition fo@ *, \*, A7) to be the

saddle point ofd4L, i.e. to be the solution of the constrained optimizationbtem, is the

satisfaction of:
Vi @4 = Vi) +VgzCA = 0

Vi, 04 = +V,, CAL = 0 (4.40)

V04 = +Vy CAL = 0
The contact constraints in the discretized problem areegbfiirough a set of one—noded, node—
to—facet type contact elements on the predetermined donigece. For the sake of clarity and
simplicity the detailed development of the terms enter#hg@) isrestricted to the additional
terms due to contact constrain@s'”, considering one contact element in the following. In order
to calculate the involved gradients of the terms represgittie contact constraints it is recalled
that the distance of a given pointc P to a convex se€ can be expressed in accordance with

the projection theorem [Heegaard & Curnier 1993] as:

distp, C] =[| p — projc (p) | (4.41)

where prog; (p) is the projection op on C. Moreover, the projections o@ and on its comple-

mentary seC (for exampleR, = R_) satisfy

p = Projc (p) + projs (p) (4.42)

55



Continuum scale model development 4.2 CCM with AL formulation

This formula is the generalization of the decompositionwéetor on two orthogonal subspaces.
Combining (4.41) and (4.42), the following expression canwbitten [Heegaard & Curnier
1993]:
| .

Vp< 3 dist[p, C]) = projs (p) (4.43)
Thecontact contributionn the system of equations expressing the saddle point s&geson-
ditions (4.40) can be rewritten for one contact node as

Vi C = (Vi dy)"projg_ (gn) + (Va 0dy)"projg, (9:)

1 .
V,, CAL = —r—()\n — projg (gn)) (4.44)

1 .
VyCAL = (A — projg, (g¢))

T
It has to be noted that, sind€, is a segment with variable length, depending on bottand
d, (@) throughK,, = [—p (A, +7,dn (7)) p (A, +7,d,(1))], Obtaining the above expressions
using the projection defined in (4.43) requires the assumphiatK, is constant. This is nec-
essary, because the dependencKpfon )\, and« cannot be given by analytical expressions.
This has implications on the rate of convergence of the caation when frictional sliding is
involved, the convergence is not asymptotically quadratigmore. However, a fast conver-
gence is kept if the contact variables are updated at evergtion of the solution procedure
[Alart & Curnier 1991], this frequent update minimizes threoe made by the assumption of
K, = const. As pointed out before, the asymptotically quadratte of convergence of the
global iteration loop can be restored when a constant stick k, independent of the normal
contact force is chosen (i is supposed to be an intrinsic property of the contact iatey,

since in this case the expressions in (4.44) can be evaluateistently.

Contact forces and generalized contact Jacobians on thedea single contact element for
the three contact states (i.e. gap, stick, slip) are deffreed (4.44). At the element level the

contact operataFe derived fromC4” can be written

( —
0
Flop = —An/Tn
—/\t/Tt
9 [Va de (@) + gV g ods (@)]T
Fe=1 X | =9 Foa = ds, (4.45)
bY; ody

9V dy,(@)]" — signugy, [Va od; ()]
leip = dz
—(1/r)(Af + signpugy)
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with
sign— +1 if ¢gf >0 (4.46)
-1 if ¢gf <0
taking into account that frictional forces point in the opjie direction to the direction in which
the relative movement occurs. This contact element caritab combined with the structural
finite elements leads to a mixed formulation of the contagbjam in the sense that both primal

« and dual\,, and)\; quantities are independent variables.

The usual system of equations in a structural finite elemealtyais (4.35) has to be modified
to take into account the contribution of the contact elemétite enforcement of the contact
constraints). Let us consider the two—dimensional defbienbody, B, described in a numeri-
cal model, discretized with degrees of freedom. Adding a numbesf contact elements, the
system has to be extendedrter 2¢ equations, since two dual variables and )\, are added at
each contact node.

Jint(@) = feur = feont =0 (4.47)
where fin, (@) = {{/™,}, {0217, foue = {{f™,}, {02}}7 are the internal force vector and the
vector of externally applied forces, both of increased disi@nn + 2c. {02} represents the
2c—dimensional zero vector. The+ 2¢ dimensional contact force vector is assembled from the

contact operatork®© determined on the element level for thaumber of contact elements
fc;nt = U Fe (448)

with U representing the assembly operator of the contact elene@etrglized forces.

[

4.2.3 Numerical solution of the contact problem - generalied Newton

method

To solve numerically (4.47), the system of equations dejiie saddle point necessary con-
ditions (4.40) giving the solution to the general problems tabe linearized. Since operators
for normal and tangential contact are piecewise lineay #re not differentiable everywhere.
They possess a weak notion of derivative, called the gamedalacobian [Alart & Curnier
1991; Pietrzak & Curnier 1999]. An extension of Newton’setie to non—differentiable but

continuous equations is
@ = @D = K+ I ot = et = feom}) I8 € 0feo(@))  (449)

with subscripts:, and superscripts in parenthegéscorresponding to the increment number

and the iteration number of tistructural loop respectively(?fc;m(ﬁﬁf)) is a generalized Jaco-
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bian offc;nt atu”, assembled from the contact Jacobians of the contact etemen

VQ@ CAL vm)\" CAL Vﬁ)\t CAL
Jeﬁ,An,At = vAn,ﬁ CcAL v)\n)\ncAL V)\m)\tCAL (4.50)
v)\t,ﬁ CAL V)\t,)\nCAL V)m)\tCAL

The contact Jacobian of each contact element depends oroiect state of the particular

contact element, according to

e

0 0 0
Jeap = 0 —(/rn,) 0
0 0 —(1/r)

Nstick + Tstick (vﬁ dn)T (vﬁ 5dt>T

Jotiok = Vi dy 0 0
Vi 0d; 0 0

andTStiCk = 'r’t(Vg 5dt)T(Vg (5dt> + gt(V% 5dt)

Naiip + Tatip  (Va dn)” —signu(Vgz 6d,)™ 0
Jaip = Vi dy, 0 ’
—signuVy d, —sign/r, —1/r
with Naip = 7(Va )7 (Vi dn) + 92(V2 d,)
and Ty, = —signur,(Va d)? (Vi 0dy) + g, (V2 8dy)

0
Thereby the structural iteration loop, solved by a Newtaapiison method transforms to a
generalized Newton solution scheme when contact contgraie added. This formulation in-
troduces a full decoupling of the contributions of contamtstraints from other material (plas-
ticity) and geometrical (finite deformation) nonlineaggij keeping a high degree of flexibility

and the modular structure of the resulting finite elemenecod

4.2.4 Discussion

Aiming for the most efficient, most accurate and reliableatgm, this augmented Lagrangian
formulation for the Coulomb friction model was integratedthe numerical tool, bearing in
mind to keep the necessary flexibility for further developin& he chosen formulation intro-
duces a full decoupling of the contributions of contact ¢msts from other material and geo-
metrical nonlinearities related to the structural behavia@lding other friction laws in the code
is possible, and planned in a future work. Particularly,latieely easy development promising
valuable results is the use of a fixed value of the stick limfbr micro-and nanoscale contacts.

The ‘classical’ alternate treatment of the primal and daaiables results in a solution scheme
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with multiple loops [Wriggers 2002]. Here the simultanetresitment of both variables in the
structural iteration loop is considered, referred to asrainaous multiplier update procedure
[Alart & Curnier 1991], promising a more efficient computati Even though the convergence
of the generalized Newton method, applied to non—diffeadie:, but continuous equations was
not established in a general manner, in practice the metlagclserved to be robust [Pietrzak
& Curnier 1999].

In agreement with Alart & Curnier [1991]; Pietrzak & Curnig999] the unilateral contact
problem was found to converge in practice for all conside@ses. When friction is involved
the rate of convergence of the global iteration loop is agptigally quadratic in the state of
stick, but cycling between stick and slip states can occume fesulting decrease in the rate
of convergence depends on the number of cycling contactezitnand the coefficient of fric-
tion . These convergence issues can be decreased by the cholee mérialty parameters
0 <r <2 Auin(K), with A,,;,, (K) the smallest eigenvalue of the complete stiffness matrix of
the systenK = K+ J. as proposed in Pietrzak & Curnier [1999]. Slip state showstbwest
rate of convergence, stemming from the approximation treatontact forces and Jacobians are
determined for a fixed value of stick limit in an iteration.

The contact element has been assessed using simple bekstonahe element level (partic-
ularly for the frictional case), and more complex benchreainsidering coupled structural—
contact problems [Hertz 1882; Simo & Laursen 1992]. The #mans were successful, the
obtained numerical results and trends correspond to thgtenrahand numerical results given
for the benchmark problems. With the above verifications are@nclude that the implemen-

tation of the contact element was successful.

4.3 General discussion on the model development

A finite deformation description with plasticity and comatibnal contact mechanics features
were incorporated within an existing nonlinear finite elatneode. A 2D elastic—plastic ele-
ment set with 4—noded linear and 8—noded quadratic elenusintg plane strain, plane stress
and axisymmetric assumptions in the corotational finitedeétion frame was created together
with a one—node contact element that ensures the exadastita of both normal and tangen-
tial contact constraints on the element level. In the sithuta, the contact elements correspond
to the nodes of structural elements on the predetermineciosurface. A special care was
taken for the choice of the numerical ingredients that aseribst adapted, precise and efficient
with an emphasis on keeping the maximum degree of flexilolityre resulting code.

The finite deformation framework uses the corotational fdation [Ponthot 1995, 2002],
which has the advantage to be trivially incrementally otiyecand hence to be capable of

handling arbitrary large rigid rotations. Contact constisaon the contact interface were taken
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into account using the high—precision augmented Lagrangiethod [Alart & Curnier 1991;
Heegaard & Curnier 1995; Pietrzak & Curnier 1999] with a Newype continuous multiplier
update procedure.

All sources of nonlinearities (material - plasticity, gestnic - finite deformation and contact)
are fully decoupled in the resulting code keeping its higirde of modularity. In spite of all in-
volved nonlinearities, the asymptotically quadratic i@fteonvergence of the computation is en-
sured when frictionless contact is considered. Includiragibnal contact constraints decreases
the rate of convergence, however keeping it reasonables drawback is compensated to a
certain extent by the relatively simple form of the contactdulation and the efficient one—step
continuous multiplier update procedure. The convergemdkeocoupled structural—frictional
contact problem was obtained for all considered cases,tbeeigh the general convergence of
the generalized Newton method cannot be stated rigoroGsigsequently the performance of
the resulting numerical tool is considered satisfying.

Both the developed structural element set and the contaetesit were verified using bench-
mark problems and were shown to perform as expected. An deamhphe validation of the
the programmed features through the problem of the eximusi@n aluminum cylinder with
elastic—plastic material behavior with friction on the tawt interface is presented in the Ap-
pendix A.2. Thereby the developed numerical tool satisfiegredefined requirements of ac-
curacy, robustness, efficiency and flexibility and thus camjplied for modeling purposes. It
can be currently applied to problems involving frictionalfiactionless contact and the elastic—
plastic finite deformation of one of the contacting bodieg&hva behavior approximated by a

power law hardening and using the von Mises yield criterion.
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Chapter 5

Application to the nanoindentation
Interpretation and to the

micro—manipulation

The aim of this chapter is to apply the continuum scale maddtol described previously
to material characterization by nanoindentation and taom@nipulation. The focus of the
mun project, the work presented in this thesis is part of, wassgiotentially biocompat-
ible materials. The following sections address differesgegts of nanoindentation, i.e. (i)
a study of the influence of the variation in the indentatiorapzeters on the dispersion in
nanoindentation results, (ii) an investigation of therdpendent plastic behavior of pure
nickel in nanoindentation, (iii) an evaluation of the diggen in nanoindentation results
due to the coupled effect of sample surface roughness astibfri Finally, the numerical
tool is used for the estimation of the variation of contadtexion due to the plastic flatten-

ing of surface asperities during micromanipulation.

In all research works in this thesis the studied material prag nickel. This choice was made
considering the potential bio—compatibility of small scaevices made of pure nickel or a
coated nickel substrate; and in view of the large quantigvailable experimental information
and numerical studies on this material on the nanoscalepared to titanium. The numerical
tool using the finite element method, presented in Chapteagtuged entirely, or partly in the
majority of the research. The appropriate choice of the migakingredients, specially adapted
for the considered applications (among other requiremaintsimerical-experimental consis-
tency) allowed to conduct a coupled experimental-numiestcaly, and ensured the necessary
confidence in the obtained numerical results and trends.

The following sections address different aspects of natemtation and micromanipulation,

with a special attention given, so that all presented wolksvao draw conclusions that are
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important from both a modeling and an experimental pointietw For this purpose, in the
research work considering the problem of nanoindentatiamumerical modeling, the post—
treatment tool (Section 2.2) was systematically appliedubmerical results, with an emphasis
to simulate the complete experimental measuring proceshding in the evaluation of the elas-
tic modulus of the tested material. This enforced the prattnterest and applicability of the
results of purely numerical studies.

Sections 5.1 to 5.4 relate to the problem of nanoindentatitina special attention to consis-
tency between numerical simulations and experimentalitiond. Section 5.1 can be consid-
ered as a preliminary study evaluating the influence of someritation parameters on nanoin-
dentation results of pure nickel, using a ‘classical’ ratdependent material model (i.e. the ma-
terial behavior is independent from the rate of strain). ®b&ined trends pointed out the need
for a rate—dependent material behavior for the sake of stergty with experimental results,
as explained in Section 5.2. Numerical simulations dedit#b the rate—dependent behavior
of pure nickel coupled to nanoindentation experiments ootet! at various indentation depths
and at different loading rates on pure nickel are studiedeictin 5.2. The study parameters
are carefully chosen to ensure a priori the closest possdriditions between the experiments
and the numerical simulations. It is shown that a good agee¢rbetween the experimental
and the numerical results can be obtained for both the lasdid@nd the so—called indentation
creep phase (displacement—time curves in the holdingg)ewben taking into account a sim-
ple model with rate—dependent material behavior, and usimgterial parameter set that is in
the acceptable domain for metals. Results of Section 5.15ghdhow that a variation in the
considered indentation parameters influences the digpensithe elastic modulus identified
by the post-treatment methods of nanoindentation. In threedae of thought, the objective
of Section 5.3 is the numerical evaluation of the dispersioshallow nanoindentation results
due to the effects of sample surface roughness and frictioth@ contact interface. The si-
multaneous account for sample surface roughness anafrictihe context of nanoindentation
modeling was apparently not performed yet. It shows the mambd cumulative effect of the
two considered contributing terms of surface effects idlshaindentation depth. The line of
studies dedicated to nanoindentation ends with a shousksan on the performance of the con-
sidered post—treatment methods in the previously stud@ehtation configurations in Section
5.4. The attention is then shifted to the problem of microipalation in Section 5.5 aiming
for a contribution to the understanding of the adhesivetedstatic effects and an estimation
of their variation due to the plastic flattening of surfacpeagties in the gripper—manipulated
object contact. A rate—independent material law for puckediis used in this study, because
the strain rates are assumed to be small, as opposed to dantztion. The observed effect
in the numerical model clearly gives a contribution to thifclilty to release objects when the

squeezing manipulation force is removed.
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5.1 Influence of testing conditions on conical nanoindenta-

tion of nickel with a rate—independent material model

The response to nanoindentation of a material is the cotigalof a large number of contribu-
tions, which potentially cause variations in the resultvag—displacement curve. An important
general issue of the nanoindentation procedure is thepirgition of the results and the iden-
tification of the sources of their potential variation.

The purpose of the numerical study presented in this se@tidime evaluation of the effects
of indentation parameters and how they influence nanoiatientresults of pure nickel in a
simple numerical model with the particular choice of a ratdependent material model. Con-
sidering the identification of the key parameters of the game&noindentation problem and the
effects of various material parameters, the reader canuttd@banget al. 2008] and the review
article of [Cheng & Cheng 2004]. A parametric study in readimanoindentation conditions
(inspired from the coupled experimental-numerical stutiection 5.2) is conducted here,
with the possibility of addressing each considered indentgparameter separately to evaluate
their deconvoluted effect on both raw and post-treatedindeatation results. The influences
of the variation of the elastic (Section 5.1.1), and of thespt material parameters (Section
5.1.2), and the most frequently considered geometric umacy, the influence of a variation in
the indenter tip radiu® were investigated.

The numerical tool, presented in detail in Chapter 4, ushegfinite element method is used
for this purpose. The considered indentation setup and ncahenodel correspond to the ones
used in Section 5.2 for the simulation of conical nanoindgois in a pure nickel sample ma-

terial. The modeling assumptions are:

e The conical diamond indenter, with2Z: nominal radius is modeled as a rigid body.
The assumption of neglecting the indenter deformation &a source of error for very
hard sample materials where the overall deformation in tmact is taken partly by the
sample and partly by the indenter [Jeong & Lee 2005]. In tree a# the pure nickel
sample however, the assumption that the indenter can beledbasg a rigid body holds
because both its elastic modulus as well as its yield lingt@ders of magnitude lower

than those of diamond.

e The contact between the indenter and the sample surfaceusnas to be frictionless.
Since the focus here is set on the influence of the variatianaierial parameters and
contact geometry, for the sake of deconvolution frictioméglected. Frictional effects

are treated in detail in Section 5.3.

e The contact surface of the sample is perfectly flat and smab¢hsurface roughness is

neglected. The effects of surface roughness are treateztiios 5.3.
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e The sample material is assumed to be homogeneous and tosoipic hardening with

a Ludwik’s evolution law, recalled here as
o, = 09 + KK"

whereo, is the current yield stress, determined here using the vaes$dyield function,
oy Stands for the elastic limit in uniaxial tensianis the scalar valued hardening parame-
ter depending on the strain histofy,andn are curve fitting parameters, called hardening
coefficient, and hardening exponent, respectively, chaseh as to fit Ludwik’s law to
experimental stress—strain data of pure polycrystalliokahextracted from uniaxial ten-
sion measurements [Kovacs & Voros 1996]. The followiaggmeter set was calculated
by this fit: £ = 207GPay = 0.31,0( = 59MPa,K = 1165MPa, and = 0.56.

The error made by the power law approximation is reasonablisthe obtained harden-
ing curve fits the experimentally measured behavior welke dbtained elastic and plastic
parameter set has been compared to other works [ASM 199t al. 2006; Nayer
1997; Ross 1992; Torret al. 2002] and are found to be in good agreement. It is rec-
ognized that the grain size has an impact on the hardenirgylmetof nickel [Ebrahimi

et al. 1999; Li & Weng 2007]. However, even for grain sizes ofuk® that are much
smaller than the experimentally observed value, the poawrrhodel seems to fit the
data well. Note that the initial yield strengthy of pure nickel with nano-sized grains
[Hollang et al. 2006], and that of nickel alloys can be many times higher.

The material model is rate—independent, which means thasoous effects are included,
the material response is independent of the strain ratagkeeicommon assumption in
numerical simulations of nanoindentation in metallic miale [Antuneset al. 2006;
Bressaret al. 2005; Pelletier 2006], while it will be challenged in Sectis.2.

e Considering the axial symmetry of the indentation problestemming from the above
mentioned assumptions it is described in the numerical ngideg 8 noded axisymmet-

ric elastic—plastic elements (in the corotational finitéod@mation framework).

The finite element mesh is refined in the contact zone (Fip.&rit consists of more than 14000
degrees of freedom to be able to reproduce with high pretibie stress and plastic strain evo-
lution during the quasi—static simulation. The geomelscze of the mesh in all cases is chosen
sufficiently large such that a homogeneous stress disoibat the boundary of the model is
obtained for the imposed maximum indenter penetration 643 The side nodes of the mesh
are constrained in the horizontal direction. The deformdloldy is prescribed to move upward
to come into contact with the rigid indenter which has a fixedifion in space.

The two experimentally used post—treatment methods pregenSection 2.2 (and in Appendix
A.1) were applied to the numerical results to evaluate tfieence of the variation of the consid-

ered material and contact parametersy, oy, K, n andR) on the post—treated elastic modulus
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Figure 5.1: Finite element mesh used in the parametric stutyzoom on the refined region
near the indenter tip. The continuous curve representsathiea indenter witl2m nominal

tip radius modeled as a rigid body.

[Ni et al. 2004; Oliver & Pharr 1992]. The combination of these matgramameters resulted
in the numerical indentations, described in Tab.5.1. leatled, that material parameters ob-
tained from nanoindentation data are relative values coedp® a predefined value associated
to the indentation of a material with known properties, nueed in the calibration step of the
experiments [Baker 1997; Fischer-Cripps 2006]. There npgear thus naturally a difference
between the input material parameters and the ones iderai@utput by the post-treatment
procedures. Different post—treatment methods may resdifferent values of the output elas-
tic modulus for the same load—displacement curve. It is exsizled that their relative variation
with respect to the reference value of the chosen method timédonly meaningful information.

This variation is defined by:

Emethod _ 1omethod Emethod
AEmethod _ “out ref _ Hout -1 (5 1)
- Em;thod - Em;thod '
re re

with Emethod the Young's modulus identified from the load—displacementes by the consid-
ered post—treatment method. The elastic modulus obtaomélld indentation with the reference
indentation parameter seR (= 2000nm, F = 207GPay = 0.31,07 = 59MPa,K = 1165MPa,

n = 0.56) gives the reference value for each of the considessti-preatment methods:

EQL = 261.5MPa and E]li = 318.2MPa.

Note, that since pure nickel has a low yield limit the indéotaresponse was observed to

be essentially plastic from the early stages of indentatidhis low value of the yield limit
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has particular implications on the influence of differenteni@l parameters on nanoindentation

results. First the elastic material properties are comsdle

Einput [GPa] | v | 0g[MPa] | K[MPa] | n | AEQP (%] | AEN: (%)

103.5 0.31 59 1165 | 0.56 -50 -50
414 0.31 59 1165 | 0.56 +102 +98
207 0.25 59 1165 | 0.56 -3 -4
207 0.35 59 1165 | 0.56 +3 +3
207 0.31 29.5 1165 | 0.56 -3 -2
207 0.31 118 1165 | 0.56 +3 +1
207 0.31 59 582.5 | 0.56 +4 0
207 0.31 59 2330 | 0.56 -3 -1
207 0.31 59 1165 | 0.28 +5 +2
207 0.31 59 1165 1 -2 -3

Table 5.1: Nanoindentations with varying elastic and ptasput material parameters (high-
lighted items in the upper and in the lower half of the tabéspectively). AECY and AEYN:

represent the variation of the post—treated Young's madfthe decimals are rounded off) with
respect to reference values of the post—treatment meth@diver and Pharr and of Ni et al.,

respectively.

5.1.1 Elastic material properties

In this section the influence of the elastic material prapsfE’ andr on nanoindentation results
is studied. Two additional values, representing a vamatit50% in the input elastic modulus
of the sample were considered (Tab.5.1). The variationerPhisson’s ratio of the material
is rarely considered in numerical studies. Furthermozgtis no efficient experimental proce-
dure to measure the value and the potential variationaf the nanoscale. Here two additional
values of the Poisson’s ratio were studied 0.25 and 0.35raweutput data in nanoindentation
experiments, the resulting load—displacement curvesrakyzed first. Pure nickel, being a low
yield limit material shows only a low sensitivity of the lo&lels to elastic material properties,
since the material response to indentation is plastic frearlyg the beginning of the loading
period.

However, considering the post—treated elastic modulesyainiation in the input elastic mod-
ulus gives the most pronounced effect, independently optst-treatment method considered
(Tab.5.1). The relative variation in the output Young’s mh is observed to be practically

equal to the relative variation in the input Young’s moduluken it is the only varied parame-
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Figure 5.2: Influence of the elastic propertiéandr on the load—displacement curves. Right:

zoom on the unloading period.

ter, independently of the post—treatment method.

A A
AB Einput __ _AB . Eoutput (5 2)
’yinput - EB - fYoutput - EB )
input output

This result was expected, it shows that the post—treatmetitads considered here satisfy their
primary goal. The slope of the unloading curve is highly ggedo the input elastic modulus
(Fig.5.2), which explains the good performance of the Qlared Pharr post—-treatment method,
mainly based on the unloading period of the load—displacémeve. Note that this is observed
on both the continuum scale as well as on the atomic scal¢i¢8ex1).

Ideal post—treatment methods would be sensible only to @an@tion in the material property
at which they are aimed. The main issue of nanoindentatiperaxents is the potentially
simultaneous variation of a large number of experimentatld@ons and material parameters,
other than the Young’s modulus of the sample, to which pos#tinent methods potentially
show a spurious sensibility. The Poisson'’s ratio of the neltes recognized to be a parameter
of small importance since only a small variation in the ptrsiated elastic modulus (around 3%
for pure nickel for both considered post—treatment metheds found, as reported in Tab.5.1.
All effects related to the elastic behavior of the materral most pronounced in the unloading
period. Conversely, the plastic material propertiestéea the following are prone to have the
largest effect on the load levels considering that the itettéam response is practically plastic

from the beginning.

5.1.2 Plastic material properties

A variation in the plastic material properties may influetioe material response to nanoinden-
tation as well. Here the sensitivity of the nanoindentatiesults to: the initial yield limit;

the hardening coefficiert’; and the hardening exponenbf the hardening law is examined.
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Initial yield limit o

The initial yield limit or yield strengthy, defines the boundary between the elastic and the
plastic domain of the material for the initial yielding. Amarease in the yield limit shifts higher
the curve of the stress—strain relationship of the modeknaton the vertical axis in Fig.5.3.
Naturally nanoindentation is highly sensitive to this paeter, as it influences the balance of
the elastic and the plastic material response to indemtaliothis parametric study two values

of oy were chosen to demonstrate its effects.
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Figure 5.3: Effect of the variation ef, on the material law. The von Mises equivalent stress

is plotted as a function of the cumulated plastic strain mesas.

As expected, the increase iy results in the increase in the indentation load levels,esinc
the elastic response of the material to deformation is Bagmitly stiffer than the plastic one.
The highest yield limit considered hesg = 118MPa still remains a relatively low value for
nickel-based metallic materials used in common engingeapplications. The yield limit of
nickel alloys and of pure nickel with nano—sized grains cacdnsiderably higher [ASM 1990;
Ebrahimiet al. 1999; Hollanget al. 2006].

A relatively moderate increase in the initial yield limit thfe model material results in a signif-
icant increase in the indentation load levels, without have significant effect on the post—
treated Young’s modulus. Indeed, the unloading curve, tivagsy information for the post—
treatment method of Oliver and Pharr, is rather insenstbvihe variation of the initial yield
limit of the material. Considering that the unloading of theéenter—sample contact is generally
assumed elastic this trend is not surprising.

In the case of the post—treatment method proposed by Ni ¢éakilhg into account the complete
load—displacement curve (both loading and unloading dsji@ larger dispersion in the identi-
fied Young's modulus could be expected. It has to be recatbeekier, that this more advanced
post—treatment method was specifically designed to dexteasscattering in the post-treated

Young’s modulus related to variations in the plastic malgrarameters, based on the results of
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Figure 5.4: Influence of the initial yield limit, on the load—displacement curves. Right: zoom

on the unloading period.

finite element simulations with the same assumptions on #tenal behavior. This is the rea-
son why the dispersion related to the variation in the ihytield limit of the material remains

rather low for both post—treatment methods considered (fatz5.1).
Hardening coefficienis

To clarify the meaning of the hardening coefficidiit the example of the frequently adopted
linear hardening model is the most adequate. In such a mgelegrally chosen for its simplic-
ity, since it can be defined using only two material paransetey and K (a linear hardening

assumption implies = 1), K defines the slope of the linear hardening law.
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Figure 5.5: Effect of the variation of the hardening coeiiti/’ on the material law. The von

Mises equivalent stress, is plotted as a function of the cumulated plastic strain mesas.

In this parametric study a power—law describes the isatrbprdening of the model material,

the effect of varying' on the stress—strain law is less straightforward to seeketstsed in
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Fig.5.5. It has to be emphasized that the highest valug of 2330MPa alters significantly
the hardening behavior of the model material. Indeed, tba ander the stress—strain curve in
the plastic deformation domain is related to the energyiphsi®n due to plastic deformation
in the material. In the large deformation domain this areigyhly doubled with respect to
the material with the initial parameter set. An increaséhmihdentation load levels, shown in
Fig.5.6, due to the increasing material hardening as atresalhigher value of can be fore-
seen. However, much like the initial yield strength, andtfe same reasons, i.e. the unloading
tangent is relatively insensitive to the value &f (Fig.5.6); and because the post-treatment
method of Ni et al. corrects variations of the output Youngsdulus due to plastic material
parameters, a variation in the hardening coefficient doésdace considerable variations in
the post—treated Young’s modulus (Tab.5.1), this indepetig of the post—treatment method

considered.
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Figure 5.6: Influence of the initial yield limik on the load—displacement curves. Right: zoom

on the unloading period.

Hardening exponent

The hardening exponent, defines the shape of the hardening law, when all other paeaset
are kept the same (Fig.5.7). Consequently it plays also goitant role in the essentially plas-
tic indentation response. Moreover in Keehal. [2006] the value of: is related to predictions
on the pile—up and sink—in behavior of the material. Thiseasp/as not considered here, since
the contact depth was calculated by the standard assuratidine Oliver—Pharr method, as in
the actual experimental procedure. The focus is set onfitgeimce on the load—displacement
curves and on the post—treated Young’s modulus.

Much like the hardening coefficierdt, the hardening exponent plays a determinant role in the
hardening law of the model material (Fig.5.7). The lowesti®@afn = 0.28 describes a more
drastic hardening, compared to the material with the infieaameter set. A significant influ-

ence ofn on the load levels can be predicted. The unloading curveti®ransensitive to a
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Figure 5.7: Effect of the variation of the hardening expdneon the material lawr{ < 1 is
assumed). The von Mises equivalent stresss plotted as a function of the cumulated plastic

strain measure.

variation in the value of. (Fig.5.8). As all plastic material properties, the vaoatiof n has
only a relatively small influence on the post—treated Yoamgodulus (Tab.5.1), for the reasons

exposed earlier.
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Figure 5.8: Influence of the initial yield limit on the load—displacement curves. Right: zoom

on the unloading period.

5.1.3 Tip radius effect

The most frequently considered geometrical inaccuracyaimomdentation is a variation in the
tip geometry [Kimet al. 2005; Lu & Bogy 1995; Wangt al. 2007b; Warren & Guo 2006;
Youn & Kang 2005]. In the experimental work related to thisgis conical indenters were used
exclusively for the sake of consistency between the exmariail conditions and the numerical
model having an axial symmetry. Consequently the focustisrséhe evaluation of the effect

of a variation in the radius of curvature of the consideredical tip having a spherical cap of
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2um radius. A variation of 10% in the value of the nominal radiisurvature was considered,

resulting in two additional simulations with 180@. and 220@.m tip radius.
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Figure 5.9: Influence of a 10% variation in the tip radius o ihdenterR on the load—

displacement curves. Right: zoom on the unloading period.

An increase in the tip radius, due to tip deformation or pb&tmip wear, results in the defor-
mation of a larger volume of sample material at a given imgaedenter penetration. Con-
sequently the applied force necessary to reach the sametatide depth with a blunter tip is
higher, as shown in Fig.5.9. For the same reasons, an irrdgntath a smaller tip radius, due
to fabrication inaccuracies penetrates deeper at the szadddvel. Indentations with blunter
tips at a given load level induce less severe loading canditthan sharp tips, which cause
more easily plastic deformation. The indentation loadeldisement curve, keeping all material
parameters constant is shown to be very sensitive to vamgin the tip radius. Since it alters
the size of the deformed volume and the volume fraction of @laswith elastic and plastic
response under the indenter it has naturally an influencén@mumloading contact stiffness.
The variation in the post—treated elastic modulus of thepdams a consequence of tip radius
change is reported in Table 5.2. Two cases are distinguisbeg@sponding to two experimental

situations:

e The indenter geometry had varied (irreversible defornmatiip wear) since the last cal-
ibration, and this variation has not been detected. The farezion determined in the
last calibration, corresponding to a tip radius pf2is considered in the post—treatment
procedure.

e Theindenter geometry is approximated in a calibration Stsfbefore starting the exper-
iments, the actual indenter geometry is taken into accautiteé post—treatment method
(marked with a star superscript in Tab 5.2)

The numerical results considering the variation of thedghus emphasize the necessity of fre-

guent repetition of the tip calibration step preceding ttie@ nanoindentation measures, since
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it reduces significantly the dispersion related to the nenfggt tip geometry and its potential
variation (Tab.5.2).

Rlnm] | AEGY %] | AEQY™ (%) | AEG (%] | AEG %]

1800 -6 -1* -7 -1*
2200 +8 +1* +8 +2°

Table 5.2: Influence of the indenter tip radius on the pos&ted Young’s modulus is repre-
sented bYAE9Y andA ENi (the decimals are rounded off), calculated with respeatfierence
indentations R = 2000wm) of the post—treatment method of Oliver and Pharr and of Mi.et
respectively:Values with a star superscript are computed with the aciuahtlius in the post—
treatment procedures, making the assumption that thetigaria the tip radius was measured

in a calibration step.

5.1.4 Concluding remarks

The results of the parametric study, considering the vanaif the indentation parameters in
a rate—independent material model with isotropic hardgallow to draw the following salient

conclusions.

e The elastic material parameters have a small influence olodigelevels of indentations

considering the pure nickel low yield limit material.

e The variation in the input Young’s modulus has the far mognigicant influence on
the post—treated Young’s modulus issued from the numdpeal-displacement curves,
independently of the considered post—treatment methoce rélative variation in the
input Young's modulusy;,,..; results in a practically same relative variation in the post
treated Young’s moduluS,,put = Vinput fOr both post-treatment methods considered

here.

e The variation of the post—treated Young’s modulus due t@tians in the material prop-
erties, other than the input Young’s modulus is considesedigpersion in the results.
These material parameters, considered separately wemnsbdnave only a slight influ-
ence on the value of the post—treated Young's modulus (ufdeof relative variation).
It has to be emphasized, that the results of this study camwéver lead to a conclu-
sion about the effect of their simultaneous variation, Wwhmdght induce more important

variations.

e The indentation load levels are sensitive to a variatiomenglastic material parameters

0o, K, andn. The results of Section 5.1.2 imply that the same load—dcgghent curves
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can be reproduced by different combinations of the plasatenmal parameters, i.e. the
same load levels at the considered indentation depth cardmhed [Cheng & Cheng
2004]. It can be shown that by a purely numerical maniputafiut lacking a physically
sound motivation) by increasing the initial yield limit toudr times its valuer, = 4 x

oo or by doubling the value of the hardening coefficiétit = 2 x K the same load
levels, corresponding to the experimental indentatioa da¢ reached. Special care has
thus to be taken if the identification of plastic material ggdies from complete load—
displacement indentation data is aimed for as in [Bouzakiiéhailidis 2004; Bucaille

et al. 2004, 2003; Cao & Lu 2004; Zhaet al. 2006], since various plastic parameter

sets can reproduce the same load—displacement curves.

e Geometrical issues related to the actual tip geometry anehriation influence both the
load levels at a given indentation depth significantly anel thloading slope (thereby
the contact stiffness, used in the post-treatment methQus)sequently this results in a
variation in the post—treated elastic modulus of the sanigie dispersion this generates
can be reduced by a systematic verification of the actuahitedgeometry in calibrations

steps preceding the nanoindentation measure.
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5.2 Rate—dependent behavior of pure nickel in conical nanat

dentation

This contribution investigates the rate—dependent glasthavior of pure nickel in nanoinden-
tation through a coupled experimental-numerical studgtas the consistency of experimen-
tal and numerical conditions. The rate—dependent plast@Wior of non—metallic materials
[He & Swain 2007], of metals [Goodall & Clyne 2006] and of sothé films [Fanget al.
2007] was already observed during indentation. The raggesent behavior of aluminum
films was documented in Wargg al. [2007a]. The creep of titanium during nanoindentation
was presented recently in [He & Swain 2007]. For the predenlysthe most interesting refer-
ences to experimental work describe the rate—dependeavioelof nickel with micron—sized
grains [Chudoba & Richter 2001; Goodall & Clyne 2006] and axesized grains [Mirshams
& Pothapragada 2006; Yiet al. 2001]. Based on published experimental results, mainly for
polymer materials, rate—dependent material laws have bsed in numerical models of in-
dentation. In Kermouchet al. [2007] the viscoplastic behavior of a sample material witho
work hardening and a conical indenter with a perfectly sh@deplized geometry is considered.
Gomez and Basaran analyzed the effect of viscoplasticithemanoindentation of Pb/Sn sol-
der alloys in a numerical study under small strain and smgildcement assumptions with an
idealized sharp conical indenter geometry [Gomez & Basafd6], in which a good agree-

ment between numerical and experimental results was found.

In the present work, the correlation between the responserafmerical model and the ex-
perimental nanoindentation results of pure nickel is itigased, with a specific attention for

the need to account for the rate—dependent plastic behaiiwickel. Considering the com-

plexity of the nanoindentation experiment involving mammyeoluted effects, special care has
been taken to ensure the best possible decoupling of thetefigated to the viscoplastic be-
havior of nickel from other potential spurious contribuso This special effort to ensure the
best consistency between modeling assumptions and exgr@srallowed the use of a relatively
simple numerical model defined by a limited number of paranseyet still performing well at

the task of describing qualitatively the studied featuriethe experiment. Keeping the number
of assumptions in the numerical model relatively low, witbleysically sound basis, and the
consistency between the experimental conditions and thegsions of the numerical simula-
tions, constitutes the main argument supporting the iraratpn of the rate—dependent plastic

behavior of nickel.

This section is based on P. Berke, E. Tam, M.-P. Delplanckke,Massart, ‘Study of the rate—dependent behav-
ior of pure nickel in conical nanoindentation through nuizarsimulation coupled to experiments’ accepted for
publication in Mechanics of Materials (DOI: 10.1016/j.rheatat.2008.09.003)
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The experimental procedure and its results, performed bhak, are presented first, in Sec-
tion 5.2.1. The description of the numerical model and thegarison of the experimental
and numerical results are treated in Section 5.2.2, follblayea discussion on the need for in-
cluding rate—dependency in the material model and its rapbn on the determination of the
elastic modulus obtained from nanoindentation data. Kirtaé conclusions of this work are

presented.

5.2.1 Experimental procedure and results

Choice of the cono—spherical indenter tip

A conical indenter tip with a nominal curvature radius @fn2 was chosen for the nanoin-
dentation experiments. This choice is made to avoid mogéhdenter shapes without an axial
symmetry, as well as to decrease as much as possible anyaffagye strain gradients in the
sample in the region near the tip.

Non—axisymmetric indenters, like the popular Berkovicll d@he Vickers geometry are de-
scribed in numerical simulations using either a 3D modelt{#heset al. 2006; Warren & Guo
2006] resulting in a computationally demanding calculatiar alternatively with an equivalent
axisymmetric geometry based on the projected area to daptheguivalence [Lichinchet al.
1998]. The significant influence of the size effects relatedligh strain gradients generated
at the edges of non—axisymmetric indenters on the glob#&#blas of indentation (load level,
indenter displacement) was not confirmed in a coupled nwalegxperimental study. How-
ever, numerical research works using higher order stradignt plasticity formulations were
performed in Al-Ruket al. [2007]; Al-Rub [2007]; Thoet al. [2006] to account for the depth
related size effect obtained in shallow indentation. A oeable agreement was found between
experimental data and the results of numerical simulatoalsing simplifying assumptions on
the indenter geometry. Here, the choice of a conical indemés made to avoid using any
assumption on the subsurface stress and strain behavioe mumerical model with respect to

the experiments.
Sample preparation procedure

Samples were cut fromri@m thick pure nickel plates. The surface preparation aimediat-m
mizing surface roughness, to approximate an ideally sm&attace. The sample surfaces were
polished first and then etched to remove the work—hardendéaceuayer. Finally, the samples
were annealed to relieve any residual stresses and to alienpossible anisotropy due to the
fabrication and preparation procedures.

The average grain size of the nickel sample after surfagepaéon (around 1Q0n) turned out
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to be much larger than the imprint size (of a few micrometerdiameter). As a consequence,
all indentations have been performed in the middle of thengraith arbitrary orientation so
as to avoid any grain boundary effects and to have an avegagi®, orientation—independent
material response. Experimental results are thus corslderbe an average response of pure

nickel for conical indentation with a cono—spherical ti@2pfn radius.

Machine calibration and monitoring of the experimental dions

The compulsory tests of machine calibration, the verifaabf the extent of the thermal drift
and the thermal drift correction were performed before esthof indentations to ensure the
accuracy and good reproducibility of the measurements.

The load—displacement curve of a nanoindentation expetiespecially in the small indenta-
tion depth regime may be affected by the surface roughnesmanre generally by the contact
geometry of the indenter—sample surface contact [Berke &39dd 2006; Bouzakist al. 2001,
Wanget al. 2007b; Warren & Guo 2006; Yet al. 2004]. The measurement of the surface
roughness as well as the verification of the actual inderdengptry are therefore of crucial
importance. The surface scan showed that the arithmetio meaghness valueRu) of the
undeformed surfaces was in the order afd, and it was confirmed that the conical tip was

proper and that the curvature radius was approximatety.2
Experimental test conditions

The experimental test conditions address the problem et-d&pendent material behavior of
pure nickel. It is recalled that the experiments followededefined loading sequence in which
the applied force was specified as a function of time. Gelyethree parts of the loading se-
guence are distinguished: the loading period where theeapfurce is increased up to a peak
value, the holding period where for a prescribed amountroétihis peak load is maintained,
and finally the unloading period where the applied force el@sed to zero.

During the holding period, the indenter displacement maylifferent from zero. This phe-
nomenon is called indentation creep in nanoindentatioexyents [Fischer-Cripps 2004], and
is clearly related to a rate—dependent feature of the naddegsponse [Goodall & Clyne 2006].
The length of this displacement plateau observed duringntthéing period together with the
load levels obtained in the load—displacement curves aréttus of interest of this study.

In order to investigate the rate—dependence of pure nicKebtaset of indentations with a
maximum load of 2000N was conducted at different loading rates (10080 s, 400:/N/s and
100uN/s, with a holding time of 16) and different holding times (Xk0and 5@ with a loading

rate of 40N /s). A further increase in the holding time was not consideredapise of the
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increasing influence of thermal drift for long holding petso

In order to observe the potential influence of the size effechanoindentation, two new sets
of experiments were defined: one resulting in shallow inslend one in the large indentation
depth regime (with maximum load levels of 1008 and 900@ N, respectively). In these ex-
periments, the loading, holding and unloading times-®s—5s, respectively) have been kept
constant resulting in two additional loading rates (200 s and 180@.N/s, respectively). It
should be recalled that the indentation size effects aregreézed to be stronger in the small
indentation depth regime and weaken gradually with inenghg deep indentations [Thet al.
2006]. If any, their influence is thus expected to be largemanoindentations with 1000V
and 200,V peak loads (corresponding to asb4 and a 10@m indentation depth) than on the
900« N indentations (with 43@m penetration). However, a significant variation of the size e
fects with increasing indentation depths in the considezede could not be clearly confirmed
by the obtained experimental results.

The combination of these test conditions therefore regutigix sets of nanoindentation exper-

iments.

Discussion

The experimental results of the six sets of nanoindentatwith 6 to 8 indentations per set
are shown in Fig.5.10 to Fig.5.13. Note that for the case aflelv indentations the pop—in
phenomenon is quite frequently observed, which increaggsfisantly the scattering in the
experimental results. The scattering is the smallest ferddgepest indentations, as expected.
An important observation is that the variation of the logdmte in the studied range (from
100uN/s to 100QuN/s for the experiments with 20Q0V peak load) does not seem to have
an influence on the loading curves (Fig.5.12). More gengertile loading period of all load—
displacement curves obtained at different maximum loadsardifferent loading rates (up
to 180Q:/N/s) are found to coincide at small and moderate indentatiothdef#ig.5.10). At
first this could suggest that the deformation process imglduring nanoindentation is rate—
independent as in Schwaigetral. [2003], at least in the range investigated in the preseniystu
However a displacement plateau always appears in the lggdladement curves (Fig.5.10) dur-
ing the holding period, which on the contrary suggests a-tipendent behavior of the pure
nickel material. This holding displacement plateau canuothér analyzed, based on Fig.5.11,
5.12 and 5.13 which depict the obtained indenter displaoéasea function of time during the
holding period, as performed for instance in Chudoba & Ricf2001] for different values of
the the holding period length, of the loading rate, and ofpgeak load, respectively. Fig.5.11
allows the identification of the effect of the holding periedgth, with other parameters fixed

(peak load kept at 20QQV with 400N/ loading rate). The average indenter displacement
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Figure 5.10: Experimental and numerical results for threges of indentations at different
loading rates and different indentation depths. Solid esimepresent the results of a numeri-
cal rate—dependent material model, dashed curves reptéseresults of the numerical rate—

independent material model of Section 5.1.

during the holding period is increased by a factor of apprately 1.7 when the holding period
is increased by a factor of 5 in the measurements. The loadiegalso has an influence on
the holding plateau length, as can be seen from Fig.5.12.aFoed peak load of 2000V
and holding time of 18, an increase in the loading rate from 100/s to 40Q:/N/s and to
100QuN/s results in an increase of the plateau length by a factor ofcequpately 1.2 and 2
respectively. Finally, the effect of the peak load can besoled in Fig.5.13 which respectively
match 100@ N, 200Q:/N, and 900N peak load, keeping the holding time<0rhe holding
plateau length increases by a factor of approximately 1ld8anhen the peak load is increased
from 100Q:N to 200QuN and 900Q NV, respectively. Note that even though the loading rate
effect is convoluted in this increase, the peak load effexttains clearly recognizable since the
observed variation is much more important than when varthedoading rate alone.
Therefore, considering the presence of the displacematga, another interpretation of the
observations is that the material has a viscoplastic resgpfom which the rate effect has already

saturated at the applied strain rates. The saturation ofisceplastic effects implies that there
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b- Time [s] C 7 Time [s] 7

Figure 5.11: Influence of the holding time: experimental antcherical results for nanoinden-
tation at 2000 N peak load. a. Load—displacement curves; the dark grey paidhhe curves
with plus marks represent the experimental and numerisalte respectively fof},,,; = 10s;

the light grey patch and the curves with plus marks repretbenéxperimental and numerical
results, respectively fof},,,; = 50s b. to c. Experimental (grey) and numerical (black plus

marks) displacement—time curves during holding period.

is no significant increase in the stresses in the sample filnggain in the reaction force) with a
further increase in the strain rate. This is why the rateeddpnt effects on the global response
are potentially masked during the loading period. In otherds, significant viscoplastic defor-
mations are only observed experimentally during the hglgieriod, where the strain rates are

relatively small.

5.2.2 Numerical analysis of rate—dependency

The motivation of the numerical simulations is to confirnstimterpretation of experiments by
investigating whether the rate—dependent behavior of picke! indentation can be reproduced
using a simple viscoplastic law.

Modeling a nanoindentation experiment is a task requirinake into account complex phys-
ical phenomena such as contact evolution and the elastistipdeformation in a finite defor-
mation setting, since the globally small deformation ofshenple volume leads to locally large

deformations and rigid rotations. The first requirementeisded to simulate the experimental,
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Figure 5.12: Influence of the loading rate: experimental mmaherical results for the indenta-
tion experiment at constant 2008 peak load with 18 holding time. a. Load-displacement
curves; the dark grey patch and the curves with circle maggsesent the experimental and
numerical results, respectively at 10U/s; the light grey patch and the curves with diamond
marks represent the experimental and numerical resuipectively at 1000N/s; the patch
with the intermediate shade and the curves with plus magkgsent the experimental and nu-
merical results, respectively at 4007/ s b. to d. Experimental (grey) and numerical (black plus

marks) displacement—time curves during holding period.

yet idealized evolving boundary conditions and the latbeadcount for the correct behavior of

the material in the model.
General assumptions of the model

The diamond indenter is modeled as a conical rigid body ¢sbath the elastic modulus and

the yield limit of pure nickel are orders of magnitude lowean those of diamond) having a

spherical cap with a/2n radius of curvature as verified by microscopy.

With all of the precautions taken in the experiments to atb& presence of work—hardened
layers, residual stresses, and potential anisotropy dsanple preparation, it is assumed that
the response obtained is the nanoindentation of pure nickel In the numerical model a ho-

mogeneous sample material with isotropic hardening israedu This assumption is generally
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Figure 5.13: Influence of the holding force (convoluted ® libading rate effect): experimental
(grey) and numerical (black solid curves) results for nadentation at 100V, 200w N and
900QuN peak load. a. Load—displacement curves b. to d. Experirh@rey) and numerical

(black plus marks) displacement—time curves during hglgariod.

used for FCC metals, which have a large number of slip plahe Section 5.1 using a rate—
independent material model, an isotropic hardening behn&or pure nickel obeying Ludwik’s

law, was considered in this work
o, = 09 + KkK"

whereo, [MPa] stands for the current yield limit,, [MPa] the initial yield stressis’ [MPa] the
hardening coefficients the cumulative plastic strain measure anthe hardening exponent.
The simulations with the rate—dependent material modekveeinducted using the general
purpose SAMCEF finite element package (the contact comditase treated using Lagrange
multipliers). Due to the limitations of this code the vistagiic material model can only be
combined with a linear hardening behavior, re= 1). Considering the shape of the experi-
mental stress—strain curve (approximated in the ratepiaident material model of Section 5.1
by the parameter sdf = 207GPay = 0.31,0, = 59MPa,K = 1165MPa, and = 0.56), the
chosen material parameter sgt= 59MPa, K = 2230MPa of this linear approximation imposed
by SAMCEF needs justification. The initial yield strength playing a major role in the inden-
tation response of the material, was kept the same as theiadaslue of 59MPa for the sake

of consistency. Consequently, the hardening coefficieéns the only free material parameter
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to be adjusted in the linear fit of the material law obtainexhfifKovacs & Voros 1996]. This

coefficientK defines the tangent of the linear hardening law in Fig.5.0#wak chosen such as
to find a suitable approximation to the experimental str&fsai curve taking into account the
range of the magnitude of the cumulative viscoplastic dedion measure during indentation.
By this approximation the imposed linear hardening is naerely penalizing assumption of

the rate—dependent material model.

[MPa] —
800l Linear hardening ]
approximation \ 7
Material law fitted to
[Kovacs and Voérds, 1996]
o)

0 0.1 0.2 0.3

Figure 5.14: Material law for pure nickel: the von Mises e@lent stresw, is plotted as a
function of the cumulated plastic strain measuré&olid line: power law fit to uniaxial tension
measurements [Kovacs & Voros 1996] used in the ratepaddent material model; Dashed

line: linear hardening approximation used in the rate—ddpat material model.

Note that high strain gradients promoted by nanoindentatowuld also be responsible for a po-
tential difference between the experimental results aadhtimerical predictions knowing that
the numerical model used here does not take into accounetendence of hardening on the
strain gradients.

The experimental indentation geometry was chosen so ashibiean axial symmetry. The
sample is therefore described in the numerical model usinp@ed axisymmetric elastic—
plastic elements using a finite deformation theory. Theacrgurface of the sample is assumed
perfectly flat and smooth. Three meshes were created fohthe tlifferent indentation depths
(corresponding to three different peak loads of 000200Q:N and 900@ /) observed in the
experiments: 54m, 100hm and 43@&m. Each consisted of more than 14000 degrees of free-
dom to be able to reproduce with high precision the strespkastic strain evolution during the
simulation. The geometrical size of the mesh in all casesclvasen sufficiently large such that
a homogeneous stress distribution at the boundary of thehws obtained. The side nodes
of the mesh were constrained in the horizontal direction thieddisplacement of the bottom

nodes was prescribed in the vertical direction. Frictiorttemcontact interface was neglected
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in the numerical model to keep the focus on the rate—depémnazterial effects.

Numericalind. | Faq [tN] | Load.rate [uN/s] | Thoia [$]
1 1000 200 10
2 2000 100 10
3 2000 400 10
4 2000 400 50
5 2000 1000 10
6 9000 1800 10
*7 1000 400 10
*8 9000 400 10
*9 9000 900 10

Table 5.3: Studied sets of nanoindentation configuratiotisa simulations. Cases marked with

a star were added to study the effect of the viscoplasticmahfgrameters.

Rate—dependent constitutive model

A rate—dependent material behavior was incorporated innaenical model to attempt to re-
produce the experimental results with a special attentidoth the loading and holding period.
The applied loading conditions respect the experimentalitty sequence (i.e. the duration of
each period).

It is emphasized that all of the experimental curves for dfecent loading rates are super-
imposed in the small indentation depth regime. This suggést use of a viscoplastic model
with a saturation behavior at high strain rates (i.e. foraha further increase in the strain rate
does not influence the flow properties anymore). Taking tlsdonsideration, a Perzyna—type
viscoplastic behavior [Ponthot 1995] was chosen to inc@eahe rate—dependent behavior of
pure nickel.

The relation between the variation of stresses and straiwwsften as:
c=H.(D-D,) (5.3)

with & an objective rate of stresk) the total andD,, the viscoplastic strain rate, add. the
elastic stiffness tensor. The yield function that defineswiscoplastic domain for the Perzyna
model is given by:

f=7—0,—0.(Dy)/" =0 (5.4)

with & [MPa] the calculated equivalent von Mises stresgMPa.s/™»] the comparative stress
or viscosity parameter, and,, the viscosity exponentr, [MPa] is the current yield stress de-

termined from the linear hardening law.
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The viscoplastic parameters of the Perzyna—type model determined in an iterative proce-
dure adjusting both, andn,, simultaneously such that the numerical curve fits both tadilugy
and holding periods of the 43@» deep experimental nanoindentation data (reaching 2000
peak load), as reported in Fig.5.10 and Fig.5.13. An iteegbarameter search was necessary
because of the coupled and nonlinear effect of both visstiplparameters on the response of
the material in the numerical indentation; has a major influence on the load levels of in-
dentation and changes slightly the displacement-timeesymwhilen,,, has an important effect
on indentation creep (displacement—time curves in theihglderiod) and influences the load
levels as well. The purpose of choosing the deepest indentair the identification of the vis-
coplastic material parameter set was the relative deciifabe material size effects appearing
in shallow indentation depths, resulting in the best pdesiecoupling of the rate—dependent
effects. The uniqueness of the proposed viscoplastic peearsetr, = 265MPa.§™» and
n,, = 65 can however not be stated, and a number of sets in thetyiohihe proposed pair
may also perform well. However, the obtained parameter egins a fair approximation in
view of the good agreement of the numerical and experimeesailts for both the load levels
(Fig.5.10) and the indentation creep (Fig.5.11, 5.12, ad8)5 The values of,. andn,, are

in the acceptable domain for metals [Ponthot 1995]. A loweadfn,, would correspond to

a highly viscous material whereas the rather high value @fvikcosity exponent determined
for pure nickel shows a material behavior with less pronednmate—dependent effects, which

might mask rate—dependent effects of the behavior in sosesd&chwaigeet al. 2003].

5.2.3 Numerical results and discussion

Comparison with experimentally obtained load levels arttbmtation creep

Two aspects of the viscoplastic behavior nickel were ingastd, which have equally important
implications on the results of the nanoindentation prooed() the load levels in nanoinden-
tation, represented in Fig.5.10; and (ii) indentation preepresented in the displacement-time
curves plotted during the holding period (Fig.5.11, 5.11] §.13).

The loading period of the numerical load—displacement&simatches the experimental data
for all six experiments with the chosen parameter set. Treeebdf saturation (observed ex-
perimentally) is reproduced by the Perzyna law: all curvéé yoading rates ranging from
100uN/s to 180QuN/s (Fig.5.10 and Fig.5.12) are nearly superimposed in theshand
moderate indentation depth domain. The slightly stiffespanse in the experimental loading
curves at the small and moderate indentation depths (E@).might be attributed to size effects
at shallow indentation depths, and to a potential locaktam in the actual indenter tip radius
due to fabrication inaccuracy. Indeed, an important issuaadeling the shallow nanoinden-

tation experiment is related to the high strain gradienthesample material resulting from
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the penetration, resulting in a size—dependent behavithisascale [Al-Rubet al. 2007; Al-
Rub 2007; Fricket al. 2008; Zhaoet al. 2003]. Due to its size and symmetry, the selected
tip reduces strain and strain gradient effects at the iradiemt depths considered [Mirshams &
Pothapragada 2006]. If in a rigorous sense these effect®otéme neglected, their influence
is larger at small indentation depths and can be felt evethiicase of spherical indentation
according to [Quet al. 2006]. However, these size effects were not taken into addouhe
present numerical model since the focus is on rate—depena#Eerrial behavior. The stiffness
of the experimental curves in the displacement domain uB@n4 was found to vary only
slightly (Fig.5.10); whereas at large indentation depltiesihfluence of size effects should be
relatively smaller. Therefore no significant variation e tsize effects with increasing inden-
tation depth could be deduced from experimental resultg;iwdeems to show that neglecting
size effects was indeed a sensible assumption.

The computed displacement—time curves of the numericaleinar@ inside the envelope de-
fined by the experimental results, except for Fig.5.12 whiegeumerical prediction of the final
plateau length for 10QaV/s loading rate is slightly under the experimentally measweddes.
The length of the plateau formed during the holding periodlirsix series of experiments is
well approximated by the numerical simulations (Fig.5.45113) using the same parameter
set that describes the gain in hardening due to rate—depeeiffiects in nickel. The simple vis-
coplastic model reproduces the experimental trends whkknthe experimental parameters are
varied similar to the testing procedure. The computed itetathisplacement during the holding
period is 1.5 times larger, compared to a factor of roughRyid the experimental average val-
ues, when the holding period is increased by a factor of 55Fid). When the loading rate is
increased from 10@N/s to 40QuN/s and to 100@ N/ s for a fixed peak load of 2000V and
holding time of 13 (Fig.5.12), the numerical model predicts an increase ohtiding plateau
length by a factor of approximately 1.4 and 1.7, respectivéhese values approximate rea-
sonably well the increase in the experimental average \@#lde2 and 2, respectively. Similar
to the experimental trends, the holding plateau lengthusdioto be the most sensitive in the
numerical model to variations in the peak load. When the peedkis increased from 1000V,

to 200Qu N, and to 9000 NV, keeping the holding time at 2{Fig.5.13) the computed holding
plateau length increases by a factor of approximately 1d56aB, respectively, compared to an
increase in the experimental average values of 1.8 and 6p&éleload effect remains clearly
recognizable from both the experimental and the numeriatd dince the observed variation
is much more important than when varying the loading ratealdl he length of the holding
plateau is found to be directly proportional to the maximypleed load, which is in agreement
with the experimental trend. The magnitude of the applieakpead necessary to reach a given
indentation depth is related to the stresses in the sampkeriala Since the viscoplastic strain

rate is directly proportional to the magnitude of the ovexst in the used viscoplastic model,
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the result is a high sensitivity of the holding plateau lén@peing related to the time integral of
the viscoplastic strain rate) on the value of the peak load.

This fair agreement between the predictions of the numlemcalel and the experimental re-
sults was reached, resulting from fitting the parameterfi®fviscoplastic material model to
experimental data in a single testing condition correspantb the deepest considered nanoin-
dentation. Even though the simplest viscoplastic model wgesl, it was shown to perform
rather well in all other considered testing conditions a#i, wencerning both indentation load
levels, displacement—time curves plotted in the holdingogeand holding plateau length. The
results suggest that the rate—dependent behavior of pckeltias to be taken into account to
remain consistent with the physics encountered duringindeatation experiments [Chudoba
& Richter 2001]. The reason for this is merely the nature efékperiment itself; causing large
local deformations in the sample material near the inddigeat high strain rates, as opposed

to classical applications in which the strain rates are niowfer.

On the need of rate—dependency

Even though it is obvious that a rate—independent matewaleircannot reproduce the holding
plateau considering the rate—dependent nature of thisreeat the measurement, it was pointed
out, based on experimental results, that rate—dependentsdre potentially masked during the
loading period. As a result, rate—independent materialetsoglere often used in nanoinden-
tation simulations without taking the creep phenomenoa adcount [Antunegt al. 2006;
Bressaret al. 2005; Pelletier 2006]. Following this idea simulationsiwa rate—independent
material behavior using the same spatial discretizatiorewenducted (corresponding to the
study in Section 5.1) to evaluate how well the load levelsrduthe loading period using an
experimentally measured constitutive law for pure nickgka with the experimental ones.

It can be seen from Fig.5.10 that the load levels obtainedimalation using an experimentally
measured constitutive law for pure nickel, with a rate—petelent material model (presented
in Section 5.1) are lower by 40% to 50% than the experimemtasa@t large indentation depth
(430nm) and at small (54m) to medium (10@m) indentation depths, respectively. The reason
for this large difference here is clearly the lack of the diggion of a key physical feature of
the experiment in the numerical model (i.e. the rate depeneléect). As shown previously,
the slope of the load—displacement curve in the loadingogedepends on the combination of
the plastic parameters (keeping the Young’s modulus of thtenal constant), thus the same
loading curve can be obtained with different rate—insaresgilastic parameter sets; and the load
levels of the numerical loading curve can be increased thditeixperimental data in various
ways, by simply adjusting the material parameters.

The initial yield limit and the hardening behavior have thegkest influence on the loading
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period of the load—displacement curves in nanoindentatfanickel using a rate—independent
material model (Section 5.1). Therefore, an obvious (buatrlygphysically motivated) choice
would consist in varying the corresponding material patanseso as to fit the numerical re-
sults. A fairly good agreement between the loading periothefexperimental and the numer-
ical curves could be reached with such a numerical manipuldly increasing the initial yield
stress to four times its initial value{ = 4 x o, = 236MPa) or by doubling the hardening co-
efficient (' = 2 x K). However, the low yield limitz, = 59MPa is a physically—based value
for the studied pure nickel material [ASM 1990; Hollaegal. 2006; Kovacs & Voros 1996].
Moreover, increasings to the double of its initial value would change the harderbebavior

of the modeled material significantly. As a consequence gaseanent between experimental
and numerical results using a rate—independent materidéhean only be reached by a drastic
increase in the considered plastic material parametergngation which is clearly difficult
to motivate from a physical point of view.

Note that changing the frictionless contact assumptiorvém eery large values of the exper-
imental friction coefficient on the contact interface woulat explain the observed difference
between the experimental and the numerical data with tiee-iradependent material model.

In light of this, it is apparent that the viscoplastic effeptesented above should be considered,
as it allows to account for both the load levels and the hglgilateau present in the experi-

ments, and avoids non physically motivated numerical madatmns.
On experimental post—processing procedures

It has to be noted that the viscoplastic behavior alone piaigninfluences the post—treated
Young’s modulus, even though it has a considerably smalfflectethan the variation of elastic
material properties.

The detection of the point of initial unloading and the nuiwedrcurve fitting to the unloading
curve used in the post—treatment procedures influence gtetpeated elastic modulus (as ex-
plained in Appendix A.1). This can be referred to as ‘nanemtdtion dispersion related to the
post—treatment procedure’, and can be felt particulartiigcase of long holding periods. With
a special attention to decrease these effects, the variatithe post—treated Young’'s modulus
issued from the results of the numerical model with rateeddpnt material behavior for the six
sets of indentations considered in the experimentsAvaS”? ::ZZO’ for the Oliver—Pharr post-
treatment method. Note that this remains in the order of rbad@ of the scattering observed
experimentally. The post—treatment method of Ni et al. grenkd better wit\ £V :Jj;‘;‘j.
Finally, the implications of these findings on advanced-posatment methods for the identi-
fication of plastic material parameters should be emphdsinepost-treatment methods using

the complete load—displacement curves (such as the enespdhlmethods), the potentially
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rate—dependent plastic behavior of the tested materiatiaded in a natural way in the exper-
iment. Therefore, care should be taken in the choice of themaamodel to avoid identifying

overestimated rate—independent material parameters.

5.2.4 Conclusions

It has been shown through coupled experimental-numeneastigation that the rate—dependent
behavior of pure nickel may be important in conical nanoirtdgon. An experimental pro-
gram has been set up to study the material response of pu& wiith a specific selection of
experimental conditions to decouple rate—dependentteffemm other potential spurious con-
tributions, and to investigate the agreement between a ncahenodel using the finite element
method and the experimental data.

A simple material model taking into account rate—dependdigicts in plasticity was cho-
sen in the simulations reproducing the experimental nalevitation program. The material
parameters governing the viscoplastic behavior were btaby fitting the numerical load—
displacement curve to the experimental results at the deapmientation, and are situated in a
physically acceptable domain for metallic materials. Tae+dependent numerical model for
nickel seems to describe the experiments rather well, basetlie good agreement between
both the loading and holding periods of the numerical anegiperimental load—displacement
curves, and indentation creep obtained for all considexperamental data. The experimen-
tally observed trends concerning the variation of the ngstionditions are reproduced in the

numerical simulations for all considered cases.
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5.3 Coupled friction and roughness surface effects in shallv

spherical nanoindentation

When nanoindentation is used for thin film characterizatibe penetration of the indenter
is usually limited to shallow indents to avoid the spurioffea of the substrate, a regime in
which the surface effects, related to the contact behavettee most pronounced. Therefore,
the variation in the obtained mechanical properties duaittase effects may wrongly be at-
tributed to the thin film mechanical behavior. A numericaldstis conducted with the intention
to investigate how frictional and surface roughness edfatteract in a numerical model of
nanoindentation of pure nickel and their influence on th@ututlata. In this numerical study
two major mechanical contributions to surface effects asgrdjuished and investigatettic-
tional andsample surface roughnesffects.

In the majority of the experiments only an estimation of thetional behavior is postulated and
its influence on the output data is unknown. Moreover fritctbiannot be easily varied exper-
imentally in dry friction conditions keeping the same catitag material pair. This motivates
numerical modeling efforts having the objective to evatuhe influence of friction and its vari-
ation on indentation problems. Numerical studies having dbjective are mostly considering
a perfectly smooth sample surfaged result in varying conclusions. Friction is recognized t
have the largest influence when using sharp indenters [Beietial. 2004, 2003; Qiret al.
2007] in indentation depths comparable to or larger tharcthreature radius of the indenter
[Caoet al. 2007]. The importance of frictional effects also dependtherchoice of the sample
material model, for example the indentation of an elasectgutly plastic material is rather in-
sensitive to friction when considering high friction [Waagal. 2007b]. This has lead to some
dispersion in the conclusions of works considering the gl@lffect of friction on the indenta-
tion results: some conclude that the global indentatiorabieh is unaffected by friction on the
contact interface [Antunest al. 2006; Carlssort al. 2000; Wanget al. 2007b], while other
findings show that friction can be a significant source ofteciaiy [Caoet al. 2007; Habbab
et al. 2006; Mata & Alcala 2004].

As a second surface effect, a special attention in the litezas given to issues related to inden-
tations on rough surfaces, both with experimental and nialesipproaches, since roughness
is recognized to give a significant contribution to the indéon response. A large number of
experimental works evaluated its influence on the nanoitadien results [Kumaet al. 2006;
Qasmi & Delobelle 2006; Waat al. 2004], sometimes with the aim to propose post—-treatment

corrections allowing to decrease the dispersion in the utiata due to surface roughness

This section is based on P. Berke, F.E. Houdaigui, T.J. Mgs€aupled friction and roughness surface effects in
shallow spherical nanoindentation’ submitted for pulilaa
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[de Souzeet al. 2005, 2006]. The influence of the surface roughness is footd the most
important in small and moderate indentation depths, coaiparto the height of the surface
asperities. This indentation—depth—dependent effecnesimes interpreted as an indentation—
size—effect depending on the contact geometry [Gao & Fa;20bn et al. 2007; Qiuet al.
2003; Zhanget al. 2004].

In numerical approaches, this effect is observed to be feignt even for low average rough-
ness (with respect to the considered nanoscale), assunatié energy balance of indentation
is constituted from two contributions: the elastic—plasteformation of the surface asperities
and of the bulk material [Kinet al. 2007], without taking frictional effects into account. Nu-
merical studies incorporating the roughness of the corgadaces in indentation problems
use almost exclusivelfyictionlessmodels. The rough sample surface topology is described in
two—dimensions [Bobji & Biswas 1999] or three—dimensioBsljji et al. 1999; Zahouani &
Sidoroff 2001] with fractal-based [Boret al. 2005; Taoet al. 2001] and polynomial [Tao
et al. 2001] modeling assumptions. The reader can consult [Pe3a6] for a more detailed
review on rough surface contact mechanics. Even with adnt#ss contact assumption, a good
gualitative(if not quantitative) agreement can be found with experitaemends in the increase

of the dispersion in the results due to surface roughneskd¥\é al. 2007].

The demanding computational effort of simulating numelyctine problem of multiple fric-
tionless contacts with a rough surface, coupled to the pataion of the conclusions of some
of the previous works, showing a negligible frictional effen indentation problems on perfectly
flat surfaces, resulted in the fact that references anajyzath surface effects simultaneously
are scarce. Even though the observed dispersion is salebugtd to surface roughness effects,
the frictional effects are obviously naturally convoluteith the effect of surface roughness in
the experiments. Therefore the present study investigatdace effects in nanoindentation
convoluting the effects of the sample surface roughnessranidn on the contact interface. In
order to illustrate the coupled effect of friction and ronghks practically, an estimation of the
scattering in the post—treated elastic material propediee to surface effects is calculated by

the two considered post—treatment methods presented iinS2c2.

The numerical model of indentation used in this study is dieed first. The issues of indenting
on a flat surface considering friction on the contact inm¥fand indenting on a frictionless
rough surface are revisited in Section 5.3.1. The attensidhen shifted to the evaluation of
the coupled effect of friction and surface roughness on malemtation results in Section 5.3.2.
This is achieved by conducting a numerical parametric stigilyg a simplified description of
the surface topology in a first step. A more realistic desicnipof the surface topology is then

used to confirm the obtained results. This contribution emitls the conclusions involving a
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discussion focusing on the implications of the findings anititerpretation of the nanoinden-
tation output data, and on the contribution of the frictio@aergy dissipation on the contact

interface.

Numerical modeling of the indentation setups

The main purpose being to contribute to the understandirspdéice effects in nanoindenta-
tion, a model of the experimental setup and program in whiich gffects play a significant role
needs to be considered. A special attention was therefoesa ¢ the definition of the numer-
ical indentation parameters, in order to use quantitiesistent with a real-life experimental
setup used for the characterization of thin films. The matisiRiation is the nanoindentation
of pure nickel material with depths ranging from 0 to#5, using a cube corner indenter. The

loading sequence considered heresis®—5s loading, holding and unloading time respectively.

Such shallow indents are generally imposed in experimenkswing the rule of thumb of
making indents not deeper than one tenth of the thicknedseofi¢posited thin film to avoid
spurious effects of the substrate [Cai & Bangert 1995; Haimth & Soh 2003; Kusanet al.
2003]. The surface roughness of thin films can become corblgai@the imposed penetration
[Barshilia & Rajam 2002; Fangt al. 2007; Kumaret al. 2006; Qasmi & Delobelle 2006],
which motivates the choice of roughness input parameterd kiere and emphasizes the prac-

tical interest of this numerical study. A non—perfect, igt&d cube—corner indenter geometry is

Cube corner indenter geometry
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Figure 5.15: Schema of the cube corner nanoindenter tip gegrapproximated in this study

by a rigid sphere of 100n radius.

considered with a nominal curvature radius of A00(Fig. 5.15). The sharp—edged cubic ge-
ometry transforms in a 30-3o: high smooth spherical cap at the tip of the diamond indenter.

This assumed indenter geometry is approximated by a ridiérsgal body in all simulations,
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since the considered indentation depth ofhi4bis comparable to the height of the spherical
cap. The transition zone between the cubic and the sphgecahetry potentially triggers ma-
terial effects related to high strain gradients [Al-Retbal. 2007; Al-Rub 2007; Mirshams &
Pothapragada 2006; Qat al. 2003; Thoet al. 2006; Zhacet al. 2003]. It is here smoothened
out by the spherical shape assumption.

Since the main concern here are surface effects, the paltgmresent material size—effects in
shallow indentations are not considered, however keepimgind their importance in the case
of a direct comparison between experimental and numerggal. dThe behavior of the tested
pure nickel material is modeled as elastic—viscoplassmaithe constitutive model and the

material parameter set obtained in Section 5.2 in all sitiaria.

Rigid diamond
spherical indenter

O
A

O
= Deformable body
@
E Pure nickel sample material
» Elasto-viscoplastic behavior
5 . . . O
g Axisymmetric assumption

@) @) @)

Figure 5.16: The boundary conditions of the consideredyaxmsetric numerical models and

the parameters defining the geometry of the model surfacisfA, ).

The numerical work is conducted using the general purposerarcial finite element code
SAMCEF, taking into account the material and geometric inealrities due to local finite de-
formation and contact evolution. For each studied casterdiit 2D finite element meshes of
8 noded quadratic quadrilateral elements were used, ¢ogsaf more than 48000 degrees of
freedom each, with up to 160 nodes in the estimated conteattarbe able to reproduce with
high precision the stress and plastic strain evolutionmdutine simulation. The frictional con-
tact problem is solved using a Lagrange multipliers apgrodbe geometrical size of the mesh
in all cases is chosen sufficiently large such that a homagenstress distribution is obtained

at the lower and side boundaries of the model. The side nauttshe bottom nodes of the
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mesh are constrained in the horizontal and in the verticattion, respectively. The indenter is
prescribed to reach a penetration oh45in the deformable sample which has a fixed position

in space in the displacement controlled numerical indemat(Fig.5.16).

Each studied configuration was calculated using both pl&nagnsand axisymmetric model-
ing assumptions, providing respectively a lower and an uppend of the frictional effects.
Indeed, considering the plane strain assumption, the raddaboblem corresponds to the in-
dentation of a deformable half—space with a rigid cylindéniction only acts in the in—plane
direction, as unidirectional forces pointing to the cenitee of the contact area, which gives
the lower bound of frictional effects. The axisymmetric rabnplicitly incorporates a three—
dimensional effect of both radial and tangential frictisrhich describes well the indentation
of a perfectly flat surface. When the indentation of rougtiesigs is considered, the roughness
profile is naturally described in the axisymmetric model bypeentric circular rings showing a
stiffer response to indentation than the real three—diineassurface with randomly distributed
surface asperities in the contact area. This lateral stiftgeffect is particularly important when
indenting in the middle of a roughness ring, which resultanrincrease in the normal contact
forces. When combined with a Coulomb type friction law, ti@isults in the increase of the fric-
tion forces, giving an upper bound of the frictional effedy default, all simulations presented
in this section are performed using an an axisymmetric apgam The qualitative comparison
of the predictions of the plane—strain and axisymmetric @®dill however be used to verify

the agreement of the obtained trends concerning frictiandlsurface roughness effects.

5.3.1 Uncoupled surface effects in shallow indentation rege

The influence of friction on the numerical indentation ofg@uaickel considering a perfectly flat
sample surface and the influence of surface roughness int@miess indentation are consid-
ered in this section applied to the particular case of culbeezananoindentation of pure nickel
material in shallow indentation depth. The trends obseogatsidering first the uncoupled ef-
fect of friction and of surface roughness help the integdren of the results issued from the

more complex coupled models of Section 5.3.2.
Effect of friction on a flat surface indentation

The nanoindentation on a perfectly flat surface with a cubeier indenter of 100m tip radius

in pure nickel is first considered with a special focus on fifiecés of friction on the results. A
simple Coulomb friction model as presented in Section 4.theé most frequently adopted law
for friction in the literature concerning the modeling ofn@ndentation [Antunest al. 2006,
2007; Bolzonet al. 2004; Bressamt al. 2005; Bucailleet al. 2004, 2003; Caet al. 2007,
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Cao & Lu 2004; Carlssort al. 2000; Habbatet al. 2006; Mata & Alcala 2004; Mesarovic
& Fleck 1999; Qinet al. 2007; Taljat & Pharr 2004; Wanet al. 2007b]. The same contact

law is assumed on the contact interface with a perfectly didase in the following simulations.

Generally, friction is shown to have a considerable infléean the local variables [Antunes
et al. 2006; Carlssomt al. 2000; Mesarovic & Fleck 1999], while a lower impact is obsstv
for the global variables, e.g. the indentation load. Themeaidence of frictional effects in the

considered simulations are:

e Variation of the imprint topology, and therefore of the pilgp magnitude [Bolzoet al.
2004; Bucailleet al. 2003; Mata & Alcala 2004; Mesarovic & Fleck 1999; Taljat &
Pharr 2004], influencing the contact degthused in the Oliver—Pharr post—treatment
method. Although the real contact depth could be obtainedstraightforward manner
from simulation results, no correction will be used hereremain consistent with the
contact depth calculated by the standard assumptions @liier—Pharr method, as in
any actual experimental procedure. This feature is thusor@idered in more detail here,

focusing rather on variations of the load—displacementesiand their implications.

e Change in the load—displacement curves load levels gEab. 2007], and the possible
change in the initial unloading segment of the load—disptaent curves [Tsoet al.

2005], inducing a variation (an increase) in the post—¢&@ataterial properties.

The most obvious effect of friction observed on the loadpldisement curves is an increase
in the load level necessary to reach a given indenter peieetran the loading phase, com-
pared to the frictionless numerical indentation, as shawhig.5.17a. This stiffening of the
load—displacement curve is however triggered only aftachiaéng some value of the indenter
penetration (around 25n on Fig.5.17a) for axisymmetric simulations, from which bistfric-
tional effect seems to exhibit a monotonic increase. The gfzhe area formed between the
loading curve of a frictionless indentation and one conm#nggriction is related to the frictional
energy dissipation on the contact interface, increasirly éeper indents. A considerable vari-
ation, up to 20% in the load levels of spherical nanoindémtatue to friction is documented in
[Caoet al. 2007], stating that the frictional effects are the most intgrat when the penetration
of the indenterh becomes comparable to the radius of the indeRtere., fromh/R = 0.3
on. The results reported in Fig.5.17a are in reasonableagmet with this statement, since the
indentation configuration in the curves even surpassedatesds / R ratio.

The magnitude of frictional effects in indentation on thededisplacement curves, as well as
on the material properties obtained by post—treatmentmadst(Fig.5.17b) is strongly related to
the friction coefficienf:. In agreement with the observations in Bucadtel. [2003]; Carlsson
et al. [2000]; Habbalet al. [2006], for values of. larger than a given threshold (around=
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Figure 5.17: a. Load-displacement curves computed for #m@indentation of pure nickel
with a 100:m spherical rigid body considering friction on the perfedtit sample surface with
different coefficients of frictionu, with an axisymmetric modeling assumption. b. Variation
of the post—treated Young’s modulus with respect to thereefe value, as a function of the
coefficient of frictionu on the contact interface considering the Oliver—Pharrgosatment
method [Oliver & Pharr 1992] (dot marks) and the one propdsedli et al. [Niet al. 2004]
(hollow circle marks).

0.3 in Fig.5.17a) no essential difference can be observedlea the load—displacement curves
obtained for higher values of the coefficient of frictiom,ia saturation appears in the frictional
effect. From a practical point of view, the frictional eftegesponsible for the increase in the
load levels are thus relatively independent of the actullevaf the coefficient of friction for

1 > 0.3. As expected the same trends are observed when a plameastsumption is adopted
in the numerical model, even though the effect of frictiontlo@ load level obtained is slightly
less important. As a result of the post—processing proeg@dlthough keeping the same input

material properties in the numerical model, a variatiornim lbad—displacement curves due to
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friction induces variations in the post—treated matemapgrties, as depicted in Fig.5.17b. The
post—treated material properties obtained from the nuwrakindentation satisfying the assump-
tions of the considered post—treatment methods (flatidritdss sample surface) are considered
as reference values. The simulation of the indentation ne pickel with a perfectly flat fric-
tionless surface yields the following Young’s modulus s\ = 229GPa andE; =
260GPa, respectively for the classical Oliver—Pharr gosttment method and for the work—
of—indentation based post—treatment method proposed by &i

Unsurprisingly the work—of—indentation based post—treait method of Ni et al. [Net al.
2004], considering the entire load—displacement curviedsrost sensitive to frictional effects

resulting in a variation in the output Young’s modulus, dedirby

flat

flat " fric
Vit = —1 (5.5)

f Eref

up to nearly 20% with respect to the reference vdll,;f‘g. Note that even though less sensitive

to purely frictional effects, the classical post—treatimarthod of Oliver and Pharr also shows

flat
fric

that the largest variation in the post—treated materigb@rites is observed at a moderate value

an overestimation? ;" up to more than 10% of the reference vaﬁzﬁé‘;. It is also worth noting
of u = 0.2, lower than the values assumed to correspond to a puibkBsave contact, for both
considered post—treatment methods.

These results point out that friction indeed affects sigaiitly the results of nanoindentation of

pure nickel in the considered configuration with a perfeftdlyysample surface.
Effect of surface roughness without friction

In order to evaluate the related physical trends and to sestlkene for a coupled study of
friction and roughness, in this section the issue of indertan a frictionless rough surface is
revisited in a parametric study. Obviously deactivatingfion (. = 0) on the contact interface,
just like in the cited references in the introductory satt@ms at evaluating the variation in the
nanoindentation response related to the sample surfagamess only. This manipulation is of
course only feasible in numerical simulations conductiimual indentations. In practice, the
surface roughness of thin films can reach average values4®3@ [Barshilia & Rajam 2002;
de Souzaet al. 2005, 2006; Fangt al. 2007; Kumatret al. 2006] which becomes comparable
to the imposed indentation depth, limited by the film thickneln this work, the considered

indentation setup potentially falls in this category oflgha indentations.

A brief review of the rough surface models is presented ireotd better motivate the choice
of the simple representation used here. The roughness af sudace has a multi-level nature

calling for multiscale description in the numerical moddls a most general fashion a rough-
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ness profile can be considered as the convolution of singli#lgs with various wavelengths
and different amplitude to wavelength ratios. The desinipbf the experimentally observed
surface roughness in a numerical model depends on the ghygatved. One family of models
uses the fractal description of the surface roughness.|dités has been applied for example to
the surface of polycrystalline Si for MEMS applications [Bet al. 2004, 2005] and for ns—C
films [Buzioet al. 2003]. Another type of models consider a single level or midvel descrip-
tion using asperities with statistical height distributitike initially proposed in Greenwood &
Williamson [1966]. Some numerical works considering rosglface contact address the prob-
lem of cross—property connections [Sevostianov & Kacha2@d8], such as the variation of
contact conductance [Ciavare#aal. 2008]. Most frequently, in the mechanical simulation of
rough surface deformation, a purely elastic response ofméterial is considered [Beét al.
1998; Sevostianov & Kachanov 2008], and depending on thestadgbroblem a fair agreement
between experimental and numerical results can be foundahy numerical models consider-
ing the plastic behavior of rough contact, the interactietwieen neighboring asperities is not
taken into account in order to reduce the computationatteffo

For the mechanical behavior studied here, the surface rasghis chosen to have the sim-
plest representation, considering only the first level of@tyberance—on—protuberance type
roughness description, similar to [Jackson & Streator 26Q@6nar et al. 2006] for the sake
of computational efficiency and easy interpretation of #suiting trends. Furthermore, the
assumption is made that the shape of a single roughnessprodih be well approximated by

a sine function

2 i
with A; the peak to peak amplitude; the wavelength and; the phase shift of the profile.

yi(x) = Ai sin (2—7T x+ Hi) (5.6)

In this section only a single roughness asperity is consitlen the sample surface, placed as
shown in Fig.5.16 to reduce the computational effort. Theans that the influence of the in-
teraction between the neighboring asperities of a reallraugface is not taken into account.
The response of the surface roughness to deformation hasshew/n to depend on the shape
of the roughness asperities experimentally [Bugi@l. 2003]. In order to cover a large range
of roughness asperity shapes from relatively sharp to dmgedmetries, the amplitudé =
[5...30wm] and the wavelength = [100...80@vm] of the profile was varied in physically sound

ranges, resulting in 16 different surface asperity geaesetr

Surface roughness can have a twofold effect resulting imeed higher or a lower contact stiff-
ness depending on whether the indentation is performedanghness valley or on the tip of an
asperity, respectively. This aspect, and the way the sasypface roughness affects the load—
displacement curves as a function of the position of thenhdeshown later in Section 5.3.2

considering a more representative case with a more realmighness description. A variation
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in the resistance to deformation as well as a change in betlotding and unloading contact
stiffnesses due to the presence of surface roughness, afiggts the indentation response is
thus expected. Despite keeping the same input model migbar@meters, when indenting on
a rough surface a change in the post—treated results is fandds illustrated in Fig.5.18a for

the Oliver—Pharr and Ni et al. post—treatment methods athisymmetric simulations. These
maps are created by interpolating between the calculatdggint values corresponding to the
16 simulated configurations. On these maps the variationeobutput Young’s modulus with

respect to the reference values, defined by:

E0
u=0 _ “rough
Vrough = -1 (5 7)
gh Eref

is represented as a function of the non—dimensional paeameééfining the initial geometry of
the asperityA/R and\/R. The indentations made on the rough surfaces with varioosige
tries result in an overestimation of up W;(;h = 10% of the reference valug?’; using the
Oliver—Pharr post—treatment method, which is highly gesesio the variation in the unloading
contact stiffness. As expected, the largest overestimatith respect to the reference value
is obtained for the surface asperities for which the indeaibel the sample contact interfaces
form well-conforming surfaces, resulting in a high contstdfness. Unsurprisingly, the low-
est variation with respect to the reference value of the Y®umodulus (calculated from the
frictionless indentation on a flat surface) is observed $peaity shapes with large wavelengths
and small amplitudes, i.e., the flattest profiles for both-giosatment methods.

Contrary to the Oliver—Pharr post—-treatment method, tlegomoposed by Ni et al. shows a gen-
eral tendency to underestimate the Young’s modulus withaesto the reference vaILléﬁjc

for the same input material parameter set. This underestimis the most important for sharp
asperities, reaching a value mj‘;(;h = -15%. Unlike for the Oliver—Pharr method, here the
wavelength of the initial asperity shapgseems to be a dominant parameter affecting signifi-
cantly the post—treated results, forming vertically otgehbands on the map of Fig.5.18a. The
amplitudeA is observed to have a less important influence. The intexjioet of these trends
is not straightforward, considering the large amount of paated information processed in
the work—of—indentation based methods. The results baséteacomplete load—displacement
curve implicitly incorporate the balance of the elastic the history—dependent plastic defor-

mation of the sample, as well as effects related to the cbatatution during indentation.

The presented trends are independent from the modelingnasisim (axisymmetric or plane
strain), and results are consistent with the other worksfiid& Delobelle 2006; Walteet al.
2007]. The surface roughness in frictionless indentatiossall indentation depth is shown to
affect significantly the results of nanoindentation. A @isgon ofyf;gh = 10-15% is found in

the post—treated Young’s modulus due to the roughnesd afigending on the post—treatment
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method. The largest variation is observed for initial agpehapes with wavelengths com-

parable to the radius of the indenter fip

5.3.2 Effect of friction on rough surface nanoindentation

In indentation experiments conducted on rough surfacesydhiation of the indentation re-
sponse is usually attributed to the effect of the contactrgtny only, even though the effects
of surface roughness and friction are naturally coupleddiAgl friction on the rough contact
interface in the simulations should thus lead to a morestalmodeling of nanoindentation.
The convolution of both effects considered separatelyt oow may enhance the global surface
effects, thereby affecting the scattering of nanoind@matesults. This motivates the numerical
study presented in this section considering the indemtaiiorough surfaces with friction on
the contact interface, i.e. friction and surface roughaessombined. First, the single asperity
surface roughness model used before (Fig.5.16) is updgtiddrporating friction on the con-
tact interface. As a subsequent step an attempt is made tel th@dndentation of pure nickel

considering friction with a more realistic surface rougssmeepresentation.

Frictional effects in a contact with one surface asperitypaametric study

From a practical viewpoint, the frictional effects were fouto be relatively independent of
the actual value of the coefficient of friction as sooruas 0.3 in the previous section. The
value of the coefficient of friction between two surfaces iicnm—and nanoscale applications
is generally measured by so—called scratch tests [Lagagé 2008; Li & Weng 2007]. Such
tests however have the drawback of lacking a straightfaiwrserpretation as the plastic be-
havior is convoluted with the frictional effect, especgralthen pile—up is present [Bellemare
et al. 2007, 2008]. Since a single parameter is used to model theleamultiscale frictional
behavior between two surfaces, being potentially depdraiethe actual contact area, on the
relative tangential velocity and many other quantities lgads to large dispersions in the value
of this parameter. For these reasons, the variation of tip@sed coefficient of friction of the
Coulomb friction model in numerical simulations of nancen¢kation in the literature is impor-
tant and ranges from 0.1 [Bressahal. 2005; Bucailleet al. 2004; Cao & Lu 2004] to 1
[Wanget al. 2007b], chosen more or less arbitrarily. Here the valug ef0.5 is assumed for
the coefficient of friction, which is a physically sound apximation for dry friction between
a diamond and a clean metal surface for the previously adg@tenomenological model of
Coulomb [Guidry 1999; Kojimat al. 2007; Lafayeet al. 2008; Noreyan & Amar 2008]. The
previously discussed effects of friction (increase in thallevels with respect to the frictionless
case resulting in variations in the post—treated mater@grties) are confirmed in the case of

indentations of the single roughness asperity model whemgdriction on the contact inter-
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Figure 5.18: Map of the variation of the post—treated Yoamgodulus issued from the axisym-
metric simulations for aqﬁozu‘;h, b. yfo’zzh, c. 7. as a function of the parameters defining the
initial geometry of the single roughness asperity in fdotess indentation for the Oliver—Pharr

post—treatment method [Oliver & Pharr 1992] and the onegseg by Ni et al. [Net al. 2004].

face. Focusing first on the post—treated results, coupietibinal and surface roughness effects
are illustrated in the maps plotted in Fig.5.18c represgntine variation of the post—treated
Young’s modulus with respect to the reference value for Ipaisi—treatment methods, defined

by:
rough
e = —roush _q (5.8)
Eref
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The cumulated dispersiop stemming from the convoluted effect of rough surface indton
yf;(;h and frictional effects is reaching nearly 30%, much highantin the case of the friction-
less assumption, confirming that frictional effects inseethe scattering in the nanoindentation
results.

Ve = Wﬁ;fqh X 7{;,;211 > Vﬁ;fqh (5.9)
The frictional effects on the rough surface indentationsid@red here in terms of the output

material properties can be characterized by:

ric rough
Viowon = —mer — 1 (5.10)
Erough

corresponding to the variation in the post—treated Youngsiulus due to friction only with
respect to the values obtained from the frictionless iratgor of the surface asperities. Un-

surprisingly the influence of friction along/”*

ougn, ON the post-treated material parameters is

observed to be dependent on the contact geometry, i.e. itla topography of the considered
surface asperity (Fig.5.18b.) Anincrease upig;h = 20-25% in the output material parame-
ters independently of the choice of the post—treatment adeithshown, emphasizing the need
of taking the cumulative effect of friction and surface roughnegs account. Note, that in
agreement with the findings in the previous section, frici®shown to increase the value of
the post—treated Young's modulus with respect to the tntéss case (Fig.5.18b).

Frictional effects in indentation on a realistic rough sace

The use of a simple roughness model may restrain the domaalidity of the obtained trends,
which motivates the consideration of a more realistic sigrfeoughness representation. The
surface profile of the sample, depicted in Fig.5.19 is dbsdrby the sum of four sine functions
with different amplitudes, wavelengths and phase shdtsgproduce qualitatively the nature of
real surface profiles for a mechanical problem. In the adbpieghness model increasing am-
plitudes are associated to increasing wavelengths. Theopisdy used Coulomb friction model
is assumed here, with a coefficient of friction;of= 0.5. Eight different indentation positions
were considered, plotted in Fig.5.19. The indentation ebt45wm after initial contact is
prescribed in each case.

The obtained load—displacement curves for the axisymmassumption, shown in Fig.5.20a
are highly sensitive to the position of the indent. The digant variation in the load levels of
the load—displacement curves is due to the convolution @fstirface roughness and friction
effects. In order to evaluate the effect brought by fricseparately, the set of indentations was
performed for the same geometries in a frictionless nuraksetup (Fig.5.20b). The conclu-
sions are similar to Section 5.3.1, i.e., frictional efeestrongly depend on the contact geometry

defined by the initial surface topology. For some configoraj friction plays an important role
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Figure 5.19: Representation of the surface roughness osadddeling a real-life indentation
program. The marks correspond to the considered indentpbsitions. Note that the scale
of the profile height on the top figure is amplified for the sakelarity with respect to actual

profile shown in the bottom figure.

in the load—displacement curves (Positions 6, 8 on Fig)sv#llereas in other cases it only has
a minor influence on the nanoindentation response (e.g.ti®o3i on Fig.5.20). The sam-
ple surface roughness can have a twofold effect: it eitheresses or decreases the contact
stiffness during indentation depending on the positionhefihdent, affecting the load levels
necessary for reaching a given indentation depth. In ageaewith the physics of nanoinden-
tation, the highest load level is obtained when indentirthédeepest roughness valley forming
a well conforming contact surface with the indenter (Posit8 on Fig.5.19). Conversely, the
indentation on the highest roughness peak shows the mashaable response (Position 7 on
Fig.5.19).

These trends are observed independently of the modelingrgd®n (plane strain or axisym-
metric). The only noticeable difference is the expecteddainfluence of surface effects in
the axisymmetric models (as pointed out before). The dssperin the maximum force lev-
els of the load—displacement curves stemming from the dotea effect of friction and sur-
face roughness is around 40% in the axisymmetric simulgtitarger than in the previous
parametric study on a single asperity. The post-treatechgeeroung’s modulus is shifted to
EOP = 248.1G Pat33565 and BV = 292.7G Pat 72350 with respect to the reference values,
with a dispersion of\ FOF =+135% gnd A pNi =+247%

—28.5% —18.8%"
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Figure 5.20: Load—displacement curves obtained for thentations in the predefined eight
positions in Fig.5.19 for the axisymmetric models (a.) ¢desng friction and (b.) for the

frictionless case Note the increase in the dispersion dbtlevels when considering friction.

It is emphasized that the parameters of the presented setradnical indentations are defined to
respect the best possible the experimental conditions e¥antual real-life setup, and have not
been fine—tuned with the intention to obtain the most sigaificurface effects. Nonetheless,
the obtained scattering in the post—treated results whkielkalusively related to the convoluted
effect of friction and roughness is found to be considerdiiiyh, and in good agreement with
experimental observations in Qasmi & Delobelle [2006]. Theulative effect of friction and

surface roughness on the scattering in the raw (Fig.5.20past—treated (Fig.5.21) nanoinden-
tation results was confirmed in this set of simulations witin@e realistic description of the

sample surface roughness.
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Figure 5.21: Variation of the output Young’s modulus witlspect to the reference value for

cases a. with friction; and b. without friction as a functmfithe indentation positiondefined
in Fig.5.19 for the Oliver—Pharr post—treatment method@I|& Pharr 1992] (square marks)
and the one proposed by Ni et al. [Blial. 2004] (hollow circle marks).

5.3.3 Concluding remarks

In this numerical study considering indentations on rougtiages, the effect of friction on

nanoindentation results is found significant, yielding atseing level comparable to the one

met in experiments [Qasmi & Delobelle 2006]. Surface effestemming from friction and

surface roughness were found to depend on the initial suttgmology, partly because of the

high sensitivity of the frictional effects on the shape d# thdented asperity and partly due to

the variation of the deformability of the asperities witlifelient shapes. The results show a

strong interaction between these two contributing ternsutéace effects and allow to draw the

following salient conclusions.
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e Their effect on the dispersion of nanoindentation raw argt-dceated results is found to
be cumulative: considering friction in a numerical modethwioughness increases the
scattering in both the force levels of the load—displacdmerves (Fig.5.20) for a given
indentation depth, and in the post—treated elastic maparameters (Fig.5.21). Friction

should thus be included in a thorough description of rougfasa nanoindentation.

e Surface effects were found to shift the average value ofdéetified material parameter.
If surface effects are not considered, the large dispeesiarthis shift in the post—treated
average elastic modulus could be wrongly interpreted msef variations of the material
behavior, or of other potential sources of nanoindentasicattering. The numerically
obtained range of dispersion may give an indication to wdretiis interpretation of the

results can be assumed or not.

e The predictions of the simple single asperity roughnesseahodnsidered in the para-
metric study and the results from the simulation on a morésteasurface roughness
description agree well, leading to interesting conclusifsom a practical point of view.
The results of the single asperity surface roughness mbadeliag the most pronounced
surface effects for wavelengtilscomparable to the radius of the indenter Bpmay be
used as a simple/basic guideline for surface preparatms sthen they are not prescribed

by the fabrication procedure otherwise.

e Surface effects contribute to the energy balance of thenitatien problem. The surplus
energy necessary for the crushing of surface asperitieslheasdy been recognized to
be a significant term in the energy balance in small indestiadiepth and size—effects
depending on the surface topology have been associatdb@at& Fan 2002; Kinet al.
2007; Qiuet al. 2003; Zhanget al. 2004]. The dissipative frictional effects depending

on the contact geometry are also found to be considerabde her

e For the same reasons the work—of-indentation based meffRedganet al. 2005; Ku-
sano & Hutchings 2003] are more sensible to surface efféetsarticular, if the param-
eters of the plastic behavior of thin films is intended to benitfied [Cao & Lu 2004;
Giannakopoulos & Suresh 1999; Maal. 2003; Zhacet al. 2006], the dispersion in the
post—treated results as a consequence of the surface esggéind friction is expected to

be even more important.

In order to avoid a misinterpretation of the presented nigakresults, the trends concerning
surface effects have been verified with plane strain sinwrat The same trends were observed
for both modeling assumptions in all considered configareticonfirming the significant in-
fluence of the interaction of friction and surface roughreffects in nanoindentation based on

similar observations on the load—displacement curves.
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5.4 Discussion on the performance of nanoindentation post—
treatment methods for the prediction of the sample elas-

tic modulus

The presented two post—-treatment methods of nanoindentg@ection 2.2) were applied sys-
tematically in all nanoindentation simulations (Sectiénsto 5.3). The variation of the post—
treated elastic modulus due to variations in the indentgparameters, other than the input
elastic modulus is considered as dispersion in the nanotatien results. This leads to an im-
portant general issue of the nanoindentation proceduneasied here, i.e. the evaluation of the

performance of post—treatment methods.

As expected, both methods perform well when the post-treatt@ssumptions are satisfied.
It is noted, that a simple calculation, presented in Appe’di showed, that the Oliver—Pharr
method was rather insensitive to effects of pile—up and-smin the indentation configurations
studied in Section 5.2, with a conical indenter wiflv2 nominal radius. Both methods consid-
ered here are sensitive to an undetected variation in trgetmetry (radius), which results in
a similar dispersion. The corresponding dispersion carffimeatly reduced by a systematic
evaluation of the actual tip geometry preceding the expemisi(Section 5.1).

On one hand the post-treatment method proposed by Ni et alwssh lower sensitivity
to changes in the plastic properties of the sample mateti@mwthe elastic—plastic material
behavior is rate—independent (Section 5.1), and partigulghen the material behavior is
elastic—viscoplastic (Section 5.2). On the other hand Work—of—indentation based post—
treatment method is more sensitive to frictional effectscf{®n 5.3), since frictional energy
dissipationi¥;,;. potentially alters the ratio of the reversible eladfic, and of the total work
Wy = We + W, + Wy,. This was observed for nanoindentations on both flat andireug
faces.

The contact stiffness of indentations, determined on theaaling portion intervenes in both
post-treatment methods, therefore they are sensitive tenpal variations in the unloading
curve. Since the contact stiffness of indentations on raigfaces may vary, this can result
in a considerable dispersion in the post—treated elastautne for both methods (Section 5.3).
Note that a potential viscoelastic material behavior [Gh&Cheng 2005; Ovaest al. 2003;
Zhanget al. 2008] may influence the unloading slope of the load—dispherd curves as well.
When taking frictional effects into account in nanoindéiota of rough surfaces, due to the
coupled effect of friction and surface roughness the regpttispersion increases significantly
(as shown in Section 5.3), reaching very important proposti

The overall performance of the two post—treatments metlsosisnilar (the method of Ni et al.
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was found more accurate when the plastic material progesteze varied, and the Oliver—Pharr
method performs better for the coupled effect of friction aarface roughness). In view of the
comparable performance of the two methods for identifylregetlastic modulus, the use of the
post—treatment method proposed by Oliver and Pharr [O&v@harr 1992] remains advisable,
considering its simplicity, which allows a more straightfard interpretation.

Indeed, the main drawback of the work—of—indentation baesti-treatment method is the dif-
ficult interpretation of the potential variation in the outelastic modulus, considering the large
amount of compacted information. The results based on thplste load—displacement curve
implicitly incorporate a larger number of potentially sjmws contributions (material plasticity
and damage, contact evolution and behavior, etc.) thanadstbased solely on the unloading
portion showing a relative independence on the contribstiafluencing principally the load-
ing period of indentation.

However, when material parameters related to the plastiawwer of the material are aimed for,
work—of-indentation based methods are usually applied &&u 2004; Giannakopoulos &
Suresh 1999; Mat al. 2003; Zhacet al. 2006]. It was shown that the same indentation data can
be achieved numerically for different material paramed¢s,sand the significant variation in the
load—displacement curves as a consequence of rate—depematerial effects, friction and sur-
face roughness was demonstrated. Care should therefoagdrewhen using such methods in
the choice of the material model to allow identifying paraeng consistent with the underlying
physics, and in the interpretation of the (potentially namgue) resulting parameter set and its

variation.
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5.5 Variation of the adhesion due to the deformation of sur-

faces roughness during micromanipulation

In this contribution the continuum scale numerical tookganted in Chapter 4, satisfying the
particular requirements for the simulation of nanoindgatg is applied to the problem of ma-
nipulation of objects on the microscale. The manipulatibalgects between 10n and Inm
is often disturbed by the adhesion between the contactirigcgas [Carpiclet al. 2001, 2002].
The spurious adherence between the manipulating equipamehthe object can lead to the
impossibility of releasing the handled object. It is therefof high interest to study the forces
responsible for these perturbations and which, althoughgibkle at macroscopic scale, are of
great importance at microscale/nanoscale. This origefaten the different balance between
surface and volume forces on the microscale/nanoscalesutti@ce-to-volume ratio is indeed

much more important on the small scales.

Various surface forces can be identified as potential ssuwtadhesion, i.e. capillary forces
[Lambert 2007; Mate 2008], van der Waals forces [Israeldich®74; Mate 2008] electrostatic
forces [Lambert & Régnier 2006] and the chemical bondingwfaces. This numerical study
focuses on the electrostatic forces because they are thesigosicant for grasping and manip-
ulating parts of micrometer size [Fearing 1995], sincerthegnitude is such that they alone
can be important enough to perturb the manipulation. Thesgdrange forces are active for
separation distances in the order of the radius of the méatgmiobject.

A significant decrease in the magnitude of surface forcesokaerved [Bhushan 2003; Lh-
ernouldet al. 2007; Rabinovicket al. 2000] due to the presence of surface roughness. Con-
versely the change in the surface topology by the flattenfripeasperities during microma-
nipulation can give rise to an increase of the contact adhesndeed, when the handled object
is in contact with the gripper it is unavoidable that the aigs on the contacting surfaces are
crushed to some extent due to the grasping force. The primpogeés of this work are to con-
tribute to the understanding of how the induced deformatibtine contacting rough surfaces
influences the electrostatic adhesive forces, and to gimeesasight into the physics of the
evolution of adhesion during micromanipulation throughaaiapted multi—-physics numerical
study. The computational work can be divided into two paagpted unilaterally (Fig.5.22).
The first one involves the computation of the elastic—ptagéformation of surface asperities
on the gripper arm during micromanipulation with the nuro@&rtool presented in Chapter 4.

The assumption is made that the deformation of the grippersarface gives the main contri-

This section is based on M. Sausse Lhernould, P. Berke, Tadsaft, S. Régnier, P. Lambert, ‘Variation of the
adhesive electrostatic forces on a rough surface due toetfeegrdation of roughness asperities during microma-

nipulation of a spherical rigid body’ submitted for publiican
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Figure 5.22: Scheme of the uncoupled multi-physics sinaranvestigating the effect of sur-

face roughness deformation on adhesive electrostatiesataring micromanipulation.

bution to the considered physics. The second part aims &vtdaation of the variation of the
contact adhesion during micromanipulation based on thepoted deformation of the surface
asperities using an electrostatic numerical model. Thisqgiahe work was performed by M.
Sausse Lhernould. This unilateral coupling of the eletatassimulations introduces the as-
sumption that the electrostatic force levels are much sntiban the ones necessary to deform
the surface asperities, therefore that the electrostatie$ and their variations do not influence
the obtained deformation (this will be confirmed later onheTadhesive electrostatic forces
on the surface asperities in the initial, undeformed andhénfinal deformed configuration are

calculated and compared to evaluate the variation of thegmtude during micromanipulation.

This study is structured as follows. Section 5.5.1 dealk Wieé mechanical problem of the de-
formation of the gripper arm during micromanipulation oe fitale of the object (the macroscale)
and on the scale of the surface roughness asperities (thesoate). In Section 5.5.2 the results
of the electrostatic simulations working on the microse@akepresented and discussed. The in-
crease of the adhesive electrostatic force during micrgmoation is found to be significant in
all studied cases. Finally the assumptions used in this/samdl their implication on the ob-
tained results and trends are discussed, explaining whyliberved effect seems to be a lower

bound of the real one.
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Figure 5.23: The two considered contact models working &eréint scales. Left: macroscale
model of the micromanipulation considering realistic lmgdconditions and an axisymmetric
description with the manipulated object modeled as an umdetble body.F; is the manipu-
lating force,R,;; the radius of the manipulated object. Right: microscaldactrmodel of the
flattening of one surface asperity on the surface of the grippm, using a plane strain assump-
tion. ) is the wavelength of the sine function describing the agpshape, the manipulated

object is modeled as a rigid flat plane in view®§,; = [10pum...Jmm] >> A.

5.5.1 Contact deformation modeling

This part of the work addresses the problem of the evaluaifathe deformation of a pure
nickel gripper arm during manipulation using the numerioal presented in in Chapter 4. Two

numerical models have been set up on two different scald@hifopurpose.

e The macroscale contact model working on the scale of thepuéaied object is used to
evaluate the deformation of the gripper arm when a realssjieeezing force is applied
to grab spherical objects with sizes ranging fromuA0to 1mm. The magnitude of the
obtained macroscopic deformation gives an indication lier deformation level to be

applied on the surface roughness asperities in the mideosuzdel.

e The microscale model is used to determine the deformed sludjlee roughness asperi-
ties considering the chosen deformation level. The resbittse microscale model are the
input data for the electrostatic simulations that deteenine adhesive electrostatic forces

in the contact.
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This separation of scales was indispensable merely to adhevealculation of the considered

problem.

Macroscopic contact model of micromanipulation: surfaceighness defor-
mation estimate

This numerical model works on the scale of the manipulatgeabbwhich is assumed to have
a perfect spherical geometry with a radius varying in theeaof sizes of the potentially ma-
nipulated objects?,,; = [10pm...2mm] [Agnus et al. 2004]. For the sake of simplicity and
computational efficiency the roughness of both surfacebeftipper arm and of the manipu-
lated object is neglected on the macrolevel.

At this macroscale the gripper arm is considered to be mageiraf nickel and is modeled as
a deformable body having a perfectly flat frictionless consarface. Frictional effects are not
taken into account in this study in order to reduce the corilef the numerical models and
to ensure the computational efficiency. In the numerical @htite isotropic rate—independent
hardening behavior of pure nickel, used in Section 5.1 igrassl, because the strain rates are
assumed to be small, as opposed to nanoindentation.

The manipulated spherical object is considered to be unaefiole and is modeled by a rigid
body (this assumption will be validated later).

The applied squeezing force varies in the range of the reaipukation forcef, = [1m/V...600nN]
[Agnuset al. 2004].

Considering the symmetry of the problem the finite elemersimas are two dimensional (Fig.5.23)
and built from 8 noded elastic—plasagisymmetricclements capable of handling finite defor-
mations. The models consisted of more than 33500 degreessafdm to be able to reproduce
with high precision the stress and plastic strain evoludionng the simulation. During the sim-
ulation the side nodes of the mesh are constrained in thedmdal direction, the deformable
body is prescribed to move upwards to come into contact wtrigid object having a fixed
position in space. The nodes on the bottom side of the model@rconstrained in the horizon-
tal direction. The geometrical size of the meshes in all €é&sehosen sufficiently large such
that a homogeneous stress distribution at the boundareahtidel is obtained.

Two extreme contact configurations were analyzed on thearlacel:

e A. The largest manipulated objegt,... = 1mm is combined with the smallest manip-
ulation force F" = 1mN. This macroscopic contact generates the smallest contact
stresses and corresponds to the least severe loadingioosdithe behavior of the ma-
terial remains mainlglastic with a contact area radius of,..., = 1,653:m close to the
elastic contact radius approximation by the theory of Hifertz 1882]. The obtained
penetration of the rigid body is,,,.., = 2.3nm.

112



FE model applications 5.5 Contact adhesion vs. rough surface deformation

e B. The smallest objeck,,.;, = 10um is manipulated with the largest force leve}l*** =
600m/V. In this case the contact response is dominated bplsticdeformation of the
gripper arm due to the high contact stresses. The calcutatetoscopic contact radius
IS Gmacro = 10um, almost 4 times the elastic approximation by the theory atHerhe
penetration of the rigid body is also strongly increased laacbmes comparable to the

radius of the sphere with,,,.,., = 10um.

In both of the studied theoretical contact cases the finiterdetion of the gripper arm was
observed. In micromanipulation it is necessary to squebpets in order to hold them firmly.
CaseA. taking the largest object with the smallest gripping forcashprobably gives a lower
bound to the contact stresses and the deformation of thpegrgom in the macroscopic level

model with respect to the real configuration.
Microscopic rough contact model

The objective of this series of numerical simulations is thedeling of the deformation of
the surface roughness of the gripper arm made of pure nickélgimicromanipulation. For
this a numerical model has been defined on the scale of theceudughness asperities, i.e. on
the microscale.

The surface roughness is chosen to have the simplest repatien in this work approximated
by a sine functiony;(z) = A;sin 2)\—7Tx , considering only the first level of a protuberance-
on-protuberance type roughness dlescription, as in Sest®nFor the sake of simplicity the
amplitudeA; and the wavelength; of each asperity of the surface roughness composed of
n interconnected asperities are defined to be the same inttidg. sin order to cover a large
scope of roughness asperity shapes considering theirasttaliglescription, the ratio between
the amplitude and the wavelength of the sine function isedarin the model the wavelength
of the asperities has been kept fixgd= \ = 200nm and 13 different values of the amplitude
(Tab.5.4) were chosen in the range/ A = [0.01...0.85] from the bluntest to the sharpest pro-
files (Fig.5.24).

In the multi—level description of the surface roughness,ghape of the asperities can poten-
tially change on different levels. The considered modetdbmg the surface asperities with
sine functions has the advantage to be easily adaptabledrestfor such multi—level repre-
sentations or for a fractal description. From the point efwiof electrostatic simulations, the
same choice of a sinusoidal representation of the geomaitsynwade in Kostoglou & Karabelas

[1995] to compute the electrostatic repulsive energy betwe/o rough colloidal particles.
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The assumption that the size of the manipulated object ishntarger than the wavelength

of the roughness profiles
Ropj = [10pm...1mm| >> X = 200nm (5.11)

on the microscale generally holds for the majority of preadtcases [Jamari & Schiper 2007].
As a consequence, in view of (5.11) some simplifying assionptcan be applied to the mi-

croscale numerical model, such as:

e The contact radius of the manipulated object is considerée infinite in the microscale

numerical contact model, and this object is thus modeledigskflat plane on this scale.

e The neighboring roughness peaks are assumed to deform leoemgsly in the vicinity

of a chosen roughness asperity.

If every roughness peak is assumed to deform in the same wHyeaonsidered scale as per-
formed in Kumaret al. [2006], the characterization of the behavior of one rougbneeak is
sufficient using a periodicity condition at the boundaryte model. Consequently, the interac-
tion between asperities is neglected in this study, whiehdesmmon practice used to achieve a
reasonable computational efficiency in numerical model®ogh surface contact [Boet al.
2005; Larssoret al. 1999]. Note that the results of some experimental worksstgating the
difference in the response of single and multi—asperitytairon small scales show that this
assumption may alter the overall response of the contaticiplarly for cases when the contact
penetration is comparable to the height of the asperitiagifet al. 2003; Kumaret al. 2006;
Nicolaet al. 2007; Rajendrakumar & Biswas 1997]. Considering the fingfodmnation of the
gripper arm on the macroscale with realistic loading caodd, the flattening/; of a modeled
roughness asperityin the microscale model using the periodicity condition whesen to be

d;/A; = 2/3 corresponding to a moderate deformation on scale of thasarbughness.

This set of assumptions, based on (5.11) on the microscakeitttroduces the assumption
of afull separation of the length scale$ the manipulated object (the macro scale) from those
defining the conditions of the contact between the roughpeak and the object (the micro

scale) as shown in Fig.5.23.

In the numerical model the geometry is two—dimensional &ihane strainassumption. Only
the half of the sinusoidal profile is considered due to theragitny of its shape. All thirteen fi-
nite element meshes with differedt values are built fron® noded elastic—plastic plane strain
elements in the corotational finite deformation descriptiath more than 14800 degrees of
freedom. The geometrical size of the meshes is chosen satla thomogeneous stress dis-

tribution is found on the bottom side of the model. The left aight sides of the deformable
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body are blocked in the horizontal direction in order to esgnt the above-mentioned peri-
odicity condition. The bottom side of the body is free in theibontal direction and moves
upwards in the vertical direction by the valuedf= 2A4,/3 (the prescribed flattening) using
a displacement—controlled simulation. Unilateral contamditions without friction are used
between the contact nodes on the top side of the deformalbiedmual a rigid horizontal plane
representing the manipulated object. The same elaststiplate—independent constitutive
law with isotropic hardening is used for the nickel deforhediody as before.

In a contact setting, both contacting objects often suftghlelastic and plastic deformations
due to the high contact stresses. The assumption that tlkéelleobject can be considered unde-
formable was verified to hold. This was achieved by simutptie microscale contact problem
with a deformable object made of S45C carbon sté2l{® = 205GPac;**¢ = 400MPa)
using the SAMCEF commercial finite element code. Indeedplhstic deformation is found to
take place only in the nickel roughness peak, because obtier lelastic limit of pure nickel.
In the considered contact although the elastic properfid®th materials are similar, due to
the lower yield limit of pure nickel, it reaches the plastmngain, while the carbon steel still
shows an elastic contact response. Moreover the elasterdation of the carbon steel object
is also confirmed to be negligible. The rigid body modelinghaf handled object appears thus
reasonable for objects made of materials with substaytmdjher yield limit than the nickel
base material of the gripper arm. The initial and deformegpsk of the considered profiles
are presented in Fig.5.24. The reaction force per roughpesk generated by the imposed
flattening of the asperities in the microscale contact satmms are depicted on Fig.5.25. Note
the nonlinear variation of the response of the roughnedsspesaa function of their shape. The

elastic springbacki.e. the difference between the profile geometry at maxirtaad level and
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Figure 5.24: Studied asperity shapes in the initial and endéformed configuration at peak
load. a. blunt asperitied;/\ = [0.01..015], b. sharper asperity shapds/\ = [0.2..045], c.
sharpest asperity shapgs/\ = [0.55..085].
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after unloading due to the elastic relaxation of the matewas analyzed for all considered

geometries and was found small from the mechanical poinis¥.v
Linking the microscale and the macroscale contact models

The results of the microscale model were obtained for a e¢hesashing of the roughness
profiles d;, being function of the initial amplitudel;. It is possible to show using a simple
assumption that the chosen flattening of the surface amgsedh the microscale gives reac-
tion forces in the same order of magnitude as the manipgldtirce on the macroscale. The
essence of the method is to check whether by filling unifortméyprojected contact areB,,,.,.

obtained from the macroscopic scale model with deformedssidal roughness peaks of the
microscale model at the prescribed crushing, the inducactios force is in the order of mag-

nitude of the macroscopic manipulating force.
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Figure 5.25: Reaction forces per roughness peak genergtibe lflattening of the asperities in
the microscale model as a function of the/ \; ratio of their initial shapes.

This relation is expressed by (5.12). Note that the appration of having a uniformly crushed
surface roughness in the contact arka,.., limited by the macroscopic contact radius corre-

sponds to the cylindrical rigid flat punch of the rough suefagth an imposed crushing.

Fr%cro = Z Ri - Nasperity X Rz =0 (Fomacro) (512)

Amam‘o

Applying the above linking assumption to

e caseA. of the macroscale simulations (object—gripper contackimgrmainly in the elas-
tic domain), the overall reaction forcé%m =[1.37mN...5.2nN] of the 4.3 x 10* de-
formed peaks filling the macroscopic contact area are indheesorder of magnitude as

the macroscopic manipulating force. This suggests thaassamed plastic deformation
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in the microscale contact problem matches the order of nadgmiof the real plastic de-
formation of the roughness peaks. It is emphasized thabdudirng conditions in the case
A. (largest object seized with the smallest manipulatingdpare probably less severe

than the practically used ones.

e caseB. (object—gripper contact showing mainly plastic responsdh® macro scale),
the overall reaction forceET%m = [50mN...190nN] of the 1.57 x 10° peaks filling
the macroscopic contact area are lower than the macrosowpi@ulation force. This
means that the roughness peaks are crushed in average muoelsenerely in reality
than in the microlevel model. This interpretation is conBdrby the deep penetration of
the object of around 10n calculated in the macroscale contact model. Consequently,
considering the generally large contact stresses in theaseapic level micromanipu-
lation model, most of the surface asperities in the contaez aan be assumed severely
crushed. Unlike in works reporting surface asperity péesise at considerably smaller
relative penetration with respect to the height of the sigrf@sperities (and sometimes in
lubricated contact conditions) [Jamari & Schiper 2007 dsanet al. 1999; Rajendraku-
mar & Biswas 1997], in the considered micromanipulatiomgéhe surface roughness is
probably practically flattened, as in Azushimizal. [2006].

The force levels obtained from the microscopic scale coatput and upscaled by the con-
sidered simple cylindrical flat punch assumption remainafbconsidered cases almost in the
same order of magnitude as the macroscopic manipulatiae fétowever, the assumed num-
ber of contact points in the contact zone with similar agpelensities as on a Si polycrystalline
surface [Carpiclet al. 2002] is an order of magnitude larger than computed in Chrgial.

[2002], thereby resulting in an overall reaction force asoorder of magnitude higher. This
means that the plastic deformation of the surface asperitiehe microscale problem is most
probably a lower bound with respect to the real micromamipoih setting, and the obtained

numerical results can be considered to give a lower bourftetgurface asperity flattening.
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[ 1 2 3 4 5 6 7 8 9 10 11 12 13

A /A 001 003 | 005 | 010 | 015 | 020 | 025 | 0.35 | 045 | 055 | 0.65 | 0.75 | 0.85
A;[nm] 2 6 10 20 30 40 50 70 90 110 130 150 170

d;[nm] 1.34 4 6.67 | 13.34 20 26.67 | 33.34 | 46.67 60 73.34 | 86.67 | 100 | 113.34
R;[uN] 0.0320| 0.0530| 0.0696| 0.0970| 0.1132| 0.1198| 0.1212| 0.1184| 0.1158| 0.1154| 0.1156| 0.1168| 0.1178
lfeak[nm] 76.2 772 | 80.1 | 846 | 85.6 87.6 87 81.4 75 72.8 69.6 68.2 | 67.2
[untoad pm)] 69.8 69 70.2 | 65.8 63 64 66.2 | 66.2 63 58.8 57.8 55.4 | 54.8
Finit[pN/m] 9.1 5.1 3.9 2.8 2.3 1.9 1.7 15 1.3 11 1.0 1.0 0.9

Fé’:ﬁk[uN/m] 24.6 233 | 235 | 240 | 246 24.8 246 | 23.1 | 215 | 20.8 20.1 19.7 19.4
Fg}f"“d[uN/m] 22.8 214 | 213 | 211 | 21.2 214 | 214 | 204 19.1 18.3 17.7 17.3 17.0

Table 5.4: Studied roughness and related results — sirantatin the microscale with a plane strain assumptiénis the initial amplitude\ = 200nm
the wavelengthd; the prescribed flattening of the asperitiés,the generated reaction force per roughness pléﬁ’k,andly”load are the plateau length at
peak load and in the unloaded configuration respectivély;, Fj’:]?’“ andFC};’}load stand for the electrostatic force on the asperity for thigaihghape, for the

deformed shape at peak load and for the deformed shape imlibeeded configuration respectively for a potential differe of0.1V.
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5.5.2 Analysis of the results of the uncoupled multi-physg numerical

model

As mentioned before, the output of the microscale mechbsiitaulations (the deformed shapes
of the roughness asperities) was used for the numerical@vwah of the adhesive electrostatic
force between the gripper and the object, both conductdheatlease of the manipulated ob-
ject (performed by M. Sausse Lhernould). At contact someetsodKR [Johnsoet al. 1971;
Mate 2008], DMT [Derjaguiret al. 1975; Mate 2008]) provide closed form expressions of the
adhesive force due to the interactions occurring in theamrdrea of rouglelastic contacts.
These theories are obviously no longer valid in the consuiproblem of micromanipulation,
which induces significant plastic deformation of the suefemughness on the gripper arm.

To avoid these oversimplifying assumptions, the electashumerical calculations are cou-
pled (unilaterally) to the mechanical simulations of thdate roughness deformation described
in the previous section. The adhesive electrostatic farcése contact are considered to have

no influence on the deformation of the surface roughness.nwike dissimilar metal objects

Electrostatic force [N/m]

Peak load 3 Unloaded configuration

o 0.1 0.2 0.3 04 05 08 07 08 09 Q 0.1 02 0.3 0.4 05 0.6 0.7 08 R}
AlL Al

Figure 5.26: Results of the electrostatic simulation. AsNeelectrostatic forces before (solid
lines) and after deformation (dotted lines) as a functiothefA/\ ratio of the initial asperity
profiles. Square marks stand for an applied voltage df Otdiangle marks for 0.8 and circle
marks for 0.9/. Left: for deformed shapes at peak load. Right: for the udolconfiguration.

are brought closer to each other, electrical interactioreggtes a contact potential difference,
ranging usually for metals frofi= 0V to 0.5/ Bowling [1986], which depends on the proper-
ties of the considered conducting materials. The result &ttmactive (or repulsive) electrostatic

pressure. The electrostatic forces between two conduatergoverned by the potential differ-

ence (materials), the permittivity (surrounding envir@mt) and the area of contact (contact
geometry). The electrostatic simulations here were peréorat contact, i.e. at a chosen small
separation distance (e.g= 0.4nm, as in Bowling [1986] to evaluate the electrostatic adhesio
between the gripper and the object.

119



FE model applications 5.5 Contact adhesion vs. rough surface deformation

The numerical results are manifold considering the digtidm of charges and the electrostatic
force levels before and after the deformation of the rougbmeeak. The initial shape of the
surface roughness was observed to have a significant inéusath on the mechanical response
to deformation (Fig.5.24) and on the magnitude of the geadrelectrostatic forces on the as-
perity surface (Fig.5.26). Electrostatic forces decreail the increase of the amplitudé
(for sharp geometries). The main concern of this study, the. variation of the electrostatic
force as a consequence of surface roughness deformationsglered in the following. The
multiplicative factory between the electrostatic forces acting on the undeformeghr profile
F,;; and on the deformed profilg,. ; was found to be in the range= % = [2...20] for the

init
considered cases depending on the ratio of the amplitideof the initial profiles (Fig.5.27).

25

—&— maxload
20+ —©6— unloaded

15+

>

10+

Figure 5.27: Variation of the multiplicative facterof the initial electrostatic force in the de-
formed configuration as a function of the amplitude to waweth ratioA/\ of the initial as-

perity shape.

For the initially flattest peak the attractive electrostdtirce before and after deformation is
already doubled, and the most significant increase is obddor the sharpest asperities (with
increasingA; /). The significant increase in the adhesive electrostatiefis related to the
change in the distribution of the charges on the initial antdhe deformed shape of the surface
asperities.

Figure 5.28 depicts the typical electrostatic force andgdalistribution in the initial and in
the deformed configuration (for profile number 5 of Tab.5®)e electrostatic forces are con-
centrated at the peak of the undeformed asperity. The defbshape however has a portion
with an almost flat surface (plateau) where the forces af®umiy distributed. Since electro-
static forces rapidly decrease with the separation distandhe majority of cases the sides of

the profile have almost no influence on the total adhesivdrelatic force. Consequently the

120



FE model applications 5.5 Contact adhesion vs. rough surface deformation

length of the formed plateau is a major parameter determithia overall electrostatic force in
the deformed configuration. An exception is formed for blprdfiles with values of4; /\ <

0.01 where the side effects cannot be neglected anymore.

A T ST PR,

Figure 5.28: Charge and electrostatic force distributiothe undeformed (left) and in the
deformed (right) configuration of profile number 5. In the efa@med configuration the charges
are concentrated on the tip of the asperity, after defoondtiey are quasi uniformly distributed

on the formed flat surface.

Considering the relatively simple charge and electrastatce distribution in the initial and in
the deformed configuration observed in the numerical mddel closed—form expressions can

be proposed for the evaluation of the overall adhesiverelstztic force.

¢ In the undeformed configuration, the electrostatic fordagmn the sinusoidal profile is

evaluated using an analytical approximation for a cylirgane contact [Smythe 1968].

¢ In the deformed configuration the analytical expressioneisved from the model for
contact between two infinite planes [Fearing 1995], addiregléngth of the platealias

parameter.

Taking the highest point of a roughness profilg,, the plateau is defined by all the points
within a vertical cutoff distance of Odn from a,,,. The results are given both at peak load and
in the unloaded configuration. The unloaded profiles slgtitifer due to the elastic spring-
back, a difference which influences the resulting elecaitastorces, especially for the blunt
asperities. The length of the plateau at peak Ilfé"df increases until; /\ reaches 0.2 and
then decreases while the length of the plateau in the untbeolefiguration/*™°*? taking into
account the elastic springback globally decreases witteasingA;/\ values (Tab.5.4). The
prediction of the numerical simulations and of the anagltapproximations are in good agree-
ment (Fig.5.29). The results of the geometrical approxiomain the initial configuration are
more reliable for small ratios ol /A since the approximation of using a circle matches better
the sinusoidal profiles in that case. The error remains hems 10% for profiles withd/\ <
0.4. There is less than 5% error for most ratibg A in the deformed configuration at peak
load. The geometrical approximation becomes unreliablg fam A;/\ < 0.01 due to side

effects (non—negligable contribution of the sides of thefifg to the electrostatic forces) on
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Figure 5.29: Comparison between the analytical expresamhthe numerical model predic-
tions. Left: for initial profile shapes. Right: in the defoethconfiguration for maximum load
(triangle marks) and in the unloaded configuration (circherks).

the blunt profile. The error is of course larger in the unlabdenfiguration due to the elastic
springback which slightly curves the plateau on the sidededd the plateau length definition
is less accurate in this configuration but the side effecsatso more important. From the
above approximations it is possible to estimate with a ragjo®d accuracy the magnification
factor~ of the electrostatic forces on the surface asperities imikial configuration and after

deformation, knowing the shape of the initial profiles anellgmgth of the formed plateau.

_ 2 24

7= (5.13)

z

with [ the length of the plateaw, and A the wavelength and amplitude of the sine approxima-
tion, respectively and the separation distance. The good agreement between theicla
expression and the numerical predictions in both casesromnthat for most profiles the pres-

ence ofthe plateau plays the significant rodad the side effects can be neglected.

5.5.3 Concluding remarks

The important effect of surface roughness deformation vessahstrated using an uncoupled
multi—-physics numerical model, since the initial electatis forces on the asperities are magni-
fied by a factory = [2...20] after plastic deformation. The small magnitudehef electrostatic

interaction forces with respect to the mechanical forcegsgary to deform the asperities (Tab.

5.4) confirms the unilateral coupling of the electrostatadi@ to the microscale contact model.

The observed effect clearly gives a contribution to the diffy to release objects when the
squeezing manipulation force is released. The key role efldt surface formed on the de-
formed profiles on the increase of electrostatic forces wastified and confirmed using a

closed form approximation of the electrostatic forces dasethe plateau length.
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The obtained magnifying factor of the electrostatic foroglsted to the plastic deformation
effecty = [2...20] seems merely a lower bound of the effect of the serfaughness deforma-
tion on electrostatic adhesion. As pointed out before theowed flattening in the microscale
model ofd;, = 2A;/3 gives probably a lower bound to the magnitude of the defaonadf
the surface asperities with respect to the real micromdetippn setting. Moreover, in the case
of real surfaces, considering the predictions of the nuraérmodel used for the evaluation of
the electrostatic forces the charges would concentratbetigg of asperities of the highest or-
der roughness, thereby further decreasing the initiatrelstatic forces. During deformation
more than one level of asperities (considering the proarm-on-protuberance model) can be
crushed and could reach even higher values than the ones reported here.

These observations lead to the conclusion that decredsengldstic deformation of surface as-
perities could substantially contribute to decrease sel@aoblems related to electrostatic forces
in micromanipulation by contact (e.g. application of cogs with elastic behavior in a more
extended range).
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Chapter 6

Conclusion and perspectives

The objective of the conducted research work was to build eernomplete understanding of
the behavior of surfaces and of the nanoindentation as atedfaracterization tools. The cor-
responding experience can be used as a set of informatighdonterpretation of the nanoin-
dentation experiment. Numerical models were set up onrdiifdevels and were shown to give
insight into the physics of some of the phenomena relatededeéhavior of pure nickel mate-
rial on the nanoscale. Valuable information can be obtafmrad numerical models, since all
parameters are accessible and can be freely varied, whadmees particularly advantageous
when numerical simulations are coupled to experiments. é¥ew care has to be taken to keep
physically—based arguments for such models.

In the present work, adapted numerical tools were developedudy the behavior of pure

nickel.

e The atomic level model of quasi—static nanoindentationusémickel has the interesting
feature of being a natural frame for the identification of gibglly based trends. The
main drawback of lacking the possibility of a direct compan with the experiments
(impossibility of bridging the different time and lengthades) is balanced by this prime
advantage. A relatively efficient computation was condudigteSection 3.1 due to the

simplifying assumptions.

e The continuum scale model, presented in Chapter 4 is ajyiida a large variety of
metallic materials, and has the major advantage of beiregtlijrcomparable to the ex-
periments. Hence a good qualitative and quantitative ageeé with the experimental
data can be searched for, allowing trends and dominantsswifcscattering to be iden-
tified using coupled experimental-numerical studies. Tloelehdevelopment required
adding nonlinear material behavior (plasticity) and tfamaing the initial infinitesimal

deformation description to a corotational finite deformatiormulation to represent the
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material behavior correctly. Furthermore normal and tatigecontact constraints of
the Coulomb dry friction model were included in an augmeritadrangian formula-
tion solved using a continuous multiplier update schemesprasent the experimental
evolving contact conditions. These developments satisfypredefined requirements of
efficiency, relatively simple implementation and flexityliFlexibility is ensured since all
sources of nonlinearities are fully decoupled in the résglprogram, which implies that
changing the material or contact behavior or the finite deédgron formulation, leads to

changing the corresponding building block only.

The prime objectives of the research work were reachede smportant contributions to the
understanding of pure nickel material were given on the nateharacterization level (nanoin-
dentation)

¢ different contributions to the atomic scale response wagatified using the atomic scale

discrete model,

e taking into account the rate—dependent plastic behavipuid nickel in nanoindentation
was shown to be a physically—based need by a coupled exp#alpeumerical study

using a continuum scale model,

e the large influence of the coupled effect of friction and skrgurface roughness was

identified and evaluated in a numerical study using a contmscale model.

On the level of microscale applications (microgripper)ldrge influence of irreversible surface
asperity deformation on the increase of electrostaticedbasihesion between the gripper and
the object was identified and the factor of increase evaiuate

Additional results with a practical interest are the evabraof the performance of the consid-

ered nanoindentation post—treatment methods in realligtentation configurations.
Outlook and perspectives

The numerical developments necessary for obtaining theeatesults required using advanced
numerical methods. The logical order of constructing asasknowledge starting from the
analysis of simple cases before advancing to more complgests had to be respected con-
sidering the complexity of the numerical developments dreddifficulty of interpreting ex-
perimental results even for simple configurations. The meduexperience for the considered
simple cases could be extended for more advanced appfisatia future work.

Additional studies to conduct and numerical building bletk be added can be identified from
the results presented here, to broaden the field of appulicatithe developed numerical tools.
The most relevant ones of this context are presented in tlewiog without however consti-

tuting an exhaustive list.
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e The presented numerical models were set up on the smaliesti(devel discrete model)
and on the largest (continuum description) scales. Theigtisn of the nanoindentation
experiment on an intermediate scale, potentially buildingridge between the studied
atomic and continuum scales (by dislocation dynamics [s§&dgt al. 2007], or the
guasi—continuum methods for example) could allow expigitiesults issued from small

scales on larger scales on a physically sound basis.

e The present study should be extended on pure titanium (Qavimexagonal crystalline
structure, implying a different material and frictionaspmnse) to confirm a potential
generalization of the results for all considered metallibdrate materials in the project
mpun, having a potential biomedical application. Since the expental results are avail-
able and the numerical tools are directly applicable to #meof pure titanium on the

continuum scale, this study is readily feasible.

e The study of the rate—dependent material behavior andfltgeimce on nanoindentation
results [Cheng & Cheng 2005; Ovaettal. 2003] can be continued. Including a rate—
dependent plastic model in the existing code will resultha more representative de-

scription of the behavior of the considered metallic materi

¢ In view of the potential significant influence of materialesiffects in small indentation
depth (potentially used for thin film characterization)gluding a material model with
size—dependent plastic behavior [Evers 2003; Gao & Huaf§;2Bacet al. 1999; Gao
& Fan 2002; Qiuet al. 2003] in the continuum model, in convolution with a coupled
experimental-numerical study aiming for the identificatad material size effects in the
considered metallic materials can be of interest. Two mssnes of this development
step were identified: (i) definition of an experimental paogrthat sheds light to material
size effects of the considered metallic materials, analigice and implementation of the
adequate gradient plasticity formulation, which can bepoally included in the present

numerical scheme.

¢ Frictional effects in nanoindentation of rough surfacesadeund to be significant in the
numerical study of Section 5.3. This trend could be verifigoegimentally in controlled
indentation configurations in a future work. Experimentétile variation of the friction in
the indenter—sample contact can be obtained by applyinig aitter coating on the sam-
ple surface to reduce friction. This first step sketched Isgpeone to lead to an extensive

coupled experimental-numerical investigation of frinabeffects in nanoindentation.

¢ Inthe present study the phenomenological Coulomb fridd@nwas used. More adapted

friction models for the considered scale can be includetiéncontinuum model to study
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the influence of the tangential contact behavior in a futunekwAs pointed out in Chap-
ter 4 a tangential contact law, independent of the normatambriorce seems in some
cases to describe the nanoscale contact behavior wellifRaepal. 1996, 1997, 2001].
Including such a contact law in the numerical tool can be i@med as ‘downgrading’
the present Coulomb friction model. This manipulation imigthtforward and has an
additional beneficial effect on the convergence rate of tmaputation. The procedure
of identifying the value of the constant stick limit paraeretemains however to be dis-
cussed. The trends obtained from the numerical study canNefied in an experimental

program.

e The analysis of the behavior of thin films and multi—-layerdgsaiches [Xu 2004], to help
the interpretation of the experimental data compactingxgerimental effects are among
the most important extensions of the present study from thet @f view of practical
applications. An important branch of this step is the stuidyne deformation and delam-
ination of thin films both on the continuum level [Abdul-Ba2p02; Genget al. 2007;
van den Bosch 2007] and on the atomic (or some intermedies#® $o0 identify major
physical trends [Naiet al. 2008]. For this purpose an increase in the size of the atomic
scale model and the use of more realistic potentials to tdesirter—atomic interactions
are necessary in the first place, to obtain a better repeasamof the physics of nanoin-
dentation. The continuum numerical model should incorgoirsterface elements capa-
ble of representing this type of damage in a finite displacerard deformation theory,

leading to a relatively complex formulation [van den Bos®l02).

e A future goal is to broaden the scope of the identified mdtpasameters (particularly
the ones related to the plastic material behavior) by impleing more advanced work—
of—indentation based post—treatment methods of nandciatiem [Cao & Lu 2004; Ma
et al. 2003; Zhacet al. 2006] in the numerical post—treatment tool. In a parameiuic
merical study the performance of some of these methods beuddldressed, which could
potentially contribute to the interpretation and a deepeleustanding of nanoindentation

results.

e The development of an advanced multi—physics finite elemmentel, including adhesive
effects (stemming from electrostatic, van der Waals, apillaay forces) in mechanical
simulations for applications of micromanipulation is atganterest, allowing a direct and
coupled treatment of the mechanical deformation and theacbadhesion. The resulting
numerical tool could have a large domain of application omlsscales. It would be
particularly useful for the study of pull-off effects in AFkkperiments, for which the

coupled effect of plastic deformation and adhesion areailylresponsible.
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Conclusion and perspectives

All listed aspects can be addressed based on the researklswomed up in this thesis. The
further development of the present numerical tools, anéngally the exploration of the in-

termediate scales by adapted numerical methods are amemgaim challenges of the future
work. Similarly to the present research, the in—depth itigason of the mechanical behavior of
materials and single—or multi-layered material sandvaahid be best ensured by experiments

coupled to numerical simulations.
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Appendix A

A.1 Post—treatment methods of nanoindentation

The focus is set here on how material properties are extt&am the raw nanoindentation data,
the load—displacement curves. Two frequently used pestttrent methods for nanoindenta-
tion data are considered in this work. These experimeragibtied methods were implemented
in a numerical tool that allows the post—treatment of indgoh data issued both from experi-
ments and from numerical simulations. Both post—treatmethods have the goal to identify
the Young’s modulug”, and the nano—hardness valtdg,,,, of the tested material with high
accuracy and a low sensitivity to a variation in the experitakconditions (surface roughness,
friction, etc.) and in the material properties other thagythre designed to evaluate. Since the
nano—hardness is not an intrinsic material property géigetafined as the ratio of the peak
"% the focus was rather set

A 70, (hc)
on the value and the variation of the post-treated Youné)’dil‘mmEm. Material parameters

load and the projected area at contact depthH,,,,., =

obtained from nanoindentation data are relative valuegened to a reference value associated
to the indentation of a material with known properties, nueed in the calibration step of the
experiments [Baker 1997; Fischer-Cripps 2006].

The Young’s modulus of the sample can be evaluated from ndeatation data is various ways.
The first post—treatment method considered here is the mdstywspread method, proposed
by Oliver and Pharr [Oliver & Pharr 1992], and used for its glicity and its broad range of
application. This method is based on the assumption of petastic unloading of the indenter—
sample frictionless contact. It only uses the unloadingrsag of the load—displacement curve
of nanoindentation to compute the contact stiffness fathfmr processing. Conversely to its
simplicity, it has the corresponding drawback that a geacsdtquantity called contact depth
h., defined on an actual deformed contact configuration (depgrmh potential pile—up or
sink—in phenomena), has to be reasonably well-known. Th&acbdepth is calculated from
the maximum indentation depth,,., by making simplifying assumptions. Even though the
measure of the indent profile can give additional informaabout the deformation procedure

during indentation [Bolzort al. 2004; Nagyet al. 2006], and is helpful for a better approxi-



Appendix A.1 Post-treatment methods of nanoindentation

Nanoindentation load-displacement curve F(h) |

Step 1: Determine the coefficients of the
area function of the indenter

Step 1: Determine the coefficients of the
fitting functions describing the loading,
holding and the unloading period.
Determine the contact stiffness S

Step 2: Determine the contact stiffness S,
from the portion of the unloading period
with load levels between 10% and 85% of
the peak load

Step 2: Determine the total W, elastic W,
and plastic work W, of indentation by
analytical intergration of the fitting
functions determined in Step 1

Step 3: Determine the contact depth h_ and
the projected contact area A, ;(h,)

h J

Step 3: Determine the reduced elastic

modulus from a relationship based on
numerical simulation results

Step 4: Determine the reduced elastic
modulus by the equation of elastic contact
between the indenter and the sample

Ni et al. Method
EfEd =f (Wt! We' S‘ R, hmax‘ Fmax)

Oliver and Pharr method
Ered =f (Aproj(h)- S, £, hmax- Fmax)

Step 5: Determine the sample elastic
modulus, making the assumption of elastic
contact between the indenter and the
sample

Esample = f (Eindi Vind: Vsamgle)

Figure A.1: Flowchart of the two post—treatment methodsasfaindentation considered in this

work.

mation ofh,, it is a complex and time consuming procedure, and therebyatrely performed
systematically after nanoindentation tests.

The second post—treatment method, proposed by Ni et al.efdi. 2004] has the goal to
overcome the main disadvantage of the Oliver and Pharr rdgbyoavoiding the evaluation of
the contact depth potentially leading to a higher accurdtys post—treatment method is de-
veloped for the case of spherical nanoindentation. It iethas trends identified by numerical
simulations of nanoindentation using the finite elementho@t Based on the numerical re-
sults, non—dimensional functions of the indentation peoblvere set up defined in terms of the
unloading stiffnessy, the total workiV; and the elastic work of indentatidi,, correspond-
ing to the area under the loading and the unloading portioth@fload—displacement curve
respectively. These functions are used for the evaluatidimeoYoung’s modulus of the tested
material. The corresponding drawback is that this methaalish more sensible to changes in
any portion of the curve and to the variations in the loadlkaéecting directly the integrated

work quantities.
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A numerical tool was set up for the post—treatment the nalsmitation results issued from
experiments and simulations, aiming for a large flexibilitytheir assessment. The code is
such that the user can intervene, and adjust some otherwaeessible parameters of the
post—treatment methods considered here, if necessalgolabows to follow step—by—step the
post—treatment procedure.

Oliver and Pharr method, based on the unloading slope

Some assumptions are common to both considered nanoitidarpast—treatment methods.
These are recalled here:

¢ flat and smooth sample contact surface,
o frictionless contact between the indenter tip and the sampl

e the behavior of the indenter—sample contact in the unl@pperiod is elastic and rate—
independent. This means that potential viscoelastic &sffet the material [Cheng &
Cheng 2005; Ovaest al. 2003; Zhanget al. 2008] are not taken into account; but also

that a rate—dependent effect of the contact behavior itsdiéregarded,

¢ the values of the Poisson’s ratio of both the samplg,,,;.. and the indenter materia),,,

are known, or approximated.

In addition, the projected ared,,,; of the tip as a function of the indenter penetratigrde-
pends on the actual geometry of the indenter. It is appraedchhy a polynomial function in

Step 1 determined in the calibration step of the experiments.
Aproj<h> = Cth -+ Czh -+ 03h1/2 -+ C4h1/4 + C5h1/8 (Al)

For the sake of clarity, a simple example of the definitionhsf projected area is given. In
the case of a sph/ericzal indenter, at a heighfrom the tip, the projected area is defined as
Aproj(h) =7 (@ , with d(h") the diameter of the spherical tip at height

Moreover, for the approximation &f. (in Step 2, the shape of the indenter is taken into account

by a coefficient that varies as a function of the tip geometry.

Post-treatment procedure

Step 1
Determine the coefficients to ¢, of the area function of the indenter. The coefficients in jA.1
are fitted to describe the shape of the indenter. When loaglagtiement curves issued from

numerical simulations are treated, an ideal shape withengiominal radius is considered.
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Appendix A.1 Post-treatment methods of nanoindentation

Step 2

Determine the contact stiffnessfrom the unloading curve of nanoindentation. For this the
point of initial unloading is identified first. Note that, piaularly in the presence of rate—
dependent effects, the choice of the point of initial unlogdnay potentially vary depending

on the prescribed tolerance of detection, as shown in F2g.A.

8900

T T T
Tolerance criterion 2

Tolerance criterion 1 —1= -

88501

Load [uN]

8800

L 1 L | L | L 1 ! 1 ! 1 L | L
8730 410 412 414 416 418 420 422
Displacement [nm]

1 n 1 n 1
404 406 408

Figure A.2: Zoom on an experimental load—displacementewfvnanoindentation of pure
nickel with a conical indenter of;2n nominal radius. The size of the rectangular envelop
depends on the tolerance values used to detect the pointiafimloading. The segment ‘a’ of
the holding period is constituted of points that can posdiytbe identified as the point of initial

unloading, satisfying ‘Tolerance criterion 1’.

Then a function with the following form is fitted to the unload curve.
Funload(h) - Sl(h - 32)83 (A2)

This fit uses weighting coefficients, such that the pointhefunloading curve with load levels
between 10% to 85% of the peak load have the largest influesrcthé sake of accuracy.
Indeed the initial part of the unloading segment (down tadl lleaels of around 90% of the peak
load) can be subject to variations related to friction betwthe indenter and the sample [Tsou
et al. 2005]. The user can adjust freely the domain of interpatatibhigh influence, if this
becomes necessary. The contact stiffrtessthen evaluated at the indentation depth, where the
unloading begins, by:

S = 5153(hunioad — S2) 7Y (A.3)

The position of the point of initial unloading, together wihe curve fit influences the value
of the contact stiffness, and thereby the post—treated elastic modulus. Such eféact be

considered as nanoindentatidispersion related to the post—treatment procedure
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Appendix A.1 Post-treatment methods of nanoindentation

These effects can be decreased by adapting the parametaesaitomatic fitting procedure,

being an available option in the programmed tool.

Step 3
The contact deptlh. and the projected area at contact degih,;(h.) are evaluated by the

approximation:
Fmaaﬁ

S
whereh,,., and ;.. stand for the maximum indentation depth and the peak loaal, |les-

he = Popaz — € (A.4)

spectively.e is a model parameter depending on the indenter shap®.75 for spherical and
parabolic indenter geometries aand= 0.72 for conical indenters. The main drawback of this
simple approximation is that it does not take into accoutgipttal pile—up and sink—in phenom-
ena, which depend on the plastic behavior of the sample raHtdabbabet al. 2006; Maneiro

& Rodriguez 2005; Taljat & Pharr 2004]. This can lead to ptosiatment errors, whose mag-
nitude varies as a function of the indenter geometry anddahepte material. In the case of the
cono-spherical indenter geometry with/2 nominal tip radius used in Sections 5.1 and 5.2
the influence of the variation of the contact depth for ind&anhs in pure nickel at 1000V,
200Qu/N, and 900@ N peak loads (corresponding to/ao, 100hm, and 43@m indenter pene-

tration, respectively) was found to be very low with resgeatther potential sources of scatter

25 T T T T T T T
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1
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Figure A.3: Effect of potential sink—in and pile—up, regudtin variation in the value of =

hhc on the post—treated elastic modulus of the sample for éiftandentation depths of cono—

max

spherical nanoindentation of pure nickel with a ti2pfrn nominal radius. . Note the very large

output
1.

e=0.75
E output

range of variation o, resulting in a small variation oA E,,,;,,.,: =
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Appendix A.1 Post-treatment methods of nanoindentation

(Fig.A.3). A,,,;(h.) is evaluated using (A.1) substituting the valug:of

Step 4

The reduced modulus,..; of the contact is evaluated in this last step of the posttritreat pro-
cedure. The assumption of the elastic contact unloadingd®at the sample and the indenter is
used here. The reduced modulus is a quantity related todakgetontact between the indenter
and the sample materials and is calculated using the fallgpwpproximation [Oliver & Pharr
1992]:

IS o 1/2
Fg=—=——"+—— A.b
; 2 <Ap7"0j(hcont)) ( )

Step 5
Finally the Young’s modulus of the samplig,,,.,,.. can be determined from the reduced modulus

E,.q making the assumption of an elastic contact behavior.

Ereq (1 - Vgample)
(1~ B2 (1 1) -

Eind ind

Esample -

Generally a reasonable approximation of the Poissons cdithe sample,,,,,.. is made when

its value is not available in the literature. The Poissoatgrof the diamond indenter material

is most frequently taken,,,;, = 0.07. The values of the Poisson’s ratio have a small influence
on the value ofE,,,,., therefore the potential inaccuracy in their values is mghificantly

penalizing, as shown in Fig.A.4. The elastic modulus of tienter in the post—treatment pro-

1.1

1.05+ L

S
) -
©

ind

output

AE

0.9r

0.85¢ 1

0.8

Figure A.4: Influence of the Poisson’s ratio of the samplg,,,. (red crosses) and of the
indenter material/;,,4 (black circles) on the post—treated Young’s modulus in YAk&eping

the reduced elastic moduliis., and the elastic modulus of the indenter matefia|;, constant.
output

E . :
AEsqmple = z with E,.; determined forE,.; = 260GPa,E;,,; = 1040GPayumpie =

ref
0.3, andy;,,; = 0.07.
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Appendix A.1 Post-treatment methods of nanoindentation

cedure is taken to be very large when indentation resuli®s&om numerical simulations are
evaluated, since the indenter is modeled as a rigid bodyeimtimerical model. Otherwise the
value of the diamond materidl;,,; = 1140GPa is used.

To sum up, this post—-treatment method of nanoindentatipemtis on the following functions,
and parametersA,,,;(h), S, € hpmas, Fimaz, and in the final step, common to both methods

considered here&zsqmpie, Ving, aNdE;, 4.

Method of Ni et al., based on the work of indentation

The post—treatment method proposed by Ni et al. §Nal. 2004] is based on the trends
identified from finite element simulations of spherical naentation. This implies that the
post—treatment method performs well for experimentals#sat are in fair agreement with the
conditions which were modeled in the numerical simulatidriserefore it is important to recall
the assumptions of the numerical work on which this pos&ttnent method is based on, that

add up to the common assumptions listed before;
¢ the indenter tip geometry is spherical,
¢ the material is elastic—plastic with isotropic hardening,
¢ the hardening of the material is modeled by a power law,
e the behavior of the material is rate—independent.

The essence of this method is the use of non—dimensionaidmsoof the indentation issued
from simulations, defined in terms of the contact stiffngsshe total work of indentatiofl/;
and the elastic work of indentatidi,. No additional information on the deformed contact

geometry is needed to evaluate the elastic modulus of thplsanaterialls i -

Post-treatment procedure

Step 1

Two parameter sets of a power law expression, similar to)(are fitted to describe the com-
plete loading and the complete unloading periods of the-deglacement curve. The contact
stiffnessS is evaluated at maximum indentation depth from the expoessf the unloading

curve fit. The holding period is approximated by a simpledinfeinction.

Step 2
The area under the loading, holding and unloading periodth@fldad—displacement curve is

determined by analytical integrals. The total work of in@dion 1/, and the elastic work of
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Appendix A.1 Post-treatment methods of nanoindentation

indentationl¥,, correspond to the area under the loading and holding peaod under the
unloading period of the load—displacement curve, respalgti The work dissipated by plastic
deformationlV,, is the difference between the total work of indentatibpand the reversible
elastic work of indentatiofl/,.

Wy, =W, =W, (A7)

Issues related to the approximation of the numerical fit efldad—displacement curve (par-
ticularly in the case of experimental data usually showirnggger dispersion than in the sim-
ulations), referred to previously as ‘nanoindentatiorpdrsion related to the post—treatment

procedure’ of course play a role in this step.

Step 3
The reduced elastic modulus of the indenter—sample coistdetermined using the following

h 0.62
o 522 ()
Ereq = ! (A.8)

Fmam
with R the nominal radius of the spherical indentey,,, the maximum indentation depth and

expression:

F,... the peak load level of the indentation. Equation (A.8) coatp#he trends issued from a
numerical model of spherical nanoindentation, considegsinvide range of materials. It is em-
phasized that contrary to the Oliver and Pharr method, ftainimg the reduced elastic modulus
of the indentation, the area function of the indenter is natieated and the contact depth is not

approximated.

Step 4
This step is identical t&tep Sof the Oliver and Pharr post—treatment method. The elagiat-m
ulus of the sample is determined from the reduced elasticumednaking the assumption of

an elastic contact between the indenter and the sample.
To sum up, this post—treatment method of nanoindentatipernt#s on the following param-

eters: Wy, We, S, R, hyazy Frnae, @and in the final step, common to both methods considered

here: Vsampler Vinds andEind-
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Appendix A.2 Benchmark: extrusion of an aluminum cylinder

A.2 Benchmark: extrusion of an aluminum cylinder

This section presents the numerical benchmark test of thresean of an aluminum cylin-
der with friction [Laursen 1992; Simo & Laursen 1992], ustmpéther with other benchmark
problems) for the validation of the implemented featurefirofe element code. This problem
is particularly challenging from a computational viewppsince it involves nonlinearities due
to the varying normal and tangential contact conditiongemi@ nonlinearities (elastic—plastic
behavior), and geometrical nonlinearities due to the fidé®rmation of the cylinder.
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Figure A.5: Snapshots of the deformed mesh at different segadisplacements, when
Coulomb friction is considered on the contact interfgees(0.1), as shown in Labilloy [2006].
d = Omm corresponds to the initial, undeformed configuration. Nb&elarge deformation of
the cylinder in the final stages of the extrusion.

The considered problem is the extrusion of an aluminum dglirof 5.08m radius and 25.4n
initial length, which is forced into a coaxial, perfectlgid conical matrix with al0° cone an-
gle. The imposed displacement at the free end of the defdenwgtinder is 17.78m. The
behavior of aluminum is assumed to be elastic—plastic, im#ar hardening, and without rate—
dependent effects. The von Mises yield criterion is used wié following material parameter
set: Young’s modulu€ = 68.95GPa, Poisson’s ratio= 0.32, initial yield limito, = 31MPa,
hardening coefficieni’ = 261MPa and hardening exponent 1, in Ludwik’s hardening law

(0u(k) = 09 + K k", whereo, (k) is the current yield stress). A Coulomb friction law, with a
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Appendix A.2 Benchmark: extrusion of an aluminum cylinder

coefficient of friction ofu = 0.1 is considered on the contact interface.

The deformable cylinder is described in a 2D axisymmetridelovith 80 4—noded finite el-
ements using the corotational finite deformation formolatipresented in Section 4.1 (with
20 elements in the direction of extraction and 4 elementdénradial direction, as shown in
Fig.A.5). There are 24 nodes in the predefined contact aterfdeclared as contact elements.
The contact problem involving friction is solved using thegmented Lagrangian formulation,
presented in Section 4.2.

This computation was addressed in Labilloy [2006]. The l&gzation parameters of the aug-
mented Lagrangian, andr; for the normal and for the tangential contact conditionspee-
tively were chosen fixed values in the calculation = 10 andr; = 20. Note the small
magnitude of these parameters with respect to the ones ndbeé classical penalty method

pn, = 1.55 x 10'3 andp, = 1.55 x 10'° to solve the same problem [Laursen 1992].

The size of the imposed displacement increments had to beenhelatively small for the
computation of the contact behavior and for the computatf@tresses considering the elastic—
plastic material behavior, i.e. in order to guarantee thevemence of the local iteration loop.
The average increment size in the computation wasi6:1

In the beginning of the extrusion only one node is in slidingtact, in this case the convergence
rate is fast, nearly quadratic (Tab.A.1).

iincr= 60

iter= 1 conv= 1.5963 Change
iter= 2 conv= 3.2451

iter= 3 conv= 1.2625

iter= 4 conv= 0.17438

iter= 5 conv= 0.0049619

iter= 6 conv=  7.804e-05

iter= 7 conv= 1.6353e-10

Table A.1: Convergence rate of the computation in the eddgesof the extrusion with one
node in sliding contact with the matrix. The first column esponds to the iteration number,
the second to the obtained magnitude of the force residi@enge’ refers to a change in the
contact state in the iteration.

A decrease in the rate of convergence potentially appedysadren several contact nodes are
already in contact. It depends on the number of cycling airgements between the state of
stick and the state of slip (Tab.A.2). Even though these em@nce issues could potentially be
decreased by the choice of larger regularization paraseterr < 2 \,;,(K), with \,,.;,,(K)

the smallest eigenvalue of the complete stiffness matrthefsystem (proposed in Pietrzak &

Curnier [1999]), this was not considered here for the sal@roplicity. An update of the reg-
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iincr =203

iiter=1 conv= 5.0608 Change
iiter=2 conv= 21.011 Change
iiter=3 conv= 139.72 Change
iiter=4 conv= 106.42 Change
iiter=5 conv= 238.96 Change
iiter=6 conv= 50.568 Change
iiter=7 conv= 73.804 Change
iiter=8 conv= 36.246 Change
iiter=9 conv= 20.042 Change
iiter =10 conv= 13.981 Change
iiter=11 conv= 10.76 Change
iiter =12 conv= 9.3644 Change
iiter =13 conv= 10.084 Change
iiter=14 conv= 10.55 Change
iiter =15 conv= 9.328 Change
iiter=16 conv= 13.249 Change
iiter=17 conv= 20.025 Change
iiter=18 conv= 59.202 Change
iiter=19 conv= 11.192 Change
iiter=20 conv= 66.55 Change

Table A.2: The convergence rate of the computation is deeckavhen oscillation between the
state of stick and the state of slip occurs for several contaaes. The first column corresponds
to the iteration number, the second to the obtained magnibfithe force residuals. ‘Change’

refers to a change in the contact state of one or more corleaeats in the iteration.

ularization parameters, andr; during the computation is planned in a future development to
overcome the convergence issues related to the oscilledimict state of the contact elements.
In this computation a less efficient but simple strategy wassen; keeping the values of
andr; constant, the maximum number of iterations related to aghaithe contact state was
limited. If in 20 iterations no stable contact state had beached, the increment was restarted
with a reduced size. Generally an increment converged wistalde contact state had been
reached within 5 iterations for the given example.

The obtained deformed shape of the extruded cylinder (F&g,As well as the trend in the
evolution of the reaction forces induced by the forced etioa (Fig.A.6) were found to be in
good agreement with [Laursen 1992; Simo & Laursen 1992] revtt@s problem was initially
proposed. The quantitative comparison of the obtainedusixin force—displacement curves

was not considered, because the computations performeaursén [1992]; Simo & Laursen
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[1992] use a different (hyperelastic—based) finite defdionaformulation (described in detail
in Simo [1992]).
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Figure A.6: Extraction force as a function of the displacat& the cylinder for frictional
(» = 0.1), and for frictionless contacl.(= 0). The large difference between the two curves
demonstrates the importance of frictional effects in thesadered problem.

The important increase in the extraction force level betwE@m and 1Xm of imposed dis-
placement is the result of the contact between the defoergfihder and the rigid matrix in the
complete lateral contact zone. When this contact is redlize deformation of the aluminum

cylinder is unconstrained only on the upper surface.
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